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1 PREFACE

1.1 Norsk sammendrag

Nye ultralyd blodstremsmetoder til undersgkelse av medfgdte hjertefeil

Hjertefeil er den vanligste medfgdte anomali og ogsa den viktigste arsak til ded av medfedte
misdannelser. Grunnet bedret behandling og overlevelse er det en voksende populasjon av barn og
voksne med medfgdte hjertefeil. Det er derfor et stort behov for skdnsomme avbildningsteknikker for
diagnostikk og oppfalging, og hjerteultralyd har blitt det viktigste verktoyet. Hgy diagnostisk
treffsikkerhet i hjerteultralyd er nekkelen til god klinisk oppfglging av pasienter med medfgdte
hjertefeil. Vi har studert mulige forbedringer av dagens ultralyd blodstrgmsavbildning.

Forskningsmiljget for ultralyd i Trondheim har utviklet nye blodstremsmetoder for & unnga
noen av begrensningene med fargedoppler som er standard metode for & avbilde blodstrem.
Fargedoppler har veert i bruk siden siste halvdel av 1980-tallet og var i sin tid et stort teknisk fremskritt.
En av begrensningene med fargedoppler er at metoden kun viser to retninger av blodets bevegelse, til
og fra lydhodet, og derfor gir avgrenset informasjon om blodets faktiske bevegelse. Ekkogene punkter
som ligner sma flekker, sakalte speckler, finnes i sterre eller mindre grad i alle ultralydopptak. De nye
blodstremsmetodene utviklet i Trondheim baserer seg pa sporing av bevegelsene til disse specklene.
Forst ble Blood Flow Imaging (BFI) utviklet. Metoden viser i tillegg til vanlig fargedoppler dette
specklemgnsteret og kan fremstille blodets bevegelse ogsa pa tvers av ultralydstralen og dermed gi et
mer detaljert bilde av blodstrgm. | samarbeid mellom sivilingenigrer og klinikere er metoden tilpasset
avbildning av blodstrgm i atrieseptumdefekter (ASD, apning mellom venstre og hayre forkammer) og
lungevener hos barn. | artikkel 1-3 hvor BFI ble testet, har synet veert brukt til & tolke bevegelsene til
specklemgnsteret.

| lgpet av prosjektet har BFI blitt videreutviklet. | dag kan datamaskinen spore specklene og
beregne bade blodets bevegelse og hastighet. Slik far man fremstilt nye detaljer i blodets bevegelse.
Dette har man klart ved & ta opp ultralydbilder pa en alternativ mate ved & kombinere sakalt
planbglgeavbilding og parallelt stralemottak. | tradisjonell hjerteultralyd bruker man fokuserte lydbglger
hvor bildene bygges opp en linje av gangen. En ulempe med denne opptaksmetoden er at et bilde ma
bygges opp av et stort antall sendestraler, noe som gjer at antall bilder en kan lage pr sekund

(billedraten) synker. Dette kan gjgre det problematisk a felge hurtige bevegelser i blodstrem. Dette er



spesielt en begrensning for fargedoppler, hvor datamengden som tas opp for a danne hvert bilde av
blodstremshastigheter kan veere sveert hgy. Ved a sende ut bredere ufokuserte lydpulser kan man
bygge opp et bilde med fa sendestraler. Denne modaliteten kalles planbglgeavbilding. Ved at det
samtidig dannes flere mottakerstraler for hver utsendte lydpuls (parallelt stralemottak), okes
billedraten betraktelig. Dette kan utnyttes til & skaffe ny informasjon om hvordan blodet strammer. Ved
sporing av speckler (sakalt «speckle tracking») kan datamaskinen fglge en unik signatur i blodstrems-
ekkoet over tid. Ved a male hvor ekkosignaturen flytter seg mellom to enkeltbilder, kan maskinen

beregne blodstrammens hastighet og retning. Figuren under viser et eksempel hvor denne teknikken

er brukt.
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Speckle tracking av blod: Figuren viser et ultralydbilde av hjertet til en nyfadt med VSD (ventrikkel septum defekt = apning i
skilleveggen mellom hjertekamre). Her ser vi blodstrammens detaljer ved hjelp av speckle tracking som er vist med piler oppa
eksisterende fargebilder (fargedoppler). Blétt viser blodstram bort fra ultralydhodet, mens rodt viser blodstrem mot
ultralydhodet. Pilene (speckle tracking av blod) viser tilleggsinformasjon som ikke fremkommer i fargebildene. Man ser hvordan
blodet streammer gjiennom apningen i skilleveggen og at dette forer til at det dannes blodstrems-virvier i hgyre hjertekammer.

Det pagar na en klinisk pilotstudie hvor verdien av speckle tracking av blod skal testes.
Artikkel 4 er en teknisk artikkel basert pa tilleggsopptak med et ultralydapparat utviklet for
forskningsformal fra to pasienter i denne studien.

Artikkel 1

| en pilotstudie ble tradisjonell fargedoppler og den nye metoden BFI sammenlignet. 13 barn med ASD
ble prospektivt undersgkt. Fire eksperter (kardiologer og barnekardiologer) fikk presentert umerkede
videoer fra undersgkelsene og rangerte blodstremsbilder med to ulike mengder fargeforsterkning pa
en visuell analog skala (1-100) med tanke pa hvor sikre de var pa om det var blodstrem over

forkammerskilleveggen. Fargedoppler og BFI-rangeringene ble sammenlignet. Henholdsvis to og tre



observatgrer rangerte BFI som signifikant bedre enn fargedoppler ved vanlig og gkt fargeforsterkning.

Studien konkluderte med at BFI kan gi bedret blodstrems-avbildning i atrieseptumdefekter.
Artikkel 2

Lungevener er blant de anatomiske segmenter som er involvert i flest diagnostiske feil innen
barnehjerteultralyd, og det er behov for bedret avbildning. Standard hjerteultralyd med fargedoppler og
BFI av lungevener ble prospektivt utfert pa 26 nyfadte henvist med spersmal om medfgdt hjertefeil.
Fire eksperter fikk presentert umerkede videoer fra undersgkelsene i tilfeldig rekkefelge. Ekspertene
rangerte konsekvent BFI som bedre enn fargedoppler, og studien konkluderte med at BFI kan
forbedre avbildningen av lungeveneblodstrem hos nyfadte.

Artikkel 3

| en oppfelgingsstudie i samarbeid med barnehjertemiljget pa Rikshospitalet ble BFI testet i
forbindelse med propplukning av atrieseptumdefekter. Under narkose legges rutinemessig en
ultralydsonde ned i spisergret til barna for & rettlede propplukningen og vi koblet blodstrgms-
undersgkelser med BFI til denne undersgkelsen. Det ble gjort BFI blodstrems-undersgkelse av
atrieseptumdefekter og lungevener hos 28 barn som ble inkludert prospektivt. BFI ble sammenlignet
med gjeldende, men mer invasive referansemetoder. BFI viste godt samsvar med lungeangiografi og
hadde som forventet noe lavere estimat for ASD-stgrre enn ballongstrukket diameter.
Repeterbarheten av BFI-malingene var god, tilsvarende maleusikkerheten som oppgis i dagens

ultralydsystemer.

Artikkel 4

| en studie basert pa to pasienteksempler ble ultralyd speckle tracking av blod med hay billedrate brukt
til & beregne blodstrems-hastigheter i en atrieseptumdefekt (ASD) og en ventrikkelseptumdefekt
(VSD). Det ble benyttet et ultralydapparat utviklet for forskningsformal hvor plane bglger og parallelt
stralemottak ble utnyttet for & oppna blodstrgmsbilder i en bred sektor med hgy kvalitet, og samtidig
hgy billedrate. Ved hjelp av speckle tracking av blod kunne det beregnes blodstrems-hastigheter
giennom VSDen og ASDen i hele hjertesyklus. Det ble oppdaget en virveldannelse i hgyre
hjertekammer naer VSDen som ikke var mulig & se med standard fargedoppler ved hjelp av vektor
plot. Metoden ble ogsa validert in vitro. Forsgkene tyder pa at metoden har potensiale til gode
hastighetsmalinger av blodstrem og er et godt utgangspunkt for videre metodeutvikling. Metoden bar

testes pa flere pasienter for a evaluere robusthet og klinisk nytte.
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1.4 Abbreviations

ASD = Atrial septal defect

BFI = Blood flow imaging

B-mode = Brightness mode

BSD = Balloon stretched diameter

CDI = Color Doppler imaging

CHD = Congenital heart disease

CMR = Cardiovascular magnetic resonance
CT = Computed tomography

M-Mode = Motion mode

2D = two-dimensional

3D = three-dimensional

FDA = US Food and Drug Administration
LA = Left atrium

LLPV = Left lower pulmonary vein

LUPV = Left upper pulmonary vein

LV = Left ventricle

LVOT = Left ventricular outflow tract

MI = mechanical index

PRF = Pulse repetition frequency

Qp/Qs = The ratio of pulmonary (Qp) to systemic (Qs) blood flow
RA = Right atrium

RLPV = Right lower pulmonary vein

RUPYV = Right upper pulmonary vein

RV = Right ventricle

SD = Standard deviation

TEE = Transesophageal echocardiography
TTE = Transthoracic echocardiography

Tl = Thermal index
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2 INTRODUCTION

Congenital heart disease (CHD) is among the most prevalent malformation occurring in approximately
1% of neonates in Norway, and is the leading cause of death from congenital malformations (1). Due
to improvements in care and survival, there is a growing population of children and adults with
congenital heart disease (2). There is a need for non-invasive tools for visualization of CDH and their
functional consequence, and echocardiography has become the most important non-invasive
diagnostic tool. Echocardiography alone may be sufficient to map a congenital heart defect before
heart surgery, even if the defect is complex (3). Correct treatment depends therefore on the
echocardiographic examination, combined with a thorough clinical examination. A high degree of
diagnostic accuracy in echocardiographic imaging is the key to clinical management of patients with
CHD (4). However, diagnostic imaging requires specific skills and knowledge and in some cases the
diagnostic imaging can be difficult. Delayed or inaccurate diagnosis places children with CHD at risk
for complications.

Diagnostic errors in pediatric echocardiography have decreased in parallel with
improved ultrasound technology. Pediatric studies in the early 1980s found errors in 15-19% of
diagnoses, but with improved Doppler technology in the mid-1980s, the errors decreased to 5-6% of
diagnoses (5). In 1992, Sharma et al reported a diagnostic accuracy of echocardiography of 95%
compared to findings at surgery (6). However, other centers report much higher error rates: In 1999
Stranger et al reported a nearly 20 fold greater error rate than in the mentioned 1992-study when
pediatric echocardiograms were performed in adult laboratories (5). Recent publications from the high
quality Echocardiography Laboratory at Boston Children’s Hospital found an overall error rate of
0.17% (7, 8). However, the majority of the congenital echocardiography errors affected clinical
management or resulted in an adverse event (7, 8). In addition to cognitive errors, both technical and
patient specific factors are reported as common contributors to diagnostic errors (7, 9). Technical
factors constitute one third of the errors, including poor acoustic windows, modality limitations or
imaging artefacts. Also, the overall image quality may not be good enough. Pulmonary vein imaging
and atrial septal defects are among the top anatomic segments involved in diagnostic errors in
pediatric cardiology (7). In the imaging of these defects, the visualization of blood flow is essential.

Today, Color Doppler Imaging (CDI) is used to detect and visualize blood flow.

However, CDI has limitations that might lessen its diagnostic value. CDI is angle dependent, which

15



means that it can only measure velocities along the ultrasound beam. Further, when the Nyquist limit
for blood velocity is reached, aliasing artefacts will occur, obscuring the true velocity and the direction
of flow (10, 11).

In the ultrasound research environment in Trondheim a new flow modality called Blood
Flow Imaging (BFI) has been developed to overcome the limitations most often encountered in CDI
(12, 13). BFI is a qualitative method aimed to visualize the blood flow in more detail than today’s
Doppler techniques. Since limitations in the technology can make echocardiographic imaging of the
pulmonary veins and ASDs difficult, the main purpose of the present project was an attempt to limit
some of these challenges.

The research was performed in close collaboration with the engineers that developed
the new method and the clinical experience enabled further refinement of the technology in an
interactive approach. The BFI technique was therefore continuously being improved throughout the
project period. Flow speckle tracking was a result of this development, as illustrated in article 4. This
method requires some post processing of the data to yield quantitative measurement of the blood
speckle movement. However, the goal is to generate live data, and the latest development is live
ultrasound-based particle visualization. A closer description of this development will be presented in

chapter 9.
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3 BACKGROUND

3.1 Echocardiography

The word ultrasound refers to all sound with a frequency humans cannot hear. Ultrasound is
characterized by intensity, frequency and wavelength. The frequency in diagnostic echocardiography
(ultrasound examination of the heart) is usually between 2-12 MHz. Higher frequencies provide better
image resolution (i.e. ability to image small structures), but cannot penetrate as deep as lower
frequencies because of increased attenuation. Therefore low frequencies are used in adults and high
frequencies are preferred in babies and small children. The sound wave moves straight, but can be
focused and/or bent. The scattered sound, or echo, is what gives the ultrasound image its features. In
the B-mode image, varying shades of grey reflect different tissue scattering characteristics.

An ultrasound wave consists of oscillating pressure variations caused by vibration of the
ultrasound transducer against the skin surface: The piezoelectric crystal in the transducer probe
induces a local compression of the tissue with which the crystal is in contact. This local tissue
compression propagates away from the piezoelectric crystal (acoustic wave). Spatial heterogeneities
in tissue density result in a scattering or reflection of the propagating wave. Reflection describes the
interaction of ultrasound with large and smooth surfaces, while scattering refers to the interaction of
ultrasound with small structures like red blood cells. Reflection and scattering produces echoes that
propagate back towards the piezoelectric crystal. The crystal deforms and produces an electric field
which can be detected. This pulse-echo is processed and results in a single line in the ultrasound
image. An ultrasound image is built up by many lines. When a pulse is emitted, the transducer has to
wait for the returning echoes, before a new pulse can be emitted to generate the next line in the
image. With the present technology, images in echocardiography can be generated at about 50
frames per second (FPS). The human visual perception has a temporal resolution of about 25-50
frames per second. However, off-line replay may be done at reduced frame rate, thus enabling the
visualization at higher temporal resolutions. For example, if moving blood is captured with a high frame
rate and then played back in slow motion, the movement of the blood speckle pattern can be seen by
the human eye.

In cardiac ultrasound, or echocardiography, there are various imaging modalities, which

mainly differ by how the reflected ultrasound wave is analyzed and visualized.
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3.1.1 Selected history of echocardiography
The history of cardiac ultrasound started at the University of Lund, Sweden, in 1953 when the

physician Inge Edler and engineer Carl Hellmuth Hertz used a sonar machine to conduct the first
human echocardiogram. Their first publication subsequently occurred in 1954 (14). Hertz and Edler
used M-mode to evaluate Mitral stenosis and their collaboration is commonly accepted as the
beginning of clinical echocardiography. In the United States of America, Feigenbaum and his
colleagues started echocardiographic imaging of the ventricles in the early 1960s (15). In 1967, Herz
and Asberg presented the first demonstration of real-time-two- dimensional cardiac images.
Commercially available scanners were available from the latter part of the 1970’s.

In 2001, Terje Skjeerpe and Liv Hatle described the Norwegian story of cardiac ultrasound with
emphasis on the development in Trondheim (16). The background for the development of Doppler
ultrasound techniques in Trondheim was a close cooperation between engineers working at NTNU
and clinicians from the Department of cardiology in St Olav’s University hospital which was established
in 1969. Angelsen and colleagues developed PEDOF, a pulsed echo Doppler Flow velocity meter.
Rune Aslid brought one of these prototypes to Rikshospitalet, where the cooperation with Jarle Holen
led to further development of non-invasive assessment of pressure gradients (17). Rikshospitalet still
has a strong research group in echocardiography, most renowned for their contribution to
measurements of left ventricular function (18-20).

Liv Hatle and Bjern Angelsen made important contributions in validating the Doppler method
as a tool for diagnosis and follow up of cardiac diseases (21, 22). Their famous book: “Doppler
Ultrasound in Cardiology. Physical principles and clinical applications” came out in 1982 and is listed
as number one in the Norwegian cardiology’s top 10 list (Listed in the book: “Det norske Hjerte”). At
the same time Vingmed first combined the Doppler modality with the two-dimensional
echocardiography, which represented the breakthrough for clinical use of Doppler. Subsequently, the
color Doppler technology was pioneered by Japanese investigators, and introduced in 1984 by Omoto
and then in 1986 by Vingmed(16). Since then Trondheim has been in the forefront of cardiac
ultrasound research for many years (23-26), and many of the new applications developed by this
research group are now used routinely in hospitals throughout the world. The cooperation between
engineers and clinicians expanded later to other fields, as for example fetal medicine (27).

The history of pediatric echocardiography has developed in parallel with the field of adult

echocardiography (28). In the late 1950’s, Effert et al reported the results of echocardiography in
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patients with congenital heart disease. However, the technology available at that time restricted further
work until approximately one decade later. Again, Lund in Sweden was a central contributor, and Nils
Rune Lundstrém presented data from various forms of congenital heart diseases (29). At
Rikshospitalet in Oslo, Norway, echocardiographic examination of children was first used by Per
Bjarnstad in 1979. The first two dimensional scanner was purchased in the pediatric department in
1979, approximately two years after Rikshospitalet bought their first M-mode ultrasound machine for
the adult department (16). In Trondheim, the first pediatric cardiologist to practice echocardiography

was David Linker, who started in 1985.

3.1.2 Grey scale echocardiography
In M-mode (Motion-mode), the ultrasound waves are emitted along a single line and the returning

ultrasound wave is displayed as a depth-time-plot with depth information on the y-axis and temporal
information on the x-axis. The intensity of each returning echo determines the shade of grey on the M-
mode image. The method yields excellent time resolution (sampling rate 1000/second).

The B-mode (Brightness-mode or two dimensional imaging) is constructed using multiple lines
which are produced as for the M-mode-display. The transducer is then aimed at a different angle, and
a new line of information is formed. This is the standard image in echocardiographic imaging, and is
an important mode to visualize cardiac anatomy, cardiac function and is further used as an underlying

tool for other modalities, i. e the position of the line in M-mode.

3.1.3 Doppler echocardiography
When an acoustic source moves relative to an observer, the frequencies of the transmitted and the

observed waves are different. This is known as the Doppler shift, named after Christian Doppler, who
first described this phenomenon in 1843. One example of the Doppler shift is when an ambulance
passes a static observer. The received frequency is higher than the emitted frequency during the
ambulance's approach and lowered when it moves away. This change in the wave’s frequency also
occurs from the motion of reflectors in the body, such as red blood cells. The backscattered ultrasound
pulses are shifted in frequency compared with the emitted pulse, and this shift is related to the velocity
and direction of blood flow, the angle between the ultrasound beam and the blood flow, and the speed

of sound in tissue. The Doppler equation describes this relationship:
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|fd = 2*fo*v*cos(9)/c{

U

M = fy*c/(2*f, * cos(0))

f, = Doppler shift, f, = transmitted frequency, v = target velocity (i. e blood flow velocity), 6 = insonation

angle (between ultrasound beam and velocity vector) and ¢ = velocity of sound in tissue (1540 m/s).

Based on the Doppler equation, the Doppler shift is utilized in echocardiography to measure
blood velocities. Typical blood velocities cause a Doppler shift in the sonic range (20 Hz-20 kHz) and
can also be made audible to the user. A high pitch (large Doppler shift) corresponds to a high velocity
and a low pitch (small Doppler shift) corresponds to a low velocity. In this way, the echocardiographer
acquires both visual and audible information.

To determine the location of blow flow abnormalities, one can use pulsed wave (PW) Doppler
imaging. Combined with two dimensional imaging, the sample volume can be placed in the area of
interest, and the blood flow velocity can be measured in this specific site (30). When the echo machine
is set in the PW modality, a single crystal intermittently emits and then receives ultrasound waves. The
next pulse cannot be transmitted before the last signal has returned. This prevents PW Doppler from
measuring velocities beyond a given threshold, called the Nyquist limit, defined as the pulse repetition
frequency (PRF)/2. The inability to measure high velocities is a major limitation with this modality. If
the depth is increased from 5 cm to 10 cm, the emitted pulse must travel twice as far before the next
pulse can be emitted, and the PRF is approximately halved. The Doppler shift is moreover inversely
proportional to the frequency of the transducer. At the same depth, a 2,5 MHz transducer may display
velocities of twice the magnitude as a 5 MHz transducer. If the Nyquist limit is exceeded, the scanner
cut off the true signal and displays the signal in the opposite direction. This phenomenon is called
frequency aliasing.

To measure high velocity flow, the echo machine is set on continuous wave (CW) Doppler. In
this case, the transducer uses two crystals, one constantly emitting ultrasound waves and the other
constantly receiving the reflected waves (31). The frequency shift (Doppler shift) is continuously
measured and displayed in a spectrogram to illustrate the different velocities within the ultrasound

beam. A major limitation of this technique is the inability to locate the position of the highest flow
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velocity. The ultrasound signal weakens with depth due to attenuation, and velocities close to the

transducer will contribute more than the ones further away.

3.1.4 Color Doppler Imaging
Color Doppler imaging creates a real-time two-dimensional image where Doppler shift information is

coded in color and laid over the grey scale image (11). The blood velocity measurements are obtained
in the same manner as with pulsed wave Doppler, with multiple sample volumes interrogated
sequentially and displayed in a 2 D region of interest. Movement away from the transducer is
commonly encoded in blue and movement towards the transducer is commonly encoded as red. The
intensity of the color relates to the mean velocity of flow: The higher the velocity, the brighter the color
signal, with aliasing above the threshold velocity (the Nyquist limit). Color Doppler Imaging currently
does not permit precise quantitative velocity measurements. On the other hand, the color image
provides spatial information about blood flow that is unavailable with other techniques. Color Doppler
allows a rapid flow overview and is therefore ideal for assessing areas of disturbed flow, and the
technique has become very valuable in pediatric cardiology. The method is used to detect and locate
shunts, to map jet orientation and to detect valvular regurgitation.

Figure 1 demonstrates a color Doppler image from a superficial vein of the upper limb. The color
displayed at each point of the image depends on both the blood velocity and the Doppler angle at that

point.

Figure 1: Color Doppler Imaging
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3.1.5 Color Doppler limitations
Color Doppler is an important diagnostic tool in pediatric cardiology. However, the method has

significant inherent limitations (10).

- The method is angle dependent, which means that only the velocity component along the
ultrasound beam is measured and displayed. In Figure 1, the angle of isonation relative to the axis of
flow approaches 90 degrees in some parts of the image, for example in the right upper corner of the
image. Here the Doppler shifts decrease and may fall beneath the threshold for detection. Therefore
an adjacent area in the same vessel is encoded with both red and blue falsely mimicking disorganized
flow. Furthermore the angle estimated from the Color Doppler Images represent a two dimensional
estimate of a three dimensional vector and the true angle of blood flow may not lie in the plane of the
image.

- As with PW Doppler, aliasing may occur with color Doppler imaging because of a restricted Nyquist
limit. Aliasing means the production of false frequency estimates due to under sampling. In the color
Doppler display, Doppler shifts greater than PRF/2 are “wrapped around” and give the false
impression that blood flows in the opposite direction to real flow (i. e. blue instead of red). With most
color Doppler schemes, aliasing is depicted in pale red or blue, which usually can be distinguished
from flow separation with more deep shades of color as in angle insonation. In Figure 1 aliasing is
visualized at the point where the branch coming from below meets the branch which is perpendicular
to the ultrasound beam. Many disturbed jets in restricted orifices will exceed the Nyquist limit and
result in aliasing and an ambiguous display. This problem can be somewhat reduced by increasing the
pulse repetition rate (PRF) allowing less time for motion between the two acquisitions. Decreasing the
transducer frequency also provides a higher Nyquist limit, but at the expense of the resolution in the B-
mode image.

- The display represents the mean velocity and not the peak velocity. The accuracy of this estimate
has not been validated, and there is reason to assume an underestimation of velocities.

- The spatial and temporal resolution of the superimposed color Doppler image is likely to be less
than the resolution in the underlying B-mode image. The insufficient spatial resolution leads to so
called “color blooming artefacts”, which means that the color is bleeding into the surrounding tissues.
This phenomenon is also demonstrated in figure 1. Acquisition of the Doppler information requires
much more time than the structural image, since several pulse transmissions per scan line is required

to obtain flow information. To achieve higher frame rates, the image can be made up of fewer scan
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lines with interpolating algorithms to fill in the lost information. Thereby the image can be completed
faster, but some spatial information is lost. Compromises need to be made in order to produce a color
image with an adequate frame rate and image quality. The frame rate may also be improved by

limiting the area (depth and with) of the flow sector.

3.1.6 Blood Flow Imaging
The ultrasound research environment in Trondheim has developed a new real-time ultrasound flow

modality called blood flow imaging — BFI (12, 13). This was done in collaboration with GE Vingmed
Ultrasound which has a Research & Development department working closely with the ultrasound
research group.

BFI is able to visualize blood flow in any direction of the image by supplementing Color
Doppler Imaging (CDI) with qualitative information of flow by visualizing an additional angle
independent speckle movement not affected by velocity aliasing. Thereby the method avoids two of
the limitations most often encountered in conventional CDI. BFI is commercially available for vascular
imaging. The method is now also adapted to evaluate flow in pulmonary veins and atrial septum
defects in children, and the present project is a clinical evaluation of this method. The method is more

thoroughly described in the methods section.

