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Preface

This Ph.D. dissertation has been submitted to University of Copenhagen, Denmark to

achieve the degree of Doctor of Philosophy.

The work was carried out from June 1st, 2009 to November, 2011 at the Department
of Radiology at Copenhagen University Hospital, Rigshospital and the Center for Fast
Ultrasound Imaging at the Technical University of Denmark in Lyngby. It resulted in
three journal papers, three conference papers, five oral presentations, and two poster

presentations.

The work has given me the opportunity to add a new, technical dimension to my existing

medical experience resulting in new abilities to process and image ultrasound data.

During the past three years the projects have brought me around the world including
Beijing, Rome, Vienna, Vallencia, San Diego, and Orlando. I have enjoyed working
with engineers and physicists and have had great help in their enthusiasm to teach me
how to process and plot data.

I also got the opportunity to teach students in medicine, medico technology, and human
biology about the basic principles in medical ultrasound and X-ray computed tomog-
raphy. As reviewer, chairman and webmaster, I have also been involved in other areas
of ultrasound science. Furthermore, I have been able to assist three other phd-students
with access and data processing of magnetic resonance scanning. These projects are
present in the data processing phase and are expected to result in several journal papers

within the next year.

Mads Mgller Pedersen
Copenhagen, October 2011
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Dansk resumé

Denne phd har undersggt nye anvendelser af en ny metode til at male blodets bevagelser.
Metoden, der tidligere kun har varet tilgengelig pa eksperimentelle skannere pa DTU,
er blevet implementeret i en kommerciel ultralydskanner, som er bygget til anvendelse
i hospitalsmiljget. Grundleggende kan vektormetoden male blodets bevagelser i et
2D vektor felt - ogsa nar det lgber vinkelret pa ultralydsbglgen. Det er konventionelle
metoder ikke i stand til.

Afhandlingen omfatter tre studier med vector flow malinger pa raske frivillige. Med
studie I blev a. carotis communis pa 16 raske frivillige personer skannet med simultan
maling af blodets hastighed med vektor teknikken og den konventionelle teknik, spek-
tral estimation. Studiet sammenlignede de fglgende kliniske parametre: Peak systole
hastigheder, slut diastoliske hastigheder, resistive index og blodets retning. Studiet viste,
at hastighederne samt resistive index var signifikant forskellige. Den gennemsnitlige
retning af blodet stemte overens for de to metoder. Da den konventionelle teknik anven-
der operatgrens manuelle indstilling af vinklen, er det prim@re budskab med studiet, at
det med vector flow vil vere muligt at erstatte den manuelle vinkel indstilling med en

automatisk vinkelberegning ved hjelp af vector flow metoden.

I studie II blev 8 frivillige raske personer skannet over carotis bifurkaturen, herunder
bulbus caroticus og a. carotis communis. 1 samtlige optagelser blev bulbus carotitus
og carotis communis indtegnet. Hvert billede blev forevist ialt 5 erfarne radiologer in-
dividuelt for at evaluere tilstedeverelsen af et komplekst flowmgnster. Vektor data fra
de samme omrader blev anvendt til at beregne kompleksiteten i form af vektor kon-
centrationen, der er prasenteret inden for cirkuler statistik. Denne beregning blev
sammenholdt med den visuelle evaluering. Resultatet viste, at den visuelle evaluering
stemte statistisk overens med den beregnede vardi for kompleksitet. Saledes har studiet

prasenteret en ny metode til at kvantitere komplekst flow med vector flow ultralyd.

Med studie III blev det roterende flowmgnster i tre arterier visualiseret og kvantiteret
med vektor data for fgrste gang. Fem raske frivillige blev alle skannet pa tre arterier:

Carotis communis, aorta abdominalis og a. iliaca communis. Vektorerne for ni op-




tagelser blev anvendt til at tegne flowlinjer, der viser blodets mgnster og retning. Desu-
den blev rotations frekvensen af synlige rotationer beregnet og vist. Resultaterne viste,
at rotationsregningen i diastolen er ensartet for hver af de tre arterier. Udvidede malinger
pa aorta abdominalis viste desuden at blodet under systolen roterer mod uret, hvorefter
det i1 diastolen skifter til at rotere med uret. Observationer, der tidligere har kraevet

magnetisk resonans eller eksperimentel ultralydskanning for at kunne males.

Denne afhandling viser med de tre studier, at vektor metodens implementering i en
kommerciel ultralydskanner er i stand til at male og kvantitere blodets bevagelser, som

ikke er vist tidligere.




Abstract

This PhD thesis has investigated the use of a new ultrasound technique that to measure
the movement of blood. The technique was developed at the Center for Fast Ultrasound
Imaging at the Technical University of Denmark and has previously only been avail-
able with experimental ultrasound scanners. Now, the method has been implemented
into a commercial ultrasound scanner made for hospital use. In real-time, the technique
measures movements in all directions as 2D vector fields, including movements per-
pendicular to the ultrasound beam. This is not available with conventional ultrasound

scanners today.

The thesis consists of three studies that uses vector flow ultrasound measurements on
healthy volunteers. In study I the common carotid artery of 16 healthy volunteers were
scanned simultaneously with the vector technique and the conventional, spectral esti-
mation method. The study compared the clinical parameters: peak systole velocity, end
diastole velocity, resistive index, and the flow direction. The results showed significant
difference on the velocities and the resistive index. However, no significant difference
on the manually defined flow angle and the calculated mean flow angle by the vector
technique. With the conventional technique, the manual setting of the angle is operator
dependent. With the calculated vector angle, this operator is relieved from the angle

setting and the measurement is angle corrected by the identical method every time.

With study II the carotid bifurcation including the carotid bulb and the common carotid
artery were scanned on 8 healthy volunteers. The flow patterns of the two structures
were outlined and presented to each of 5 experienced radiologists. The complexity of
the identical areas were calculated by the vector concentration and compared to the
visual evaluations. No significant difference was found between the two methods which
were equally good at discriminating the laminar flow of the common carotid artery from
the complex flow in the carotid bulb. Thus, a new method was presented to quantify

complex flow patterns with vector flow.

The final study III presented the rotational flow patterns in the cross-sectional plane of

three arteries: The common carotid artery, the abdominal aorta, and the common iliac




artery. Five healthy volunteers were included in the study and nine datasets visual-
ized the flow patterns during the diastole. The rotational frequency was calculated and
the results indicate a constant direction of the rotation for each artery. Extended mea-
surements on the abdominal aorta showed a two-directional rotation during the cardiac

cycle. An observation that corresponds to previous MR and Doppler studies.

With the three studies, this thesis presents new methods that quantifies in vivo vector

flow obtained in real-time with a new implementation.
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Abbreviations

AA Abdominal aorta

AVI Audio Video Interleaved

CCA Common carotid artery

CFD Computational fluid dynamics
CFU Center for Fast Ultrasound Imaging, Department of Electrical Engineering, DTU
CIA Common iliac artery

DTU Technical University of Denmark
ED End diastole

MRI Magnetic Resonance Imaging
PIV Particle-image velocimetry

PRF Pulse Repetition Frequency

PS Peak systole

PW Plane wave

RASMUS Remotely Accessible Software configurable Multi-channel Ultrasound Sampling
RI Resistive index

TO Transverse Oscillation

WSS Wall-shear-stress
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CHAPTER

ONE

Introduction and background

This thesis is the result of the collaboration between the Department of Radiology at
Copenhagen University Hospital, Rigshospitalet, and the Center for Fast Ultrasound
Imaging (CFU) at the Technical University of Denmark (DTU).

The thesis consists of three studies based on measurements by the vector technique,
Transverse Oscillation (TO), implemented in a new commercial ultrasound scanner. The
technique was developed at CFU [1-5] and has been tested in simulation [6], by in-vivo
studies with the experimental ultrasound scanner RASMUS [7], and in comparison with
magnetic resonance (MR) angiography [8].

With the new implementation it was possible to perform faster, real-time measurements
in a hospital environment for the first time. All scannings were performed on healthy,
young volunteers, all colleagues and friends, after informed consent. The movements of
the blood in the human arteries were measured as vectors and compared to conventional
techniques. The conventional Doppler based techniques can only measure movements
towards and away from the surface of the ultrasound transducer thus, only obtain the
data as a scalar, not a vector.

Blood velocity and flow direction of the common carotid artery have been measured
with the new method and compared to the conventional spectral estimation method [9].
The disturbed flow patterns in the carotid bulb (CB) have been compared to the laminar
flow patterns in the common carotid artery (CCA) with visual and quantitative measures
[10]. Finally the secondary flow patterns in the transverse plane of three main arteries

have been visualised and quantified by angular frequencies [11].




Along with the primary studies, I have enjoyed to participate in the following studies:
Hansen KL, Pedersen MM, Jensen JA, Nielsen MB. Praktisk guide til Doppler ultra-
lydskanning med eksempler fra abdomen, Danish Medical bulletin, 2011, Accepted for
publication, august 2011.

Hemmsen MC, Svetoslav N, Pedersen MM, Pihl MJ, Enevoldsen MS, Hansen
JM, Jensen JA. Implementation of a versatile research data acquisition system using
a commercially available medical ultrasound scanner, Transactions on Ultrasonics,

Ferroelectrics, and Frequency Control, Accepted for publication, 2011.

Hansen PM, Pedersen MM, Hansen KL, Nielsen MB, Jensen JA. Demonstration
of a Vector Velocity Technique, Ultraschall in der Medizin, vol: 32(2), p. 213-215
(2011).

Hansen KL, Gran F, Pedersen MM, Holfort IK, Jensen JA, Nielsen MB. In-vivo
Validation of Fast Spectral Velocity Estimation Techniques, Ultrasonics, vol: 50(1), p.
52-59 (2010).

Andresen H, Nikolov S, Pedersen MM, Buckton D, Jensen JA. Three-Dimensional
Synthetic Aperture Focusing Using a Rocking Convex Array Transducer, IEEE Trans-

actions on Ultrasonics, Ferroelectrics and Frequency Control, vol: 57(5), p. 1051-1063
(2010).




Vector flow ultrasound

The vector flow technique, Transverse Oscillation (TO), has been investigated thor-
oughly since the first presentations in 1996 [1-3, 5]. The method has been tested in
simulation [6], by in vivo studies with the experimental scanner, RASMUS [7], and
in comparison with magnetic resonance (MR) angiography [8]. In contrast to conven-
tional Doppler techniques, TO directly provides the absolute velocities and flow angles
of blood at any angle in a 2D vector field. The method is non-invasive, as it does not
require contrast agents. The main purpose of this thesis is to investigate how to use the

vector method in a clinical setting and how to quantify the vector data.

1.1 Velocity estimation

Spectral velocity estimation
Measurements of the blood velocities are widely used clinically [12, 13]. With the

conventional method, spectral velocity estimation, the axial velocity in the direction

along the ultrasound beams, v, is obtained [14, 15].

LA MR [T LT

(b)

Figure 1.1: Triplex mode combines b-mode imaging, color Doppler, and spectral es-
timation. (a) The portal vein including real-time calculations of peak systole and end
diastole with an angle correction of 45°.(b) Peak systole, end diastole, and resistive in-
dex calculations on an interlobar artery in the right kidney. The triplex mode decreases
the frame rate compared to simple b-mode imaging.

The peak systole (PS) velocity, end diastole (ED) velocity, and the resistive index (RI)
are used to diagnose several haemodynamic diseases. In renal artery stenosis, both PS

and RI are increased and the spectrogram waveform is changed [16, 17]. Two examples




of clinical measurements of the portal vein in the liver and an interlobar artery in the
kidney are shown in Fig. 1.1. The spectral estimation is also used to diagnose pul-
monary hypertension [18], restrictive liver conditions [19, 20], pressure gradients of the
aortic valve [21, 22], increased resistance in the umbilical artery [23] etc. Most clinical
measurements are performed on blood vessels where the blood is not flowing at an an-
gle of zero, directly along the ultrasound beam [24]. Thus, the estimated axial velocity,
v,, does not represent the true velocity, v, and the direction of the true flow must be
accounted for with angle correction:
ol = e = = To°

= = 1.1
- 2focosf’ (1D

where 6 is the flow angle between the ultrasound beam and the blood velocity direction,
fp s the estimated frequency, f is the center frequency of the emitted ultrasound pulse,
and c is the speed of sound [14]. The axial velocity is obtained in the range gate area,
and it is assumed that the blood in this area flows in one direction all the time. Thus, no
spatial velocity details are available. For clinical use, a flow angle of [0 60]° is accepted,
whereas the error of the angle corrected velocity is too large >60° [25] and at an angle
of 90° the velocity is not available as cos(90) = 0. This is illustrated in Fig. 1.2, where

no signal is obtained in the central part of the abdominal aorta.