3.1.7 The safe use of ultrasound in pediatric cardiology
Ultrasound has an excellent safety record. However, to ensure the safe use of ultrasound, it is

important for clinical users to have some understanding of this subject. As a result of absorption
processes, energy from ultrasound is deposited in the tissue. This absorption causes two main bio-
effects of ultrasound: heating and cavitation. Current regulations refer to the safety indices that relate
to these two effects: the thermal index (TI) and the mechanical index (Ml).

The thermal index gives an indication of the temperature rise in tissue due to absorption of
ultrasound. The most likely tissues to experience heating are bone and adjacent soft tissues. Thermal
effects are best predicted from the knowledge of energy flow over time (32). For neonatal cardiac
imaging, recommended exposure time should be restricted when Tl is >1 (33). Maximum Tl-values
declared by producers of ultrasound scanners are low compared to the US Food and Drug
Administration’s (FDA) normal maximum permitted value of 6,0. Values are highest in the pulsed

Doppler mode and least in B-mode- imaging.
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The mechanical index indicates the probability of occurrence of cavitation. Cavitation is the
formation and subsequent collapse of gas bubbles which arises from shear forces and free radical
formation. The most likely tissues to experience mechanical damage are those adjacent to gas, i.e. at
the surface of the lung, the intestine and with contrast agents. Mechanical effects can be best
predicted from knowledge of individual pulses (peak negative pressure) (32). FDAs maximum
permitted Ml is 1.9.

The Tl and Ml values are available on the screen of the ultrasound scanner. Where low values
cannot be achieved, examination time should be kept short and at least be within the
recommendations.

Developments in ultrasound technology have resulted in vast improvements in image quality,
but also some increases in acoustic output levels(34). However, diagnostic ultrasound imaging is safe

as long as one remain within the recommended limits.

3.2 Congenital heart disease
The incidence of congenital cardiac disease is stable, but longevity has improved and hospitalizations

for infants and adults with congenital heart disease are increasing (2). Further research to optimize
health care for this patient group is therefore necessary, and improved echocardiographic diagnostics
is essential in this context. The most common congenital heart defects are persistent ductus arteriosus

(PDA) and isolated septal defects (ASD alone or VSD alone) according to Liu et al (35).

3.3 Atrial septal defects

Defects of the atrial septum account for 7-12 % of congenital heart disorders (36, 37), and atrial septal
defects (ASD) are thereby one of the most common congenital cardiac anomalies. The functional
consequences of the defect are related to the anatomical location, its size, and the presence or
absence of other cardiac anomalies. Approximately 70 % of all ASDs are secundum defects, which
may close spontaneously, remain unchanged or enlarge as the child grows (38-40). When ASDs are
clinically significant, follow up with echocardiography is mandatory to select those requiring either

surgical or interventional closure. It is also helpful confirming spontaneous closure.

3.3.1 Atrial septal defect imaging
Transthoracic echocardiography (TTE) combined with conventional color-Doppler imaging (CDI) is

diagnostic in the majority of children with ASD. However, due to a false coloring of the interatrial

septum from overlapping color and B-mode images (i.e. color blooming artifacts), the flow through

24



atrial septal defects is not always easy to detect, especially when 2D images are suboptimal and when
defects are small. Also Doppler shift techniques are only able to measure velocities along the
ultrasound beam, and are thus angle dependent. Often a prior knowledge of the anatomy and
ultrasound beam angle is required to interpret the information presented. Further, when the Nyquist
limit for blood velocity is reached, aliasing artifacts will occur, obscuring the true velocity and the
direction of flow (11).

In the apical four-chamber view, the parallel angle of the echo beam, the limited lateral
resolution and the thinness of the fossa ovalis can cause artifactual echo dropouts of the septum and
thereby lead to an inaccurate diagnosis (41). Subcostal imaging minimizes the dropout of the atrial
septal echoes, but some defects may be missed. The subcostal image view may further be suboptimal
for obese patients (42).

Transesophageal echocardiography (TEE) provides better images of the interatrial septum
(43, 44). But since TEE applicability is limited by the need for general anesthesia in children, the
method is predominantly used to guide catheter closure.

Studies have presented real-time 3-D echocardiography (45, 46), and magnetic resonance
imaging (MR) as useful ASD imaging modalities (47, 48). But the need for sedation and/or the fact
that these modalities are time consuming limits the use of these methods in daily clinical practice. In
spite of all new modalities for ASD-visualization, 2D-TTE still is the most commonly used technique for

ASD imaging in children.

3.3.2 Atrial septal defect imaging during thanscatheter closure
High-quality imaging of ASD size and morphology is essential for successful transcatheter closure.

This is done by transthoracal echocardiography (TTE) before the procedure and further
transoesophageal echocardiography (TEE) throughout the closing procedure (49, 50).

Balloon sized diameter (BSD) is regarded as the reference method for measuring ASD
maximum diameter and is used to select the appropriate size of the device (51). To measure BSD, a
compliant balloon is filled with dilute contrast, placed across the ASD and inflated until a waist in the
balloon is visible on fluoroscopic imaging. In this way, BSD provides information of physical stretch,
which cannot be predicted by echocardiography (52). However, if there are multiple defects,

echocardiography may be better in the estimation of size (46).
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Color Doppler imaging (CDI) measurement of the ASD size correlates well with BSD
and surgical measurements (53, 54). However, there are sources of error in determining the size of
the jet, including CDI gain, examination depth and transducer frequency. CDI may also underestimate

an irregular defect.

3.4 Pulmonary vein imaging
Echocardiography with conventional Doppler techniques has become the most important imaging

modality to detect anomalies of the pulmonary veins (55, 56). Although high frequency transducers in
combination with CDI have improved the sensitivity, visualization of totally anomalous pulmonary
venous connections may be difficult. Partial anomalous pulmonary venous connections are often not
recognized in standard echocardiography (57). Because this anomaly is associated with an ASD, the
pulmonary veins must be carefully assessed before transcatheter closure (36, 58). At Oslo University
Hospital, Rikshospitalet, echocardiography was routinely supplemented by angiography at the time
this study was performed. However, angiography is an invasive procedure which also leads to
radiation and hopefully may be avoided with improved ultrasound visualization. Stenosis of normally
connecting pulmonary veins may be difficult to detect (59), and even if all four pulmonary veins are
normally connected, they may not necessarily be imaged using CDI. The low velocities in the
pulmonary veins are best recorded when the flow is parallel to the sound beam. In views where the
venous structures are perpendicular to the sound beam, the low velocity blood flow may be difficult to

visualize.
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4 AIMS

4.1 General aims
Our aim was to study whether the new method blood flow imaging (BFI) may improve the ultrasound

visualization of atrial septal defects and pulmonary veins in children and thus improve the diagnostic
information in congenital heart defects.

The evaluation of BFI in atrial septal defects and pulmonary veins was focused on
assessing the extent to which the new method could produce better information about the flow
conditions, the defect size and the venous drainage sites as this is important details for the medical
doctors in deciding if, when and how to perform intervention. We also wanted to evaluate the method
using different probes and for a wide spectrum of patient size from neonate to adult.

Last but not least, an aim of this study was further improvement of the ultrasound flow

technology in order to provide more information about flow conditions in congenial heart defects.

4.2 Specific aims
1) To study if Blood flow imaging (BFI) provided improved visualization of the blood flow in atrial septal

defects compared to conventional color Doppler imaging (CDI) in transthoracal echocardiography in
children.

2) To study if BFI provided improved visualization of pulmonary veins compared to conventional color
Doppler imaging (CDI) in transthoracal echocardiography in neonates.

3) To compare ASD-sizing using the new method BFI in transoesohageal echocardiography with the
current and more invasive reference in ASD sizing, Balloon stretched diameter (BSD).

4) To find out if BFI used in transesophageal echocardiography of the pulmonary veins was equally
good as the more invasive reference pulmonary angiography in the visualization of the pulmonary
veins.

5) To find out if angle-independent vector flow velocity estimation in an ASD and VSD was
conceivable in neonates.

6) To explore if high frame rate flow-visualization revealed new information of blood flow patterns in

congenital heart defects.
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5 MATERIALS AND METHODS

5.1 Study overview and design
The host institution of this project was Norwegian University of Science and Technology (NTNU)/St.

Olav’'s University Hospital, Trondheim, Norway. Cardiologist Bjgrn Olav Haugen and pediatric
cardiologist Siri Ann Nyrnes planned study 1, 2 and 3. BFI was developed by the engineers Hans Torp
and Lasse Lavstakken, who provided their technological expertise during the whole project period.

Study 4 is a technical sub-project of a clinical feasibility study on flow speckle tracing. This
project has its own study protocol drafted by Siri Ann Nyrnes and critically reviewed by Lasse
Lavstakken. Patient inclusion still continues in this project called “High frame rate flow visualization in
neonates and children with congenital heart defects”. Lasse Lavstakken had the idea and initiated the
technological sub-project presented in this thesis (study 4). Engineer and PhD-student Solveig Fadnes
worked with post processing of the data in study 4 performed the in-vitro flow phantom validation, and
is the first author of paper 4 (study 4).

In this research project, there was a close collaboration between the engineers that developed
Blood Flow Imaging and flow speckle tracking and the clinicians, with the objective of using the clinical
experience for further refinement of the technology in an interactive approach. The data in all studies
was collected in a prospective design by the author. Study 3 was a collaboration project with the
Department of Pediatric Medicine, Section for Pediatric Cardiology, Oslo University Hospital,

Rikshospitalet.

5.2 Study population characteristics

5.2.1 Materials - Study 1
This feasibility study was performed at the Department of Pediatrics, St Olav’s University Hospital, in

Trondheim, Norway. A total of 13 children with ASD were evaluated between March and August 2006.
The age ranged from neonates to 9 years, with a median age of 12 months. The inclusion criterion
was ASD sized 4 mm or more at the time of diagnosis. Patients were recruited in the outpatient clinic
and from the hospital ward, and both newly diagnosed and previously diagnosed patients were
included. The reason for referral to a pediatric cardiologist in most of the patients was the presence of

a heart murmur. In one patient, hemiparesis and cerebral infarction led to further investigation with
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echocardiography. One patient with a previously diagnosed ASD was excluded due to spontaneously
closure of the defect discovered at the time of study inclusion.

The patient characteristics are described in Table 1. One patient had a primum ASD and the
others had secundum defects. The ASD size ranged from 2-9 mm. All defects were 4 mm or larger at
time of diagnosis. Because of the natural history of secundum ASD's, some of the defects were
smaller at the study examination. Two of the patients had two defects. One neonate had raised
vascular pulmonary resistance and bidirectional shunting. The others had left to right shunting across
the ASD. Both patients with pulmonary stenosis had small shunts and mild stenosis. Eight of the
patients were girls. Seven patients had additional cardiac anomalies. One of the patients had total
atrioventricular (AV) block, while the others had sinus rhythm. Three patients had significant right
ventricular volume overload and required intervention. The 12 month old girl who presented with

stroke had a 5 mm secundum ASD which closed spontaneously during follow up.

TABLE 1

Study 1 — ASD feasibility study - Patient characteristics

Age Diagnosis ASD size Other cardiac anomalies

9 years Secundum 7 mm Small patent ductus arteriosus

12 months Secundum 5mm

22 months Secundum 4 mm and Broncopulmonary dysplasia and mild pulmonary
2mm hypertension

4 months Primum 6 mm

1 month Secundum 4 mm Muscular ventricular septum defect (VSD)

13 months Secundum 3 mm Pulmonary valve stenosis

19 months Secundum 4 mm Pulmonary valve stenosis

2 weeks Secundum 4 mm Perimembranous VSD

2 months Secundum 3 mm

3 years Secundum 9 mm

21 months Secundum 6 mm and
3 mm

5 days Secundum 4 mm Grade Il atrioventricular (AV)-block

6 weeks Secundum 4 mm

5.2.2 Materials - Study 2
The study was performed at the Department of Pediatrics, St. Olav’s University Hospital, Trondheim,

Norway. A total of 26 neonates referred to a pediatric cardiologist because of suspected congenital
heart disease were included prospectively from February to April 2008. Patients were recruited from

the hospital ward. The reasons for referral to a pediatric cardiologist were either the presence of a
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heart murmur, other congenital defects, asphyxia or arrhythmias. The patient characteristics are

described in table 2.

TABLE 2

Study 2 — Pulmonary veins in neonates - Patient characteristics

Patient | Age/days | Echocardiography findings Supplementary information
1 4 Normal Intrauterine supraventricular
tachycardia
2 10 Tetralogy of Fallot Di George syndrome, Inguinal hernia,
Supraventricular tachycardia
3 0 Pulmonary hypertension Duodenal atresia, infantile
PDA myofibromatosis
4 0 Muscular VSD and PDA
5 5 Pericardial effusion, Diaphragmatic hernia
Pulmonary hypertension Primary intestinal lymphangiectasia
PDA
6 21 Peripheral pulmonary Prematurity (31 weeks + 2 days)
stenosis
7 2 Muscular VSD Prematurity (34 weeks), asphyxia,
Reduced left ventricular contractility RDS
8 6 Secundum ASD
Peripheral pulmonary stenosis
9 0 Atrial septal aneurysm
10 2 Muscular VSD
Secundum ASD
11 6 Normal Prader Willi syndrome
Hip dysplasia
12 PDA, Frequent premature atrial
contractions
13 1 PDA Esophageal atresia
14 3 Normal Hypospadia
15 0 Secundum ASD, PDA Asphyxia
16 4 PDA Prematurity (28 weeks + 5 days)
17 33 Peripheral pulmonary stenosis
18 1 PDA
19 0 Transposition of the great
Arteries, PDA
20 13 2 muscular VSDs and a
secundum ASD
21 3 Secundum ASD Bilateral radial aplasia
22 0 PDA Did not pass pulse oximetry screening
(saturation 94%)
23 0 PDA, Atrial septal aneurysm Oesophageal atresia
24 20 Normal Tachypnea
25 5 Muscular VSD and secundum
ASD
26 12 AVSD Down's syndrome

NEC in newborn colonic

strictures

period,

The median age of the patients was 5.9 days and there were 17 boys and 9 girls.

The

patients’ conditions varied from critically ill to healthy. Five patients received ventilation support during
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echocardiography; 2 patients with conventional mechanical ventilation, 2 patients with high frequency
ventilation and one patient with continuous positive airway pressure. Two patients had pulmonary

hypertension and 18 patients had shunts at inclusion. All patients had normal venous connections.

5.2.3 Materials and methods - Study 3
This study was a collaboration project between the Department of Pediatric Medicine, Section for

Pediatric Cardiology, Oslo University Hospital, Rikshospitalet, Norway and the Norwegian University of
Science and Technology (NTNU)/St. Olav’s University Hospital, Trondheim, Norway. Patient inclusion
took place at Rikshospitalet, where all interventional pediatric ASD-closures in Norway are centralized.
NTNU/St Olav’s University hospital contributed with the new technology BFI, echocardiography and
data collection.

The inclusion criteria in the study were children aged 0-16 years with isolated secundum ASD
accepted for interventional ASD-closure. To be accepted for interventional closure, the secundum
ASD had to be hemodynamically significant, i.e. signs of pulmonary hyperflow with qualitative
evidence of right ventricular and/or right atrial dilatation on echocardiography. A total of 28 children
scheduled to interventional ASD-closure were included prospectively from February 2008 to February
2009. The patients were recruited from hospitals all over Norway.

The ratio of pulmonary to systemic blood flow (Qp/Qs) was calculated from saturations
obtained from superior and inferior vena cava, pulmonary vein and artery and systemic saturation.
ASD closure device was chosen based on balloon sizing using the stop flow technique.

The patient characteristics including the BSD values and the Qp/Qs values are described in
table 3. The age of the patients ranged from 8.5 months to 16 years. There were 19 girls and 9 boys.
Nine patients had more than one atrial septal defect. The BSD ranged from 9.5 to 20.5 mm and the
ratio of pulmonary (Qp) to systemic (Qs) blood flow ranged from 1.2 to 4. Four patients had Qp/Qs
<1.5. However, closure was considered reasonable because these patients had echocardiographic
evidence of right atrium and right ventricular dilatation. Furthermore, they had a rather large ASD
and/or more than one defect. None of the patients had pulmonary hypertension, 19 patients had a

systolic murmur and 18 patients had a fixed split second sound.
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TABLE 3

Study 3 - ASD closure - Patient characteristics

Patient | Agelyears |BSD (in mm) Qp/Qs
1 1.2 16.0 3.0
2 1.9 16.0 2.0
3 2.2 11.0 1.3
4 3.8 20.5 2.0
5 16.3 18.0 1.2
6 3.6 16.0 2.4
7 1.6 9.5 4.0
8 14.2 13.0 2.0
9 3.6 16.0 3.0
10 2.1 20.0 4.0
11 5.6 11.5 2.0
12 1.1 16.0 2.5
13 2.1 17.5 2.0
14 1.3 14.0 1.8
15 4.1 14.0 1.6
16 0.7 11.0 2.2
17 3.0 17.5 2.9
18 3.4 18.5 1.7
19 2.9 14.6 1.8
20 2.3 14.0 1.2
21 0.8 14.0 1.5
22 5.5 14.0 1.6
23 4.3 21.0 1.7
24 7.6 18.0 3.0
25 4.6 19.0 1.3
26 11.2 20.0 2.0
27 7.2 19.0 2.5
28 4.2 15.0 2.5

The patient characteristics are described in table 3. Twenty-seven patients underwent
successful ASD Amplatzer closure, two of these patients required two devices. In one patient, the

attempt at closure was unsuccessful because of insufficient attachment of the Amplatzer device to the

atrial septal rims.

By June 2012 (3-4 years after closure), there were no registered complications among the
patients. In two patients, the Amplatzer device was touching the mitral valve, but there were no mitral
obstruction or insufficiency. One patient had a large device related to septal size. In this patient, there

was a temporary increased flow velocity in the upper left pulmonary vein. This had resolved by one

year after closure.
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5.2.4 Materials - Study 4
This technical study was based on additional ultrasound acquisitions with a research scanner in

connection with an ongoing feasibility study on flow speckle tracking. Data collection was carried out at
the Department of Pediatrics, St Olav’s University Hospital, in Trondheim, Norway. Two neonates from
these data collections were chosen to describe the method. Patient 1 was an 8 day old boy who was
3340 g at the time of the ultrasound recordings. He had a perimembranous VSD which was the focus
of the study. He was also born with a secundum ASD, a pulmonary artery sling (the left pulmonary
artery anomalously originating from the right pulmonary artery) and anal atresia. Patient 2 was a girl
who was born prematurely (31 weeks and 4 days). She has a secundum ASD and no other congenital

malformations.

5.3 Blood Flow Imaging

The real-time ultrasound flow modality called Blood Flow Imaging (BFI) supplements Color Doppler
Imaging with additional angle-independent information of flow direction. This is done by visualizing the
blood speckle movement superimposed on the Color Doppler Images.

In all ultrasound imaging, there is a speckle pattern which is recognized as an irregular
pattern where homogenous tissue is expected. The ultrasound speckle pattern from blood is present
inside the vessel lumens and heart chambers, but is normally not visible in the B-mode (B=brightness)
image due to the weak strength of the echoes from blood compared to the surrounding tissue
structures. However, this blood speckle pattern can be visualized by first filtering out the stronger
tissue echoes (wall filtering). The movement of the blood speckle pattern between image acquisitions
corresponds to the actual blood cell movement, but can only be captured by acquiring images with a
frame rate in the kHz range. In an image acquisition scheme termed beam interleaved acquisition (60),
such high frame rates can be achieved for separately acquired sub regions of the total image sector.
On display, speckle images acquired for different sub regions are shown at a rate equal to the total
image sector frame rate, leading to a slow motion display of the speckle movement, which can be
tracked by the human eye. In Blood Flow Imaging, this speckle pattern technique is combined with
regular Color Doppler Imaging. The speckle pattern in BFI is angle independent and has no upper
aliasing velocity scale limitation.

Figure 2 demonstrates flow in a superficial vein of the upper limb with blood flow
imaging. The color Doppler information corresponds to Figure 1, but in Figure 2 there is an additional

speckle pattern superimposed in the images. The additional information from this speckle pattern is
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best appreciated in movie clips where you can see the movement of the speckle pattern precisely,

also in areas with ambiguity in the underlying color images.

Figure 2: Blood Flow Imaging

The data acquisition and processing scheme used in BFI is schematically shown in figure 3. As
illustrated, both color-Doppler and speckle images are produced from the same data recording. In
parallel to conventional color-Doppler processing, speckle images from blood are produced by wall
filtering followed by conventional B-mode-processing. Wall filtering means removing low-frequency
Doppler shifts from soft tissues such as myocardium and vessel walls, which are lower than the
Doppler shifts from moving blood. Further, an amplitude normalization procedure is applied to avoid
flashing artifacts due to discontinuities in the blood signal power for different image regions. Finally
CDI and speckle images are combined by adding the speckle variation to the Doppler power
estimates. A two-dimensional color scale including both the mean Doppler frequency and power is
displayed on the screen. Based on the 8-12 temporal image samples typically acquired in CDI, one

color image and 4-8 speckle images can be produced.
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Figure 3: BFI acquisition and processing
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Figure 3: Reproduced from Paper 2, with permission from Jon Wiley and Sons.

A block diagram illustrating the data acquisition and processing scheme utilized in BFI. The general data acquisition is identical
for CDI and BFI. In parallel to conventional CDI processing, speckle images from blood are produced by wall filtering and
conventional B-mode processing. A normalization procedure is applied to avoid flashing artifacts in the speckle images due to
discontinuities in signal power from different regions in the image. In the end, the speckle image variation is added to the
Doppler power estimates in CDI and displayed using a two-dimensional color map including both Doppler power and mean

frequency. BFI = Blood Flow Imaging; B-mode = “Brightness” mode; CDI = Color Doppler Imaging

The BFI technique is commercially available for vascular imaging on GE systems, but was not
freely available for cardiac probes or transesophageal probes during this project. The GE M4S probe
was specially adapted to make the BFI technique available for study 1. The same adaptions were
made for the GE 7S probe for study 2, and the GE 9T & 6T TEE probes in study 3. In study 3, the
lateral image resolution of the setup was approximately 1.0-1.3 mm for the 6T probe and 1.0-1.4 mm

for the 9T probe. The axial image resolution was approximately 0.4-0.5 mm for both probes.

5.4 Blood flow imaging limitations and potentials
The BFI technique is based on the same data acquisition scheme as CDI, but some trade-offs

regarding optimal CDI setup are often needed to ensure suitable blood speckle visualization. The
pulse repetition frequency (PRF) often needs to be reduced which may increase aliasing artefacts in
CDI. Further, the image resolution and line density needs to be increased to ensure sufficient quality of
speckle images, something which may lead to a reduced penetration and color-Doppler frame rate.

In its current implementation, BFI is limited to imaging shallow depths (< 10 cm), making it
suitable for vascular imaging and imaging in pediatric cardiology (61-63). However, getting closer to
the heart through the esophagus implies that the method should also have potential for cardiac

imaging in adults using TEE.
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Figure 4 demonstrates an ASD imaged with both a transthoracal probe (M4s) and a
transesophageal probe (6T). The example is from patient no 5 in study 3 who was 16 years old with
height 175 cm and weight 67.6 kg. He had one ASD and the measured BSD was 18 mm. In the TTE
examination to the left, the speckle pattern in BFI is much coarser than in the transesohageal
examination to the right. The speckle pattern degrades and has lower quality when the depth is in this
order of magnitude. TEE reduces imaging depth, in this case from 10 to 3 cm, and the speckle quality

is therefore better, thus making this technique also applicable in adults.

Figure 4: Comparison of transthoracic and transesophageal BFI visualization of ASD

Figure 4: Transthoracal (left) and Transoesophageal (right) four chamber views with Blood Flow Imaging; Visualization of an
atrial septal defect, the left atrium (LA), left ventricle (LV), right atrium (RA) and right ventricle (RV). The arrows show the
direction of the speckle pattern.

In the neonate, the depths are shallow and the speckle pattern movement in BFI is clearer

than in older children.

5.5 Parallel receive beam forming, plane wave imaging and flow

speckle tracking
Parallel receive beam forming means to receive multiple image lines for each emitted ultrasound

pulse. This technique has been used to increase the frame rate in Color Doppler Imaging. However,
the method gives rise to visible image artefacts using conventional focused ultrasound beams. By
using a linear imaging probe where plane unfocused beams can be emitted (plane wave imaging), it is

possible to reduce these image artefacts and to increase the frame rate further.
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Figure 5 demonstrates the conventional ultrasound acquisition with a phased array transducer (left)
compared with parallel receive beam forming with a linear transducer (right). To the left, one focused
transmit line and one focused received line is acquired. Each pulse requires time to travel forward and
back through the tissue, and in this setup a high number of transmit beams is needed to construct the
ultrasound image, which limits the frame rate. To the right, a broad unfocused wave is transmitted and
multiple image lines are received simultaneously. In this way the acquisition time is lowered and higher
frame rates are achieved. In theory the frame rate increases with a factor equal to the number of
parallel receive beams. In practice there may also be limits on the amount of data that can be

processed in real-time by the ultrasound system which lowers this theoretical limit.

Figure 5: Parallel receive imaging beam forming and plane wave imaging
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Using pattern-matching techniques, the movement of blood speckle can be quantified in 2-D
images. The 2-D velocity information can be visualized as arrows or streamlines overlaid color-
Doppler images that help to highlight areas of complex flow patterns such as vortex formation in
congenital heart disease. Figure 6 demonstrates the speckle pattern tracking principle. A kernel is

defined in a first acquisition and the best match of this kernel is searched for in the next acquisition.
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Figure 6: The speckle tracking principle
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Figure 6: Reproduced from paper 4, with permission from Elsevier. A kernel is defined in an acquisition and the best match of

this kernel is searched for in the next acquisition.

5.6 Ultrasound Equipment and setup
The echocardiographic examinations in study 1-3 were performed using a GE Vingmed Vivid 7 (GE

Vingmed, Horten, Norway) ultrasound machine. We used different probes in the three sub-studies. In
study 1, the transthoracic echocardiography examinations were performed with a GE M4S cardiac
probe (GE Healthcare, USA) and in study 2 a GE 7S cardiac probe (GE Healthcare, USA) was used.
In study 3, the transesophageal echocardiography examinations were performed using a 9T or 6T-
probe. (GE Healthcare,USA). Imaging with BFI has safety measurements in the same range as CDI,
and satisfy the requirements from the American Food and Drug Administration.

In study 4, a SonixMDP ultrasound scanner (Ultrasonics Richmond, BC, Canada) with a 4-
9MHz linear transducer and a Sonix DAQ for channel data acquisition was used for both in vivo and in
vitro recordings. Prior acoustic measurements satisfied the requirements from American Food and
Drug Administration. Table 4 demonstrates the values from the acoustic report from the SonixMDP
scanner. Scanning with the Vingmed Vivid E9 (GE Vingmed, Horten, Norway) with 9L-D og 11L-D (GE

Healthcare, USA) was done in advance.
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Table 4 — Safety measurements in the SonixMDP-scanner

Setting 1 2 3 4 5
TxFrequency [MHz] 5.0 5.0 5.0 6.7 6.7

Aperture [elements] 128 128 128 128 26
TxNumberOfHalfPeriods [] 3 5+34+5 5 3 2

Focal depth [mm] 00 00 00 00 19

PRF [kHz] 15 12 12 15 12.6

Acoustic measurements (V] 68 56 56 68 83 Limit
MI (inv) (] 0.5 0.5 0.4 0.3 0.8 1.9
TIS (inv) [] 1.3 1.3 1.4 0.9 0.05 3.0
TIB (inv) [] 1.5 1.5 1.6 1.3 0.25 3.0
TIC (inv) [] 1.3 1.2 1.3 1.3 0.25 3.0
Ispras (inv) [mW/cm?) 121 115 124 63 451 720
Temperature (inv/non-inv) [V] 48/68 48/56 45/56 48/68 56/56  Limit
ATy (inv/non-inv) [C] —/19.0 —/242 —/23.0 —/183 1.8/1.8 27/27
ATphantom (inv/non-inv) [°C] 45/73 4.7/66 4.3/65 4.3/9.1 08/08 6/10

Table 4: Reproduced from the REP014: Safety measurements (2011-12-13). A set of safety measurement have been done on
a 5MHz L9-4/38 linear array ultrasound probe connected to a SonixMDP ultrasound scanner. Author @yvind K.-V. Standal,
Department of Circulation and Medical Imaging, Norwegian University of Science and Technology

Abbreviations: TIS = Soft tissue thermal index, TIB = Bone thermal index, TIC = Cranial thermal index, Ispta.3 (attenuated

spatial peak time average intensity)

Study 4 was part of a flow speckle tracking feasibility study. First we used a Vingmed Vivid E9
scanner with a custom color flow imaging acquisition based on plane wave imaging (unfocused) with
16 image lines generated in parallel for each emitted pulse. These data will be presented in a separate
paper. In addition, we used the SonixMDP-scanner to generate data to study 4 in order to increase the
number of image lines generated. With the SonixcMDP scanner, 256 image lines are generated for
each emitted pulse, which further increases the frame rate. Data from this research scanner is useful

in the further development of future scanners for use in daily clinical practice.
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5.7 Image acquisition and processing

5.7.1 Echocardiography
In study 1, the blood flow through the atrial septal defects was first studied with a conventional TTE

examination using CDI. BFl was used to supplement the examination. In study 2, a full standard
echocardiography examination was performed on all the patients, and BFI scanning of the pulmonary
veins was supplementary to the examination. Flow in the pulmonary veins was examined from the
suprasternal short axis view, as well as the apical, subcostal and long axis views. In study 3, a full
standard transesophageal echocardiography examination was performed on all the patients before the
transcatheter closure, and BFI scanning of the ASD and the pulmonary veins was supplementary. The
echo examinations with BFI in the project were performed by the author. The first examinations of
each study were performed in conjunction with engineer Lasse Lgvstakken in order to adjust and
optimize the technical settings for Blood Flow Imaging in each probe and study. The echo
examinations in study 3 were performed in cooperation with Kjetil Lenes, who at that time worked as
an echo technician in Department of Pediatric Medicine, Section for Pediatric Cardiology, Oslo

University Hospital, Rikshospitalet

Figure 7: The cath lab at Rikshospitalet

Figure 7: The picture to the left and right is from the cath-lab in Rikshospitalet during inclusion of patients. The picture in the

middle shows an Amplazer device which closes the defect in the atrial septum.

In study 4 extra image acquisitions with the research scanner (SonixMDP ultrasound scanner)
were done in addition to scanning with the Vingmed Vivid E9 (GE Vingmed, Horten, Norge) as part of
an ongoing study called: “Flow speckle tracking for detailed visualization of flow patterns in neonates
with congenital heart defects”.(64) Image acquisition with the SonixMDP scanner was done in
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cooperation with engineer Solveig Fadnes after gaining an overview with the Vivid 9 scanner. Imaging
with the SonixMDP scanner only took a few seconds, but the transfer of data after scanning took

nearly 10 minutes with the setup used.

5.7.2 Data processing and analysis
Although offline analysis is not required in daily practice, CDI and BFI images in studies1-3 were

prepared and analyzed in GcMat for comparison by observers. GcMat is a semiautomatic software
(GeMat; GE Vingmed Ultrasound Horten, Norway), which runs on a MATLAB platform (The
MathWorks, Inc., Natick, MA, USA). From the examinations in study 1-3, representative movie clips
were chosen to be analyzed. When all patient data in each study was collected, a presentation
program containing these selected movie clips was prepared and presented to independent observers
for analysis. In all studies, the color image information presented was identical in both modalities (CDI
and BFl), i.e. in the BFI movie clips speckle movement images were added to the ordinary color
images. This means that the adjustments to the color information presented were always identical in
paired CDI and BFI movie clips. The presented CDI and BFI images were not labelled in any way, nor
were they numbered with respect to the patients. However, since there is a visible difference between
the methods, the observers were able to recognize the flow method presented.

The observers were not otherwise involved in the project and had no information about the
patients. Four observers evaluated the images in each study, and a total of nine different observers

were involved in studies 1-3.

Study 1
Two different movie clips demonstrating ASD flow from the subcostal view were prepared for CDI and

BFIl. In one movie clip, the color images were optimized for best possible visualization of the flow
through the ASD. In a second movie clip, the amount of color-gain was slightly increased to simulate
the color blooming artefact which may arise in CDI. This was introduced in order to evaluate the
potential of BFI when CDI images are suboptimal.

The echocardiograms were independently reviewed by four observers: Two pediatric
cardiologists, one adult cardiologist, and one physician with ultrasound experience from research. The
two pediatric cardiologists had no previous experience with BFI, but were introduced to the concept
prior to the evaluation. The other observers were familiar with the technique from vascular

applications. The images from the two modalities were presented to the observers in random order.
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The observers were then asked to range from 0-100 on a visual analogue scale (VAS) how certain
they were that there was blood flow across the atrial septum.

The observers were also asked to rank the general quality of the images on a visual analogue
scale from 0-100, where 100 was the best possible image quality. They were asked to rank the

general ultrasound quality for each clip, and the presentation of the anatomy.

Study 2
Movie clips with BFI and CDI of the pulmonary veins from the suprasternal short axis view and one

additional view were presented in random order to four independent observers (pediatric
cardiologist/adult cardiologists) for evaluation. The same movie clips were also presented with slightly
increased color gain (color blooming artifacts) in both modalities. All observers were experienced
echocardiographers without previous experience with BFI. They were introduced to the method
through a short presentation prior to the evaluation. The observers evaluated the quality of the
diagnostic imaging using a visual analogue scale (VAS), with score 0% (worst) to 100% (best).

They were asked 3 questions:

1. Clinical: On a scale from 0-100%, how certain are you that there are normal pulmonary venous
connections? (90% certainty means 10% chance of anomalous venous connections) Figure 8 is an

example from the presentation program.

Figure 8: lllustration of the presentation program for observers

Image view: Apical Image view: Suprasternal short axis Image view: Suprastemal short axis

Clinical question: On a scale from 0-100%, how certain are you that there are normal pulmonary venous connections?  (30% certainty means 10% chance of anomalous connections) 7% fnished

4 i  — 2 e

Anomalous - 0% 0% ormal- 100

Figure 8: An example from the screen in the presentation program demonstrated to observers. The percentage marker could be
moved to the left and to the right with 50% as starting position in the program. After choosing percentage on one screen, the

observer clicked on next question and the percentage chosen was stored.
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2. Technical: On a scale from 0-100%, how well can you determine the direction of flow in the
pulmonary veins?

3. General: Please rank the general quality of the ultrasound images for the assessment of
pulmonary veins with complete evaluation including image view, image quality, color blooming, flow
direction. A 100% score on the VAS scale corresponds to best possible image quality (“good”), 50%

corresponds to satisfactory image quality ("fair’) and 0% corresponds to "poor” image quality.

Study 3
ASD sizing: Four observers were asked to measure the ASD size in the presented BFI and CDI

images. If there was more than one ASD present in one movie clip, they were asked to measure the
largest defect.

The process of measurements of the BFI and CDI movie clips is described in Figure 9: In each
patient, a screen with two movie clips showing the ASD in the two widest planes (Clip 1 and Clip 2)
was presented with BFI. The same BF| screen was repeated again later during the measurement
process. Identical screens showing the ASD visualized with CDI from the same patient were presented
in the same manner. This means that every observer made eight ASD measurements for each patient
(four measurements with BFI and four measurements with CDI). The BFI and CDI screens and

replications were presented to the observers in a random order.

Figure 9: lllustration of process of ASD — measurements by observers

Patient 1 Patient 2 Patient 28
Observer 1
Observer 2
Clip 1: Clip2: Clip1: Clip2: Clip1: Clip2:
= | 2replications 2 replications 2 replications 2 replications e 2 replications 2 replications
(random order) (random order) (random order) (random order) (random order) (random order)
Observer 3
Observer 4
Maximum ASD Maximum ASD Maximum ASD
diameter chosen diameter chosen diameter chosen

Figure 9: Reproduced from paper 3 with permission from Jon Wiley and Sons.



To reflect the clinical reality, we chose the maximum ASD-diameter measured with BFI
(BFImax, later referred to as “BFI” only) in each observer for comparison with BSD- and CDI-
measurements.

The four observers in study 3 were experienced echocardiographers (consultant cardiologists)
without previous experience with BFI. They were given a short introduction to the BFI method prior to
the evaluation. Since the observer job in this study was quite comprehensive, they were also co-

authors in the study and contributed to the final evaluation of the manuscript.

Pulmonary veins: The pulmonary veins were evaluated during the examination by an echo technician
in cooperation with a pediatric cardiologist using BFIl. The results were recorded as one of the
following: Normal pulmonary veins, one anomalous pulmonary vein, two anomalous pulmonary veins,
or pulmonary vein stenosis. The BFI investigations were finished and documented before the

pulmonary veins eventually were examined by routine angiography by the interventionist.

Image analysis was done in a custom software package (GcMat), while statistical analysis was done

using IBM SPSS version 19 and package Ime4 of the software R version 2.15

Study 4
Figure 10 schematically shows the data acquisition and post processing in this study. A separate

acquisition setup was used for B-mode and flow imaging to ensure a sufficient image quality for both
modalities. The channel data is acquired and beam forming is done offline. The plane wave data is
clutter filtered (a high pass clutter filter was applied to separate the blood signal from the strong tissue
signal) before blood velocity estimation is done using the autocorrelation approach and speckle
tracking. One transmit beam covered a region equal to the transducer width and full parallel receive
beamforming was utilized. To achieve high quality B-mode images it is beneficial to interleave two
different acquisition setups in a duplex modality, one for color-Doppler and one for B-mode. The
duplex modality frame rate will then be given by the time to acquire both B-mode and color-Doppler
images. When using focused B-mode images and plane wave color-Doppler images, the total
acquisition time will be dominated by the B-mode image which limits the frame rate. Still we were able

to achieve full field-of-view color-Doppler and high quality B-mode imaging at 107 fps.
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The research scanner is able to store and process the channel radio frequency data from all
the channels in the transducer (128 channels). When the channel data is available, one can beamform

any number of receive lines simultaneously in the software as illustrated in figure 10.

Imaging scheme  x

Figure 10: Flow speckle tracking acquisition and post processing
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Figure 10: Reproduced from paper 4.

With this acquisition scheme, high frame rate flow images are aquired where color doppler imaging,
blood flow speckle tracking and PW-Doppler estimation can be performed using the same dataset. An
in vitro flow phantom was used to test the acquisition setup and speckle tracking algoritm. For further

details regarding the method, see the full description in the technical article, paper 4.

5.9 Statistical methods

5.8.1 Statistics - Study 1
The null hypothesis was that there is no difference between BFI and CDI in the visualization of

interatrial blood flow, versus the alternative hypothesis that BFI improves the ASD visualization.

The degree of certainty (VAS scale 0-100) was compared within each observer using the
exact two tailed Wilcoxon signed-rank test for paired samples (65). Ratings of the optimal and
suboptimal cineloops were analyzed separately. The difference between CDI and BFI ratings were
considered significant when the p-value were less than 0.05. The statistical analysis and plotting were

done in the numerical MATLAB software with the statistics toolbox (The MathWorks Inc., Natick, USA).

5.8.2 Sample size in study 2 and 3
We used the feasibility study (study 1) as background for choosing sample size in study 2 and 3. In

study 1, an absolute difference between the methods of 19% on the VAS scale was observed, a
difference considered to be of clinical interest. With an observed standard deviation of 31% (absolute),

a two-sided paired-samples t-test requires 24 observations to have a power of 80% at the 5%
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significance level (65). This number was rounded upwards to accommodate deviations from normality

and the use of a non-parametric test.

5.8.3 Statistics - Study 2
The null hypothesis in this study corresponds to no difference between BFI and CDI in the

visualization of flow in the pulmonary veins, and the alternative hypothesis that BFI improves the
visualization.

The methods (BFI vs. CDI) were compared within each observer using Wilcoxon’s exact
signed-rank test for paired samples (65). The variability of this evaluation of quality between observers
and methods was investigated using Bartlett’'s test of homogeneity of variance (66). Ratings of the
optimal cine loops and the cine loops with too much color gain were analyzed separately. P-values
less than 0.05 were considered to be statistically significant. The statistical analysis and plotting was
done in the numerical MATLAB software with the statistics toolbox (The MathWorks Inc., Natick, USA),

and the statistical software R (67).

5.8.4 Statistics - Study 3
ASD-sizing: The mean difference between the BFlI and BSD measurements and the BFI and CDI

measurements were analyzed using a paired samples t-test. Furthermore, the BFI- and BSD-
measurements and the BFI- and CDIl-measurements were plotted against the other. Finally,
agreement between the BFI and BSD measurements and the BFI and CDI measurement were
evaluated using Bland-Altman plots, in which the difference between BSD and BFI measurements and
BFI and CDI measurements were plotted against their respective means (68).

To assess repeatability, a linear mixed effects model with BFI as the outcome variable was
employed in a variance components model. We treated observers and patients as crossed random
factors (Figure 9), whose net effects are assumed to be zero. The residual error of this model yields a
measure of repeatability, i.e. the remaining variation when different observers do measure identical
movie clips in the same patient. Estimation was done with restricted maximum likelihood using the

Imer command of R version 2.15 (67).

Pulmonary veins: By visualizing the pulmonary veins with BFI and compare with the reference
method angiography, one can calculate sensitivity and specificity for the new method. Point estimates

with exact 95 % confidence intervals (Cl) were calculated based on the binomial distribution.
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5.9 Ethics

Written informed consent for participation was obtained from children older than 12 years of age and
the parents of all study subjects. All the sub-studies are approved by the Norwegian regional
Committee for medical and health research ethics (REK, Midt-Norge). Patient safety measurements
were within the guidelines from the US Food and Drug Administration (FDA). All the clinical studies
was performed according to the national and international laws, regulations and conventions for

research on humans and patients.
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6 SUMMARY OF RESULTS

6.1 Results - Study 1

All four observers ranked BFI high. When the presented color images were technically optimized, two
observers ranked BFI as significantly better than CDI in the visualization of interatrial blood flow (figure
11, left). The two other observers also ranked CDI very high (near 100 percent), with the result that no
significant difference could be measured. When the images had slightly increased color gain, three of
the observers rated BFI as being significantly better (figure 11, right). The physician with ultrasound
research experience (observer number 4) regarded the two methods as equal in both scenarios. All
ASDs visualized with CDI were confirmed using BFI. In one patient the recordings with BFI revealed

two ASDs and not one as first suspected in the prior CDI recording.

Figure 11: Dot-plots — Transthoracic ASD visualization
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Figure 11: The observers were asked to range from 0-100 on a VAS how certain they were of interatrial flow. The dot plots
show the observers assessments of CDI versus BFI when the color images were optimal to the left and suboptimal (i.e. slightly

increased color gain) to the right.

Examples of ASD flow imaging with BFI and CDI in two patients are shown in figure 12.
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Figure 12: lllustration of transthoracic ASD imaging with CDI and BFI side-by side
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Figure 12: Images to the left: CDI and BFI images of two separate ASDs with flow jets in different directions
Images to the right: CDI and BFI images of one 9 mm ASD. ASD = atrial septal defect; CDI = color doppler imaging; BFI = blood

flow imaging; LA = left atrium; LV = left ventricle; RV = right ventricle.

6.2 Results - Study 2

Blood Flow Imaging was consistently ranked as better than Color Doppler Imaging in the visualization
of the pulmonary veins (figure 13). Median differences on the VAS scale in favor of Blood Flow
Imaging among the observers regarding pulmonary venous connections ranged from 0-8%, direction
of flow ranged from 6-48% and overall pulmonary vein imaging quality ranged from 4-34%. (All p-

values<0.01).

Figure 13: Dot-plots — Pulmonary vein imaging in neonates
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The variance of assessment differed significantly among the observers and methods
(p<0,001). The difference between the methods was not altered when the color gain was increased
(i.e. color blooming artifacts created).

Examples of BF| visualization of pulmonary veins in two patients from the study are shown in figure 14.
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Figure 14: lllustration of pulmonary vein BFI in neonates

Figure 14: BFI in the visualization of the pulmonary veins: Suprasternal short axis view to the left and the apical view to the right.
The image to the right is from a neonate with an atriovetricular septal defect.
LUPV= left upper pulmonary vein; LLPV= left lower pulmonary vein; RUPV= right upper pulmonary vein; RLPV= right lower

pulmonary vein.; LA = left atrium; LV = left ventricle; RV = right ventricle.

6.3 Results - Study 3

ASD-sizing
The mean maximum diameter measured by BSD was 15.9 mm (+SD 3.0 mm), and the mean

maximum diameter measured by BFI was 12.1 mm (+SD 2.4 mm); yielding a mean difference
between the measurements of 3.8 mm (xSD 2.2 mm), with a 95% confidence interval from 3.4 to 4.2
mm. The 95% limits of agreement extended from -0.7 to 8.3 mm with no obvious trend in the data.
Figure 15 shows the scatter plot of the BSD measurements vs. the BFI ASD diameter
measurements to the left and the Bland-Altman plot with 95% limits of agreement for the difference

between the BSD and BFI measurements to the right.
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Figure 15: ASD-sizing with BFl and BSD
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Figure 15: Two methods of measuring atrial septal defect (ASD) size, in mm: The maximum ASD diameter measured by Blood
Flow Imaging (BFI) and Balloon stretched diameter (BSD) in 28 patients measured by 4 observers. The Bland-Altman plot to the
right shows differences against the mean and 95% limits of agreement. The figure demonstrates that almost all BSD

measurements were larger than BFI measurements.

The corresponding ASD diameter measured by CDI was 11.8 mm (xSD 2.5 mm); yielding a
mean difference between the CDI- and BFI- measurements of -0.3 mm (+SD 1.3 mm) with a 95%
confidence interval from -0.6 to -0.1 mm. The 95% limits of agreement extended from -3.0 to 2.3 with
no obvious trend in the data.

Figure 16 shows the scatter plot of the CDI measurements vs. the corresponding BFI-
measurements to the left and the Bland-Altman plot with 95% limits of agreement for the difference
between the BFI and CDI measurements to the right. There were two outliers labelled A and B in
Figure 16. The outlier A measurements were CDI 8.6 mm, BFI 13.3 mm and corresponding BSD 16
mm. The outlier B measurements were CDI 10.4 mm, BFI 16.3 and corresponding BSD 20.5 mm.

Since we couldn’t identify obvious errors regarding these outliers, we kept them in the material.
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Figure 16: ASD-sizing with BFI and CDI
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Figure 16: Two methods of measuring atrial septal defect (ASD) size, in mm: The maximum ASD diameter measured by Blood
Flow Imaging (BFI) and the paired Color Doppler Imaging (CDI) measurements in 28 patients measured by 4 observers. The
Bland-Altman plot to the right shows differences against the mean and 95% limits of agreement. There were two outliers

labelled A and B. The corresponding BSD-measurements for A and B were 16 mm and 20.5 mm, respectively.

Figure 17 demonstrates ASD flow-visualization with BFI from the transesophageal
examination (6T probe) from patient no 5, who was 16 years old with height 175 cm and weight 67.6
kg. He had one ASD and a measured BSD of 18 mm.

Figure 17: BFI visualizing an ASD in transesophageal echocardiography

Figure 17: Transesophageal long-axis-view of the atrial septum: Blood Flow Imaging in the visualization of two atrial septal

defects (ASD), the left atrium (LA) and the right atrium (RA). The arrows show the direction of the speckle pattern.
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The repeatability of the BFI measurements
The linear mixed effects model (lllustrated in figure 9) yielded the following standard deviation

estimates; patient 2.1 mm, observer 0.4 mm and residual (i.e. the movie clips presented) 1.2 mm.
Given a mean BFIl-value of 12.1 mm, this corresponds to coefficients of variation (CV) of 18%, 4% and
9.6% respectively. The latter may be taken as a measure of repeatability, the remaining variation when

different observers perform measurements on identical movie clips from the same patient.

The pulmonary veins
Pulmonary angiography demonstrated normal pulmonary connections for all pulmonary veins in the 28

patients. Visualization of the upper left and the upper and lower right pulmonary veins using
transesophageal examination with BFI was successful in all patients. The site of drainage of the left
lower pulmonary vein was identified in 27 of the 28 patients studied. In one patient the left lower
pulmonary vein was difficult to visualize using BFI and CDI in TEE. Pulmonary angiography visualized
the lower left pulmonary artery in this patient, and the drainage was normal — as were the other
pulmonary veins in this patient. Pulmonary angiography corresponded with the BFI visualization of the
pulmonary vein connections in all patients except in this one case. This leads to a sensitivity of BFI in
detecting the correct entry of the pulmonary veins of 0.96 (95% CI: 0.82-1.0)

An example of transoesophageal BFI visualization of the left sided pulmonary veins is shown
in Figure 18. This image is from patient 23, who was 4 years and three months old, 102 cm high and

14.5 kg. We used the 9T-probe for this examination.
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Figure 18: BFl visualizing the left upper pulmonary vein with transoesohageal

echocardiography

Figure 19: Blood flow Imaging in the visualization of the left upper pulmonary vein entering the left atrium (LA).

6.4 Results - Study 4

In vitro flow phantom tube
The speckle tracking velocity estimate for the 26 independent measurements had a low standard

deviation (1-3 cm/s) and were in good agreement with the reference velocities, demonstrated in figure
19. For a 1 mm x 1 mm area in the middle of the tube, the mean axial velocity was 0.5 m/s + 0.02 m/s
for CDI (termed autocorrelation method in the article) and 0.51 + 0.01 m/s for speckle tracking. The
mean lateral velocity was 0.88 + 0.03 m/s for speckle tracking. The resulting absolute velocity was
0.99 + 0.04 m/s for the angle corrected CDI (autocorrelation method, ACM) and 1.02 + 0.02 m/s for

speckle tracking. The reference velocity in the same region was 0.98 m/s.
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Figure 19: Stationary flow in an in vitro flow phantom
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Figure 19: Reproduced from paper 4, with permission from Elsevier. Stationary flow in an in vitro straight tube phantom with a
beam-to-flow angle of 60 degrees. To the left, a color flow image with speckle tracking estimates overlaid as arrows. To the
right, the mean speckle tracing and angle corrected autocorrelation method (ACM) velocity profiles with standard deviations

from 26 measurements are compared with the calculated reference velocity profile.

In vivo (two neonates)
In vivo results demonstrate that speckle tracking may provide flow velocity estimates in a VSD and

ASD throughout the cardiac cycle in two neonates. This is demonstrated in figure 20 and 21 where the

corresponding CDI image is presented to the left.
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Figure 20: Color Doppler and Flow speckle tracing in a VSD
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Figure 20: Reproduced from paper 4 with permission from Elsevier. The superimposed arrows in the color flow image to the left
underline the one-dimensional velocity information acquired from the autocorrelation estimates. The colors in the image to the
right represent the absolute velocity found from speckle tracking. The arrows represent the direction and magnitude of the

speckle tracking estimates.