16.3 cm.’sl

-16.3 cmls‘

Figure 1.2: Conventional color Doppler ultrasound imposed on a b-mode image of the
abdominal aorta in the longitudinal plane. There is no signal from the area in the center
where the flow is directed perpendicular to the ultrasound beam (0=90°).

This angle limitation of 60° restricts the clinical use of the spectral velocity estimation

[26]. To compensate for this limitation the transducer and the ultrasound beam can be

4



tilted. However, this requires that the blood flows in one direction and is not disturbed

or rotating.

In many clinical settings the blood vessel of interest is not directed at an angle of [0
60] towards the surface of the skin but rather runs along the skin surface. Tilting of the
transducer and tilting of the ultrasound beam can compensate sufficiently in many situa-

tions. With vector flow the axial and transverse vector velocity components are directly

A
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Figure 1.3: Vector flow imaging of the common carotid artery with no tilting of the beam
or the transducer at 90°. The vector information is clearly measuring the velocity and
direction of the blood through the entire diameter, providing both spacial and temporal
vector information in real-time.

available and thus, detailed velocity and flow angle information can be measured at any
angle as illustrated in Fig. 1.3. Thus, no angle correction is needed and new spatial

information over the entire vessel lumen is available.




1.2 Complex flow

Atherosclerosis is a leading cause of health problems worldwide and changes in the
carotid arteries are associated with an increased risk of stroke. The changes are primar-
ily found at bends and bifurcations and during the initial plaque development the artery
is enlarged to maintain the flow [27]. Disturbed blood flow has also been shown to
initiate the arterial inflammatory response [28] and the development of atherosclerosis
has been related to the vortex formation in the carotid bifurcation [29-32]. Thus, the
morphology and classification of stenosis in the carotid bulb has been investigated to
predict the risk of a future stroke. Kassam et al. found that the peak Doppler frequency
and spectral broadening index is correlated to the degree of carotid stenosis [33] and
complex flow changes analyzed with Doppler have been found at the carotid bulb [34].
The stenosis classification uses velocity estimates of the common carotid artery [35].
However, no conventional method is able to quantify the complex flow in the carotid

bulb. In this thesis a disturbed flow pattern is defined as a more than 90 degree change

Figure 1.4: Ultrasound scanning with conventional color flow mapping of the carotid
bifurcation. The complex flow in the carotid bulb (bottom right) is visible, however, not
quantified.

in vector angle in part of the cardiac cycle. With conventional ultrasound methods these
complex flow patterns are visible but not quantifiable. Complex flow patterns are visible

with color flow mapping where a mixture of colors indicate a mixture of velocities and




directions as illustrated in Fig. 1.4. The flow patterns of the common carotid artery
and the carotid bulb have long been investigated as the bifurcation is one of the most
frequent sites for cerebrovascular disease occurrence [36-39]. The carotid artery intima
media thickness measured by ultrasound has proven to be a risk marker for preclinical
atherosclerosis and can identify incident cardiovascular disease. Especially areas with
low shear stress compared to areas of high shear stress [40].

Conventional ultrasound measurements of complex flow patterns are not able to obtain
all velocities, because velocities at flow directions around 90° are not obtained. Thus,
visualization and quantification of the flow complexity are not available with conven-
tional ultrasound systems and therefore, the complexity is not used for clinical diagnosis

or prognosis. Previous studies with the vector flow ultrasound technique have demon-

Axial velocity [em/s]

o3 0 93.1
Transverse velocity [cm/s]

T .

T e i

Figure 1.5: Ultrasound scanning with vector flow of the carotid bifurcation. The com-
plex flow in the carotid bulb (top left) is visible and detailed vector information can be
used to quantify the complexity of the flow.

strated the vortex formation in CB during systole [7, 8, 41, 42] and this was also demon-
strated with the experimental ultrasound vector method, Plane Wave [43].

The new implementation of the TO visualizes the complex flow with white vectors indi-
cating the velocity magnitude and direction during the cardiac cycle in real-time. Thus,
the laminar flow pattern of the common carotid artery, and the complex flow pattern of
the carotid bulb can be visualised in real-time. The data is also available as 2D vector
fields, and post processing of the flow complexity can be performed. Visual evalua-

tion of the flow patterns can be performed and compared to a simple calculation of the




flow complexity and a threshold value that separates the flow patterns of the common
carotid artery from the carotid bulb can be found. With such quantitative method, fur-
ther development of an objective measure of complexity in correlation with the degree

of cardiovascular disease is possible.




1.3 Secondary flow

The blood movements in the arteries during the cardiac cycle can be described as a sim-
ple, parabolic shape. However, as the arteries bend and twist, minor flow patterns in
different directions occur. These secondary flow patterns have previously been inves-
tigated with the Doppler based technique [44—47], magnetic resonance (MR) [48-50]
and with particle-image velocimetry (PIV) using micro bubbles as contrast agent [51—
53]. However, the Doppler method does not obtain the flow data perpendicular to the
ultrasound beam, the MR technique requires several minutes of data acquisition, and

the PIV technique is not yet implemented for in-hospital use.

Depth [mm]

Width [mm]

Figure 1.6: Real-time, in vivo vector flow ultrasound image of the abdominal aorta in
the cross-sectional plane. The vector velocity color map is shown in the upper right
corner.

Previous studies have indicated that rotational flow patterns may play a role in the patho-
genesis of atherosclerosis [39, 54, 55] and with the vector flow ultrasound scanner it is
possible to visualize these flow patterns. The blood velocities of all directions are ob-
tained and result in 2D vector fields, that can be used to quantify the flow pattern. Such
method has the potential of a new diagnostic and prognostic cardiovascular tool for the
aorta aneurysms, hypertension etc. The calculation of the rotational frequency [56] and

the wall shear stress [57-60] are examples of physical forces that are possible to calcu-




late for a 2D vector field. With streamlines the flow can be visualized and the rotational

frequencies can be calculated from real-time in vivo vector flow data as shown in Fig.
1.7.

Depth [mm]

Width [mm]

Figure 1.7: Cross-sectional vector ultrasound of the abdominal aorta where the flow

pattern is visualized with streamlines and the rotational frequencies are calculated in a
grid centered over the rotation center.
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CHAPTER

TWO

Study aims

In study I the velocity and direction of blood in the common carotid arteries were mea-
sured with spectral velocity estimation and vector flow ultrasound. The scanner was
able to obtain the data for both methods simultaneously. The widely used clinical pa-
rameters, peak systole velocity, end diastole velocity, resistive index, and the flow angle
were compared. The aim of this study was to validate the vector method with the con-

ventional spectral approach.

Study II investigated the vector methods ability to visualize the laminar flow pattern of
the common carotid artery and the complex flow pattern in the carotid bulb. The flow
patterns were visually evaluated for the presence of disturbed flow by expert radiolo-
gists. With the expert evaluations as reference, a quantitative vector method, the vector
concentration, was calculated. The aim of the study was to validate the quantitative

calculation with the visual evaluation.

With study III the secondary flow patterns in the cross-sectional plane of three main
arteries were measured with the vector flow method. The rotational flow patterns were
visualized with streamlines and the rotational frequency of the flow was calculated in
subareas of the vessel lumen. The results were imposed on the streamline plot and
suggested as a useful visualization for clinical use in future scanner editions. The aim
of the study was to introduce the rotational frequency calculation in combination with

streamline visualization.

11
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CHAPTER

THREE

Materials, methods and results

This thesis includes three studies using a new vector flow ultrasound scanner. For all
studies presented in appendices I-III the new vector flow ultrasound scanner was used
(Profocus Ultraview, BK Medical, Denmark) with a 5 MHz linear array (type: 8670,
BK Medical, Denmark) and prototype scanner software. These studies were the first to

present data from the new scanner.

Study no. I 11

Volunteers N=16 N8

Anatomical area Common carotid artery Carotid bifurcation Three main arteries
Target of evaluation Velocity and angle Complex flow Rotational flow
Reference method Spectral estimation Visual evaluation MR, Doppler, PIV

Table 3.1: Overview of the main content of the three studies.

For study I the common carotid artery of 16 healthy volunteers were scanned in the
longitudinal plane in a scanner mode allowing interleaved data acquisition of the con-
ventional spectral method and the new vector method. In study II the common carotid
artery and the carotid bulb were imaged in the same data set and the different flow pat-
terns of the two anatomical areas were analyzed visually and quantitatively. In study
IIT the cross-sectional plane of three arteries were scanned with vector flow to visual-
ize and quantify the secondary, rotational flow pattern during the cardiac cycle. Earlier
work with Doppler ultrasound [44], MR[48, 59, 60], and PIV [53, 61, 62] describing

the flow patterns were used for comparison.

13



Vector data conversion

Vector data was obtained as AVI files where the vector data was color encoded using a

circular color map as illustrated in Fig. 3.1.

Right carotid bifurcation, longitudinal section Vector Flow color scale at PRF=3.1 kHz)

93.1

0.4
62.1

0.8
311

Depth [cm]
o

>
Axial velocity [c/s]
=)

—-62.1
24

-93.1 T T T T T
0 05 1 18 2 25 -93.1 -62.1 =31 0 31 62.1 931
Width [cm] Transverse velocity [cm/s]

Figure 3.1: Vector color image frame of the carotid bifurcation (left), and the circular
color map used for decoding the vector data.

With an in-house Matlab (Mathworks, Natick, MA, USA) script, the vector information
of each pixel in a vector image frame was decoded into vector data in a 2D vector field
consisting of the axial velocities, v,, and transverse velocities, v,. Using Pythagoras’
theorem, the true velocity magnitude, |v|, and the flow direction, 6, were calculated for

each colored pixel in every frame by:

V| = V2 + 0,2 (3.1)

0 = arctan(v,, v,) (3.2)

14



3.1 Study |

Comparison of real-time in-vivo spectral and vector velocity

estimation

Further details are found in appendix 1

Aim
The aim of the study was to investigate whether the flow angle, velocity estimations
and resistive index are estimated equally well for two methods: Conventional spectral

velocity estimation and vector flow.

Axial velocity [cm/s]

-93.1 0 93.1
Transverse velocity [cm/s]

Figure 3.2: Ultrasound image frame showing the longitudinal ultrasound scanning of
the right common carotid artery with interleaved spectral velocity estimation and vector

Sflow.

Materials and methods

For this study the common carotid artery was scanned at an angle <60° by tilting the

transducer. The setting allowed interleaved measurements of spectral velocity estima-

15



tion and vector flow data as shown in Fig. 3.2. With the optimal setting for the conven-
tional method, 16 healthy volunteers were scanned on the right common carotid arteries.
For each volunteer 11.2 s of data was obtained with a frame rate of 14.8 frames per sec-
ond.

The vector information provided the axial velocity component and the transverse veloc-
ity component for each pixel in the image and the flow angle and ’true’ velocity was
calculated. For each image frame a 2D vector field was produced for the central half
of the range gate area and for each vector field, the maximum velocity was calculated.
With in-house software the peak systole and the end diastole was tracked as shown in

Fig. 3.3 and the resistive index was calculated using PS and ED [63].

Maximum velocity including tracking
\ \ \ \ \ \

g — Max velocity
5, 150 o Peak systole ]
% o End Diastole
2100
>
jo]
o
2 50
x
(]
s

0

0 0.7 1.5 2.2 3 3.7 4.5 5.2 6 6.7 7.5 8.2 9 9.7 10.5 11.2
Time [s]

Figure 3.3: One data set showing the maximum velocities as a function of time. The
peak velocities and the lowest velocities prior a peak was tracked with in-house soft-
ware.

The following parameters were calculated for each volunteer:

e mean peak systole vector velocity
e mean end diastole vector velocity
e resistive index

e mean vector flow angle

These parameters were compared to the spectral estimation parameters: peak systole,

end diastole, resistive index and the manually set flow angle.