A vortex formation in the right ventricle due to the VSD shunt flow was visible with the 2-D

velocity vector maps, but not in the color Doppler images.

57



Figure 21: Color Doppler and flow speckle tracking in an ASD
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Figure 21: Reproduced from paper 4 with permission from Elsevier. The superimposed arrows in the color flow image to the left
underline the one-dimensional velocity information acquired from the autocorrelation estimates. The colors in the image to the
right represent the absolute velocity found from speckle tracking. The arrows represent the direction and magnitude of the

speckle tracking estimates.

Both speckle tracking and color Doppler (autocorrelation velocity estimates) were validated
with retrospective PW Doppler. The axial velocity estimates from speckle tracking agreed well with the
PW spectrum and color Doppler estimates. The absolute velocity profiles for the speckle tracking and
angle corrected autocorrelation estimates were reasonable and indicate that tracking works both in the

axial and lateral direction. Please see the technical paper (paper 4) for further details.

6.5 Supporting online information
As the flow modalities are best appreciated by watching movie clips, such movie clips are available on the

published articles journals webpages.

Study 2: http://onlinelibrary.wiley.com/doi/10.1111/j.1540-8175.2010.01206.x/suppinfo

Study 3: http://onlinelibrary.wiley.com/doi/10.1111/echo.12610/suppinfo

Study 4: http://www.sciencedirect.com/science/article/pii/S0301562914002154
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7 DISCUSSION

With the aim of improving blood flow visualization in pediatric cardiology, we studied the novel flow
imaging techniques of blood flow imaging and flow speckle tracking in this work. We performed three
studies with blood flow imaging and one technical study with flow speckle tracing with focus on
imaging of septal defects and pulmonary veins. A varied assortment of probes was tested: Phased
array probes (7S, 4S), transesopageal probes (9T and 6T) and also a linear probe (4.9MHz). In
addition we investigated a wide range of patient sizes, including premature and term neonates (study
2 and 4), children (study 1 and 3) and adult sized patients (study 3).

We found that BFI may improve the visualization of interatrial blood flow in children and the
pulmonary veins in neonates (62, 63). We also compared transesophageal BFI to the established
references or “gold standards” for ASD-sizing and pulmonary vein imaging (69). We found that
transesophageal echocardiography with Blood Flow Imaging of the pulmonary veins agreed well with
pulmonary angiography. BFI had lower estimates for ASD-size than BSD as expected, but with
acceptable 95% limits of agreement. The repeatability of the BFI-measurements was close to the
inherent measurement error of the ultrasound measurement itself. Study 3 represented the final step
in the evaluation of BFI used in the imaging of atrial septal defects and pulmonary veins in children. If
BFI is available on the scanner, the method may offer a complete assessment of ASD and has the
potential to reduce radiation exposure time during ASD-closure.

During the project period, the engineers managed to take the blood flow imaging method one
step further, and flow speckle tracking was introduced. Here the speckle pattern is not only detectable
for our eyes as in BFI, but also for the computer. This allows velocities and flow direction to be
measured. The technical article (study 4) demonstrates this technological development using a
research ultrasound scanner. We found that flow speckle tracking may provide flow velocity estimates
in a VSD and an ASD in two neonates. A vortex formation in the right ventricle due to the VSD shunt

flow was visible with flow speckle tracking, but not in the color Doppler images.

7.1 Comparison between BFI and other modalities

7.1.1 ASD visualisation and sizing
Currently, echocardiography is the first line imaging modality for the diagnosis and follow up of
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pediatric patients with ASDs. A detailed anatomical study is necessary to determine the defect size,
morphology, the relationship with the surrounding structures and the hemodynamic consequences.
The examination of blood flow direction through the ASD is also of high interest: Firstly to detect
reversed shunting in pulmonary hypertension, and secondly to be watchful for other causes of
reversed shunting in ASD, for instance pulmonary stenosis, tricuspid valve disease or the superior or
inferior vena cava entering the left atrium.

Doppler-based modalities such as CDI are only able to measure the axial direction of flow, i.e.
flow towards or away from the transducer surface. The BFI modality adds the speckle movement of
blood to the Doppler information available with CDI, and is thereby able to visualize flow in any
direction of the image plane. Thus, a more detailed and intuitive display of the flow conditions requiring
less interpretation than CDI images may be provided. For example, interatrial flow is not only axial,
and BFI may therefore provide more detailed information of interatrial blood flow than CDI. In one
patient in study 1, BFIl imaging revealed two ASDs, and not one defect as first suspected in a prior CDI
examination. This is important information when planning catheter based device closure.

When presented with suboptimal color images (i.e. when color blooming artifacts were
created), the rating differences between BFIl and CDI were enlarged in favor of BFI for three of four
observers in study 1. This finding indicates that BFlI may be particularly useful when color image
artefacts are present, or when too much color gain has been applied as can sometimes be an issue in
a busy clinical practice. However, in pulmonary vein imaging in study 2, we found no difference

between the optimal and suboptimal gain setting when comparing CDI and BFI.

The inclusion criteria for study 1 was ASD's already visualized with CDI, and therefore angle
was not an important factor in terms of ASD-detection. But angle may be a problem, especially in other
views than the subcostal. The main reason that BFI may be advantageous over CDI in low pressure
ASD-flow visualization is that interatrial blood flow may be shown in spite of non-axial flow and color

blooming artifacts.

Since ASD flow may occur only during a limited portion of the cardiac cycle, CDI may not be
able to visualize shunt flow because the frame rate is too low. Further, due to the low frame rate, the
right-to-left component of the atrial shunt is usually not detectable with CDI (70). As BFI provides an
increased frame rate of flow information, it may reduce this problem. Substantially higher frame rates

than the BFI tested in study 1-3 are achieved with the plane wave flow speckle tracking technique
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described in study 4. This increased amount of flow information is especially important in the imaging

of neonates due to their high heart rates.

TEE is superior to TTE in detecting secundum ASD, sinus venosus defects and associated
anomalous pulmonary venous return in adults (43). In children, routine transthoracic studies are
generally adequate for ASD diagnosis, but TEE may be used in patients with poor image quality. TEE
is the preferred imaging modality during guidance of catheter-based treatments of atrial septal defects
in children (50).

High-quality imaging of atrial septal defect (ASD) size and morphology before transcatheter

closure is essential for a successful outcome, and there has recently been much interest in advances
in technology in order to improve visualization of the complex septal anatomy (71-76).
There has been less focus on further improving the flow visualization, even though this is important in
identifying the number and size of ASDs, the direction of blood flow through the defects, and to
differentiate dropouts in the region of the fossa ovalis from an ASD. Finally, since partial anomalous
pulmonary venous connection is associated with ASD (77), thorough flow mapping of the pulmonary
veins is essential (78).

Traditionally, transcatheter ASD-closure has included balloon sizing, fluoroscopy and
pulmonary angiography. The radiation exposure from cardiac catheterization is of concern both to
patients and operators (79), and should be limited to lowest possible values. Furthermore contrast
agents may have side effects (80), and should be restricted whenever possible. The balloon sizing
procedure has potential risks (81), and transcatheter closure of atrial septal defects following less
invasive sizing techniques has been advocated (82-84).

ASD-measurements by Color Doppler Imaging (CDI) correlate with the balloon stretch
diameter (54), and transcatheter ASD closure guided by the maximal color flow diameter has recently
been shown to be feasible and safe (82). However, CDI has limitations that include angle
dependence, aliasing and a frame rate which is considerably less than that of gray scale imaging (11).
The reliability of color flow in predicting size is also limited by variability in gain settings. The additional
speckle pattern in BFI has the potential to improve the ASD edge detection. This may diminish the
sources of error in determining ASD size. Even though study 3 demonstrated quite equal overall
results in CDI and BFIl-measurements, the CDI measurements had two outliers with fairly large

discrepancy compared to the BFI and BSD measurements. This would have been clinically significant
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if the amplatzer device was chosen based on this measurement and no additional
BSD-measurement was performed.

In study 3, BFI had lower estimates for ASD-size than BSD as expected, but with acceptable
95% limits of agreement. The mean maximum diameter measured by BFI was 3.8 mm less than the
mean of BSD measurements. The paired CDI-measurement was 0.3 mm less than the BFI-
measurement. Tzifa et al demonstrated similar results. They found that the mean maximal diameter
measured with CDI was 4.6 mm and 3.3 mm less than the BSD-measurements in the prospective and
retrospective groups respectively (82). The difference between the BFI and BSD measurements can
be explained by the fact that BSD also provides information of physical stretch that cannot be
predicted by echocardiography. The relationship between the maximal BFI-diameter measured in 2D
echo and BSD is also influenced by the shape of the ASD (85).

The true ASD size was unknown in study 3, but we chose to compare the BFI measurements
with the BSD, since this method still is regarded as the reference for measuring ASD maximal
diameter to select the appropriate size of the device before closure. However, balloon sizing is not
considered necessary by some authors (82-84), and BSD is consequently no longer performed in
many centers that use Amplatzer devices to close ASDs. Balloon sizing may oversize an ASD (83),
which may increase the risk of erosion. The stop flow technique was proposed to diminish this problem
(86). Other potential disadvantages of balloon sizing are bradycardia, hypotension and enlargement of
the defect. If there are multiple defects and a floppy septum, echocardiography may be better than
BSD in the estimation of size (46).

The repeatability of the BFI-measurements in study 3 was consistent both between the
observers and within each observer. Other studies measuring ASD-diameter with color flow diameter
did not investigate the repeatability of the CDI- measurements (53, 82). It is important to be aware that
some of the variability between measurements in different studies using two-dimensional imaging may
be due to differences attained by different observers (87).

Improved echocardiographic imaging before and during transcatheter ASD-closure may
reduce radiation exposure and possibly also the need for balloon sizing. We believe that BFI may be a
suitable supplement to CDI in the complete echocardiographic ASD evaluation.

The new real time three-dimensional transesophageal echocardiography for guidance of

percutaneous atrial septal defect closure seems promising, but there is still limited experience in
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patients < 60 kg (71). To define the plane with the maximum ASD diameter may be easier using 3D
TEE than 2D TEE (85). Even though 3D may be best for visualization of anatomy, this is not the case
for flow, due to low frame rate and resolution. Another limitation of the current 3D TEE systems is
dropout in the fossa ovale region (72). This dropout may be minimized by combining with 2D flow
techniques. The best method for selecting an optimal device size may be to consider different
measurements with different methods (85).

Echocardiography is usually sufficient in the diagnosis of a secundum ASD in children.
However, if there is doubt regarding the anatomy, as discordance between the ASD size and the
magnitude of the right ventricular enlargement, this should raise suspicion of an additional source of
shunt, such as a sinus venosus defect or an anomalous pulmonary vein. Cardiovascular magnetic
resonance (CMR) may then be a valuable supplement in the ASD evaluation (88). CMR may also
identify an ASD or partial anomalous pulmonary venous connections in adults with right sided
enlargement (89). In addition, quantification of shunt s with CMR is favorable compared to other

imaging techniques, and should be considered in selected patients.(89)

7.1.2 Pulmonary vein imaging
Echocardiography is the most important imaging modality for visualizing the pulmonary veins (55, 56,

77, 90), but this is still a challenging area in the assessment of suspected congenital heart disease in
the neonate. The pulmonary veins are among the top anatomic segments involved in diagnostic errors
in pediatric echocardiography (7), and difficulties in the visualization of anomalous pulmonary return
(57, 91, 92), pulmonary vein stenosis and also normally connecting pulmonary veins has been
reported (59, 93, 94). We chose to look at neonates especially in study 2, since diagnostic errors in
pediatric echocardiography occur more frequently in this low weight group (7, 9).

Cardiac catheterization with angiography, magnetic resonance angiography and computed
tomography angiography are alternative diagnostic modalities in the evaluation of anomalies in the
pulmonary veins (56). Seale at al looked at diagnostic imaging for total anomalous pulmonary venous
connections in United Kingdom, Ireland and Sweden. They found that only 30% needed no further
imaging after echocardiography (95). The same group found that 26% of the pulmonary vein stenoses
in their population was not demonstrated by echocardiography and was subsequently diagnosed
either on angiography or surgery (96). Because of the challenges in echo imaging of pulmonary vein
anomalies, both cardiac magnetic resonance and computed tomography are increasingly being used
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in the diagnosis and follow up of neonates and children (97). If the pulmonary veins are incompletely
assessed with echocardiography, CMR is the first choice investigation if not obstructed total
anomalous pulmonary veins are suspected. In this case an urgent definition of the pulmonary veins is
needed and a short duration CT without sedation is preferred (97). However, CMR requires sedation in
some age groups and is a resource demanding technique. CMR is therefore first of all is justified in the
pediatric patients in whom clinical or echocardiographic data is insufficient for decision making (98).
Then it supplements echocardiography and provides a non-invasive alternative to x-ray angiography
and also avoids the ionizing radiation exposure from computed tomography (99). A cardiac CT leads
to a radiation exposure of 1-2 milliSievert (equivalent to 100 chest x-rays), which limit the value in
pediatric cardiology. Further improvement of the portable, safe, non-invasive and less resource
demanding ultrasound technique is therefore still essential. However, the assessment of congenital
heart disease must sometimes involve a variety of modalities used in a complementary fashion to
ensure complete visualization of the cardiac anomalies, whilst minimizing harm (98).

The low velocities in the pulmonary veins are best recorded when the flow is near parallel to
the sound beam. However, in the suprasternal short axis view where all the pulmonary veins may be
visualized, the ultrasound beam is not parallel to the pulmonary blood flow, and the flow may be

difficult to visualize and interpret using CDI. Study 2 confirms that BFI is beneficial in this setting.

To confirm normal pulmonary connections may be challenging in the critically ill neonate with
pulmonary hypertension and constriction of the pulmonary veins (94). In study 2, four patients were
critically ill on inclusion. Improved diagnostic imaging in these patients is valuable, because pulmonary
vein anomalies may clinically mimic persistent pulmonary hypertension of the newborn.

Power Doppler Imaging has been shown to be superior to Color Doppler Imaging in the
visualization of fetal pulmonary veins (100). Like BFI, Power Doppler Imaging is angle independent
and without velocity aliasing. However, Power Doppler Imaging gives no information on the direction of
flow, which is a disadvantage compared to BFI.

In study 3, we also compared visualization of the pulmonary veins using BFI with the
traditional reference method, pulmonary angiography. Pulmonary angiography corresponded with the
BFI visualization of the pulmonary veins in all patients except one patient. In that patient the left lower
pulmonary vein was difficult to visualize using TEE with BFI. However, this pulmonary vein had been

previously visualized using transthoracic echocardiography with BFI the day before the procedure.
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Even though TEE images are usually of better quality than TTE images, the limited imaging windows
and planes in TEE do restrict both imaging and alignment for Doppler velocity recording. Furthermore,
the pulmonary veins may be too close to the TEE probe for proper imaging or flow evaluation (101).
TTE and TEE together will usually be sufficient to map the pulmonary veins, and routine pulmonary
angiography during ASD-closure has now been abandoned in the Department of Pediatric Medicine,

Section for Pediatric Cardiology, Oslo University Hospital, Rikshospitalet, Norway.

7.2 Research methodology considerations
BFI is a qualitative, visual technology and this implies methodological challenges. To be able to

compare BFI with standard CDI, we asked the observers to rate the methods on a visual analogue
scale in study 1 and study 2. The observers had no access to the patient data and the cineloops were
not labeled. However, it was still not possible to blind the observers with regard to which method was
displayed, because there is an obvious visual difference between CDI and BFI. The variance of
assessment differed among the observers. In study 2, they all consistently ranked BFI as better than
CDI.

In study 3, we applied another design in order to test the method more quantitatively. Here we
compared ASD-BFI measurements with the gold standard BSD and pulmonary vein angiography with
the gold standard pulmonary vein angiography. In this way, testing was probably less biased.
However, the multidirectional information provided by BFI was not assessed. Even though the angle
independent technique BFI has theoretical advantages, this was not clearly demonstrated in the
transesohageal study. This was probably due to a combination of the study design and the fact that in
the assessment of ASD's by TEE, there is usually a reasonably parallel angle of Doppler interrogation.
The same applies to pulmonary vein assessment by color Doppler when utilizing TEE.

By visualizing the pulmonary veins with BFI and CDI and later comparing with the reference
method angiography, we planned to calculate both the sensitivity and specificity for the new method
BFI and the conventional method CDI. However, no patients with pulmonary vein anomalies were
found during the patient inclusion period at Rikshospitalet. Ideally we should have kept on including

patents until we had a few patients with pulmonary vein anomalies.

7.3 Flow speckle tracking

There is a growing interest in understanding flow behavior inside the cardiac chambers. This is now

possible thanks to new technology which can visualize and analyze complex flow patterns.(64, 102)
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The pattern of blood flow in the developing heart has been proposed to play a significant role in
cardiac morphogenesis (103-105), and intracardiac hemodynamics has been pointed out as a key
epigenetic factor in embryonic cardiogenesis (106). A vortex flow is a circular or elliptical rotating
mass of fluid spinning around. It is assumed that vortices play an important role in cardiac function
(107, 108).

In study 4, vortex formations in the right ventricle due to the VSD shunt flow was visualized by
flow speckle tracking, but not with color Doppler imaging, where only the axial velocity component is
displayed. The shunt position tracking made it possible to generate spatial velocity profiles from the
shunt throughout the cardiac cycle and to automatically find the peak velocity in the shunt for all
frames. The speckle tracking estimates were validated towards PW Doppler and autocorrelation
estimates in this work. The comparison was only performed as an initial validation of the axial speckle
tracking. A general comparison of the accuracy needs a separate study.

Complex flow patterns such as left ventricular vortex flow have also been studied previously
using MR phase contrast and contrast enhanced ultrasound (109, 110). Neither of these approaches
is well suited in some age groups in pediatric cardiology. On the other hand, CMR has recently been
applied using the “feed and sleep — technique” in term and preterm neonates. In this way the CMR can
be performed without sedation or anesthesia in the first weeks of life (111, 112). However, the high
heart rates in neonates and respiratory-motion artifacts because of the lack of breath-holding, may
deteriorate the image quality. In addition, the scan time is usually longer than for echocardiography
and the data is not displayed real-time (113). Ultrasound particle image velocimetry (echo-PIV) is able
to map blood flow directions, streamlines and vortex flow (113), but used contrast agents not approved

for the use in children in Norway.
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8 LIMITATIONS

8.1 Materials
The number of study subjects in all sub-studies was relatively small. Consequently further studies are

required to determine the clinical applicability of our findings. Ideally, patients should have been
randomized to either CDI or BFI in the studies. However, such study design requires numerous
patients and extensive inclusion time, which was not possible in this feasibility study. It would also be
interesting to see if clinical endpoints improve in parallel with the introduction of new technology, but
this also requires a high number of patients.

BFI is promising in the visualization of known ASDs, but the applicability of BFI during routine
screening echocardiography remains to be evaluated. A limitation of study 1 was that the images that
were presented to the observers did not include a control group without ASD. We do not therefore
know if false positive findings may occur when using BFIl. However, previous studies with CDI have
not indicated problems with false positive flow images (114). On the contrary, false negative results in
the detection of ASD have been reported (42, 43), and BFI may reduce the number of false negative
findings. No patients in study 1 had sinus venosus defects or coronary sinus defects. It remains to be
shown whether BFI simplifies the diagnosis of these defects, which may be missed with TTE.

In spite of recent advances in technology, we still lack a true gold standard for the
measurement of ASD size and shape, and this is a limitation of the measurement comparison in study
3. CDI measurements of ASD have sources of error in determining the size of the jet, including CDI
gain, examination depth and transducer frequency. CDI may also underestimate an irregular defect,
because the 2 D ultrasound beam may not cut the defect in its maximal diameter. The same sources
of error must be taken in account for BFI. However, a pilot study indicates that BFI is less dependent
on gain setting (62).

Study 2 and 3 did not contain patients with pulmonary vein anomalies, and this is a limitation
of the studies. Consequently, usefulness of BFI in detecting anomalous pulmonary veins was not
tested in this thesis. However, an important aim was also to be able to demonstrate improved

visualization of normally connecting veins.
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8.2 Methods - Blood Flow Imaging

In its current implementation, the method Blood Flow Imaging is limited to imaging at shallow depths
(< 10 cm), and is therefore suitable for vascular imaging and imaging in pediatric cardiology (61-63). In
the neonate, the depths are shallow and the speckle pattern movement in BFl is clear. With increased
imaging depths in adults, the speckle visualization may degrade, and blood flow direction become
more challenging to perceive. Even though we did demonstrate acceptable speckle image quality in
children up to 9 years (62), this is a weakness of the method in its current implementation. However,
getting closer to the heart through the esophagus implies that the method should also have potential
for cardiac imaging in adults using TEE. Study 3 had a variation in patient size from 6.2 to 67.5 kg
which demonstrates this potential. With further utilization of parallel receive beam forming techniques
as used in real-time 3D cardiac imaging systems (115), 2D BFI can be applicable for use at larger
depths in the future.

The basic data acquisition scheme used in BFl and CDI is identical. However, there are some
differences in the choice of ultrasound imaging parameters used. In BFI, a lower pulse repetition
frequency (PRF) and higher spatial resolution may be preferred to improve the speckle visualization.
This may in general come at the expense of a lowered image penetration, increased velocity aliasing
artifacts in the underlying color images, and lowered overall color image frame rate.

In its current form BFI is best suitable to visualize low velocity flow. However, with further
development of BFI using in plane wave imaging, the method will be more suitable for visualization of
higher velocities. To switch between BFI and CDI is done quickly and easily, and we believe that
alternating between the methods depending on the depth and case, would improve the ultrasound flow

imaging.

8.3 Methods - Flow speckle tracking

Imaging with this technique is currently limited to linear array transducers. These transducers have a
quite wide aperture, which may be a challenge in the imaging of the heart in the neonate. In addition
the linear transducers have limited penetration when compared to passed-array transducers designed
particular for cardiac imaging. Nevertheless, in the clinical project which study 4 was a part of, a

sufficient penetration was achieved for CDI in all cases. We have subsequently examined 35 neonates
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with this technique so far. In spite of a wider footprint of the linear probe, it was possible to obtain
images from all standard views. However, the suprasternal view has been rather challenging.

Clutter filtering is necessary to suppress the strong tissue echo prior to the blood velocity
estimation. However, clutter filtering is a remaining major challenge for large beam-to-flow angles,
leading to signal drop-outs and corrupted velocity estimates. The signal drop-outs may influence the
interpretation of the flow images.

The speckle pattern may decorrelate rapidly due to spatial and temporal velocity gradients,
non-laminar flow and out-of- plane movement. With ultrahigh frame rates, the speckle decorrelation
from frame to frame is reduced compared to conventional imaging.

Compared to focused imaging, the acquisition time for each frame is lowered significantly. Due
to diffraction effects, the plane waves will naturally converge to a natural focus. For cardiac imaging
transducers this limit occurs at about 15 cm, and for plane wave imaging the limit occurs at
approximately 10 cm.

In plane wave imaging, the image contrast and the lateral resolution is compromised. This is
particularly visible in B-mode imaging where a high dynamic range is shown, but less important in CDI

where the dynamic range and signal-to-noise is substantially lower.
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9 FUTURE PERSPECTIVES

Equipment malfunction, inherent limitations of echocardiography or imaging artefacts are significant
contributors to diagnostic errors in pediatric echocardiography (7). Further work may uncover whether
the angle-independent information provided by BFI may help reduce these errors. Technically, the BFI
technique is continuously being improved in terms of increased imaging depths and speckle
movement visualization. Further, by utilizing computer tracking algorithms, we have recently been able
to quantify the 2-D blood velocity and direction (64), also demonstrated in a research scanner in study
4. This flow speckle tracking technique has the potential to demonstrate complex flow patterns in heart
defects and to quantify shunt flow.

The focus in further work will first off all be additional investigation of this flow speckle tracking
technique, including improved methods for visualization, for example with vector plot, streamlines or

particle trace as demonstrated in figure 22.

Figure 22 — Blood Flow visualization

Vector plot Streamlines Particle trace

Further work will include an evaluation of high frame rate speckle tracking using phased array
probes which are conventionally used in pediatric imaging. In this way, we have a smaller footprint and
the penetration will improve. An imaging scheme where diverging (defocused) transmit beams are
utilized together with parallel receive beam forming must then be implemented to achieve similar high
frame rate flow images. In addition, methods for volume flow measurements to estimate shunt size
and to quantitate valvular leakage will be investigated. In addition, potential solutions for the clutter

filter issue and implementation of real time speckle tracking and visualization will be investigated.
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We hope that improved flow imaging and visualization of the intracardiac flow pattern can
improve the understanding of both physiological and pathological situations in congenital heart
disease. Further studies will also explore if the method can improve the diagnostics of congenital heart

disease and contribute to a more optimal treatment.
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10 CONCLUSIONS

In the present work, we have demonstrated that:

- Using BFI to visualize ASD and pulmonary vein flow in children can be done as part of an ordinary
2D-TTE examination or TEE examination. The images can be obtained quickly with no need for offline
post processing.

- BFI gives a better visualization of blood flow through the atrial septum than the traditional CDI
method.

- BFI has lower estimates for ASD-size than BSD, but with acceptable 95% limits of agreement. The
repeatability of the BFI-measurements was close to the inherent measurement error of the ultrasound
measurement itself.

- Blood Flow Imaging may improve the visualization of the pulmonary veins in neonates.

- Transesophageal echocardiography with Blood Flow Imaging of the pulmonary veins agreed well
with pulmonary angiography.

- By utilizing computer tracking algorithms, we have recently been able to quantify the 2-D blood
velocity and direction.

- Flow speckle tracking technique has the potential to demonstrate complex flow patterns such as

vortex flow, which is not visualized with today’s Doppler techniques.
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Blood Flow Imaging—A New Angle-Independent
Ultrasound Modality for the Visualization
of Flow in Atrial Septal Defects in Children
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Background: Color Doppler imaging (CDI) is the most applied method for evaluation of flow in atrial
septal defects (ASD). A new real time ultrasound flow imaging modality called blood flow imaging
(BFI) is able to visualize the blood flow in any direction of the image and is not limited by velocity
aliasing. The method thereby overcomes the two limitations most often encountered in CDI. In this
study we compared BFI with CDI for the visualization of interatrial blood flow in children. Methods:
We studied ASD flow in 13 children using both CDI and BFI in the same examination. CDI and
BFI cineloops were prepared off-line and both optimal and suboptimal (increased color artifacts)
images were presented in random order to four observers. They were asked to range from 0-100 on a
visual analogue scale how certain they were of interatrial blood flow. The CDI and BFI ratings were
compared using the exact Wilcoxon signed rank test for paired samples. Results: All ASDs visualized
with CDI were confirmed using BFI. Two of the observers ranked BFI as being significantly better
than CDI when the images were optimized. When the images were suboptimal three of the observers
rated BFI as being significantly better. Conclusions: This pilot study indicates that BFI improves the
visualization of interatrial blood flow in children. To include BFI in the ordinary echocardiography
examination is easy and not time consuming. The method may prove to be a useful supplement to CDI
in ASD imaging. (ECHOCARDIOGRAPHY, Volume 24, October 2007)

atrial septal defect (ASD), angle-independent flow visualization, blood flow imaging (BFI), echocar-
diography, color Doppler imaging (CDI)

Defects of the atrial septum may be visu-
alized using 2D transthoracic echocardiogra-
phy (TTE), which may also demonstrate the
functional consequences with enlargement of
the right atrium and right ventricle. Additional
pulsed Doppler studies and pulmonary venous
flow pattern studies can further help evalu-
ate the atrial septal defect (ASD) hemodynam-
ics.1'2 In the apical four-chamber view the par-
allel angle of the echo beam and the thinness
of the fossa ovalis can cause artifactual echo
dropouts of the septum and thereby lead to an
inaccurate diagnosis.> Subcostal imaging min-
imize the dropouts of the atrial septal echoes,
but some defects may be missed. The subcostal
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image view may further be suboptimal for obese
patients.*

Transesophageal echocardiography (TEE)
provides improved images of the interatrial sep-
tum.>® But TEE applicability is limited by the
need for general anesthesia in children, and is
mostly used to guide catheter closure. Both TTE
and TEE may be combined with microbubble
contrast imaging to increase the sensitivity for
the detection of interatrial shunts.*

Recent studies have presented real time 3D
echocardiography”® and magnetic resonance
imaging®1? as useful imaging modalities. But
the need for sedation in small children, and the
fact that these modalities are time consuming
limits the use of these methods in daily clinical
practice.

In spite of all new modalities for ASD-
visualization, 2D-TTE with color Doppler imag-
ing (CDI) still is the most commonly used
technique for ASD visualization. The addition
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of color flow imaging increase the diagnostic
sensitivity for ASD-detection and nearly elim-
inate false positive diagnoses.!! CDI is use-
ful both to confirm the presence of an ASD
in patients where direct imaging of the atrial
septum is inadequate, and also for distin-
guishing a true ASD from a echocardiographic
dropout. CDI also show the direction of flow
and may be used to estimate the size of the
defect.!?

However, CDI has some limitations that may
lessen its diagnostic value, and down to 64%
overall ASD detection rates has been reported.®
Due to a false coloring of the interatrial septum
from overlapping color and B-mode images (i.e.,
color blooming artifacts) the flow through ASDs
are not always easy to detect, especially when
2D images are suboptimal and when defects
are small. Also, Doppler-based imaging tech-
niques are only able to measure velocities along
the ultrasound beam. They are thus angle de-
pendent, and require knowledge of the relative
angle between the ultrasound beam and direc-
tion of flow. Further, when the Nyquist limit for
blood velocity is reached, aliasing artifacts will
occur, obscuring the true velocity and the direc-
tion of flow.!3

A new real time 2D flow imaging modality
called blood flow imaging (BFI) has been de-
scribed.!* This modality extends CDI with in-
formation of flow direction that is not depen-
dent on the relative angle of the ultrasound
beam, and which is not limited by velocity
aliasing. The method thereby overcomes the
two limitations most often encountered in CDI,
and may provide a more detailed image of the
blood flow.

The BFI modality is commercially available
for vascular imaging, and has previously suc-
cessfully been applied in visualization of flow
in the carotid arteries.'® Our aim was to ex-
amine the potential benefits of using BFI in
cardiac imaging. To the authors knowledge
this has not previously been investigated. The
movement of blood in BFI may be seen in
spite of nonaxial flow and color blooming ar-
tifacts. In addition, BFI is improved in shal-
low depths and in the visualization of low ve-
locity flow. In the light of this, we chose to
study flow in ASD, which is one of the most
common congenital heart disorders.'617 The
aim of this pilot study was to explore whether
the addition of BFI to ordinary CDI in 2D-
TTE improves the visualization of ASD flow in
children.
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Materials and Methods
Patients

This pilot study was performed at the Pe-
diatric Department, University Hospital of
Trondheim, Norway. A total of 13 children with
a diagnosis of ASD were evaluated between
March and August 2006. The age ranged from
newborns to 9 years, with a median age of
12 months. The inclusion criterion was ASD
sized 4 mm or more at the time of diagnosis.
Patients were recruited in the outpatient clinic
and from the hospital ward, and both newly
diagnosed and previously diagnosed patients
were included. The reason for referral to a pe-
diatric cardiologist in most of the patients was
the presence of a heart murmur. In one patient,
hemiparesis and cerebral infarction led to fur-
ther investigation with echocardiography. One
patient with previously diagnosed ASD was ex-
cluded due to closure of the defect discovered at
the time of study inclusion.

An ethical committee approval was obtained,
and the parents of all study subjects provided
written informed consent for participation in
the study.

Equipment

All the TTEs were performed using a GE
Vingmed Vivid 7 (GE Vingmed, Horten, Nor-
way) with a GE M4S cardiac probe (GE Health-
care, Princeton, NJ, USA). Although offline
analysis is not required in daily practice, CDI
and BFI images were analyzed in MATLAB
(The MathWorks, Inc.) in this study for com-
parison by the independent observers.

Aspects of BFI

BFI extends CDI with qualitative informa-
tion of flow. This is achieved through the preser-
vation and visualization of the speckle pattern
originating from the blood signal echoes. The
speckle pattern is present inside the vessel
lumens and heart ventricles, but is normally
not visible in the B-mode image due the weak
strength of the echoes from blood compared
with the surrounding tissue structures. The
movement of this speckle pattern between im-
age acquisitions correlates to the actual blood
cell movement, and can be captured by ac-
quiring images with a high frame rate. By us-
ing a slow motion display of these images, the
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movement of the speckle pattern can be tracked
by the human eye.

Data Acquisition and Processing

The blood flow through the ASDs was first
studied in a conventional TTE examination us-
ing CDI. BFI was supplemented as a part of the
same examination. BFI data acquisition is iden-
tical to that of CDI. The BFI application was
optimized by altering an existing CDI applica-
tion. The image quality (spatial resolution) was
increased on the expense of frame rate to ensure
a proper visualization of the speckle movement
of blood.

A pediatric cardiologist and an accompa-
nying ultrasound technician performed the
scans. Subcostal views were used to com-
pare the methods, because this imaging plane
has been shown to be most sensitive.* The
application of BFI has the same limitations
by acoustic windows as CDI. When all pa-
tient data had been collected, CDI and BFI
cineloops for each patient were prepared of-
fline. The color image information presented
was identical in both modalities, i.e., in the
BFI cineloops speckle movement images were
added to the ordinary color images. Two dif-
ferent cineloops were prepared for each modal-
ity. In one cineloop, the color images were op-
timized for best possible visualization of the
flow through the ASD. In a second cineloop,
the amount of color-gain was increased to simu-
late the color blooming artifact which may arise
in CDI. This was introduced in order to evalu-
ate the potential of BFI when CDI images are
suboptimal.

The echocardiograms were independently re-
viewed by two pediatric cardiologists, one adult
cardiologist, and one physician with ultrasound
experience from research. All the observers
were otherwise uninvolved in the study. The
two pediatric cardiologists had no previous
experience with BFI, but were introduced to
the concept prior to the evaluation. The other
observers were familiar with the technique
from vascular applications. The images from
the two modalities were presented to the ob-
servers in random order. The observers were
then asked to range from 0 to 100 on a vi-
sual analogue scale (VAS) how certain they
were that there was blood flow across the atrial
septum.

The observers were also asked to rank the
general quality of the images on a VAS from 0
to 100, where 100 was the best possible image
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quality. They were asked to rank the general
ultrasound quality for each clip, and the pre-
sentation of the anatomy.

Statistical Methods

The null hypothesis was that there is no dif-
ference between BFI and CDI in the visualiza-
tion of interatrial blood flow, versus the alter-
native hypothesis that BFI improves the ASD
visualization.

The degree of certainty (VAS scale 0-100) was
compared within each observer using the exact
2-tailed Wilcoxon signed-rank test for paired
samples.!® Ratings of the optimal and subop-
timal cineloops were analyzed separately. The
difference between CDI and BFI ratings were
considered significant when the P-value were
less than 0.05. The statistical analysis and plot-
ting was done in the numerical MATLAB soft-
ware with the statistics toolbox (The Math-
Works Inc., Natick, MA, USA).

Results
Patient Characteristics

The patient material is described in Table I.
One patient had a primum ASD and the oth-
ers had secundum defects. The ASD size ranged
from 2 to 9 mm. All defects were 4 mm or larger
at time of diagnosis. Because of the natural
history of secundum ASDs,® some of the de-
fects were smaller at the study investigation.
Two of the patients had two defects. One pa-
tient had bidirectional shunt; a newborn who
still had raised vascular pulmonary resistance.
The others had left to right shunting across the
ASD. Both patients with pulmonary stenosis
had small shunts and mild stenosis. The patient
with mild pulmonary hypertension had bron-
copulmonary dysplasia, and the ASD shunting
was small.

In one patient, the recordings with BFI re-
vealed two ASDs and not one as first suspected
in the prior CDI recording. Eight of the patients
were girls. Seven patients had additional car-
diac anomalies. One of the patients had total
atriovetricular (AV) block, while the others had
sinus rhythm. Three patients had significant
right ventricular volume overload. The Qp/Qs
value in the patient with a 7-mm ASD and a
small patent ductus arteriosus was 1.8. This pa-
tient has been accepted for device closure. The
patient with a 9-mm ASD has now had device
closure. The 12-month-old girl who presented
with a stroke had a 5 mm secundum ASD.
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TABLE I

Patient Characteristics

Age Diagnosis ASD Size (mm) Other Cardiac Anomalies
9 years Secundum 7 Small patent ductus arteriosus
12 months Secundum 5
22 months Secundum 4 and 2 Mild pulmonary hypertension
4 months Primum 6 Atrioventricular septal defect
1 month Secundum 4 Muscular ventricular septum defect (VSD)
13 months Secundum 3 Pulmonary valve stenosis
19 months Secundum 4 Pulmonary valve stenosis
2 weeks Secundum 4 Perimembranous VSD
2 months Secundum 3
3 years Secundum 9
21 months Secundum 6 and 3
5 days Secundum 4 Grade III atrioventricular (AV)-block
6 weeks Secundum 4
2D Echocardiography blooming artifacts can be observed, and the ex-

All ASDs visualized using CDI in the exami-
nations were confirmed using BFI.

BFI imaging prolonged the echocardio-
graphic examination with no more than five
minutes. No children needed sedation during
the ultrasound examination.

Examples of ASD flow visualization with BFI
is shown in Figures 1 and 2. In Figure 1, color

ample demonstrates that the speckle pattern
visualization can provide additional directional
information which may be helpful to distinguish
ASD flow from normal flow and color artifacts.
In Figure 2, BFI imaging revealed two ASDs,
and not one defect as first suspected in a prior
CDI examination. Knowing there were two de-
fects, we did additional CDI in the same patient
and could then visualize both defects. As the

Figure 1. BFIimage of a small secundum ASD. The arrows
indicate direction of flow as visualized by the speckle pattern
movement. Machine settings; frequency 2.5 MHz, pulse rep-
etition frequency 4 kHz. ASD = atrial septal defect; BFI =
blood flow imaging; LA = left atrium; LV = left ventricle;
RV = right ventricle.
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Figure 2. BFI image of a double ASD, 6 and 3 mm. The
arrows indicate the direction and flow as visualized by the
speckle pattern movement. Machine settings; frequency 2.7
MH?z, pulse repetition frequency 3.5 kHz. ASD = atrial septal
defect; BFI = blood flow imaging; LA = left atrium; LV =
left ventricle; RV = right ventricle.
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BFI modality can only really be appreciated by
watching cineloops, we encourage the reader to
download the generated MPEG video clips from
the journal WebPages (http:/www.blackwell-
synergy.com/loi/echo), in which BFI and CDI are
presented side by side.

The four observers reviewed the images from
the 13 patients. All four observers ranked the
BFI very high. When the presented color im-
ages were optimal, two observers ranked BFI
as significantly better than CDI in the visu-
alization of interatrial blood flow (Fig. 3). The
two other observers also ranked CDI very high
(near 100%), and no significant difference could
be measured. When the color images were sub-
optimal (i.e., color blooming artifacts were cre-
ated), the BFI was ranked significantly higher
than CDI in three of the observers (Fig. 4). The
physician with ultrasound experience from re-
search (observer number 4) regarded the two
methods as equal in both scenarios. The mean
value in the ranking of the general quality of
the image was 52 (2 SD + 23) for both of the
questions.

Discussion

This pilot study implies that BFI, a new an-
gle independent ultrasound modality, may im-
prove the visualization of blood flow through the

Optimal color images
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Figure 3. Dot plot showing the observers assessments of
CDI versus BFI when the color images were optimal. The
observers were asked to range from 0 to 100 on a VAS how
certain they were that there was blood flow across the atrial
septum. Random noise is added to enhance visual quality.
BFI = blood flow imaging; CDI = color Doppler imaging;
VAS = visual analogue scale.
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Suboptimal color images
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Figure 4. Dot plot showing the observers assessments of
CDI versus BFI when the color images were suboptimal. The
observers were asked to range from 0 to 100 on a VAS how
certain they were that there was blood flow across the atrial
septum. Random noise is added to enhance visual quality.
BFI = blood flow imaging; CDI = color Doppler imaging;
VAS = visual analogue scale.

atrial septum in children compared to the CDI
method. To include BFI in the TTE examination
is easy and not time consuming.

Current Doppler-based modalities such as
CDI are only able to measure the axial direc-
tion of flow, i.e., flow towards or away from the
transducer surface. The BFI modality adds the
speckle movement of blood to the Doppler in-
formation available with CDI, and is thereby
able to visualize flow in any direction of the im-
age plane. Thus, a more detailed and intuitive
display of the flow conditions requiring less in-
terpretation than CDI images may be provided.
Since several speckle images are generated for
each CDI image (4 additional images in our ap-
plication), the frame rate of the speckle visu-
alization in BFI is increased compared to CDI.

As interatrial flow is not only axial, BFI may
provide more detailed information of interatrial
blood flow than CDI. In one patient in this study,
BFIimaging revealed two ASDs, and not one de-
fect as first suspected in a prior CDI examina-
tion. This is important information when plan-
ning catheter based device closure.

When presented with suboptimal color im-
ages (i.e., when color blooming artifacts were
created), the rating differences between BFI
and CDI were enlarged in favor of BFI for three
of four observers. This finding indicates that
BFI may be especially useful when color im-
age artifacts are present or when too much color
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gain has been applied, which may be a problem
in daily clinical practice. This is illustrated in
Figure 1.

In our pilot study, we could not determine
whether ASD size or patient age had any bear-
ing on ASD detection. Reasonably good visual-
ization of the atrial septum was possible in all
the study patents. One of the general consid-
erations of BFI is that the method is not lim-
ited by velocity aliasing. However, we did not
experience significant aliasing in our study on
interatrial flow.

The inclusion criteria for the study was ASDs
already visualized with CDI, and therefore an-
gle was not an important factor in terms of ASD-
detection. But angle may be a problem, espe-
cially in other views than the subcostal. The
main reason that BFI may be advantageous
over CDI in low pressure ASD-flow visualiza-
tion is that interatrial blood flow may be shown
in spite of nonaxial flow and color blooming ar-
tifacts.

Several investigators have used CDI to es-
timate the size of the ASD,'220 but even if
the CDI-jet width give an indication of ASD
size, reliability of color flow in predicting size
is limited by variability in gain settings and
alignment of the scanning plane relative to the
shunt.’® In addition, estimation of jet-width
size does not take into account shunt flow due to
associated anomalous pulmonary connections.
We do not know if the use of BFI may im-
prove the sizing of ASDs, but this study indi-
cates that a better visualization of blood flow is
obtained.

Since ASD flow may occur only during a lim-
ited portion of the cardiac cycle, CDI may not be
able to visualize shunt flow because the frame
rate is too low. Further, due to the low frame
rate, the right-to-left component of the atrial
shunt is usually not detectable with CDL.?! As
BFI provides an increased framerate of flow
information, it may reduce this problem. This
increased amount of flow information is espe-
cially important in the imaging of children due
to their high heart rates.

The BFI modality has previously been stud-
ied in vascular imaging.!® More detailed flow
patterns in the areas of stenosis and branch-
ing of the carotid artery were observed.!® This
is the first study that evaluate BFI in cardiac
imaging. The increased imaging depths and
more complex flow patterns in cardiac imag-
ing degrade the speckle visualization of BFI.1*
Speckle directions in adult TTE can there-
fore be challenging to perceive. When imag-
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ing children, the probe may be placed closer
to the heart and a better visualization can be
obtained.

TEE is superior to TTE in detecting se-
cundum ASD, sinus venosus defects and as-
sociated anomalous pulmonary venous return
in adults.®? In children, routine transthoracic
studies are generally adequate of ASD diag-
nosis, but TEE may be used in patients with
poor image quality. TEE is the preferred imag-
ing modality during guidance of catheter-based
treatments of ASDs in children.?? BFI can eas-
ily be added during a TEE investigation, and as
the probe is placed close to the heart in TEE, a
detailed speckle pattern may be visualized. But
to establish this, further studies are necessary.

A limitation of the study was that the im-
ages that were presented to the observers did
not include a control group without ASD. We
therefore do not know if false positive findings
may occur when using BFI. However, previous
studies with CDI have not indicated problems
with false-positive flow images.!! On the con-
trary, false-negative results in the detection of
ASD have been reported,*® and BFI may reduce
the amount of false-negative findings. No pa-
tients in our study had sinus venosus defects or
coronary sinus defects. It remains to be shown
whether BFI simplify the diagnosis of these de-
fects, which may be missed with TTE.

BFI is promising in the visualization of
known ASD, but the applicability of BFI during
routine screening echocardiography remains to
be evaluated. Further investigations are neces-
sary to study the sensitivity and specificity of
the method. To accomplish this, BFI should be
compared to the gold standard of ASD visualiza-
tion, which at present is balloon sizing during
catheterization.

Conclusion

Using BFI to visualize ASD flow in chil-
dren can be done as part of an ordinary 2D-
TTE examination. The images can be obtained
quickly with no need for off-line postprocessing
and without sedation. This pilot study indicates
that BFI gives a better visualization of blood
flow trough the atrial septum than the tradi-
tional CDI method, and we believe the method
could be a useful supplement to CDI in the di-
agnosis and follow up of children with ASD.
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Does a New Ultrasound Flow Modality Improve
Visualization of Neonatal Pulmonary Veins?

Siri Ann Nyrnes, M.D.,*} Lasse Lovstakken, M.Sc., Ph.D.,*1 Eirik Skogvoll, M.D., Ph.D.,*§
Hans Torp, M.Sc., Dr.Tech.,* and Bjern Olav Haugen, M.D., Ph.D.*q

*Department of Circulation and Medical Imaging, Norwegian University of Science and Technology
(NTNU), Trondheim, Norway; {Department of Pediatrics, St. Olav’s University Hospital, Trondheim,
Norway; {St. Olav’s University Hospital, Trondheim, Norway; §Department of Anesthesiology and
Emergency Medicine, St. Olav’s University Hospital, Trondheim, Norway; and qDepartment of Cardiology,
St. Olav’s University Hospital, Trondheim, Norway

Background: Blood flow imaging is a new ultrasound modality that supplements color Doppler imaging
with angle-independent information of flow direction that is not influenced by velocity aliasing. This is
done by visualizing the blood speckle movement superimposed on the color Doppler images. This study
aimed to investigate whether this method improves the visualization of the pulmonary veins in neonates.
Methods: Twenty-six neonates with suspected congenital heart disease were prospectively examined
with echocardiography and blood flow imaging of the pulmonary veins after parental consent. For each
patient, blood flow imaging and color Doppler imaging cine loops were presented to four observers
(pediatric cardiologist/cardiologists) in a random order. Questions regarding the pulmonary venous
connections and the overall quality of the pulmonary vein imaging were evaluated on a visual ana-
logue scale from 0 (worst) to 100 (best). The methods were compared within each observer using the
Wilcoxon’s exact signed-rank test. Results: Blood flow imaging (color Doppler imaging combined with
the blood speckle movement) was consistently ranked as better than conventional color Doppler imag-
ing for visualization of the pulmonary veins for all observers (all P-values < 0.002). Conclusion: Blood
flow imaging may improve the visualization of the pulmonary veins in neonates. (Echocardiography
2010;27:1113-1119)

Key words: echocardiography, heart defects, congenital, pulmonary veins, flow visualization, blood

flow imaging

Echocardiography is the most importantimag-
ing modality for visualizing the pulmonary
veins,'™ but still this is a challenging area in the
assessment of suspected congenital heart disease
in the neonate. The pulmonary veins are among
the top anatomic segments involved in diagnos-
tic errors in pediatric echocardiography,® and dif-
ficulties in the visualization of anomalous pul-
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monary return,®® pulmonary vein stenosis, and
also normally connecting pulmonary veins have
been reported.®~"" Further, in views where the
pulmonary blood flow is not parallel to the ul-
trasound beam, the flow direction may be dif-
ficult to visualize using color Doppler imaging
(CDI). We chose to look into neonates especially,
since diagnostic errors in pediatric echocardiog-
raphy occur more frequently in this low-weight
group.>1?

A new real time ultrasound flow modality
called blood flow imaging (BFI) supplements CDI
with additional angle-independent information of
flow direction. This is done by visualizing the
blood speckle movement superimposed on the
color Doppler images. BFI has been shown to im-
prove the visualization of interatrial blood flow
in children™ and coronary flow imaging dur-
ing coronary byj)ass surgery in an experimental
porcine model.!

This prospective study aimed to investigate
whether BFI improves visualization of the pul-
monary veins in neonates.
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Methods:

Patients:
The study was performed at the Department of
Pediatrics, St. Olav’s University Hospital in Trond-
heim, Norway. A total of 26 newborn children
referred to a pediatric cardiologist because of sus-
pected congenital heart disease were included
prospectively from February to April 2008.
Patients were recruited from the hospital ward.
The reasons for referral to a pediatric cardiologist
were either the presence of a heart murmur, other
congenital defects, asphyxia or arrhythmias.
Informed consent was obtained from the par-
ents. The study was approved by The Regional
Committee for Medical and Health Research
Ethics (REK) and the Norwegian Social Science
Data Services (NSD).

Equipment:

All transthoracic echocardiography examinations
(TTE) were performed using a GE Vingmed Vivid
7 (GE Vingmed, Horten, Norway) with a GE 7S
cardiac probe (GE Healthcare, Milwaukee, WI,
USA).

Blood Flow Imaging:

The ultrasound research environment in Trond-
heim has developed a new real time ultrasound
flow modality called BFI,'>'¢ which is a visual
method aimed to image the blood flow in more
detail than today’s Doppler techniques. BFI is
patented and currently commercially available for
vascular imaging.'” In this work, the ultrasound
scanner settings were modified to adapt this
method to cardiac imaging in neonates.

In all ultrasound imaging, there is a so-called
speckle pattern that is recognized as an irregular
pattern where homogenous tissue is expected.
The ultrasound speckle pattern from blood is
present inside the vessel lumens and heart ven-
tricles, but is normally not visible in the B-mode
(B = brightness) image due to the weak strength
of the echoes from blood compared to the sur-
rounding tissue structures. However, this blood
speckle pattern can be visualized by first filter-
ing out the stronger tissue echoes (wall filter-
ing). The movement of the blood speckle pat-
tern between image acquisitions corresponds to
the actual blood cell movement, but can only be
captured by acquiring images with a frame rate
in the kilohertz range. In an image-acquisition
scheme termed beam interleaved acquisition,'®
such high frame rates can be achieved for sep-
arately acquired subregions of the total image
sector. On display, speckle images acquired for
different subregions are shown at a rate equal to
the total image sector frame rate, leading to a
slow motion display of the speckle movement,
which can be tracked by the human eye. In BFI,
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Figure 1. A block diagram illustrating the data acquisition
and processing scheme utilized in BFI. The general data ac-
quisition is identical for CDI and BFI. In parallel to conven-
tional CDI processing, speckle images from blood are pro-
duced by wall filtering and conventional B-mode processing.
A normalization procedure is applied to avoid flashing arti-
facts in the speckle images due to discontinuities in signal
power. In the end, the speckle image variation is added to the
Doppler power estimates in CDI and displayed using a two-
dimensional color map including both Doppler power and
mean frequency. BFI = blood flow imaging; B-mode = bright-
ness mode; CDI = color Doppler imaging.

this speckle pattern technique is combined with
regular CDI. The speckle pattern in BFI is an-
gle independent and has no upper velocity scale
limitation.