Statistical analysis
Using a paired t¢-test, and Bland-Altmann plots [64], the spectral estimation method

and the vector method were compared for each parameter. The null-hypothesis tested
with the paired t-test states that the mean difference between the two methods does

not differ from a normal distribution with a mean of zero. For each parameter the
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p-value, the confidence interval at 95% significance level, and the standard deviation
were calculated. p <0.05 was considered significant, meaning that the two methods
differ significantly. The deviation between the two methods, the vector difference, were

calculated for each parameter as

difvector - (]— - Uvector ) : 100, (33)

Uspectral

where vyector 18 the vector velocity, and vgpectrar 1 the spectral velocity.

Results
’ Parameter H Angle \ PS \ ED \ RI ‘
p 0.658 0.034* 0.0004* < 0.0001*
Confidence interval || [-0.2 4.4]° | [0.6 13.3] cm/s | [-4.9 -1.7] cm/s | [0.06 0.12]
Std of the difference 6.26° 17.64 cm/s 4.55 cm/s 0.07

Table 3.2: Paired t-test of the hypothesis that the spectral and vector data came from the
same distribution. Each parameter was tested and a p <0.05 was considered significant
and marked with *.

The flow angle did not differ significantly for the two methods (p=0.66), whereas the
peak systole velocities (p=0.03), the end diastole velocities (p=0.0004), and the resistive
indexes (p <0.0001) differed significantly. The vector difference was calculated for
the flow angle (4%), peak systole (8%), end diastole (-27%), and the resistive index
(10%). In all Bland-Altmann plots zero was within the limits of agreement indicating
that the measurements were not biased, but only distributed as expected for biological

measurements.

Conclusion

With the vector method, the flow direction did not differ from the conventional, manual
angle setting. This means that the manual angle setting can be automated and calculated
in the same way for all scans and not depend on the sonographer. The velocities and the

resistive indexes did not correspond.
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3.2 Study Il

Novel flow quantification of the carotid bulb and the

common carotid artery with vector flow ultrasound

Further details are found in appendix 2

Aim

The aims of this study were to visualize and calculate the presence of disturbed flow
patterns in CCA and CB, and to compare visual evaluation and quantitative calculations
using the commercially available ultrasound scanner equipped with the vector velocity

technique.
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Figure 3.4: Vector flow ultrasound of the carotid bifurcation including the common
carotid artery (right), and the carotid bulb (top left) with clearly different flow patterns.

Materials and methods

The carotid bifurcation of eight healthy volunteers (5 men, 3 women, age [28 45], me-

dian 39.5 years) were scanned in a longitudinal plane with vector flow ultrasound. One
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cardiac cycle was obtained for each volunteer. A total of 164 image frames were used
in this study where the CCA and CB areas were outlined on every image frame. In
random order, each frame was presented to five experienced radiologists individually.
They were asked to evaluate if disturbed flow was present in each area or not as shown
in Fig. 3.5. For each volunteer the mean expert evaluation value and the standard de-

viation were calculated for CCA and CB. The vector data of the outlined areas were

Figure 3.5: Vector flow ultrasound of the carotid bifurcation where the carotid bulb
(box 1) and the common carotid artery (box 2) are outlined.

used to quantify the flow complexity. The expression, vector concentration, presented
by Baschelet calculates a simple number between 0 and 1 for a 2D vector field [65].
For a perfectly laminar flow, the value is 1, whereas the number decreases towards zero
with increased amount of complexity as illustrated in Fig. 3.6. In circular statistics the
dispersion of the angles, s, is used as an equivalent to the standard deviation of linear
statistics [65]. For each volunteer the mean vector concentration and the mean velocity

were calculated for each area as shown in Table 3.3.

Statistical analysis

Fleiss Kappa analysis was used to calculate the level of observer agreement, «, where
k=[0.41 0.60] was interpreted as moderate agreement. Wilcoxon’s matched pair test

was used to compare the CCA to the CB. The mean expert evaluations, the mean vector
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(a) (b)

Figure 3.6: The vector angles of two 2D vector fields are plotted on the unit circle. The
vector concentration, r, for complex flow (a) and more laminar flow (b). The resulting
magnitude expresses how uniform the vector field is.

concentrations, and the mean velocity magnitudes for CCA and CB were tested and the
null-hypothesis that there was no difference between CCA and CB was tested. p <0.05

was considered significant, thereby rejecting the null-hypothesis.

7 £ § [rad] v [em/s]
Volunteer e T cB CCA | CB
I [0.97+0.22 | 0.90+0.3) | 24.6+3.4 | 84+16
2 [ 096£0.24 | 0.8840.46 | 156424 | 83+13
3 | 0.944031 | 0.6740.78 | 13.6£3.1 | 47417
4 [ 09740.22 | 0.8040.61 | 312448 | 112421
5 | 096£0.22 | 0.8440.56 | 15.143.5 | 104425
6 | 0.9410.35 | 0.8340.57 | 17.543.7 | I1.7£16
7 | 098%0.17 | 0.7940.63 | 113432 | 95422
8 | 098%0.17 | 0.8940.43 | 200443 | 123428

Table 3.3: The mean vector concentration, r, the mean angular dispersions, s, and the
mean velocities, v, for all image frames from each volunteer in CCA and CB.

Results

The visual evaluations and the vector concentration were both able to separate the flow
patterns of CCA from CB significantly and CB also presented significantly lower ve-
locities compared to CCA. Moderate agreement was found between the experts visual
evaluations for CCA (k=0.42), and for CB (x=0.52). With Wilcoxon’s matched pair test
the null-hypothesis was rejected for the visual evaluation, the mean vector concentra-
tion, and the mean vector velocity. Thus, all three methods showed significantly differ-

ences between CCA and CB. The mean visual evaluations were plotted as a function of
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the mean vector concentrations for CCA and CB as shown in Fig. 3.7 and at a mean
vector concentration of 0.92 the CCA 1is separated from CB. This value is suggested as

a threshold value to separate the CCA from the CB flow patterns.

Mean expert evaluations as a function of the mean vector concentration
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Figure 3.7: The mean visual evaluation as a function of the mean vector concentration
illustrates a linear correlation where a mean vector concentration of 0.92 separates the
common carotid artery from the carotid bulb measurements.

Conclusion
In conclusion the different flow patterns of CCA and CB can be distinguished with

vector flow ultrasound by visual evaluation and by the quantitative measure, vector con-

centration.
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3.3 Study Il

Vector flow ultrasound quantification of arterial blood

rotations in the cross-sectional plane

Further details are found in appendix 3

Aim
The aim of this study was to visualize and quantify rotational arterial flow patterns in

real-time with vector flow ultrasound.

9
14

19
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24
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Figure 3.8: Vector flow ultrasound of the abdominal aorta in the cross-sectional plane.
The flow pattern is visualized by the colors and the white vectors providing the magni-
tude(length) and angle(direction) of the flow.

Materials and methods

Using vector flow ultrasound, the following three arteries were scanned in the cross-

sectional plane on 5 healthy volunteers:

e The abdominal aorta
e The common carotid artery
e The common iliac artery
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Each of the 15 scannings consisted of 10 seconds of continuous vector data. For each
artery, three data sets were selected, resulting in nine data sets where rotational flow was
clearly visible during the cardiac cycles. An example of the real-time color encoded
vector data is shown in Fig. 3.8.

Additional data sets of the abdominal aorta for one healthy volunteer were obtained with
different settings for the pulse repetition frequency and wall filter settings. All visible
rotational flow patterns were calculated and the distance in time from peak systole was

calculated for each frame with rotational flow.

Streamline imaging

The 2D vector field of each image frame was visualized with streamlines using an in-
house Matlab script. The details of the flow pattern and the flow direction are clearly

visible with the lines and the arrows as shown in Fig. 3.9.

14 g
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Figure 3.9: Vector flow data of the abdominal aorta in the cross-sectional plane. The
streamlines visualize the rotational flow pattern and the rotation direction.

Rotational frequency and direction
From the center of the rotational flow pattern, the 2D vector field was divided into
squared subareas outlined by grid lines. Each 2D vector field was divided into subareas

to fit the center of the rotating flow pattern. For each subarea the z-component of the
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curl was calculated as

0 0
<VXF)Z:_Fy_a_y

F, 4
o - (3.4)

where (V x F), is the z component of the curl in a 2D vector field composed of two
vector components, [/}, Fy], as described in [56]. This provides the rotational fre-
quency for each subarea in radians per second. The sign indicates the rotation direction,
where a negative sign indicates clockwise rotation, and a positive sign indicates counter
clockwise rotation. Dividing this by 2 - 7 results in the rotational frequency in rotations
per second. The grid size was adjusted according to the size of the vessel and the flow

pattern.

Depth [mm]

Width [mm]

Figure 3.10: Cross-sectional plane of the abdominal aorta during the diastole. A ro-
tational flow pattern is clearly visualized with streamlines and the subareas and the
rotational frequencies are imposed on the image.

Statistical analysis

Each data set was analyzed for the presence of rotational flow patterns and the rotational
frequencies of the rotation center were used to calculate the mean rotational frequency
and standard deviation.

For the extended measurements on the abdominal aorta, the distance in time from peak
systole was normalized for all cardiac cycles to a heart rate of 1 per second. The purpose

was to investigate a possible two-directional rotation during the cardiac cycle in the
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abdominal aorta. The rotational frequency was plotted as a function of the cardiac cycle

for each artery.

Results

Mean angular frequency and standard deviations

A Abdominal aorta * std
151 B Common iliac artery + std
O Common carotid artery * std

Angular frequency [Hz]
o

_ 2 i i i i i i i i i
1 2 3 1 2 3 1 2 3

Measurement

Figure 3.11: The mean rotational frequency and standard deviation for each data set.
The rotation direction is indicated by the sign, which are all identical for each artery. A
negative sign indicates clockwise rotation, and a positive sign counter clockwise rota-
tion.

The rotational directions were unidirectional for all measurements of each artery: clock-
wise for AA, and CIA, and counter clockwise for CCA. The expanded data set shown
in Fig. 3.12 for the abdominal aorta indicates the presence of a two-directional rota-
tion with a counter clockwise rotation appearing in the systole and a clockwise rotation

during diastole.

Conclusion
With vector flow ultrasound the rotational flow patterns of three arteries were obtained.
The flow pattern and rotational direction and frequency was presented. The secondary

flow in AA and CIA rotates clockwise, whereas CCA rotates counter clockwise. Ex-
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Rotational frequencies as a function of
a normalised cardiac cycle of 1 second
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Figure 3.12: All rotational frequencies of the abdominal aorta as a function of time.
The rotation direction is clearly changing from counter clockwise to clockwise during
the cardiac cycle.

panded data sets of AA indicate the presence of a two-directional flow pattern. In con-
clusion real-time vector flow can visualize and quantify secondary flow patterns of three

main arteries which presented constant rotational directions.
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CHAPTER

FOUR

Discussion

New achievements with vector flow

This thesis presents the first in vivo studies on the commercial implementation of TO.
The simultaneous data acquisition of spectral velocity estimation and vector flow data
in study I has not been obtained before. It makes it possible to compare the methods
with no delay which is often difficult in comparison studies. The post processing of the
vector data made it possible to calculate the clinical parameters PS, ED, RI, and flow

angle.

In study II the complex flow patterns of the carotid bulb and the common carotid artery
were visualized and for the first time a quantitative measure of complexity was sug-
gested — the vector concentration. Simultaneous data from the two areas with different
flow patterns were compared visually and quantitatively and a threshold value was sug-
gested that separates the two areas. The simple calculation of the vector concentration
does not require much extra processing power in a future implementation into the com-
mercial scanner software. Moreover, this vector calculation method can be tested with

other vector methods such as MRI and echo PIV in future studies.

Vector flow ultrasound images of secondary flow patterns in the cross-sectional plane
of human arteries were presented in study III. Studies with MR and Doppler ultrasound
has previously confirmed the existence of such flow patterns and with study III these
patterns were illustrated and quantified with vector flow ultrasound for the first time.
The processing of the 2D vector fields data sets are simple and should be implemented

for further clinical testing in future scanner software.

27



4.1 Study | - blood velocity estimation

4.1.1 Flow angle

The direction of blood is essential in spectral velocity estimation. Assuming that the
blood flows in one direction at all times and everywhere in the vessel, the direction is
defined manually by the operator. The method works within an angle between the ultra-
sound beam and the blood direction of [0 60]°and is thus, limited in the clinical use, as
many blood vessels run along the skin surface. Nevertheless, this method is presently
the only commercially available ultrasound blood velocity estimation method.