The data acquisition and data processing
scheme used in BFI is schematically shown in
Figure 1. As illustrated, both color Doppler
and speckle images are produced from the
same data recording. In parallel to conventional
color Doppler processing, speckle images from
blood are produced by wall filtering followed
by conventional B-mode processing. Further, an
amplitude-normalization procedure is applied to
avoid flashing artifacts due to discontinuities in
the blood signal power. Finally CDI and speckle
images are combined by adding the speckle vari-
ation to the Doppler power estimates. On dis-
play, a two-dimensional (2D) color scale is used
where both the mean Doppler frequency and
power is included. Based on the 8-12 tempo-
ral image samples typically acquired in CDI, one
color image and 4-8 speckle images can be pro-
duced. For more details on the implementation
of BFI, we refer to information in a technical
paper.'®

Data Acquisition and Processing:

A full standard echocardiography examination
was done in all the patients, and BFI scanning
of the pulmonary veins by a pediatric cardiologist
was supplemented as a part of the same examina-
tion. Flow in the pulmonary veins was examined
from the suprasternal short-axis view, the apical,
subcostal, and long-axis view.

When all patient data had been collected, CDI
and BFI cine loops were prepared offline from the
same data recordings, that is, the only difference
between the two was the additional speckle vi-
sualization in BFl. The adjustments of the color
information presented were identical in CDI and
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BFI. The same cineloops were also presented with
increased color gain (color blooming artifacts) in
both modalities.

For each patient, images of the pulmonary
veins from the suprasternal short-axis view and
one additional view were selected and presented
in a random order to four independent observers
(pediatric cardiologist/cardiologists) for evalua-
tion. The observers were not otherwise involved in
the study or had information about the patients.
All observers were experienced echocardiogra-
phers without previous experience with BFl. They
were introduced to the method through a short
presentation prior to the evaluation. The pre-
sented CDI and BFI images were not labeled in
any way. However, since there is a visible differ-
ence between the methods, the observers were
able to recognize the flow method presented. The
observers evaluated the quality of the diagnostic
imaging using a visual analogue scale (VAS), score
0% (worst) to 100% (best):

1. Clinical question: On a scale from 0% to
100%, how certain are you that there
are normal pulmonary venous connections?
(90% certainty means 10% chance of
anomalous venous connections.)

2. General question: Please rank the general
quality of the ultrasound images for the
assessment of pulmonary veins (Complete
evaluation including image view, image
quality, color blooming, flow direction). A
100% score on the VAS scale corresponds to
best possible image quality (“good”), 50%
corresponds to satisfactory image quality
("fair”), and 0% corresponds to “poor” im-
age quality.

Statistical Methods:

The null hypothesis corresponds to no difference
between BFI and CDI in the visualization of flow
in the pulmonary veins, and the alternative hy-
pothesis that BFI improves the visualization.

In a prior feasibility study,’® an absolute differ-
ence between the methods of 19% on the VAS
scale was observed, a difference considered to
be of clinical interest. With an observed standard
deviation of 31% (absolute), a two-sided paired-
samples t-test requires 24 observations to have
a power of 80% at the 5% significance level."®
This number was rounded upwards to accommo-
date deviations from normality and the use of a
nonparametric test.

The methods (BFI vs. CDI) were compared
within each observer using Wilcoxon’s exact
signed-rank test for paired samples.?’ The vari-
ability of this evaluation of quality between
observers and methods was investigated using
Bartlett’s test of homogeneity of variance.?! Rat-

ings of the optimal cine loops and the cine loops
with too much color gain were analyzed sepa-
rately. P-values less than 0.05 were considered to
be statistically significant. The statistical analysis
and plotting was done in the numerical MATLAB
software with the statistics toolbox (The Math-
Works Inc., Natick, MA, USA), and the statistical
software R.?2

Results:

Patient Characteristics:

The age of the patients ranged from a few hours
to 33 days (median age of 5.9 days). There were
17 boys and 9 girls. The patients’ conditions
varied from critically ill to healthy. Five patients
received ventilation support during echocardiog-
raphy; two patients with conventional mechani-
cal ventilation, two patients with high-frequency
ventilation and one patient with continuous posi-
tive airway pressure (CPAP). Two patients had pul-
monary hypertension and 18 patients had shunts
at inclusion. All patients had normal venous con-
nections. For further patient characteristics, see
Table I.

Echocardiography:
BFI was consistently ranked as better than CDI
in the visualization of the pulmonary veins
(Figs. 2 and 3). Median differences on the VAS
scale in favor of BFI among the observers re-
garding pulmonary venous connections and over-
all pulmonary vein imaging quality ranged from
0-8% and 4-34%, respectively (all P-values <
0.002). Moreover, the variance of assessment
differed significantly among the observers and
methods (P < 0.001). The difference between the
methods was not altered when the color gain was
increased (i.e., color blooming artifacts created).

The mean pulse repetition frequency (PRF)
used during the imaging of the pulmonary veins
images in this study was 3120 Hz. The mean over-
all color Doppler image frame rate was 23 Hz
(default CDI frame rate 65 Hz) and the mean BFI
frame rate was 92 Hz (The speckle images were
acquired at a rate in the kilohertz range given
by the PRF, and played back to the user in real
time at a rate given by the total acquisition time
of the whole frame of color flow data. As four
speckle images were generated per color image
in our data set, the frame rate of BFl is given as
four times the color frame rate.) Additional BFI
of the pulmonary veins prolonged the echocar-
diography examination with approximately
5 minutes.

Examples of BFI visualization in suprasternal
short-axis view and subcostal view are shown in
Figures 4 and 5 (movie clips 1 and 2).
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TABLE 1

Patient Characteristics

Patient  Age/days Echocardiography Findings Supplementary Information
1 4 Normal Intrauterine supraventricular tachycardia
2 10 Tetralogy of Fallot Di George syndrome, inguinal hernia,
supraventricular tacycardia
3 0 Pulmonary hypertension, PDA Duodenal atresia, infantile myofibromatosis
4 0 Muscular VSD, PDA
5 5 Pericardial effusion, pulmonary hypertension, PDA  Diaphragmatic hernia, primary intestinal
lyphangiactasia
6 21 Peripheral pulmonary stenosis Prematurity (31weeks + 2 days)
7 2 Muscular VSD, reduced left ventricular contractility =~ Prematity (34 weeks), asphyxia, RDS
8 6 Secundum ASD, peripheral pulmonary stenosis
9 0 Atrial septal aneurysm
10 2 Muscular VSD, secundum ASD
11 6 Normal Prader Willi syndrome, hip dysplasia
12 2 PDA, frequent supraventricular extrasystoles
13 1 PDA Esophageal atresia
14 3 Normal Hypospadia
15 0 Secundum ASD, PDA Asphyxia
16 4 PDA Prematurity (28 weeks + 5 days)
17 33 Peripheral pulmonary stenosis
18 1 PDA
19 0 Transposition of the great arteries, PDA
20 13 Two muscular VSDs, secundum ASD
21 3 Secundum ASD Bilateral radial aplasia
22 0 PDA Did not pass pulse oximetry screening (saturation
94%)
23 0 PDA, atrial septal aneurysm Oesophageal atresia
24 20 Normal Tacypnoea
25 5 Muscular VSD, secundum ASD
26 12 AVSD Down’s syndrome NEC in newborn period, colonic

strictures

VSD = ventricular septal defect; PDA = patent ductus arteriosus; RDS = respiratory distress syndrome; ASD = atrial septal defect;
NEC = necrotizing enterocolitis; AVSD = atrioventricular septal defect.
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Figure 2. The clinical question to the observers: On a scale
from 0% to 100% how certain are you that there are normal
pulmonary venous connections? The observers’ rating of CDI
versus BFI is presented in this dot plot, all P-values < 0.002.
Random noise is added to enhance visualization. BFI = blood
flow imaging; CDI = color Doppler imaging; VAS = visual
analogue scale.
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Figure 3. The general question to the observers: On a scale
from 0% to 100%, please rank the general quality of the ultra-
sound images for the assessment of pulmonary veins (image
view, image quality, color blooming, flow direction). The ob-
servers’ rating of CDI versus BFI is presented in this dot plot,
all P-values < 0.001. Random noise is added to enhance vi-
sualization. BFI = blood flow imaging; CDI = color Doppler
imaging; VAS = visual analogue scale.
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Figure 4. The pulmonary veins visualized by blood flow
imaging in suprasternal short-axis view. LA = left atrium;
LLPV = left lower pulmonary vein; LUPV = left upper pul-
monary vein; RLPV = right lower pulmonary vein; RUPV =
right upper pulmonary vein.

Discussion:

We found that the new method BFI (CDI com-
bined with the blood speckle movement) im-
proves the imaging of the pulmonary veins in
neonates compared to conventional CDI. The
low velocities in the pulmonary veins are best
recorded when the flow is near parallel to the
sound beam. However, in the suprasternal short-
axis view where all the pulmonary veins may be
visualized, the ultrasound beam is not parallel to
the pulmonary blood flow, and the flow may
be difficult to visualize and interpret using CDI.
Our study confirms that BFI is beneficial in this
setting.

The speckle pattern in BFI is angle indepen-
dent and thereby overcomes the main limitation
of CDI. The semiquantitative color information
in CDI is also available in BFI, and regions with
disturbed flow are discovered in the same way as
with CDI. In case of aliasing in the color, as in pul-
monary vein stenosis, the speckle pattern is not
influenced by this and displays the true direction
of flow.

Power Doppler imaging has been shown to
be superior to CDI in the visualization of fetal pul-
monary veins.?? Like BFI, Power Doppler imaging
is angle independent and without velocity alias-
ing. However, Power Doppler imaging gives no
information on the direction of flow, which is a
disadvantage compared to BFI.

Figure 5. The pulmonary veins visualized by blood flow
imaging in the subcostal view. This neonate had a small se-
cundum atrial septal defect. Ao = aorta; LA = left atrium,
LLPV = left lower pulmonary vein; RA = right atrium; RLPV =
right lower pulmonary vein; RV = right ventricle.

Cardiac catheterization with angiography,
magnetic resonance angiography, and computed
tomography angiography are alternative diag-
nostic modalities in the evaluation of anomalies
in the pulmonary veins.> However, the need for
sedation, the invasive nature, and the radiation
exposure limit the value of these modalities. Fur-
ther improvement of the noninvasive and less-
demanding ultrasound technique is therefore still
essential.

To confirm normal pulmonary connections
may be challenging in the critically ill neonate
with pulmonary hypertension and constriction of
the pulmonary veins.!! In our study, four patients
were critically ill on inclusion. Improved diagnos-
tic imaging in these patients is valuable, because
pulmonary vein anomalies may clinically mimic
persistent pulmonary hypertension.

Our prospective study did not contain
neonates with pulmonary vein anomalies, and
this is a limitation of the study. However, the
main purpose of this first study was to demon-
strate improved visualization of normally connect-
ing veins.

BFl is a qualitative, visual technology and this
implies methodological challenges. To be able to
compare BFI with standard CDI, we asked the
observers to rate the methods on a VAS. The ob-
servers had no access to the patient data and
the cineloops were not labeled, still it was not
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possible to blind the observers with regard to
which method displayed, because there is a vi-
sual difference between CDI and BFI. The variance
of assessment differed among the observers. Ap-
parently, observer 2 and 4 ranked BFI and CDI
in question 2 unlike observer 1 and 3. However,
they all consistently ranked BFI as better than
CDl.

The basic data-acquisition scheme used in BFI
and CDI is identical. However, there are some
differences in the choice of ultrasound imaging
parameters used. In BFI, a lower PRF and higher
spatial resolution may be preferred to improve the
speckle visualization. This may in general come
at the expense of a lowered image penetration,
increased velocity aliasing artifacts in the underly-
ing colorimages, and lowered overall colorimage
frame rate. However, in the case of pulmonary
vein imaging in neonates, we did not experience
difficulties due to these trade-offs in the imaging
setup.

In the neonate, the depths are shallow and the
speckle pattern movement in BFl is clear. With in-
creased imaging depths, as in adults, the speckle
visualization may degrade, and blood flow direc-
tion becomes more challenging to perceive. Even
though we did demonstrate acceptable speckle
image quality in children up to 9 years,'3 this is a
weakness of the method in its current implemen-
tation. However, with further utilization of paral-
lel receive beam-forming techniques as used in
real time three-dimensional cardiac imaging sys-
tems,2* 2D BFI can be applicable for use at larger
depths in the future.

Conclusion:

BFI may improve the visualization of the pul-
monary veins in neonates. Switching between BFI
and CDl is done quickly and easily, and we believe
that alternating between the methods depending
on the depth and case, would improve the ultra-
sound imaging.
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Supporting Information

Additional Supporting Information may be found
in the online version of this article:

Movie clip 1: The pulmonary veins visual-
ized in suprasternal short-axis view: color Doppler

imaging to the left and blood flow imaging to the
right.

Movie clip 2: The two lower pulmonary veins
visualized from the subcostal view: color Doppler
imaging to the left and blood flow imaging to the
right.

Please note: Wiley-Blackwell are not responsi-
ble for the content or functionality of any support-
ing materials supplied by the authors. Any queries
(other than missing material) should be directed
to the corresponding author for the article.
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Blood Flow Imaging in Transesophageal
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Background: Flow visualization before transcatheter atrial septal defect (ASD) closure is essential to
identify the number and size of ASDs and to map the pulmonary veins (PV). Previous reports have
shown improved visualization of ASD and PV using blood flow imaging (BFI), which supplements color
Doppler imaging (CDI) with angle-independent information of flow direction. In this study, we com-
pared transesophageal BFI with the current references in ASD sizing (balloon stretched diameter, BSD)
and PV imaging (pulmonary angiography). Methods: In this prospective study, 28 children were exam-
ined with transesophageal echocardiography (TEE) including BFI of the secundum ASD and the PV
before interventional ASD closure. The maximum ASD diameter measured with BFl by 4 observers was
compared to the corresponding BSD and CDI measurements. The repeatability of the BFI measure-
ments was calculated as the residual standard deviation. BFI of the PV was compared to PV angiogra-
phy. Results: The mean maximum diameter measured by BFI was 12.1 mm (+SD 2.4 mm). The
corresponding BSD and CDI measurements were 15.9 mm (£SD 3.0 mm) and 11.8 mm (+SD
2.5 mm), respectively. The residual standard deviation was 1.2 mm. Compared to PV angiography,
the sensitivity of BFI in detecting the correct entry of the PV was 0.96 (95% Cl: 0.82-1.0).
Conclusion: Transesohageal echocardiography with BFI of the PV agreed well with pulmonary
angiography. BFI had lower estimates for ASD size than BSD, but with acceptable 95% limits of
agreement. The repeatability of the BFI measurements was close to the inherent ultrasound
measurement error. (Echocardiography 2014;00:1-8)

Key words: atrial septal defect, pulmonary veins, flow visualization, blood flow imaging, transesopha-
geal echocardiography

High-quality imaging of atrial septal defect
(ASD) size and morphology before transcatheter
closure is essential for a successful outcome, and
there has recently been much interest in
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advances in technology to improve visualization
of the complex septal anatomy.’

Less interest has been set on further improve-
ments of flow visualization, which is important to
identify the number and size of ASDs, the direc-
tion of blood flow through the defects, and to
differentiate dropouts in the region of the fossa
ovalis from an ASD. Finally, as partial anomalous
pulmonary venous connection is associated with
ASD,” thorough flow-mapping of the pulmonary
veins (PV) is essential 8

Traditionally, transcatheter ASD closure has
included balloon sizing, fluoroscopy, and pulmo-
nary angiography. The radiation exposure from
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cardiac catheterization is of concern both to
patients and operators,” and should be limited to
lowest possible values. Furthermore, contrast
agents may have side effects,'® and should be
restricted whenever possible. The balloon sizing
procedure has potential risks,'" and transcatheter
closure of ASDs following less invasive sizing
techniques has been advocated.'? '

Atrial septal defect measurements by color
Doppler imaging gCDI) correlate with the balloon
stretch diameter,’® and transcatheter ASD clo-
sure guided by the maximal color flow diameter
has recently been shown to be feasible and
safe.’? However, CDI has limitations that include
angle dependence, aliasing, and a frame rate
which is considerably less than that of grayscale
imaging.'®

Blood flow imaging (BFI) is a new ultrasound
modality which supplements CDI with angle-
independent information of flow direction that is
not influenced by velocity aliasing.'” This is done
by visualizing the blood speckle movement
superimposed on the color Doppler images. Pre-
vious reports using BFI in comparison with CDI in
transthoracic echocardiography (TTE) (GE Ving-
med Vivid 7, GE Vingmed, Horten, Norway) with
GE M4S and GE 7S cardiac probes (GE Health-
care, Milwaukee, WI, USA) has shown better visu-
alization of flow both through the ASD and in
the mapping of PV.'®' The aim of this study
was to compare the new method BFI with cur-
rent references in ASD sizing (balloon stretched
diameter [BSD]) and PV imaging (pulmonary
angiography) for a complete assessment of ASD,
and for the first time transesophageally.

Methods:

Patients:

This prospective study was a collaboration pro-
ject between the Department of Pediatric Medi-
cine, Section for Pediatric Cardiology, Oslo
University Hospital, Rikshospitalet, Norway and
the Norwegian University of Science and Tech-
nology (NTNU)/St. Olav’s University Hospital,
Trondheim, Norway. Patient inclusion took
place in Rikshospitalet, were all interventional
pediatric ASD closures in Norway are central-
ized. NTNU/St Olav’s University Hospital con-
tributed with the new technology BFI and
echocardiography.

The inclusion criteria in the study were chil-
dren aged 0-16 years with isolated secundum
ASD accepted for interventional ASD closure. To
be accepted for interventional closure, the secun-
dum ASD had to be hemodynamic significant,
that is, there was signs of pulmonary hyperflow
with qualitative evidence of right ventricular and/
or right atrial dilatation on echocardiography. A

total of 28 children scheduled to interventional
ASD closure were included prospectively from
February 2008 to February 2009. The patients
were recruited from hospitals all over Norway.
The ratio of pulmonary to systemic blood flow
(Qp/Qs) was calculated from saturations
obtained from superior and inferior vena cava,
PV and artery and systemic saturation. ASD clo-
sure device was chosen based on balloon sizing
using the stop flow technique."

Informed consent was obtained from all the
parents and also from children above 12 years of
age. The study was approved by The Regional
Committee for Medical and Health Research Eth-
ics (REK) and the Norwegian Social Science Data
Services (NSD).

Equipment:
The transesophageal echocardiography (TEE)
examinations were performed using a GE Ving-
med Vivid 7 with a 9T or 6T probe. (GE Health-
care, Milwaukee, WI, USA). Image analysis was
done in a custom software package (GcMat, GE
Vingmed), while statistical analysis was done
using IBM (Armonk, NY, USA) SPSS version 19
and ?ackage Ime4 of the software R version
2.15.2°

Imaging by using BFI has the same restrictions
regarding patient security as conventional CDI,
and satisfy the requirements from the American
Food and Drug Administration.

BFl in Transesophageal Echocardiography:

The BFI technique is commercially available for
vascular imaging on GE systems, but was not ini-
tially available for use with TEE probes. For this
project development, efforts were made to make
the BFI technique available for TEE probes, and
to make suitable applications for BFI in TEE
during ASD closure.

In CDI, the velocity component transversal to
the ultrasound beam cannot be estimated from
the received Doppler signal. The BFI technique
supplements CDI with an angle- and aliasing-
independent visualization of blood speckle move-
ment.'”” By displaying this additional speckle
pattern, acquired with a high frame rate in slow
motion, the human eye can detect blood flow in
any direction of the ultrasound image. The BFI
technique is based on the same data acquisition
scheme as CDI, but some trade-offs regarding
optimal CDI setup is often needed to ensure suit-
able blood speckle visualization. The pulse repeti-
tion frequency (PRF) often needs to be reduced
which may increase aliasing artifacts in CDI. Fur-
ther, the image resolution and line density needs
to be increased to ensure sufficient quality of
speckle images, something which may lead to a



reduced penetration and color Doppler frame
rate. However, in BFl 4-8 speckle images are pro-
duced for each color Doppler image, and the
imaging frame rate of the speckle information is
higher than the Doppler information in CDI.

The lateral image resolution in this setup was
approximately 1.0-1.3 mm for the 6T probe and
1.0-1.4 mm for the 9T probe. The axial image
resolution was approximately 0.4-0.5 mm for
both probes.

Data Acquisition and Processing:

A full-standard TEE examination was done in all
the patients before the transcatheter closing pro-
cedure, and BFI scanning of the ASD and the PV
was supplemented as a part of the same exami-
nation.

ASD Sizing: When all patient data had been col-
lected, BFI and CDI movie clips were prepared off
line from the data recordings. The only difference
between the 2 was the additional speckle visuali-
zation in BFIl. The technical adjustments of the
color information presented were identical in CDI
and BFI.

The movie clips were presented to 4 observers
who were blinded to the patient data. The
observers were experienced echocardiographers
(consultant cardiologists) without previous expe-
rience with BFI. They were given a short introduc-
tion to the BFI method prior to the evaluation.
The presented CDI and BFl images were not
labeled in any way, neither with respect to
patient number. However, as there is an obvious
visible difference between the methods, the
observers were able to recognize the flow
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method presented. The observers were asked to
measure the ASD size in the presented BFl and
CDI images. If there were more than 1 ASD pres-
ent in T movie clip, they were asked to measure
the largest defect.

The process of measurements of the BFl and
CDI movie clips is described in Figure 1. In each
patient, a screen with 2 movie clips showing the
ASD in the 2 widest planes (movie clips 1 and 2)
were presented with BFl. The same BFl screen
was repeated once during the measurement pro-
cess. Identical screens showing the ASD visual-
ized with CDI from the same patient were
presented in the same manner. This means that
the process described in Figure 1 was performed
once for each method (BFI and CDI). Thus, every
observer made 8 ASD measurements in each
patient (4 measurements with BFl and 4 mea-
surements with CDI). The BFI and CDI screens
and replications were presented to the observers
in a random order.

To reflect the clinical reality, we chose the
maximum ASD diameter measured with BFI (BFI-
max, later referred to as “BFI” only) in each
observer for comparison with BSD and CDI
measurements.

Pulmonary Veins: The PV were evaluated during
the examination by an echo technician in coop-
eration with a pediatric cardiologist using BFI.
The results were recorded as one of the follow-
ing: Normal PV, 1 anomalous PV, 2 anomalous
PV, or PV stenosis. The BFI investigations were fin-
ished and documented before the PV eventually
were examined by routine angiography by the
interventionist.

T Patient 1 Patient 2 Patient 28
Observer 1
Observer 2 | |

Clip1: Clip2: Clip 1. Clip2: Clip1: Clip2:
== | 2 replications 2 rep 5 ti 2 i z 2 replications 2 replications
(random order) d der) (random order) (random order) (random order) (random order)
Observer 3 | | ! l
Observer 4
Maximum ASD Maximum ASD Maximum ASD
| diamelter chosen diameterchosen diameter chosen

Figure 1. Description of method for atrial septal defect (ASD) measurements with blood flow imaging (BFI) and color Doppler
imaging (CDI) in 4 observers: In each patient, 2 identical screens (2 replications) with movie clips displaying the ASD in the 2 wid-
est planes (movie clips 1 and 2) were presented with BFI and CDI. The observers thus measured the ASD in 2 planes twice with
both methods (4 BFI measurements and the corresponding 4 CDI measurements). For each patient, the maximum ASD diameter
was chosen for further analysis. This figure also illustrates the linear mixed-effects model which was used to assess repeatability.



Nyrnes, et al.

Statistical Methods:

ASD Sizing: The mean difference between the
BFI and BSD measurements and the BFl and CDI
measurements were analyzed using a paired
samples t-test. Furthermore, the BFl and BSD
measurements and the BFI and CDI measure-
ments were plotted against the other. Finally,
agreement between the BFI and BSD measure-
ments and the BFI and CDI measurement were
evaluated using Bland—Altman plots, in which the
difference between BSD and BFI measurements
and BFI and CDI measurement were plotted
against their respective means.?'

To assess repeatability, a linear mixed-effects
model with BFI as the outcome variable was
employed in a variance components model. We
treated observers and patients as crossed random
factors (Fig. 1), whose net effects are assumed to
be zero. The residual error of this model yields a
measure of repeatability, that is, the remaining
variation when different observers do measure
identical movie clips in the same patient. Estima-
tion was done with restricted maximum likeli-
hood using the Imer command of R version
2.15.2°

Pulmonary Veins: By visualizing the PV with BFI
and compared with the reference method angi-
ography, one can calculate sensitivity and speci-
ficity for the new method. Point estimates with
exact 95% confidence intervals (Cl) were calcu-
lated based on the binomial distribution.

Results:

Patient Characteristics:

The age of the patients ranged from 8.5 months
to 16 years. There were 19 girls and 9 boys, and
9 patients had more than 1 ASD. The BSD ranged
from 9.5 to 20.5 mm and the ratio of pulmonic
(Qp) to systemic (Qs) blood flow ranged from
1.2 to 4. Four patients had Qp/Qs < 1.5. How-
ever, closure was considered reasonable because
these patients had echocardiographic evidence
of right atrium and right ventricular dilatation.
Furthermore, they had a rather large ASD and/or
more than one defect. None of the patients had
pulmonary hypertension, 19 patients had a sys-
tolic murmur, and 18 patients had a split second
sound.

A total of 27 patients underwent successful ASD
Amplatzer closure; 2 of these patients required
2 devices. In 1 patient, closure attempt was
unsuccessful because of insufficient attachment of
the Amplatzer device to the atrial septal rims.

By June 2012 (34 years after closure), there
were no registered complications among the
patients. In 2 patients the Amplatzer device was
touching the mitral valve, but there were no

mitral obstruction or insufficiency. One patient
had a large device related to septal size. In this
patient, there were temporary increased flow
velocities in the upper left PV. But from 1 year
after closure, there were no signs of obstruction
of this PV.

Echocardiography Probes:

The transesophageal examination was done
using the 6T probe in 4 patients and the 9T
probe in 24 patients.

ASD Sizing:

The mean maximum diameter measured by BSD
was 15.9 mm (£SD 3.0 mm), and the mean
maximum diameter measured by BFI was
12.1 mm (£SD 2.4 mm); yielding a mean differ-
ence between the measurements of 3.8 mm
(£SD 2.2 mm), with a 95% confidence interval
(Cl) from 3.4 to 4.2 mm. The 95% limits of
agreement extended from —0.7 to 8.3 mm with
no obvious trend in the data.

Figure 2 shows the scatter plot of the BSD
measurements versus the BFI ASD diameter mea-
surements and Figure 3 shows the Bland—Altman
plot with 95% limits of agreement for the differ-
ence between the BSD and BFI measurements.

The corresponding ASD diameter measured
by CDI was 11.8 mm (£SD 2.5 mm); yielding a
mean difference between the CDI and BFI mea-
surements of —0.3 mm (£SD 1.3 mm) with a
95% CI from —0.6 to —0.1 mm. The 95% limits
of agreement extended from —3.0 to 2.3 with no
obvious trend in the data.

210

180

1

Balloon Stretched Diameter (BSD)
1

T T T T
60 20 120 150 180

Blood Flow Imaging (BFI) Diameter

Figure 2. Two methods of measuring atrial septal defect
(ASD) size, in mm: The maximum ASD diameter measured by
blood flow imaging (BFI) and balloon stretched diameter
(BSD) in 28 patients measured by 4 observers. In the scatter
plot, the 2 methods of measurements (BSD and BFl) are plot-
ted against each other. The figure demonstrates that almost
all BSD measurements were larger than BFI measurements.
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Figure 3. Two methods of measuring atrial septal defect
(ASD) size, in mm: The maximum ASD diameter measured by
blood flow imaging (BFI) and balloon stretched diameter
(BSD) in 28 patients measured by 4 observers. The Bland-Alt-
man plot shows differences against the mean and 95% limits
of agreement.
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Figure 4. Two methods of measuring atrial septal defect
(ASD) size, in mm: The maximum ASD diameter measured by
blood flow imaging (BFI) and the paired color Doppler imag-
ing (CDI) measurements in 28 patients measured by 4 observ-
ers. In the scatter plot, the 2 methods of measurements (CDI
and BFI) are plotted against each other. There were 2 outliers
labeled A and B. The corresponding balloon stretched diame-
ter (BSD) measurements for A and B were 16 mm and
20.5 mm, respectively.

Figure 4 shows the scatter plot of the CDI
measurements versus the corresponding BFI
measurements and Figure 5 shows the Bland-Alt-
man plot with 95% limits of agreement for the
difference between the BFI and CDI measure-
ments. There were 2 outliers labeled A and B in
Figures 4 and 5. The outlier A measurements were
CDI 8.6 mm, BFI 13.3 mm, and corresponding
BSD 16 mm. The outlier B measurements were
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Figure 5. Two methods of measuring atrial septal defect
(ASD) size, in mm: The maximum ASD diameter measured by
blood flow imaging (BFI) and the paired color Doppler imag-
ing (CDI) measurements in 28 patients measured by 4 observ-
ers. The Bland-Altman plot shows differences against the
mean with 95% limits of agreement. There were 2 outliers
labeled A and B. The corresponding balloon stretched diame-
ter (BSD) measurements for A and B were 16 mm and
20.5 mm, respectively.

CDI 10.4 mm, BFI 16.3, and corresponding BSD
20.5 mm. As we could not identify obvious errors
regarding these outliers, we kept them in the
material.

Figure 6 demonstrates the transesophageal
examination (6T probe) from a patient who had
2 separate ASDs. This patient was 14 years old,
176 cm, and 61.8 kg. The BSD in the largest
defect were 13 mm. A corresponding movie clip
demonstrating ASD flow in the transesophageal
examination from this patient (movie clip S1) can
be downloaded from the additional supporting
information in the online version of this article.
BFI is best demonstrated through movie clips,
and in movie clip S2 there is another example
from a 16-year-old patient with 1 ASD (BSD
18 mm).

The Repeatability of the BFI Measurements:
The linear mixed-effects model (Fig. 1) yielded
the following standard deviation estimates;
patient 2.1 mm, observer 0.4 mm, and residual
(i.e. the movie clips presented) 1.2 mm. Given a
mean BFI value of 12.1 mm this corresponds to
coefficients of variation (CV) of 18%, 4%, and
9.6%, respectively. The latter may be taken as a
measure of repeatability, the remaining variation
when different observers do measure identical
movie clips in the same patient.

The Pulmonary Veins:
Pulmonary angiography demonstrated normal
pulmonary connections for all PV branches in the
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Figure 6. Transesophageal long-axis view of the atrial sep-
tum: Blood flow imaging in the visualization of 2 atrial septal
defects (ASD), the left atrium (LA) and the right atrium (RA). A
movie clip of this figure can be seen in the corresponding
movie clip S1.

28 patients. Visualization of the upper left and
the upper and lower right PV using transesopha-
geal examination with BFl was successful in all
patients. The site of drainage of the left lower PV
was identified in 27 of the 28 patients studied. In
1 patient, the left lower PV was difficult to visual-
ize using BFI (and CDI) in TEE. Pulmonary angi-
ography visualized the lower left pulmonary
artery in this patient, and the drainage was nor-
mal—as were the other PV in this patient. Pulmo-
nary angiography corresponded with the BFI
visualization of PV branches in all patients except
in this case. This leads to a sensitivity of BFI in
detecting the correct entry of the PV of 0.96
(95% Cl: 0.82-1.0).

An example of transesophageal BFI visualiza-
tion of the right-sided PV is shown in Figure 7.
This image is from a patient who was 1 year and
3 months old, 81 cm, and 11.7 kg. We used the
9T probe in this examination. A corresponding
movie clip (movie clip S3) can be downloaded
from the additional supporting information in
the online version of this article.

Discussion:

We have previously found that TTE with the new
flow imaging technique BFI may improve the
visualization of interatrial blood flow in children
and the PV in neonates.'®'? In this transesopha-
geal echo study, we compared this technique
with the current reference methods for ASD siz-
ing BSD and PV imaging (pulmonary angiogra-
phy). We have described and quantified the
agreement between the corresponding BSD and
BFI ASD measurements and assessed repeatability
of BFI measurements. BFI had lower estimates for

Figure 7. Transesophageal blood flow imaging in the visuali-
zation of the right upper (RUPV) and right lower pulmonary
vein (RLPV) entering the left atrium (LA). A movie clip of this
figure can be seen in the corresponding movie clip S3.

ASD size than BSD, but with acceptable 95% lim-
its of agreement. The mean maximum diameter
measured by BFl was 3.8 mm less than the mean
of BSD measurements. The paired CDI measure-
ment was 0.3 mm less than the BFI measure-
ment. Tzifa et al."? demonstrated similar results;
they found that the mean maximal diameter
measured with CDI was 4.6 mm and 3.3 mm
less than the BSD measurements in the prospec-
tive and retrospective groups, respectively. The
difference between the BFI and BSD measure-
ments can be explained by the fact that BSD also
provides information of physical stretch that can-
not be predicted by echocardiography. The rela-
tionship between the maximal BFl diameter
measured in two-dimensional (2D) echo and BSD
is also influenced by the shape of the ASD.??

The true ASD size was unknown in this study,
but we chose to compare the BFI measurements
with the BSD, as this method still is regarded as
the reference for measuring ASD maximal diame-
ter to select the appropriate size of the device
before closure. However, balloon sizing is not con-
sidered necessary by some authors,'>'* and BSD
are consequently no longer performed in many
centers that use Amplatzer devices to close ASDs.
Balloon sizing may oversize an ASD,'* which may
increase the risk of erosion. The stop flow tech-
nique was proposed to diminish this problem.?*
Other potential disadvantages of balloon sizing
are bradycardia, hypotension, and enlargement
of the defect. If there are multiple defects and a
floppy septum, echocardiography may be better
than BSD in the estimation of size.?*

The repeatability of the BFI measurements in
this study was consistent both between the
observers and within each observer. Other stud-
ies measuring ASD diameter with color flow



diameter did not investigate the repeatability of
the CDI measurements.'>?° It is important to be
aware that some of the variability between mea-
surements in different studies using 2D imaging
may be due to differences attained by different
observers.?

In the present study, we also compared visual-
ization of the PV using BFI with the traditional
reference method; pulmonary angiography.
Pulmonary angiography corresponded with the
BFI visualization of PV branches in all patients
except in 1 patient; here, the left lower PV was
difficult to visualize using TEE with BFI. However,
this PV was visualized using TTE with BFI the day
before the procedure. Even though TEE images
are usually of better quality than TTE images, the
limited imaging windows and planes in TEE do
restrict both imaging and alignment for Doppler
velocity recording. Furthermore, the PV may be
too close to the TEE probe for proper imaging or
flow evaluation.?” TTE and TEE together will usu-
ally be sufficient to map the PV, and routine pul-
monary angiography during ASD closure has
now been abandoned in Department of Pediatric
Medicine, Section for Pediatric Cardiology, Oslo
University Hospital, Rikshospitalet, Norway.

The new real time 3DTEE for guidance of per-
cutaneous ASD closure seems promising, but still
there is limited experience in patients <60 kg.'
To define the plane with the maximum ASD
diameter may be more easy using 3DTEE than
2DTEE.?? Even though 3D may be best for visuali-
zation of anatomy, this is not the case for flow,
due to low frame rate and resolution. Another
limitation of the current 3DTEE systems is drop-
outs in the fossa ovale region.? These dropouts
may be minimized by combining with 2D flow
techniques. The best method for selecting an
optimal device size may be to consider different
measurements with different methods.*?

Color Doppler imaging measurements of ASD
have sources of error in determining the size of
the jet, including CDI gain, examination depth,
and transducer frequency. CDI may also underes-
timate an irregular defect, because the 2D ultra-
sound beam may not cut the defect in its
maximal diameter. The same sources of error
must be taken in account using BFI. However, a
pilot study indicates that BFI is less dependent on
gain setting.'® The additional speckle pattern in
BFI has the potential to improve the ASD edge
detection. This may diminish the sources of error
in determining ASD size.

In spite of recent advances in technology, we
still lack a true gold standard for the measure-
ment of ASD size and shape, and this is a limita-
tion of the measurement comparison in this
study. An additional limitation of this study was
that no patients had anomalous PV and there-
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fore, usefulness of BFI in detecting anomalous PV
was not tested.

In its current implementation, the method BFI
is limited to imaging shallow depths (<10 cm),
suitable for instance for vascular imaging and
imaging in pediatric cardiology.'®"'%?® However,
getting closer to the heart through the esopha-
gus implies that the method should also have
potential for cardiac imaging in adults using TEE.
Our study had a variation in patient size from 6.2
to 67.5 kg which demonstrates this potential.
Two of the movie clip examples are from patients
with adult size (movie clips S1 and S2).

Improved echocardiographic imaging before
and during transcatheter ASD closure may
reduce radiation exposure and possible also the
need for balloon sizing. We believe that BFI may
be a suitable supplement in this complete echo-
cardiographic ASD evaluation.

Equipment malfunction, inherent limitations
of echocardiography, or imaging artifacts are sig-
nificant contributors to diagnostic errors in pedi-
atric echocardiography.?®” Further work may
uncover whether the angle-independent infor-
mation provided by BFI may help reduce these
errors. Technically, the BFI technique is continu-
ously being improved in terms of increased imag-
ing depths and speckle movement visualization.
Further, by utilizing computer tracking algo-
rithms, we have recently been able to quantify
the 2D blood velocity and direction.3® This flow
speckle tracking technique has the potential to
demonstrate complex flow patterns in heart
defects and to quantify shunt flow.

Conclusion:

Transesophageal echocardiography with BFI of
the PV agreed well with pulmonary angiography.
BFI has lower estimates for ASD size than BSD,
but with acceptable 95% limits of agreement.
The repeatability of the BFI measurements was
close to the inherent measurement error of the
ultrasound measurement itself. BFI may offer a
complete assessment of ASD and has the poten-
tial to reduce radiation exposure time during
ASD closure.
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Abstract—High-frame-rate ultrasound speckle tracking was used for quantification of peak velocity in shunt flows
resulting from septal defects in congenital heart disease. In a duplex acquisition scheme implemented on a research
scanner, unfocused transmit beams and full parallel receive beamforming were used to achieve a frame rate of 107
frames/s for full field-of-view flow images with high accuracy, while also ensuring high-quality focused B-mode tis-
sue imaging. The setup was evaluated in vivo for neonates with atrial and ventricular septal defects. The shunt po-
sition was automatically tracked in B-mode images and further used in blood speckle tracking to obtain calibrated
shunt flow velocities throughout the cardiac cycle. Validation toward color flow imaging and pulsed wave Doppler
with manual angle correction indicated that blood speckle tracking could provide accurate estimates of shunt flow
velocities. The approach was less biased by clutter filtering compared with color flow imaging and was able to pro-
vide velocity estimates beyond the Nyquist range. Possible placements of sample volumes (and angle corrections)
for conventional Doppler resulted in a peak shunt velocity variations of 0.49-0.56 m/s for the ventricular septal
defect of patient 1 and 0.38-0.58 m/s for the atrial septal defect of patient 2. In comparison, the peak velocities
found from speckle tracking were 0.77 and 0.33 m/s for patients 1 and 2, respectively. Results indicated that com-
plex intraventricular flow velocity patterns could be quantified using high-frame-rate speckle tracking of both
blood and tissue movement. This could potentially help increase diagnostic accuracy and decrease inter-
observer variability when measuring peak velocity in shunt flows. (E-mail: solveig.fadnes@ntnu.no) © 2014
World Federation for Ultrasound in Medicine & Biology.

Key Words: 2-D blood flow imaging, Speckle tracking, In vivo, Atrial septal defect, Ventricular septal defect.

INTRODUCTION alize septal defects. Continuous wave Doppler and pulsed
wave (PW) Doppler are utilized to estimate the peak
velocity and evaluate the shunt flow (Forbus and Shirali
2009).

Color flow imaging and continuous wave and pulsed
wave Doppler have been extensively validated and are
used in a wide range of clinical settings, but the methods
have fundamental limitations. The frequency shifts be-
tween the transmitted and received ultrasound waves
are used to estimate the blood velocity components along
the ultrasound beam axis. The velocity estimates are thus
limited to one component of the velocity vector and
dependent on the angle between the ultrasound beam
and the blood flow direction, and the resulting color
flow images can be difficult to interpret. In addition,
CFI and PW Doppler are based on pulsed transmission
of ultrasound waves, and the pulse repetition frequency
limits the highest measurable velocities according to the

Atrial (ASDs) and ventricular (VSDs) septal defects are
the two most common forms of congenital heart defects
(van der Linde et al. 2011). The natural history of
small septal defects may be regression or spontaneous
closure (Hanslik et al. 2006; Penny and Vick 2011),
whereas more severe defects must be repaired by
catheter closure or corrective surgery. The management
of an ASD or VSD depends on the location, size,
hemodynamic consequences, associated defects and the
symptomatology of the patient. Generally, the clinical
approach is to repair an isolated ASD or VSD when
there is a large left-to-right shunt (Driscoll et al. 1994).
In pediatric cardiology today, 2-D echocardiography
with color flow imaging (CFI) is used to detect and visu-
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Nyquist sampling theorem. Velocities above the Nyquist
limit are commonly encountered and will give aliasing
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artifacts in the image where high velocities will not be
displayed correctly. These fundamental limitations may
lead to undetected defects and misdiagnosis (Benavidez
et al. 2008).

To improve imaging and evaluation of shunt flows,
other modalities have been suggested. Real-time 3-D
echocardiography has yielded promising results in the
visualization of septal defects (Acar et al. 2007; Cheng
et al. 2004), but the blood flow estimation is still angle
dependent. In transesophageal echocardiography, the
probe is led down the patient’s esophagus, and cardiac
images of higher quality are achieved. Also, cardiac
magnetic resonance imaging is a useful modality, not
limited by the acoustic window, but the need for
general anesthesia or sedation in these methods limits
their use in pediatric cardiology (Oliver-Ruiz and Bret-
Zurita 2007).

Several flow velocity estimators for estimating both
the axial and lateral velocity components have been pro-
posed. Speckle tracking (Bohs et al. 2000) and vector
Doppler (Dunmire et al. 2000) are the two main research
lines for 2-D flow estimation, but recently new techniques
such as echo particle image velocimetry (PIV) (Poelma
et al. 2009; Zheng et al. 2006) have been suggested.
For the latter, the need for contrast agents makes it
currently not suitable for pediatric imaging. The
speckle tracking technique uses the speckle in the
ultrasound image, which is a result of the constructive
and destructive interference from the backscattered
echoes, to estimate the velocity of the scatterers. The
movement of the blood speckle is correlated with the
movement of the blood, and the speckle can be tracked
from frame to frame to obtain information on blood
velocities. The vector Doppler technique combines the
Doppler estimates from two transmit and/or receive
angles to obtain angle-independent velocity measure-
ments. Several studies have been performed to evaluate
the speckle tracking and vector Doppler techniques for
numerically simulated flow patterns, in vitro flow phan-
toms and in vivo in human vessels (Bohs and Gebhart
2001; Bohs et al. 1995; Pastorelli et al. 2008; Steel
et al. 2004; Swillens et al. 2010; Tortoli et al. 2010).
However, neither speckle tracking nor vector Doppler
has yet been established for clinical use in blood flow
estimation. This can, in our experience, be attributed to
a lack of robustness and limitations related to data
acquisition and processing capabilities for real-time
imaging.

Recent developments in ultrasound imaging tech-
nology provide a substantially higher acquisition rate
which offers new possibilities in 2-D flow estimation.
By transmitting broad unfocused ultrasound pulses, par-
allel receive beamforming can be used to increase the
acquisition rate, resulting in instantaneous full field-of-
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view images at high frame rates. The technique has
been suggested for elastography (Tanter et al. 2002),
compound Doppler imaging (Bercoff et al. 2011) and
vector velocity imaging (Udesen et al. 2008). The high
acquisition rate also makes it possible to have a higher
ensemble size for improved clutter filtering possibilities
and to achieve more robust velocity estimates without
compromising a high frame rate, which is advantageous
when imaging complex blood flow (Ekroll et al. 2013).

Quantitative vector velocity imaging has, to the au-
thors” knowledge, not previously been evaluated for use
in pediatric cardiology. However, a qualitative method
based on the direct visualization of blood speckle has
been suggested, and was shown to increase the certainty
in ASD shunt flow evaluation (Lovstakken et al. 2006;
Nyrnes et al. 2007). In this work, we investigate 2-D
speckle tracking for quantitative blood flow velocity esti-
mation in ASDs and VSDs in newborns. The overall
objective was to achieve angle-independent peak shunt
flow velocity estimates for better shunt evaluation. To
find the true peak velocity throughout the cardiac cycle,
we further propose the use of tissue speckle tracking to
follow the shunt position in the 2-D image plane
throughout the cardiac cycle.

METHODS

Two patients from the ongoing feasibility study are
the subjects in this study. Patient 1, a boy, was 8 days
old and 3340 g at the time of the ultrasound recordings.
He had a perimembranous VSD, which was focused on
in this study. He was also born with a secundum ASD,
apulmonary artery sling (the left pulmonary artery anom-
alously originating from the right pulmonary artery) and
an anal atresia. Patient 2, a girl, was born prematurely at
31 + 4 weeks and diagnosed with a secundum ASD. She
was 25 days old and 2165 g when included and had no
additional congenital malformations. Written informed
consent was obtained from the parents of the participants
before the examination. The study was approved by the
Norwegian Regional Committee for Medical and Health
Research Ethics, and patient safety measurements were
within the guidelines from the U.S. Food and Drug
Administration.

In vivo and in vitro setup

We used a SonixMDP ultrasound scanner (Ultraso-
nix, Richmond, BC, Canada) with a 4- to 9-MHz linear
transducer and a Sonix DAQ for channel data acquisition
for in vivo and in vitro recordings. In the duplex acquisi-
tion scheme implemented, separate acquisition setups
were used for B-mode and flow imaging to ensure suffi-
cient image quality for both modalities. Figure 1 is a sche-
matic of data acquisition and post-processing used in this
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Fig. 1. Schematic overview of data acquisition and post-processing setup. The channel data are acquired, and beamform-

ing is done off-line. The plane wave data are clutter filtered before blood velocity estimation is done using the autocor-

relation approach and speckle tracking. The B-mode images are used for septal defect speckle tracking. On the left is a

parasternal long-axis view of a heart where the left atrium (LA), left ventricle (LV), right ventricle (RV) and outflow tract

to the aorta (Ao) are visible. One plane transmit beam is covering the region of interest. IQ-demod = In-phase and Quad-
rature demodulation, CFI = color flow imaging, ST = speckle tracking, PW = pulsed wave.

work, where the top and bottom line represent acquisition
and processing of blood flow images and B-mode images,
respectively.

Unfocused transmit beams transmitted at a pulse
repetition frequency (PRF) of 8 kHz were used for the
flow imaging with an ensemble size of 32. The transmit
beams covered a region equal to the transducer width,
and full parallel receive beamforming was used,
achieving a frame rate of 107 frames/s (fps) when inter-
leaved with the separate B-mode scan sequence. Channel
radiofrequency (RF) data (128 channels) were stored for
up to 2 s (limited by 16 GB of channel data memory), and
beamforming and processing were done off-line. The
data were beamformed using a hamming apodization
window over the active receive aperture to reduce side
lobes. A high-pass clutter filter was applied to separate
the blood signal from the strong tissue signal, before
blood velocity estimation. Conventional Doppler and 2-
D speckle tracking estimation of the blood velocity
were done after clutter filtering. The color flow power
and velocity estimates and the intensity in the B-mode
images were used for segmentation of areas containing
blood. Threshold values were set empirically for the
given data sets.

The B-mode scan sequence was interleaved with the
flow acquisition, and two interleave groups of 64 focused
pulses were used to cover the whole transducer width,
resulting in a B-mode frame rate of 54 fps. A PRF of
12 kHz was used for the B-mode images. Additional
imaging parameters for the duplex acquisition are given
in Table 1.

An in vitro flow phantom was used to validate and
investigate the accuracy of the speckle tracking blood
flow estimation algorithm. The setup consisted of a
pump (PhysioPulse 100 Flow System, Shelley Medical
Imaging Technologies, London, ON, Canada) connected
to a straight-tube flow phantom (ATS Laboratories,
Bridgeport, CT, USA) with a blood-mimicking fluid
(Ramnarine et al. 1998). The tube had a diameter of
6 mm, and a stationary flow scenario with a beam-to-

flow angle of 60° and a maximum velocity of approxi-
mately 1 m/s was investigated. We used the same
acquisition and processing setup used for the in vivo re-
cordings. The reference velocities used for comparison
were calculated under the assumption of a fully devel-
oped laminar flow and based on the tube diameter and
the programmed volume flow rate.

Data acquisition

In conventional ultrasound imaging, the image is
built line by line. One focused pulse is transmitted at
the time, and the received echoes form one line in the im-
age as illustrated to the left in Figure 2. Recent develop-
ment in ultrasound technology allows for multiple image
lines to be generated in parallel (Udesen et al. 2008). The
approach may to some extent be used for focused transmit
pulses, but to cover a wide imaging region, unfocused or
diverging beams must be emitted.

Today’s research scanners can store and process the
RF data from all the channels in the transducer. When the
channel data are available, any number of receive lines
can be beamformed simultaneously in software, and a
full image may result from the transmission of just one
full field plane wave, as illustrated to the right in
Figure 2. The ultrahigh acquisition rate obtained by plane
wave imaging and parallel receive beamforming makes it

Table 1. Image acquisition parameters

Probe UX L9-4/38
128 element linear array
B-Mode
Probe type Flow acquisition acquisition
Pulse center frequency (MHz) 5 6.67
Transmit aperture (cm) 3.89 (full 1.5
aperture)
Transmit F-number — 2
Receive F-number 1.1 1.1
Pulse repetition frequency (Hz) 8000 12,000
Ensemble size 32 —
Frame rate (Hz) 107 54
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Fig. 2. Comparison of conventional ultrasound acquisition

scheme with parallel receive beamforming (PRB). Left: In the

conventional setup, one focused transmit line and one focused

receive line are acquired at a time. Right: A broad unfocused

wave is transmitted and multiple image lines are received
simultaneously.

possible to have a wide region of interest, with dense
lateral image sampling at high frame rates. The highly
dynamic and complex blood flow in the heart makes
high frame rates crucial and plane wave imaging favor-
able for blood flow imaging. There is, however, a loss
in penetration with plane wave imaging, compared with
focused imaging, and also a decrease in image contrast
and lateral resolution. The latter is particularly visible
in B-mode imaging, but is, in our experience, less deteri-
orating and often negligible for blood flow imaging,
where the dynamic range is significantly lower; that is,
the elevated side lobe level is often below the noise floor,
and the parametric image display typically uses a low
dynamic range.