The scanner setup for study I was optimized for the spectral velocity estimation and the
vector data were obtained with these settings. The mean flow angle in the central half
of the vessel diameter corresponded to the manually set spectral angle and this finding
means that an automated angle setting is possible. With slight modification of the spec-
tral velocity method, the vector flow method can provide the mean flow angle within the
range gate area and thus, eliminate the manual angle setting. In contrast to the manual
setting, this automated method uses the same algorithm for all measurements. With con-
ventional spectral estimation only one line in the vessel is measured. In the 2D vector
field it is possible to obtain vector data from multiple areas simultaneously. Measure-
ments upstream, over, and downstream of a plaque in the common carotid artery makes
it possible to create a velocity profile over time and space which is not possible with the
conventional method. It also makes it possible to measure multiple areas in a twisting
vessel. Thus, further details can be obtained of the movement and velocity of the blood
in the carotid bulb, the abdominal aorta, and in conditions such as carotid artery steno-
sis, and renal artery stenosis, also where the velocity magnitude and direction changes

as a function of space and time.

4.1.2 Temporal information

The vector data was calculated and displayed in real-time on the scanner display as for
normal color flow mode. However, the frame rate of the obtained data sets were limited
to 14.8 frames per second. This is caused by two main effects: The triplex mode and
the vector data estimation. The triplex mode requires spectral data, vector velocity, and
the B-mode data to be received before the image data are calculated. With vector flow
16 shots are used per estimate, which also contributes to a lower temporal resolution.
However, the aliasing limit for vector flow is higher than with spectral estimation. Thus,
in the transverse direction higher velocities can be estimated at a lower pulse repetition

frequency with vector flow than with spectral estimation. However, the scanner software
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seems to limit the frame rate of the AVI files further as the newest software update has

increased the frame rate of a new study to 60 frames per second.

4.1.3 Velocity tracking

The spectral velocity estimation was set to track the maximum velocity as a function of
time, and the peak velocities for the past 8 seconds were used for continuous calculation
of the peak systole velocity and the scanner software calculates the end diastole velocity
as the lowest velocity between two peak systole velocities.

For comparison, the maximum vector velocity for each frame was plotted as a function
of time, and with an in-house Matlab script, the peak systole velocities were tracked as

illustrated in Fig. 4.1. From the results, the peak systole velocities for the two methods
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Figure 4.1: Velocity estimation of the common carotid artery during 10 seconds of con-
tinuous data plotted by conventional spectrogram (bottom), and by vector flow data
(top). Notice the similarity in the velocity profile.

differed significantly, as the vector difference of 8% indicates that the spectral velocity
magnitudes were higher compared to the vector method. This may be caused by the low
frame rate, where the true peak velocity is missed between two frames.

The script tracked the end diastole vector velocities as the lowest velocities just before
each peak systole as illustrated in Fig. 3.3. The end diastole vector difference of -
27% indicates that the spectral velocity magnitudes were lower compared to the vector
method. This may be caused partly by the low frame rate. However, the difference in
the tracking by the two methods can also explain the difference, as the lowest velocity
between two peaks may be found just after peak systole just after closure of the aortic

valve. The PRF of the vector flow was set identical to the spectral estimation and the
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setting was adjusted to avoid aliasing during peak systole. Thus, it may have impaired
the measurements of the low velocities. Furthermore, due to the echo canceling filter,
the error on low velocities with vector flow estimation is higher than the error at high

velocities [14] and this was not accounted for.

41.4 Clinical use

The investigated vector flow implementation supports one, linear array transducer, thus,
limiting the maximum depth to 4-5 cm. Support of a curved array transducer with a
lower center frequency will increase the maximum depth and thus, make measurements
of abdominal vessels such as the portal vein, and the renal arteries available. However,
with the current implementation it is possible to measure the blood movements at any
direction and this is very useful. In combination with an automatic angle setting it is
potentially a less operator-dependent alternative for velocity estimation on arteries such
as the common carotid artery. The examination time may also be shorter with fewer

tasks required and less cumbersome to learn for the untrained operator.
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4.2 Study Il - complex flow patterns

4.2.1 The role of complex flow patterns
Disturbed flow may be physiological as suggested with study II. In theory the flow

should occur at a changing diameter as in the carotid bulb or at branching such as the
subclavian artery [66]. The complex flow patterns are also present in the venous system
and was demonstrated with PW in the femoral and jugular veins [67]. Though disturbed
flow is present in healthy volunteers, it may also be present as a sign of atherosclerotic
progression. Most commonly the changes in flow velocity are used to quantify stenosis
[35]. Impaired vessel compliance and increased plaque formation may be a result of
disturbed flow and a final stage is seen with massive connective tissue remodeling in the
aortic aneurysms.

Further characterization of the complex flow patterns should be investigated as it may
hold prognostic and diagnostic information about cardiovascular disease. With study II

the first quantification of the complex flow patterns with vector flow was presented.

4.2.2 Outlining the common carotid artery and the carotid bulb

The common carotid artery and the carotid bulb were outlined visually allowing an
area of any size. The carotid bulb was larger in the image compared to the smaller
imaged part of the common carotid artery and this may have favored the carotid bulb
in the visual evaluation. This could have been avoided with images presenting areas of
equal sizes of the two structures. However, the acquired images did not include a large
enough area of the common carotid artery. For the vector concentration calculation this
was accounted for by dividing the mean values by the number of pixels, n, as shown in
(4.1) and (4.2).

T==-) cost) (4.1)

=2 > sin(t;) 4.2)

4.2.3 The amount of vector data depends on the scanner settings

During the cardiac cycle the outlined areas were not filled out with vector color infor-
mation. At decreasing velocities during the diastole, the scanner setup did not allow
for optimal data acquisition as illustrated in Fig. 4.2. This was caused by the setup

avoiding aliasing during peak systole and was primarily affected by the pulse repetition
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frequency, the echo canceling filter, and the wall filter. Separate setups for systolic com-
plexity measurements and diastolic complexity measurements are suggested in future

studies to avoid this compromised data acquisition during diastole.
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Figure 4.2: Vector flow ultrasound of the carotid bulb (red) and the common carotid
artery (green) in a longitudinal plane during systole (bottom left), and diastole (bottom
right). The vector concentration as a function of time during one cardiac cycle is shown
in the top. The diastolic image frame shows less colored pixels compared to systole.

4.2.4 \Visual evaluation of complex flow

The Fleiss-Kappa analysis of the inter-observer agreement showed only moderate agree-
ment between the experts. The experts are not using the vector visualization clinically
and therefore the moderate agreement may be caused by a different learning curve for
each expert. This could have been avoided by introducing a learning series of vector
flow images before starting the visual evaluation. The moderate agreement may also
be caused by the fact, that each expert percept the flow patterns differently. This only

stresses the need for an objective, quantitative method such as the vector concentration
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to measure flow complexity. With such method the expert would only be required to

locate and select the areas presenting the carotid bulb and the common carotid artery.

4.2.5 Quantitative flow information

Disturbed flow was defined as a more than 90 degree change in vector angle in part of
the cardiac cycle. A disturbed flow pattern was demonstrated in the CB of all healthy
volunteers and the vector concentration discriminated between disturbed flow and lam-
inar flow equally good as the experts. The vector concentration is a simple method that
can be applied on 2D vector fields obtained with any modality and thus, makes further
evaluation possible. The result provides a value between 0 and 1 which is applicable
for clinical use. A study comparing the flow complexity in the carotid bulb of healthy
volunteers with cardiovascular patients should investigate the diagnostic value of the

vector concentration.

4.2.6 Prognostic and diagnostic parameters

Conventional ultrasound methods are being used to estimate the prognosis of arterial
atherosclerosis by detection of the vessel wall, the plaque formation and the flow char-
acteristics. An increased stress caused by cardiovascular disease can modulate the ves-
sel tone and function. The frictional tangential forces on the endothelium, described by
shear stress, is a physiological process. However, increased shear stress causes vasodi-
latation and flow disturbances with altered shear stress can cause endothelial injury and
thus, subsequent deposition of lipids. With a quantitative method which describes the
disturbed flow patterns of the carotid bulb, the prognostic and diagnostic potential value

should be investigated further.

4.2.7 Vector velocity as an additive to describe rotational flow

Additional to the vector concentration, the mean velocity was shown to correlate well
with the visual presence of complex flow. However, low mean velocities are not di-
rectly an indication of complex flow but low velocities are present at disturbed flow.
Thus, a combination of the flow directions by the vector concentration, and the mean
velocities may strengthen the ability to discriminate the flow patterns of CCA and CB

quantitatively and should be considered in future studies.
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4.3 Study lll - rotational flow patterns

4.3.1 Locating the rotational flow pattern

For study III a considerable number of data sets were discarded due to limited visu-
alization of a rotational flow pattern or a limited amount of vector color. A rotational
flow pattern seems to require scanning in the exact cross-sectional plane of the vessel
and can be difficult with a 1D array. Furthermore, the adjustment of the PRF and the
wall filter may vary for each person. The heart rate directly affects the length of the
diastolic phase and thus, an increased heart rate makes it more difficult to visualize the
diastolic, secondary flow pattern. Therefore, the setup used in study III is not ready for
clinical testing. The scan depth is limited by the transducer, which requires the subjects
to be slim and to have patience when the exact cross-sectional plane is located. A wider,
convex array would allow vector flow ultrasound of deeper structures such as the portal
vein and the renal arteries. Using a 2D transducer would make it possible to visual-
ize the flow pattern in 3D and select the exact cross-sectional scan plane during post
processing. Implementation on a phased array will provide the option of scanning the
heart with vector flow and characterize the flow around the heart valves in more details
compared to present Doppler based methods.

However, the main result of the study was to present a new method to visualize and
quantify the secondary flow with vector flow for the first time. Future studies should

consider a more practical method for obtaining the data in a clinical environment.

4.3.2 Temporal resolution limitation
The study was limited in the frame rate of the AVI files obtained with the prototype soft-

ware. The recent development on the system has included a software update where an
increase in frame rate from about 20 Hz to 60 Hz has been observed in a pilot phantom
study. The new update is able to store the frames from the cine loop shown immediately
after storage at 60 Hz, whereas storage as AVI files is still cut down to 20 Hz.

The secondary flow patterns occur in very short intervals during the cardiac cycle and
the acquisition of the flow patterns is thus, depending on the maximum frame rate.
Measurements such as the two-directional rotation in the abdominal aorta would ben-
efit from such an increase in frame rate. The length of one data sequence allowed by
the scanner was about 10 seconds. An increase to 120 seconds would allow averaging
and thus improve the estimates for flow direction and velocity. With CFM and B-mode
imaging several minutes of storage are allowed.

The scanner has a research interface where pre-processed data is available with higher
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spatial and temporal resolution. This system was recently presented in a working state
and is now being used for vector flow studies. The methods presented in study III should
be investigated further with this setup.

4.3.3 Subarea grid size

The visualization of the rotational flow pattern with streamlines makes it possible to find
the center of the rotation. The in-house Matlab script used for study III required manual
setting of the rotation center and definition of the grid size around the rotation. However,
the influence of the grid size was not tested. A constant grid size was used for each data
set that matched the rotation center. This leaves a question on how robust the method

is to different grid sizes and how the grid size should be defined in future studies. The
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Figure 4.3: Rotational flow pattern of the abdominal aorta in the cross-sectional plane.
The calculated rotational frequency of the rotation center in the lower left subarea in
(a) is almost identical to the frequency of a larger grid size shown in (b).

rotational frequency was calculated by the z-component of the curl. The calculation is
robust as long as the center of the rotation is within the grid. Two rotations of opposite
rotation direction will cancel out, and two identical rotations of same direction will
increase the frequency by a factor of two. Thus, it is suggested that the grid size is set to
include the center of one rotation. The effect of different grid size is illustrated in Fig.

4.3, where the rotational frequency of one rotation is only slightly affected by the size.
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4.3.4 Constant rotation direction

In study III the measurements showed the same rotation direction for each vessel dur-
ing diastole. This indicates that the method is stable, however, the number of subjects
in the study was insufficient for statistical analysis. Further measurements on more
subjects would improve the suggestion that the rotation is constant for all healthy vol-
unteers. Another study could correlate the blood pressure to the change in rotational
frequency by comparing the rotation before and after intervention such as intravenous
methaoxedrine or norepinephrine. A comparison study on the rotational frequencies of

healthy volunteers and cardiovascular patients should also be considered.

4.3.5 Two-directional rotation in the abdominal aorta

The extended measurements on the abdominal aorta showed a two-directional flow pat-
tern of the abdominal aorta consistent with previous models suggested by Doppler [44],
MR [48] studies. Using similar 2D vector fields obtained with MR the wall shear stress
(WSS) was prefiously calculated [60]. WSS is believed to be important in the develop-
ment of arterial atherosclerosis and thus, should be included in a revised version of study
III. As the shear stress against the vessel wall is believed to be an important factor in
the development of arterial atherosclerosis [68], the ability to obtain such data with ul-
trasound makes way for future studies on the flow patterns in the abdominal aneurysms
where the clinical criteria for intervention are still very sparse.

Another important physical force, the torque of the rotation, should also be considered

as it is theoretically possible to calculated for a rotation in a 2D vector field.

4.3.6 Clinical use

Conventional ultrasound techniques do not allow visualization or quantification of sec-
ondary flow in the cross-sectional plane of arteries. These secondary flow patterns are
well investigated and have been predicted in previous studies with MR and CFD in dif-
ferent vessels [30, 69-71] and with the ultrasound method, Plane Wave, Hansen et al
showed secondary flow patterns for the first time with ultrasound [43]. With further
studies on values of the physiological rotational frequencies and the wall shear stress
in healthy volunteers, these parameters are potential diagnostic and prognostic clinical
tools. Especially in the characterization of the abdominal aneurysms there is a need for
more parameters to indicate the risk of a rupture. The calculations are simple and thus,
do not require heavy processing power. Furthermore, the results are simple values that

are preferred in the clinical setting.
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CHAPTER

FIVE

Conclusion

This thesis has focused on quantification of a new implementation of the vector flow ul-
trasound technique, Transverse Oscillation, and with study I-III it has been shown that
the theoretical advantages of the technique are also beneficial in practical comparisons
to conventional ultrasound methods. In study I it was shown that the direction of the
blood in the common carotid artery was equally good compared to the manual angle
setting used for conventional spectral velocity estimation. An objective calculation of
the angle for angle correction was suggested and is believed to be simple to implement
in the scanner software. The study also suggested how to calculate the peak systole
and end diastole velocities and visualized the velocity as a function of time equal to the
conventional spectrogram.

Study II presented the quantitative measure of blood complexity, the vector concentra-
tion of the carotid bulb. In comparison to visual evaluation by ultrasound experts no
statistical difference was found and thus, the vector concentration is suggested to quan-
tify the level of complex flow. Furthermore, the flow velocities correlated well with the
presence of complex flow and were suggested to be combined with the vector concen-
tration.

The secondary flow patterns of the cross-sectional plane in three arteries were inves-
tigated in study III. With the 2D vector field the z-component of the curl was used to
calculate the rotational frequencies and a stable rotational direction was found for the
common carotid artery and the common iliac artery. Extended measurements on the ab-
dominal aorta showed a two-directional rotation which corresponds to previous studies
with other modalities.

With study I-III a number of simple quantitative methods have been presented and in-
vestigated in comparison to conventional methods. The vector flow method has the
main advantage of being angle-independent and able to obtain 2D vector fields in real-

time. Velocities in the entire field can be calculated, the flow complexity calculated,
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and the flow patterns visualized and quantified. The suggested quantitative measures
do not require heavy processing and should be possible to implement in future software
updates in the ultrasound scanner. In a clinical perspective the suggested methods all
provide simple results. In spectral velocity estimation the operator would be relieved
from manually angle setting. The vector concentration provides a value between 0 and
1 as en expression of the flow complexity, and the rotational frequency also provides

direct quantification of rotations per second.
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CHAPTER

SIX

Perspectives

Suggestions for future studies:

e Flow phantom study where the correlation between the vector flow pulse repeti-

tion frequency and the flow angle is investigated.

e [n vivo study on the the complex flow of the carotid bulb in patients with arterial

atherosclerosis in comparison with healthy volunteers.

e Software development of spectral velocity estimation using vector flow data for
automatic angle calculation. A ’click-and-scan’ application should be tested by

experienced radiologists in comparison to conventional, manual angle setting.

e 3T phase contrast MR of cross-sectional planes of the abdominal aorta followed
by vector flow ultrasound. Calculation of rotational frequency and wall shear

stress for both methods and statistical comparison.

e Software development that implements automatic tracking of rotation flow pat-
terns and calculates the rotational frequencies in real-time. Evaluation in simula-

tion, flow phantom, and finally in vivo.

e Study on the effect of increased blood pressure with noradrenaline on the rota-

tional frequency in the abdominal aorta in healthy volunteers.
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Abstract—The purpose of this study is to show whether a newly introduced vector flow method is equal to conven-
tional spectral estimation. Thirty-two common carotid arteries of 16 healthy volunteers were scanned using a BK
Medical ProFocus scanner (DK-2730, Herlev, Denmark) and a linear transducer at 5 MHz. A triplex imaging
sequence yields both the conventional velocity spectrum and a two-dimensional vector velocity image. Several clin-
ical parameters were estimated and compared for the two methods: Flow angle, peak systole velocity (PS), end
diastole velocity (ED) and resistive index (RI). With a paired #-test, the spectral and vector angles did not differ
significantly (p = 0.658), whereas PS (p = 0.034), ED (p = 0.004) and RI (p < 0.0001) differed significantly. Vector
flow can measure the angle for spectral angle correction, thus eliminating the bias from the radiologist performing
the angle setting with spectral estimation. The flow angle limitation in velocity estimation is also eliminated, so that
flow at any angle can be measured. (E-mail: mmp @elektro.dtu.dk) © 2012 World Federation for Ultrasound in
Medicine & Biology.

Key Words: Transverse oscillation, Blood velocity estimation, Vector flow, Real-time, Spectral estimation, In vivo.

INTRODUCTION Thus, conventional spectral RI is calculated without

. L angle correction.
Spectral velocity estimation

Estimation of blood velocities with ultrasound is widely
used for clinical evaluation. Investigation of the systemic
arteries are performed during several cardiac cycles to
form the spectrogram as shown in Figure 1, where the
temporal evolution of the blood velocity distribution is de-
picted (Jensen 1996). The scanner software tracks the
maximum velocities and finds the velocity at peak systole
(PS) and at end diastole (ED) for every cardiac cycle
(Evans et al. 1989). Using the estimates from the past 8 s
of data, the average PS velocity and the average ED velocity
are found and updated continuously as shown in Figure 2.
From the axial velocities at PS and ED, the resistive index
(RI) is calculated using (Tublin et al. 2003):

Clinical use

The PS, ED and RI are used to diagnose several
haemodynamic diseases. In renal artery stenosis
(Radermacher et al. 2001), both PS and RI are increased
and the spectrogram waveform is changed (Radermacher
et al. 2001; Krumme, 2006). The spectral estimation is
also used as a tool to diagnose conditions such as
pulmonary hypertension (Lanzarini et al. 2005), restric-
tive liver conditions (Gorg et al. 2002; Westra et al.
1995), pressure gradients of the aortic valve (O’Boyle
et al. 1996; Jassal et al. 2008) and increased resistance
in the umbilical artery (Wood et al. 2010) among many
other applications.
PSr0o—EDro

Rl =
T0 PSro

1)

Angle correction

All of the methods assume reliable velocity esti-
mates at proper angles of insonation. However, the spec-
tral estimation only estimates velocities for blood moving
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toward or away from the transducer surface along the
ultrasound beam (Jensen 1996). As only velocities
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Fig. 1. Spectrogram (bottom) shows the spectral data over time. The maximum value is traced by the scanner software
(green line) and used to estimate the peak systole (PS) velocity and end diastole (ED) velocity. From simultaneously ob-
tained vector data, the “vectogram” (top) shows the maximum vector velocity estimate over time.

directly along the ultrasound beam, v,, are measured, the
true velocity has to be angle corrected. The true velocity
magnitude of the blood, |v|, is estimated using the angle
correction:

R @)
cos 0 2fycos d

50 %
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Medium

ﬂ

w Yy
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where 6 is the flow angle between the ultrasound beam
and the blood velocity direction, f, is the estimated
frequency, f; is the center frequency of the emitted ultra-
sound pulse and c is the speed of sound (Jensen 1996;
Evans et al. 1989).

The accuracy of the angle correction depends on the
actual angle. For angles above 60, even a slight error in

Axial velocity [em/s]

-93.1 0 93.1
Transverse velocity [cm/s]

Fig. 2. Simultaneous data acquisition using spectral estimation and transverse oscillation. The manually set flow angle
and the spectral estimation results are marked in red at the lower left of the image. The color encoded vector values are
decoded using the color map shown in the top, right corner as explained in Figure 3.
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the assumed angle can give rise to large velocity errors
(Hoskins and Thrush 2003). Thus, the operator is encour-
aged to visualize the vessel of interest at a flow angle
within 60  (Kruskal et al. 2004). Moreover, estimating
velocities at 90  is not possible with spectral velocity esti-
mation, as no useful signal is received at this angle where
cos (90°) = 0. Current spectral velocity estimation, thus,
assumes that a fixed angle exists and the transducer and
imaging direction can be manipulated to yield an accept-
able angle. In many cases, this is not true as the angle will
vary with spatial position and over the cardiac cycle
(Udesen et al. 2007) for complex geometries like bifurca-
tions or valves and for affected vessels containing e.g.,
atherosclerosis. There is, thus, a need for methods, which
are angle independent and can yield correct velocities for
any angle as a function of time.

Transverse oscillation

The ultrasound vector technique, transverse oscilla-
tion (TO), can yield both the axial and transverse velocity
components at the same time. Here, a conventional
Doppler ultrasound pulse is transmitted (Jensen and
Munk 1998). The received echos are beamformed with
special processing to yield three beams in parallel. One
uses conventional beamforming and is used for esti-
mating the axial velocity, v,, and the other two beams
are used for estimating the transverse velocity compo-
nent, v,. Thus, the two-dimensional (2-D) velocity vector
is determined and, from this, the velocity angle, #, and
magnitude, | v |, can be determined by:

6 = arctan(v,, v,) 3)

] = /v2+v2. 4)

The approach relies on creating a double oscillating field
during the receive beamforming as well as two dedicated
estimators for determining the two velocity components.
It is further described in (Jensen and Munk 1998; Jensen
2000). Further details on the application and accuracy of
the approach are given by Udesen and Jensen (2006) and
Udesen et al. (2007).

Purpose

The purpose is to show whether vector velocity
imaging gives correct angles and velocities in vivo and
whether the approach, therefore, can supplement or
substitute spectral estimation. Two methods for blood
velocity estimation are compared: Spectral velocity esti-
mation and the vector technique, TO. The set-up is opti-
mized for the conventional method (spectral velocity
estimation).

Whether the flow angle, PS velocity, ED velocity
and the RI are estimated equally well for the two tech-

niques were investigated. This study is the first per-
formed with the commercial implementation of the TO
technique.

MATERIALS AND METHODS

Data acquisition

Sixteen healthy volunteers, aged 24 to 47, years
participated in this study (5 men and 11 women) and both
of their common carotid arteries were scanned. This
prospective study was performed after approval by The
Danish National Committee on Biomedical Research
Ethics (J.nr: [KF]07307579) and informed consent was
received from each participant in the study. A commercial
ultrasound scanner (ProFocus Ultraview; BK Medical,
DK-2730, Herlev, Denmark) and a multifrequency imaging
transducer was used at 5 MHz (Type: 8670; BK Medical).
Prototype software on the scanner was used. Simultaneous
data acquisition with spectral velocity estimation and
vector flow were selected in the scanner software for triplex
imaging. The scan settings were optimized for spectral
velocity estimation: The right common carotid artery of
each volunteer was scanned longitudinally, the center of
the artery was located and the flow angle was kept below
60’ Tilting of the ultrasound beam was not available with
the prototype software. Instead, the transducer was tilted
on the skin surface to obtain this blood flow angle. As
seen in Figure 2, only the part of the transducer still
in contact with the skin was used to obtain data. In some
cases, the gel layer was visible.

The entire vessel diameter was covered by the range
gate area as shown in Figure 2. A maximum scan depth of
2.8 cm was selected. The maximum temporal resolution
allowed by the scanner was 14.8 frames per second. For
each volunteer, an AVI video sequence of 166 frames
covering 11.2 s was obtained. All image frames were
used for TO postprocessing to obtain the axial and trans-
verse velocity components.

Velocity data

Identical settings of the pulse repetition frequency
(PRF), the wall filter, the gain and smoothing filter were
used for spectral and vector estimation and the settings
are listed in Table 1. For each volunteer, the PRF was
adjusted manually to avoid aliasing.

Just prior to data acquisition, the spectrogram was
used to monitor PW aliasing. Color mixtures representing
opposite directed vectors were used to indicate TO alias-
ing. Data was only obtained when both methods did not
indicate aliasing. Furthermore, postprocessing of the
axial and the transverse TO velocity components were
used for plotting each component over time. A sudden
change in sign indicates aliasing and was not found in
any of the datasets.
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Table 1. Scan parameters set for both spectral and vector

estimation

Scan parameters Values
Pulse repetition frequency 7.1,9.2 kHz
Wall filter 143, 184 Hz
Gain 50%
Shots per estimate (TO) 16
Range gate diameter 7, 8 mm
Scan depth [1.43,2.27] cm

The wall filter was adjusted manually to avoid arti-
facts from movements of the surrounding tissue. The
blood flow angle for spectral estimation was set visually
by the radiologist as in a routine examination. The spec-
tral PS velocity, ED velocity and RI were calculated in
real-time by the scanner software.

The color box for vector flow data acquisition was
set to cover the range gate area. The height of the color
box was not allowed smaller than shown in Figure 2 by
the prototype software. Only vector data within the vessel
were used.

Velocity estimation

The maximum spectral velocity estimates are used
by the scanner software to calculate the PS, ED and RI
continuously based on the past 8 s of axial velocity
estimates, v, (Tublin et al. 2003). Vector flow data was
encoded as coloured pixels. With an in-house Matlab
script and a circular color map, the color data was decoded
into vector data as shown in Figure 3 from the AVI data.
Thus, each coloured pixel was represented by a vector
with an axial and a transverse component. The flow angle,
6, and the velocity magnitude, | v |, are calculated using
the axial, v,, and transverse, v,, vector components shown
in eqn (3) and eqn (4). Vector flow data from the center
part of the vessels (50% of their diameter) were used in
calculating the values to avoid effects introduced by the
echo canceling at the vessel boundary. The maximum
velocity within the vessel for each frame shown in
Figure 4 was selected for further analysis. The average
peak value was calculated as the vector flow peak systole
(PST0) value for each volunteer. Before each peak, the
lowest velocity was found. The mean of all the low veloc-
ities was calculated for each volunteer as the vector flow
end diastole (ED7p) velocity. The vector flow resistive
index (RI7p) was calculated by eqn (1).

Statistical analysis

The two methods were compared on each of the four
parameters using paired 7-test analysis and Bland-Altman
analysis and plots. The null-hypothesis tested with the
paired t-test states that the mean difference between the
two methods does not differ from a normal distribution
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Fig. 3. The range gate covering the whole vessel diameter is

shown in the right graph. The pixel values of the central line

are used for the vector flow estimates. The color values of

each pixel contain the encoded vector information used for
the vector flow method.

with a mean of zero. For each parameter, a p value, the
confidence interval at 95% significance level and the stan-
dard deviation was calculated; p<<0.05 was considered
significant, meaning that the two methods differs
significantly.

The difference between the two methods as a func-
tion of the average estimate was calculated for each
parameter and a Bland-Altman plot was made for each
parameter as shown in Figure 5. In all the plots, zero is
within the limits of agreement indicating that the
measurements were not biased but only distributed as
expected for biologic measurements.

The amount that the vector velocity deviates from
the spectral velocity, dif ,..;o» Was calculated as:

ifoeror = <1—V—) % 100, (5)

Vspectral

where v ,.crorps 15 the vector PS velocity and v gpecsrarps 18
the spectral PS velocity.

Statistical analysis was performed with the program
Matlab (ver. R2010a; MathWorks, Natick, MA, USA).

RESULTS

Simultaneous data acquisition with spectral velocity
estimation and vector flow estimation were performed on
32 common carotid arteries. The clinical parameters for
both methods were calculated: Flow angle, PS, ED and
RI. All vector datasets were analysed for aliasing in the
axial and the transverse velocity components and no
change in sign was seen as an indication of no aliasing.

With Bland-Altman analysis the average difference,
the limits of agreement and vector difference were
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Fig. 4. The maximum vector flow velocity estimate for each frame plotted over time. The peak systole and end diastole
are marked.

calculated as shown in Table 2. The Bland-Altman plot
for each parameter is shown in Figure 5.

The paired #-tests of the difference between the two
methods have been performed for each of the four param-
eters as shown in Table 3. The flow angle was not signif-
icantly different for the two methods (p = 0.658),
whereas the PS velocity (p = 0.034), ED velocity
(» =0.004) and RI (p < 0.0001) differed significantly.
The 95% confidence interval and the standard deviation
for each parameter calculated for the flow angle PS
velocity, at ED velocity and for the RI and are shown in
Table 3.

DISCUSSION

Flow angle

The flow angle did not differ significantly for the two
methods and the average vector angle was 4% lower
compared with the spectral angle as seen in Table 2.
Thus, vector flow can be used to calculate the flow angle
instead of the manually set angle by a radiologist with the
conventional spectral estimation. The main advantage of
the vector method is the independence of the flow direc-
tion, where the radiologist is no longer needed to set an
angle used for angle correction.

As the movement in any direction can be measured,
the shape of the vessel is no longer required to be a straight
tube containing blood that moves in only one direction at
any time during the cardiac cycle. The velocity and direc-
tion of the blood can be measured on non-straight vessels

and the spatial and temporal velocity profile can be ob-
tained. Thus, further details can be obtained of the move-
ment and velocity of the blood in the carotid bulb, the
abdominal aorta, and in conditions such as carotid artery
stenosis and renal artery stenosis, and, also, where the
velocity magnitude and direction changes as a function
of space and time.

Temporal information

In this study, the vector data was calculated and dis-
played in real-time as in normal color flow mode. The
temporal resolution was, however, limited from the
triplex imaging showing 14.8 frames per second. This is
caused by two main effects: The triplex mode and the
vector data estimation. The triplex mode requires spec-
tral, vector velocity and the B-mode data to be received
before the image data are calculated. With vector flow
16 shots are used per estimate, which also contributes
to a lower temporal resolution. However, the aliasing
limit for vector flow is higher than with spectral estima-
tion. Thus, higher velocities can be estimated at a lower
pulse repetition frequency with vector flow than with
spectral estimation.

Peak systole velocities

Tracking of the PS was performed with Matlab and
the peaks are clearly distinct in the signal (Fig. 4).
However, the true peaks may be located between two
measurements at a low temporal resolution, leading to

Table 2. Bland Altman analysis of the clinical parameters: Flow angle, peak systole (PS), end
diastole (ED) and resistive index (RI)

Parameter Angle PS ED RI
Average difference 2.1 i 6.9 cm/s —3.3 cm/s 0.1
Limits of agreement [—10.2, 14.4] [—27.6, 41.5] cm/s [—12.2,5.6] cm/s [—0.1,0.2]
Vector difference 4% 8% —27% 10%

The vector difference is the average difference divided by the average spectral estimate times 100. The limits of agreement are shown in absolute
numbers.
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Fig. 5. Bland-Altman plots for 32 measurements of the common carotid artery. The flow angle (a), peak systole velocity
(b), end diastole velocity (c) and the resistive index (d) are illustrated.

a lower peak velocity. Thus, the “true” average PS may
be higher than estimated with this study and may have
contributed to the difference of 8% as shown in Table 3
between the vector and the spectral estimates. It should
also be noted that finding the peak velocity in the spec-
trum depends on a number of choices for defining what
the peak value is in a spectrum. The TO estimator finds
the mean velocity within a pulse length and then finds
the peak values over the range gate. This is slightly
different than finding the peak value in the spectrum
calculated over the range gate.

End diastole velocities

The ED velocities differed significantly and the
vector flow is on average 27% higher than the spectral
estimates. The limited temporal resolution may also
have caused the true ED velocities to be missed in
between two frames as mentioned for the PS velocities.

The PRF was optimised to allow peak velocities
with no aliasing, thus, impairing the measurement of
the low velocities. The error of vector flow estimates at
low velocity is higher than the error at high velocity
due to the echo canceling filter (Jensen 1996). This was

Table 3. Paired #-test of the hypothesis that the spectral and vector data came from the same distribution

Parameter Angle ED RI
P 0.658 0.034* 0.0004* <0.0001*
Confidence interval [-0.2, 4}).4] [0.6, 13.3] cm/s [—4.9, —1.7] cm/s [0.06, 0.12]
Std of the difference 6.26 17.64 cm/s 4.55 cm/s 0.07

Each parameter was tested and a p < 0.05 was considered significant and marked with*.
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not adjusted for in this study. Thus, the flow angle calcu-
lation and the velocity estimation of areas with low
velocity may have influenced the result too much. A
weighting according to the error size might decrease
the standard deviation of the velocity estimates. Also,
the calculation of the minimum value is different for
the two methods as the ED is calculated as the lowest
value between two peaks, whereas the EDyo is tracked
as the lowest value before each peak.

Vector flow limitations

At present, the prototype scanner software only
supports the multifrequency imaging transducer (Type:
8670; BK Medical) used for this study. Thus, the system
is currently limited to a scan depth of 4-5 cm. The AVI
files are limited in frame rate and length and, thus, not
suitable for clinical studies where more detailed data
over a longer period is needed. The system is at present
also being developed to support curved array and phased
array transducers for abdominal imaging.

Clinical use

The clinical use of velocity estimates today is
limited by the angle correction <60 and influenced by
the manual angle setting by the radiologist. With an
equally good method without these limitations, the clin-
ical velocity estimation is possible at any angle. The radi-
ologist will also be able to scan at locations where the
flow angle is > 60" such as perpendicular to the carotid
artery. With vector flow, the clinical examination of the
blood velocity may only require the radiologist to locate
the vessel as there is no need for manual angle setting and
there is no angle limitation. In a clinical perspective, this
may provide more accurate measurements as the bias
from the angle setting is eliminated. The examination
time may also be shorter as the radiologist must perform
fewer tasks.

CONCLUSIONS

The absolute velocities and angles are directly avail-
able with vector flow. Statistical analysis of simulta-
neously acquired spectral and vector data has been
performed on the clinical parameters: Flow angle, PS,
ED and RI. The flow angle does not differ significantly
and may consequently be estimated using vector flow
instead of a manual setting by the radiologist.

In conclusion, vector flow is comparable to spectral
velocity estimation regarding the flow angle on the

common carotid artery and, thus, a potential better angle
setting alternative for such velocity estimation.
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Abstract
Purpose:
With conventional Doppler ultrasound the flow patterns in the blood can be visualised. The laminar
flow pattern in the common carotid artery (CCA) differs from the disturbed flow pattern in the
carotid bulb (CB). Conventional ultrasound methods can not quantify disturbed flow. This work
aims to quantify a threshold value for the flow patterns of the common carotid artery and the carotid

bulb with vector ultrasound technique.

Materials and Methods:

With vector flow ultrasound the carotid bifurcation of eight volunteers were scanned. A commercial
vector flow ultrasound scanner (ProFocus Ultraview, BK Medical, Denmark) was used with a linear
transducer at 5 MHz (8670, BK Medical) and prototype Transverse Oscillation vector flow scanner
software. The flow patterns of CCA and CB were visually analysed by experts and by quantitative
vector calculations. The correlation between the two methods was shown and a quantitative

threshold that separates the flow patterns was suggested.

Results:

Eight carotid bifurcations were investigated with both methods with the following results: 1.
Moderate inter observer agreement, 2. Significant difference on CCA and CB with both visual
evaluations and quantitative measurements, 3. A correlation between the visual evaluations and the
quantitative methods, and a quantitative vector concentration threshold of 0.92 is suggested to

separate the two flow patterns.

Conclusion:

With a commercial vector flow ultrasound scanner the visibility of disturbed flow in CCA is
significantly lower compared to CB. The vector concentration and the mean velocity magnitudes of
the CCA flow patterns are both significantly higher compared to CB. A threshold of 0.92 is
suggested to separate the CCA from CB quantitatively.



Introduction

Atherosclerosis poses a public health problem because of its high prevalence and increased risk for
cardiovascular disease and death. Atherosclerotic plaques consist of a mixture of cells, connective
tissue, calcification, lipids and debris compounds. Atherosclerotic changes in the carotid arteries
mirror general atherosclerosis, and earlier stages of carotid disease are associated with the risk of
stroke, which is the third leading cause of death worldwide. Atherosclerosis has a complex
pathogenesis but carotid artery intima media thickness measured by ultrasound has proven to be a
risk marker for preclinical atherosclerosis and can identify incident cardiovascular disease. Lesions
are predominantly localised in areas with low shear stress while areas of high shear stress are
relatively sparse (Bergan and Yao, 1983). Changes in the vessel wall are typically found in relation
to branches, twists and bends. In the initial plaque development there is a compensatory
enlargement of the artery to accommodate the plaque while maintaining flow (Lin et al., 2008).

The flow patterns of the common carotid artery (CCA) and carotid bulb (CB) have long
been investigated as the bifurcation is one of the most frequent sites for cerebrovascular disease
occurrence (Samuel, 1956; Peterson et al., 1960; Hugh and Fox, 1970; Fuster et al., 1990).
Morphological criteria have mainly been used, while duplex classification of stenosis and normal
vessels are based on the blood flow velocities.

The peak Doppler frequency and spectral broadening index presented by Kassam et al.
(1982) have been correlated to the degree of carotid stenosis (Brown et al., 1982) and with Doppler
velocity analysis complex flow changes have been located at the carotid bulb (Phillips et al., 1983).
However, no quantitative calculations on flow complexity are available with conventional
ultrasound systems and thus, complexity is not used for clinical diagnosis or prognosis. Moreover,
the conventional methods are not able to visualize movement perpendicular to the ultrasound beam
as only the axial velocities are obtained (Jensen, 1996; Evans et al., 1989). Thus, quantitative data
such as the flow directions and the transverse velocity magnitudes are not directly available. With
the vector ultrasound technique, Transverse Oscillation, the blood velocities of both the axial and
the transverse directions are obtained. This technique demonstrates vortex formation in CB during
systole in experiment setups (Udesen et al., 2007, Hansen et al., 2009, Hansen et al., 2011).

The aims of this study are to visualize and calculate the presence of disturbed flow patterns
in CCA and CB, and to compare visual evaluation and quantitative calculations using a
commercially available ultrasound scanner equipped with the vector velocity technique. The null-

hypothesis was that the CCA and CB could not be distinguished using the vector technique.



Materials and Methods
Data acquisition
The carotid bifurcation of eight healthy volunteers (5 men, 3 women, age 28-45, median 39.5 years)
was scanned in a longitudinal plane with vector flow ultrasound as shown in Fig. 1. At a frame rate
of 22 frames per second, one cardiac cycle was obtained for each volunteer covering 17, 19, 22, 22,
20, 19, 22, and 23 image frames respectively. The number of frames fluctuated due to different
heart rates. A total of 164 image frames were used in this study where the CCA and CB areas were
outlined on every image frame as shown in Fig. 2. These areas were used for expert evaluation and
for quantitative vector calculation. A commercial vector flow ultrasound scanner (ProFocus
Ultraview, BK Medical, Denmark) was used with a linear transducer at 5 MHz (8670, BK Medical)
and prototype Transverse Oscillation vector flow scanner software. The Transverse Oscillation
vector technique is described in details by Munk (1996), Munk (2000), Jensen (Priority date: April
2000), Jensen and Munk (1998), Jensen (2001), and Udesen and Jensen (2006).

Expert evaluation

An in-house PHP web interface and a mySQL database were used to present the 164 images in
random order and to store the evaluations. The flow directions and velocity magnitudes were
presented as the direction and length of the white vectors shown in Fig. 1. Each frame was
presented to five ultrasound experts individually evaluating if disturbed flow was present (score 1),
or not (score 0) in each of the two areas. An example is shown in Fig. 2. For each volunteer the
mean expert evaluation value and the standard deviation were calculated for CCA and CB as shown

in Table 1.

Vector data decoding

The axial and transverse vector velocity magnitudes of the image frames were encoded as coloured

pixels shown in Fig. 1. The colour data were decoded into the axial velocity magnitudes, v., and the
transverse velocity magnitudes, v,, using an in-house Matlab script and a colour map identical to the
map used for encoding by the scanner software. A 2D vector field was thus calculated for each of

the two areas in each image frame.

Vector concentration of a 2D vector field
For a vector at position i, the flow angle, 6;, was calculated in degrees as
0; = arctan(vy;, v2; ). (1)
Each vector angle, ¢, is represented on the unit circle as p; = (x;, y; ), where x; = cos(;) and y; =

sin(z;). The mean values of all points were calculated for each 2D vector field as
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where n is the total number of vectors in the 2D vector field.
Simple circular statistics was used to determine if the flow pattern was laminar or disturbed. The

resulting vector concentration, , was found using Pythagoras’ theorem,

as illustrated in Fig. 3.
For a perfectly laminar blood flow patterns, » equals one, whereas r increases towards a value of
zero with increasing complexity as described by Baschelet (1981).

Equivalent to the standard deviation in linear statistics the dispersion, s, is used in circular

statistics. The dispersion of the angles is expressed as the mean angular deviation,

s=+2-(1-r), )

where a perfectly laminar flow pattern (» =1) will present zero dispersion, while a perfectly
disturbed flow pattern (» =0) will result in a maximum dispersion. The mean vector concentration

and the dispersion were calculated for each volunteer as shown in Table 2.

Statistical analysis
For each image frame the sum of all CCA and CB evaluations were used for Fleiss Kappa analysis
to calculate the level of inter observer agreement, x, where x = [0.41 0.60] was interpreted as
moderate agreement. The mean expert evaluations, the mean vector concentrations, and the mean
velocity magnitudes for CCA and CB were tested with Wilcoxon’s matched pair test and the null-
hypothesis that there was no difference between CCA and CB was tested. p<0.05 was considered
significant, thereby rejecting the null-hypothesis.

For each volunteer the mean expert evaluation and the mean vector concentration value was
calculated for CCA and CB as shown in Tables 1 and 2 respectively. An example is shown in Fig. 4,
and an overview of all volunteers is shown in Fig. 5. At the mean vector concentration where the

flow patterns of CCA and CB are separated, threshold value was found.



Results
Vector flow ultrasound imaging of CCA and CB were evaluated visually and quantitatively. The
Fleiss Kappa test showed moderate agreement between the experts visual evaluations for CCA
(k=0.42), and for CB (k=0.52). The Wilcoxon’s matched pair test rejected the null-hypothesis for
both visual evaluation (p=0.0078), the mean vector concentration (p=0.0078), and the mean vector
velocity (p=0.0078), meaning that all three methods showed significantly different flow patterns
between CCA and CB. The mean visual evaluations, the mean vector concentrations, and the mean
vector velocities of CCA and CB were calculated for each volunteer as shown in Tables 1 and 2.
The mean visual evaluations were plotted as a function of the mean vector concentrations for CCA
and CB as shown in Fig. 6. From the fitted line a mean vector concentration of 0.92 separates the
CCA from CB. This is suggested as a threshold value to separate the CCA from the CB flow

patterns.



Discussion

This is to our knowledge the first in vivo study where the flow patterns in the CCA and CB
are compared visually and quantitatively with the vector flow ultrasound technique. When disturbed
flow is defined as a more than 90 degree change in vector angle in part of the cardiac cycle, the
vector technique demonstrates the vortex formation in the CB in all healthy volunteers. As this
disturbed flow pattern can now be quantified, it needs to be addressed further in atherosclerotic
patients to appreciate its possible clinical importance.

However, disturbed flow may be physiological as demonstrated in this study. Theoretically it
should occur when there is an abrupt change in vessel diameter like the carotid bulb and potentially
at branching of large vessels such as explored in the vicinity of the subclavian artery (Hansen KL,
2009). In the venous system, disturbed flow has also been demonstrated in the femoral and jugular
veins at the passage of a venous valve (Hansen KL, 2009; Hansen PM, 2011).

Disturbed flow may also be associated with pathology as plaque formation will lead to a
change in the flow pattern and an increase in the blood velocities. Flow velocity changes are
commonly used to quantify a stenosis (Arning C, 2010). Disturbed flow may impair the vessel
compliance and accelerate the plaque formation. Atherosclerotic manifestations are stenosis, ulcers
and aneurysms. Aneurysms develop in the degenerated aorta secondary to atherosclerotic affliction,
a multifactorial process which leads to remodeling of the connective tissue in the vessel wall.

Traditionally, utilization of conventional ultrasound has been used in the prognosis of
arterial atherosclerosis, since it can detect the vessel wall with its plaque formations in combination
of flow characteristics. The endothelium is sensitive to flow-induced stress and can modulate
vascular tonus and function, i.e. vasodilatation/vasoconstriction. The characterization of shear stress
is of greatest importance for regulation of vascular function. Shear stress, defined as the frictional
tangential forces applied on the endothelium is a physiologic process to keep vascular homeostasis.
However, increase in shear stress have considerably constrain on vessel wall and cause
vasodilatation, i.e. “endothelium-dependent flow-mediated dilatation”. Low-density lipoproteins
can in itself induce endothelial injury. Flow disturbances with altered shear stress can cause
endothelial injury and thus subsequent deposition of lipids.

When disturbed flow was assessed visually there was only moderate agreement when
studied by different ultrasound experts. The quantitative vector concentration and the dispersion of
the angles eliminate many of these errors and provide better reproducibility. The expert would only
be required to select the location of the anatomical area of interest. Such quantitative method would
be very suitable for further studies.

Another limitation or error may be attributed to the outlined areas not being filled out with

colored vector information during the entire cardiac cycle. This is primarily affected by the pulse



repetition frequency, the echo cancelling filter, and the wall filter. To avoid aliasing, the settings had
to be optimised to allow correct measurements at peak velocities during systole and thus,
measurements of slower flow during the diastole were compromised. Further support for this view
is illustrated in Fig. 4, where two image frames are shown at systole (left frame) and diastole (right
frame). At diastole, there is a lack of coloured pixels as compared to systole.

The significant discriminative ability of the vector concentration is of great interest as it is
quantitative and simple to calculate. Used in combination with the mean vector velocity also it can
clearly discriminate between CCA and CB. However, low velocity is not directly an indication of
disturbed flow and is thus suggested as an additive measure to the vector concentration.

The anatomical areas used for defining the vessels varied in size, which for the visual
evaluations may have favored the judgement in larger areas in respect to the smaller areas. This
problem could have been overcome with boxes of equal pixel numbers. However, the acquired
images of both the CCA and the CB structures did not allow for boxes of equal size as the imaged
part of CCA was not as large as CB. The difference in the number of pixels was accounted for in the
vector concentration calculation and the mean vector velocity by dividing with the number of pixels
in (2,3). In the future an automated evaluation of flow type can be developed based on this

threshold value.



Conclusion
In conclusion, this study has, for the first time, addressed the initial findings for use of a
clinical vector flow ultrasound scanner which can distinguish disturbed flow visually or using a
quantification method, the latter being superior to the visual interpretation. Further studies to justify

its clinical role needs to be addressed.



Tables

Mean visual evaluation + one standard deviation

Volunteer Common carotid artery Carotid bulb
1 0.13+0.33 0.79+0.41
2 0.11+0.31 0.65+0.48
3 0.43+0.50 0.95+0.21
4 0.05+0.23 0.61+0.49
5 0.17+0.38 0.90+0.30
6 0.38+0.49 0.94+0.24
7 0.13+0.33 0.94+0.25
8 0.05+0.22 0.35+0.48

Table 1: Visual assessment of disturbed flow in the right common carotid artery and carotid bulb in
one cardiac cycle of eight healthy volunteers. Five ultrasound experts individually scored all 164

frame separately in random order for the presence (score 1), or absence (score 0) of disturbed flow.

meanrt £ mean v [cm/s]
Volunteer Common carotid Carotid bulb Common carotid Carotid bulb
artery artery
1 0.97+0.22 0.90+0.39 24.6+£3.4 8.4+1.6
2 0.96+0.24 0.88+0.46 15.6+2.4 8.3+1.3
3 0.94+0.34 0.67+0.78 13.6+3.1 4.7+1.7
4 0.97+0.22 0.80+0.61 31.2+4.8 11.242.1
5 0.96+0.22 0.84+0.56 15.1£3.5 10.4+2.5
6 0.94+0.35 0.83+0.57 17.5+£3.7 11.7+1.6
7 0.98+0.17 0.79+0.63 11.3£3.2 9.5+2.2
8 0.98+0.17 0.89+0.43 20.0+4.3 12.3+£2.8

Table 2: Quantification of disturbed flow in the right common carotid artery and carotid bulb in one
cardiac cycle of eight healthy volunteers. The mean vector concentrations, the dispersions, and the

mean velocities were calculated.
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Figure 1: Image frame demonstrating vector flow ultrasound at the carotid bifurcation using a
commercial ultrasound scanner. The common carotid artery is to the right, the carotid bulb to the
left. The white vectors illustrate the velocity magnitude and direction of the blood. The colour scale
used is inserted in the upper right corner for illustration. The vectors were used for the visual

assessment method, the coloured pixels for the quantification method.
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Figure 2: Demonstration of an image frame used for visual assessment by ultrasound experts. The
cropped image included two outlined areas. The green boxes define the common carotid area (right)
and carotid bulb (left). Each of the 164 frames available from the eight volunteers was presented

randomly to the experts using a web interface.
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Abstract

This study presents the first quantification and visualization of secondary flow patterns with Transverse Oscillation vector
flow ultrasound. The first commercial implementation of Transverse Oscillation was used to obtain in vivo, 2D vector fields in
real-time. The hypothesis of this study was that the rotational direction is constant within each artery. Three data sets of 10
seconds were obtained from three main arteries in healthy volunteers.

For each data set the rotational flow patterns were identified during diastole. Rotational flow patterns in the abdominal aorta
during systole were also identified. Each data set contains a 2D vector field over time using the vector angles and velocity
magnitudes the blood flow patterns were visualized using streamlines in Matlab (Mathworks, Natick, MA, USA). The rotational
flow during diastole was quantified by the angular frequency for each cardiac cycle, and the mean rotational frequencies and
standard deviations were calculated for the abdominal aorta {-1.3£0.4;-1.0+0.3;-0.9+0.2}Hz, the common iliac artery {-0.420.1;-
1.040.2;-0.44-0.1}Hz, and the common carotid artery {0.840.3;1.44-0.3;0.440.1}Hz. A positive sign indicates an anti-clockwise
rotation, and a negative sign indicates clockwise rotation. The sign of the rotational directions within each artery were constant
during diastole. In the abdominal aorta the flow pattern was counter clockwise during systole and clockwise during diastole.

I. INTRODUCTION

The vector flow technique, Transverse Oscillation (TO), has been investigated thoroughly since the first presentations in 1996
[1], [2], [3], [4]. The method has been tested in simulation [5], by in vivo studies with the experimental scanner, RASMUS
[6], and in comparison with magnetic resonance (MR) angiography [7]. In contrast to conventional Doppler techniques, TO
directly provides the absolute velocities and flow angles of blood at any angle in a 2D vector field. The method is non-invasive,
as it does not require contrast agents.

Measurement of the transverse velocity component has been investigated with several other techniques. Particle-image
velocimetry (PIV) obtains the velocity of moving particles using an optical system, where the particles are illuminated with
pulsed light. The movement of the speckles are tracked to form a vector field [8]. Replacing the light and photo equipment with

Depth [mm]

Width [mm]

Fig. 1: Real-time, in vivo TO ultrasound image of the abdominal aorta in the transverse plane. The vector velocity color map
is shown in the upper right corner.
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Fig. 2: TO ultrasound of the abdominal aorta in the transverse plane. The streamlines through one cardiac cycle illustrate a
systolic flow pattern (a) with no secondary flow, whereas the pattern is fully developed during the diastole (b-c).

ultrasound, the technique echo PIV uses micro bubbles as contrast agent. In a phantom study the flow patterns in stenosis and
aneurysm phantoms clearly illustrates the flow patterns [9]. The velocity estimation of echo PIV was recently correlated with
phase contrast magnetic resonance (PCMRI) with good agreement in a phantom study [10]. An in vivo study of the carotid
artery in live rats, showed a deviation of 15% from the Doppler-measured peak velocities [11]. The vortex flow of the human
heart was quantified with PIV using micro bubbles as contrast agent [12].

Color Doppler has been used to illustrate the flow patterns in the aorta. Based on the color patterns of in vivo transesophageal
ultrasound, it was concluded that blood rotates anticlockwise in the diastole as a result of backflow [13]. A comment on this
finding suggested that such color patterns might simply be a result of a 20° misalignment of the transverse plane [14], as only
the axial velocities were measured.

PCMRI techniques are able to visualize and quantify secondary flow patterns [15]. The MR vector information makes it
possible to estimate physiological forces, such as wall shear stress [16], [17].

The experimental ultrasound method, Plane Wave, showed the secondary flow patterns during systole with ultradound for
the first time [28].

With the recent implementation of TO in a commercial scanner, detailed real-time blood velocity magnitudes and flow
directions have been illustrated in vivo [18], and have been compared to spectral velocity estimation [19]. The presence of
disturbed flow patterns in the carotid bifurcation have been confirmed visually and quantitatively [7], [6]. Thus, rotational flow
patterns are visualized and can be obtained in real-time for further analysis. Previous studies have indicated that rotational flow



patterns may play a role in the pathogenesis of atherosclerosis [20], [21].
With this study the rotational flow patterns are visualized with in vivo, real-time TO ultrasound for the first time. Furthermore,
a quantitative method is presented which calculates the rotational frequency.

II. METHODS
A. Data acquisition

Five healthy volunteers participated in this study. For each volunteer the transverse plane of three arteries were scanned
with TO ultrasound: The abdominal aorta (AA), the common carotid artery (CCA), and the common iliac artery (CIA). A
commercial TO ultrasound scanner (ProFocus Ultraview, BK Medical, Denmark) was used with a 5 MHz linear array (type:
8670, BK Medical, Denmark) and prototype scanner software. Ten seconds of data were obtained as AVI files with a mean
frame rate of 2145 Hz with a range of [13 28] Hz. Three data sets for each artery, which presented a rotational flow pattern,
were selected, resulting in nine data sets. A frame example of the real-time colour encoded vector data is shown in Fig. 1.

Extra measurements of the flow in the abdominal aorta was obtained with different settings of the PRF and wall-filter to
obtain the flow patterns of different velocities. These measurements were processed separately as described in the result section.

B. Real-time vector data

The real-time vector information is displayed as colours and by post processing the axial, v,, and transverse, v,, vector
velocity magnitudes were obtained through time in 2D vector fields. Further details on data processing of the colour encoded
vector information is provided in [22].

C. Streamline imaging

Streamlines were used to visualize the blood flow patterns for every frame. The line density was set low to make the visual
impression as clear as possible. In Fig. 2 the development of a secondary flow pattern through the cardiac cycle is shown for
the abdominal aorta.

D. Angular speed and frequency of a 2D vector field

A grid defining subareas in the 2D vector field is set from the center of the rotation and the rotational frequency of each
subarea is calculated [23] by

0 0

z — —F, vy a_

or dy

For each data set, the frequencies during each diastolic phase were found and a mean rotational frequencies and a standard
deviation was calculated for each dataset. The frequencies were calculated using Matlab.

(V x F) F. (1)

III. RESULTS

Nine data sets were post processed to calculate the mean angular frequencies and standard deviations of each data set. The
results are shown in Fig. 4.

All frequencies of AA and CIA were negative, indicating a unidirectional, clockwise rotation. All CCA frequencies were
positive, indicating a unidirectional, anticlockwise rotation.

The extra measurements of the abdominal aorta of one of the subjects were post processed separately. The peak systole
was identified visually as illustrated in Fig. 2(a) and the time from peak systole to the apperance of a rotational flow pattern
was calculated for all cardiac cycles. All measurements were normalised and are shown in Fig. 5. An example of the counter
clockwise rotational flow during systole in the abdominal aorta is shown in Fig. 6.

The angular frequencies and streamlines imposed on the B-mode image are shown for one image frame of the abdominal
aorta in Fig. 3. The center of the rotation represents the maximum angular frequency of -1.32 Hz, whereas the peripheral
magnitudes are lower. If the image represented a water tank, a paddle placed in a peripheral subarea would rotate at a lower
frequency compared to a paddle placed in the center. The streamlines in combination with the angular frequencies and the
B-mode image are suggested for clinical imaging of rotational flow with TO.

IV. DISCUSSION
A. Scanner setting

The TO method depends on the pulse repetition frequency and wall filter settings. The scanner was adjusted to obtain the
low velocities present at the secondary flow patterns in the cross-sectional plane and further adjustments for extra data sets of
the abdominal aorta made it possible to measure a two-directional flow pattern during the cardiac cycle. The non-rotational
flow shown during systole in Fig. 2(a) can illustrate that the scan plane was not perfectly cross-sectional. It does not, however,
exclude that the true flow is laminar during peak systole.

With the present setup, the mean frame rate was limited to 21 Hz. An increase in the temporal resolution would provide
further details on the development of the rotational flow patterns and the peak frequencies during the cardiac cycle.
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Fig. 3: In a transverse section of the abdominal aorta, the angular frequency of each subarea are imposed on the streamlines
and the B-mode image.

Mean angular frequency and standard deviations

A Abdominal aorta + std
150 o Common iliac artery + std (*

O Common carotid artery * std

o

13,1 -
T T
_e—

|
o
)]
B
=

Angular frequency [Hz]
=

|
—_—p—
—p—
—_——

|
-
o

T

.

2 i i i i i i i i i
1 2 3 1 2 3 1 2 3

Measurement

Fig. 4: The angular frequencies, mean values, and standard deviations for all measurements. The direction is given by the sign,
which is identical for all measurements of each artery.

B. Clinical use

The measurements with the present implementation of the vector flow technique is not yet ready for quick-and-easy clinical
use. The linear transducer available limits the maximum scan depth to about 4 cm and thus, scanning of deep structures, such
as the abominal aorta, the renal artery, and the portal vein, are only possible on slim subjects. Furthermore, the rotational flow
pattern is only visible in the exact cross-sectional plane and it took up to 15 minutes to find the plane and obtain the flow
pattern. Future implementations on 2D array transducers and wider, convex arrays, is believed to make it easier to obtain the
secondary cross-sectional flow pattern.

C. Clinical importance

To our knowledge, this is the first study to present quantification of the secondary flow patterns in vivo with a commercial
ultrasound scanner. The role of secondary flow patterns have been investigated thoroughly with MR and CFD [24], [25], [26],



Rotational frequencies as a function of
a normalised cardiac cycle of 1 second
4 ;

Rotational frequency [Hz]
o
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
[
|
|
|
|
|

0 0.2 0.4 0.6 0.8 1
Time [s]

Fig. 5: All rotational frequencies of the abdominal aorta as a function of time. The direction of direction is clearly changing
from counter clockwise to clockwise during the cardiac cycle.

Depth [mm]

E

VA

N

Width [mm]

Fig. 6: Example of counter clockwise rotation in the abdominal aorta during systole.

[27], and shown with Plane Wave ultrasound [28].

Previous studies have indicated that rotational flow patterns may play a role in the pathogenesis of atherosclerosis. Both
MR [15] and color flow studies [13] have illustrated a rotational flow during systole and several studies have suggested that
secondary flow plays an important role in the development of atherosclerosis [29], [20], [21].

With the vector flow ultrasound scanner a new tool is available that is ready for in-hospital use. Thus, rotational flow patterns
during systole should be addressed in future TO studies.



V. CONCLUSION

With the commercial real-time vector flow ultrasound scanner, in vivo data can be used to calculate the angular frequencies.
Secondary flow patterns have been measured in diastole in the AA, CIA, and CCA. The diastolic secondary flow in AA and
CIA rotates clockwise, whereas CCA rotates anticlockwise. Additional investigation of the systolic flow pattern of AA shows a
two-directional flow pattern during the cardiac cycle. A new plot presenting both the flow streamlines, the angular frequencies,
and the B-mode image was suggested for clinical use. In conclusion real-time vector flow can visualize and quantify secondary
flow patterns of three main arteries and the rotational directions were constant within each artery.
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