Conventional color flow imaging and processing

In CFI, the estimated axial blood velocity is
displayed as a 2-D color map, where the colors corre-
spond to the blood velocity components along the beam
axis. The image region is scanned line by line, where a se-
ries of ultrasound pulses are emitted in each beam direc-
tion at a given PRF. The movement of the blood scatterers
indicates a shift in the received signal from pulse to pulse.
The part of the received signal coming from the stationary
tissue is called the clutter signal, whereas the signal
originating from the moving blood scatterers is called
the Doppler signal. The Doppler signal is separated
from the clutter signal using a high-pass filter, for
example, a polynomial regression, finite impulse
response (FIR) or infinite impulse response (IIR) filter
(Bjaerum et al. 2002). The number of emitted pulses in
each beam direction used to generate one image line is
referred to as the ensemble size. The blood velocity esti-
mation is typically based on the autocorrelation method
(ACM), where the mean velocity is estimated from the
correlation of the Doppler signal from pulse to pulse
(lag 1), R(1) (Kasai et al. 1985),
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. ¢XPRF
Vaxial =
' anf,

LR(1), (1)

where ¢ is the speed of sound, and f; is the center fre-
quency of the transmitted pulse. The autocorrelation
function is calculated as

R(l):Ni > x(k) x(k+1), @)

where x(k) is a fixed spatial position, * denotes the com-
plex conjugate and N, is the ensemble size. The autocor-
relation function is also spatially averaged to decrease
estimator variance. In this work, a polynomial regression
filter of order 2 was chosen as the clutter filter for the
autocorrelation estimation, with a —3-dB cutoff at
0.05 m/s.

Blood flow estimation using speckle tracking

Speckle is an interference pattern in the backscat-
tered signal from many subresolution scatterers, for
example, the red blood cells. The movement of the
speckle pattern is correlated with the movement of the
scatterer ensemble, and the 2-D blood velocities can
thus be estimated by tracking the movement of the blood
speckle pattern from frame to frame using pattern match-
ing techniques (Bohs et al. 2000). The speckle tracking
principle is illustrated in Figure 3. A kernel region is
defined in a first image acquisition, and the best pattern
match of the kernel is searched for in a following image,
determining the displacement of the kernel.

Different pattern matching algorithms can be used,
for example, 2-D normalized cross-correlation, sum of
absolute differences and sum of squared differences.
When the most likely displacement is found, the velocity
can be estimated given the time between the two acquisi-
tions. After this process is repeated for the whole imaging
area, a vector velocity map of the blood flow is obtained.

In this work, pattern matching was done using the
sum of squared differences algorithm,

d(e,8)= " (I(xte,y+8)—K(x,y)’, 3

Xy

where [ is the image displaced («, ) from the original
kernel position, and K is the original kernel. The mini-
mum sum of squared differences coefficient, d(ayin,
Bmin)» reveals the most likely displacement of the kernel.
The minimum measurable velocity is limited by the sam-
pling resolution in the data, which can be quite crude.
Linear interpolation of the IQ data and parabolic subsam-
ple interpolation of the estimated displacement were used
to improve the velocity resolution. If fi = d(@min, Bmin)s
and f; and f> are the two nearest neighbors, the subsample
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Fig. 3. Speckle tracking principle. A kernel is defined in the first acquisition, and the best match of this kernel is searched
for in the next acquisition.

offset correction for the estimated displacement is given
by (Cespedes et al. 1995)

Jo—h2
2(fo=2fi+f)

The maximum measurable velocity is determined by
the size of the search region. The velocity estimates were
subjected to median averaging over the temporal
ensemble of 32 to minimize the effect of spurious
tracking errors. The acquisition rate of 8 kHz made aver-
aging over a large packet of 32 pulses possible while still
achieving a high flow frame rate. Additional temporal
averaging over five flow frames was done in a non-
causal way according to the weights [0.1 0.2 0.4 0.2
0.1] to smooth the flow patterns throughout the cardiac
cycle. The velocity estimates were also spatially averaged
in a region of 2 X 2 mm to reduce the variance of the
estimates.

A time-invariant clutter filter is preferable for
speckle tracking methods to ensure that every speckle im-
age is filtered equally. This is important to maximize tem-
poral and spatial correlation. In this work, a fourth-order
FIR filter with a -3-dB cutoff at 0.33 X Vxyquist = 0.2 m/s
was used.

The accuracy of the speckle tracking velocity esti-
mation was investigated for stationary flow in an
in vitro flow phantom. After one recording of 130 flow
frames, the velocity estimates were averaged as described
above, where N = 26 independent realizations were used
to estimate the expected value and standard deviation of
the method in vitro.

To validate the velocity estimates in the in vivo
cases, PW spectra were made retrospectively from the
same recording used for speckle tracking and autocorre-
lation estimation. The Doppler ensemble lengths of 32
are sufficient to make a conventional PW spectrum for
the intended use of validation in this work. A PW spec-
trum could thus be made from any given point in the

5= )

image and was estimated using the discrete Fourier
transform

R—1 B—1

where x, ,(n) is the IQ signal from a range, beam position
for a given ensemble sample n, w(n) is a smooth window
function, R is the number of range samples, B is the num-
ber of receive beams and N is the ensemble length. In this
work, a Hamming window was used, and the averaging
region was 1 mm in the axial direction and 0.5 mm in
the lateral direction.

—iwn

Z w(n)x,5(

1
Rf ) (5)

Semi-automatic tracking of septal defect using speckle
tracking

The objective of this work was to estimate shunt
flow velocities. During the contraction and relaxation of
the myocardium, the shunt is shifted in the ultrasound
image plane, and the shunt size may also vary. To keep
track of the velocities in the shunt flow, it is therefore
important to track the septal defect position during the
cardiac cycle. The same speckle tracking algorithm was
used for tissue tracking by using a larger kernel region
and assuming a maximum tissue velocity of 5-10 cm/s.
The kernel size was 1.1 mm in the lateral direction and
1.3 mm in the axial direction. An area of 45 overlapping
kernel regions was defined around the start and end points
of the septal defect in the image, as indicated by the two
squares in Figure 4. The median of all the displacement
vectors in each of the squares defined the start or end
point of the defect in the next frame.

The septal defect position was manually marked in
two different frames, corresponding to end-systole and
end-diastole. These known positions were used as attrac-
tors to ensure robust tracking results throughout the car-
diac cycle. The new position of the septal defect found
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Fig. 4. Tissue speckle tracking of a ventricular septal defect
(VSD) in the septum between the left (LV) and right (RV) ven-
tricles. The defect is marked in the first acquisition. Many over-
lapping large kernels are defined around the marked beginning
and end of the defect in the image (inside the squares indicated).

from speckle tracking was for each frame corrected using

the predefined positions (x, z) e and (X, 2)gigstole 28

Axanraclor(t) = (X(f) _xS)kS (t) + (x(t) _xd)kd(l) 6)

xcorrecled (t) = X(l’) - Axanraclor(t)a (7)

where x() and Xcomectea(?) are the shunt positions before
and after the correction. The attraction parameters k(f)
and ky(t) have values between O and 1, as illustrated in
Figure 5, and describe the attraction strength as a function
of time. At end-systole and end-diastole, ks and k4 are
equal to 1, respectively, and the shunt positions are thus
equal to the predefined positions for these frames.

The shunt tissue tracking approach was validated by
visual inspection of the example data used in this work.
Based on the tissue tracking of the shunt position, it
was possible to have a PW Doppler sample volume auto-
matically moving with the maximum velocity in the shunt
for all frames in the cardiac cycle. This differs from con-
ventional PW Doppler, where a fixed sample volume is
manually placed where the seemingly highest axial shunt
velocities are present according to the color flow images.

RESULTS

Speckle tracking of blood flow
To the left in Figure 6 is a color flow image of station-
ary flow in an in vitro tube phantom, with the speckle
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Fig. 5. Shunt tracking attractor parameters, k and kg, as a func-
tion of time. The parameters define the attraction strength.

tracking estimates overlaid as arrows. Speckle tracking
and angle-corrected autocorrelation velocity estimates
from the region marked by dashed lines at 25-mm depth
were used to estimate velocity profiles and standard devi-
ations for N = 26 independent realizations. To the right in
Figure 6, the velocity profiles are compared with the ex-
pected parabolic profile for a fully developed laminar flow.

For a1 X 1- mm area in the middle of the tube, the
mean axial velocity was 0.50%0.02 m/s for the autocor-
relation method and 0.510.01 m/s for speckle tracking.
The mean lateral velocity was 0.88£0.03 m/s for speckle
tracking. The resulting absolute velocity was 0.99+0.04
m/s for the angle-corrected ACM and 1.02%0.02 m/s for
speckle tracking. The reference velocity in the same re-
gion was 0.98 m/s.

To the left in Figure 7 is a color flow image of blood
flow in the heart of patient 1, a newborn with a VSD. The
image was acquired from a parasternal long-axis view, in
which the left atrium, the left ventricle and the right
ventricle were visible. The septum between the ventricles
is distinct, and shunt flow is clearly visible in the image
(marked by the white dashed line). The color flow image
contains only the 1-D velocity information along the
beam direction, underlined here by the superimposed
arrows. To the right in the figure is the same image frame,
with the colors representing the absolute velocities found
from speckle tracking instead of the autocorrelation esti-
mates. The direction of the speckle tracking estimates is
indicated by arrows (Supplementary Videos 1-4).

As can be observed, the shunt flow is differently
highlighted in the image when the absolute velocities
are displayed. The highest absolute velocities are found
in the shunt region, but because of a large lateral compo-
nent that is not measured with CFI, this is not directly
seen in the color flow image. In addition, the direction
of the flow is not easily interpreted from the color flow
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Fig. 6. Stationary flow in an in vitro straight-tube phantom with a beam-to-flow angle of 60°. Left: Color flow image with

speckle tracking estimates overlaid as arrows. Right: Mean speckle tracking (ST) and angle-corrected autocorrelation

method (ACM) velocity profiles with standard deviations from 26 measurements compared with the calculated reference
velocity profile. The velocity profiles are estimated from the area indicated by the dashed lines.

image, which consequently makes it difficult to correctly
angle-correct the autocorrelation estimates. The speckle
tracking estimates directly give the information about di-
rections and absolute velocities of the blood flow in the
image plane. In addition, it was observed that the speckle
tracking method tracked beyond the Nyquist limit in
areas where aliasing artifacts were present in the color
flow image (see Supplementary Video 1).

In Figure 8 are color flow and speckle tracking ve-
locity images of patient 2 with an ASD. These images

CFI

25
[mm]

were acquired from a subcostal oblique long-axis view
in which all four chambers were visible. The defect is
in the septum between the atria in the lower part of the im-
ages. In the color flow image, uniform color distribution
in the shunt area is seen. This could be mistaken for color
blooming into the tissue for cases where the septal defect
is not clearly visible in the B-mode image. The 2-D veloc-
ity information from speckle tracking to the right in this
figure better indicates the flow from the left to the right
atrium.

0.6

25
[mm]

Fig. 7. Color flow and speckle tracking images of patient 1 (8 days, 3340 g) indicating a ventricular septal defect from a

parasternal long-axis view. The septal defect is approximately 6 mm wide in this view, and the left-to-right shunt flow is

marked with a white dashed line. The sample volume for the retrospective pulsed wave spectrum in Figure 10 is indicated

in the shunt region. The superimposed arrows in the color flow image to the left underline the 1-D velocity information

acquired from the autocorrelation estimates. The colors in the image to the right represent the absolute velocity found

from speckle tracking. The arrows represent the direction and magnitude of the speckle tracking estimates. LV = left
ventricle, RV = right ventricle, LA = left atrium, LVOT = left ventricular outflow tract.
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Fig. 8. Color flow and speckle tracking images of patient 2 (premature, 2165 g) indicating an atrial septal defect from a

subcostal oblique long-axis view. The septal defect is approximately 5 mm wide in this view, and the left-to-right shunt

flow is marked with a white dashed line. The sample volume for the retrospective pulsed wave spectrum in Figure 11 is

indicated in the shunt region. The superimposed arrows in the color flow image to the left underline the 1-D velocity in-

formation acquired from the autocorrelation estimates. The colors in the image to the right represent the absolute veloc-

ities found from speckle tracking. The arrows represent the direction and magnitude of the speckle tracking estimates.
LV = left ventricle, RV = right ventricle, LA = left atrium, RA = right atrium.

Speckle tracking of septal defect

Figure 9 provides examples of tissue tracking results
of the VSD in patient 1 for three different frames corre-
sponding to early diastole, late diastole and mid-systole.
The frame times are 0.07, 0.18 and 0.31 s, where 0.39 s is
a full cycle. The starting and ending positions of the septal

Frame 4

[mm]

20 25 30 35 20
[mm]

Frame 10

defect in the images were found for all B-mode frames,
and the maximum displacement in the image plane was
3-5 mm. The speckle tracking algorithm gave robust tra-
cking results when the movement was in the image plane,
and the end-systole and end-diastole attractors helped to
ensure robust results even with out-of-plane-movement.

Frame 17

30 35 20 25 30 35

[mm] [mm]

Fig. 9. Three different time frames showing tissue tracking results of the ventricular septal defect in patient 1. The yellow
dotted squares represent the defect’s position at the previous displayed frame. Dynamic range = 50 dB.
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Shunt flow evaluation

Both speckle tracking and autocorrelation velocity
estimates were validated with retrospective PW Doppler.
The velocity estimates were compared with those of con-
ventional PW Doppler and PW Doppler from a moving
sample volume based on shunt tracking. For the conven-
tional PW Doppler, a fixed sample volume was placed
manually by a pediatric cardiologist. In Figure 10, the
PW spectrum of the VSD is shown with and without a
moving sample volume together with the velocity esti-
mates from color flow and speckle tracking. When the
sample volume is not moving with the septal defect in
the image plane (right), potentially important shunt
flow information is missed for parts of the cycle. In this
example, the shunt is bidirectional, and the reversed
flow from the right to the left ventricle is missed when
the sample volume is fixed, as indicated by the yellow cir-
cle on the right in Figure 10. The axial velocity estimates
from speckle tracking agreed well with the PW spectrum
and autocorrelation estimates.

In Figure 11 is the PW spectrum of the ASD in pa-
tient 2 together with the speckle tracking and autocorre-
lation velocity estimates. The velocities in the ASD are
lower than the velocities in the VSD and the beam-to-
flow angle is high, resulting in axial velocities around
the cutoff velocity of the FIR filter of 0.2 m/s. To the right
in Figure 11 the FIR filter was used for the autocorrelation
estimates as well to compare the filter effect on the two
estimators. The autocorrelation method overestimates
the velocities in the filter transition region. A much better
result is therefore obtained with the polynomial regres-
sion filter with a 0.05 m/s cutoff, as seen to the left in
Figure 11. With this filter, the autocorrelation and speckle
tracking estimates correspond better.

To the left in Figure 12, the angle-corrected autocor-
relation estimates from the moving sample volume in pa-
tient 1 are compared with the absolute velocities from
speckle tracking for all frames. The angle correction
factor was estimated for each frame based on the flow di-

Moving sample volume

Velocity [m/s]

0.1 0.2

03 0.4
Time [s]

Velocity [m/s]
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rection estimates from speckle tracking. The maximum
left-to-right shunt velocity measured in this view was
0.77 m/s. The VSD was bidirectional, and the maximum
right-to-left shunt velocity measured was approximately
0.3 m/s. The gray region indicates the variation in manu-
ally angle-corrected autocorrelation estimates from
different fixed sample volume positions. The peak veloc-
ity found manually varied from 0.49 to 0.56 m/s, an un-
derestimation compared with the peak velocity found
from speckle tracking.

To the right in Figure 12 are the absolute velocities
in the shunt for patient 2. The manually found absolute
velocities from the autocorrelation method were in gen-
eral higher than the absolute velocities found from
speckle tracking. The peak velocity found manually var-
ied from 0.38 to 0.58 m/s, compared with the speckle
tracking peak velocity of 0.33 m/s.

The speckle tracking velocity profiles from the shunt
region in the VSD and ASD are illustrated in Figure 13.
The red profiles in the VSD are from frames where the
flow has been reversed and is going from the right
ventricle into the left ventricle. In the VSD, the flow pro-
file develops from a relatively flat to a more complex pro-
file, with skewed peak velocities as the velocity in the
shunt increases. The velocity profiles are more plug-
shaped throughout the cycle for the ASD, as seen to the
right in Figure 13.

DISCUSSION

In this work, our aim was to investigate if 2-D
speckle tracking of blood velocities could be used to pro-
vide angle-independent velocity measurements in the
context of shunt flow evaluation in congenital heart dis-
ease. In current clinical routine, peak velocity is one of
the important measures in shunt evaluation. However,
when peak velocity is measured with PW Doppler,
a manual angle correction is needed, leading to a
potentially inaccurate measurement, especially for high
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Fig. 10. Retrospective pulsed wave spectrum from the shunt region in patient 1. The spectrum is shown together with the

speckle tracking (ST) and autocorrelation method (ACM) velocity estimates from the same sample volume. Left: The

sample volume is automatically placed at the location of the highest velocity in the shunt for all frames. Right: A static
sample volume is manually placed in the shunt region.
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Fig. 11. Retrospective pulsed wave spectrum from the shunt region in patient 2. The spectrum is shown together with the

speckle tracking (ST) and autocorrelation method (ACM) estimates. Right: The FIR filter is used for both autocorrelation

and speckle tracking estimates. Left: The FIR filter is used for the speckle tracking estimates and the polynomial regres-
sion filter is used for the autocorrelation estimates.

beam-to-flow angles (Thrush 2010). Further, several
measurements from different image views may be needed
to ensure that the peak velocity is found. With our
acquisition scheme, high-frame-rate flow images are ac-
quired where color flow imaging, blood flow speckle
tracking and PW Doppler estimation can be done from
the same data set. In addition, tissue speckle tracking
based on B-mode images was used to provide the shunt
position throughout the cardiac cycle to ensure that the
true peak velocity was found in the imaging plane.

An in vitro flow phantom was used to test the acqui-
sition setup and speckle tracking algorithm. The speckle
tracking velocity estimates for the N = 26 independent
measurements had a low standard deviation (1-3 cm/s)
and were in good agreement with the reference velocities
as seen in Figure 6. The increased deviation at the edges
of the tube can be attributed to the limited spatial resolu-
tion of the imaging system, as well as to the clutter filter
for low velocities.

The in vivo results indicate that speckle tracking
may indeed provide angle-independent flow velocity esti-
mates in ASD and VSD shunts throughout the cardiac cy-
cle. The manual angle correction in the Doppler-based
methods may infer a variation in peak velocity estimate

VsD
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N scrmnsety
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Absolute velocity [m/s]
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especially for large beam-to-flow angles, as seen for the
ASD in Figure 12. For the VSD in Figure 12, the timing
of the peak velocity estimate was also observed to differ,
where the absolute peak velocity occurred later in the cy-
cle than the manual angle-corrected peak axial velocity.
For the speckle tracking estimates, no angle correction
is needed, and improved measurements of peak velocities
may therefore be acquired. The speckle tracking angle es-
timates can also be used to automatically angle-correct
the PW Doppler estimates in more complex flow situa-
tions where the beam-to-flow angle is difficult to deter-
mine manually. Also, for cases where the beam-to-flow
angle exceeds the recommended limit for angle correc-
tion (60° [Thrush 2010]), the angle-independent speckle
tracking estimate still provides an estimate of the absolute
velocity.

The 2-D velocity vector maps provide new informa-
tion on the potentially complex flow patterns and dy-
namics that may occur in congenital heart disease.
Vortex formation in the right ventricle caused by VSD
shunt flow is, for example, visualized with the 2-D veloc-
ity vector maps. In color flow images, where only the
axial velocity component is displayed, small defects
can be missed, as the shunt flow could be mistaken as

ASD
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Fig. 12. Comparison of absolute velocities from speckle tracking (Vst) with angle-corrected autocorrelation estimates

(Vacwm) from the moving sample volume in the ventricular septal defect in patient 1 and the atrial septal defect in

patient 2. The speckle tracking estimates were used to angle-correct the autocorrelation estimates. The variation in ab-
solute velocity estimation using manual angle correction and a fixed sample volume is also indicated.
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Time

Fig. 13. Estimated velocity profiles over the shunt region indi-
cated by the white lines in Figures 7 and 8 for one cardiac cycle.
VSD = ventricular septal defect, ASD = atrial septal defect.

color blooming into the tissue (Benavidez et al. 2008).
Further, the shunt position tracking made it possible to
generate spatial velocity profiles from the shunt
throughout the cardiac cycle and to automatically find
the peak velocity in the shunt, for all frames. These
flow profiles can provide new information on the shunt
flow in general; for instance, it could be observed that
the peak velocity was not necessarily found in the middle
of the shunt in our data. The automatic shunt position
tracking also provided an estimate of the diameter of
the shunt, which is typically also documented during
the clinical evaluation.

The speckle tracking estimates were validated to-
ward PW Doppler and autocorrelation estimates in this
work. The axial velocities match the PW spectra well in
Figures 10 and 11. Other sample volumes were tested
and gave similar results. Based on the current data, a
statistical comparison between the axial velocity
estimations from speckle tracking and autocorrelation
cannot be made. The comparison was performed only
as an initial validation of the axial speckle tracking. A
general comparison of the accuracy and robustness of
the two methods requires a separate study. The absolute
velocity profiles for the speckle tracking and angle-
corrected autocorrelation estimates in Figure 12 are

reasonable and indicate that the tracking works in both
the axial and lateral directions.

For near-transverse flow both the autocorrelation
and speckle tracking estimates will suffer from clutter fil-
ter issues. In areas with a high beam-to-flow angle, the
blood signal as well as the clutter signal will be attenuated
by the clutter filter, and the image will suffer from signal
dropouts. In addition, the autocorrelation estimates will
be overestimated in the filter transition region, as seen
to the right in Figure 11, where the autocorrelation esti-
mates were filtered using the same FIR filter used for
the speckle tracking estimates. It was observed that the
speckle tracking provided more consistent estimates
well below the filter cutoff velocity. The speckle tracking
approach is also capable of providing velocity estimates
beyond the Nyquist range and, thus, exhibits a wider
range of measurable velocity compared with the autocor-
relation technique. If no aliasing artifacts or clutter filter
issues are present, the axial velocity estimates from the
autocorrelation method are, however, quite robust. In
low signal-to-noise conditions, the speckle tracking and
autocorrelation estimates could therefore be combined
to further improve the robustness of the velocity estimates
(Swillens et al. 2010).

The limitation of speckle tracking is mainly speckle
decorrelation leading to inaccurate tracking results. The
speckle pattern decorrelates rapidly because of spatial
and temporal velocity gradients, non-laminar flow and
out-of-plane movement (Friemel et al. 1998). With ultra-
high frame rates equal to the PRF, where instantaneous
images over a full field of view are acquired, the speckle
decorrelation from frame to frame is reduced compared
with what can be achieved based on a conventional imag-
ing scheme. Out-of-plane movements were observed, but
did not seem to influence the in-plane velocity estimates
in our data. The ultrahigh frame rates are achieved with
single plane wave emissions, and a loss in contrast and
lateral resolution and a low signal-to-noise ratio is thus
potentially a problem in our setup for flow imaging.
Transducer surface heating constraints limited our trans-
mission voltage and sequence (e.g., coded excitation was
no applicable). However, newborns often have good
acoustic windows for cardiac imaging (you can often im-
age through their ribs), and fairly good signal-to-noise ra-
tios were achieved in the data examples in this work. The
loss of contrast and lateral resolution was minimized by
apodization and dynamic focusing (F-number = 1.1)
on receive, and for the blood speckle tracking results,
the ultrahigh frame rate achieved was probably more
important than the resolution reduction. A larger patient
study, however, is needed to map the clinical feasibility
of this approach.

The robustness of the tissue speckle tracking was
dependent on a visual septum during the cardiac cycle.
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Out-of-plane movement made the tracking more difficult.
The frame rate of the B-mode images in our setup was
sufficient to track the septal defect movement in our
limited data material. However, to conclude on this mat-
ter, the method must be tested on a broader set of patients
to evaluate robustness and usability.

A linear probe was used in this work, because it can
easily use plane transmit waves and parallel receive
beamforming, and the depth and field of view needed
for cardiac imaging in newborns were achievable. Further
work should include an evaluation of high-frame-rate
speckle tracking using phased arrays, as these probes
are conventionally used in pediatric imaging. An imaging
scheme in which diverging transmit beams are used
together with parallel receive beamforming must then
be implemented to achieve similar high-frame-rate flow
images. Further work will also evaluate the potential clin-
ical impact of the method for a larger patient population.
In addition, methods for volume flow measurements will
be included and potential solutions to the clutter filter
issues will be investigated.

CONCLUSIONS

High-frame-rate speckle tracking based on plane
wave imaging may improve the measurement of peak
velocities for the evaluation of shunt flow in atrial and
ventricular septal defects in newborns. The peak shunt
velocity was more clearly visualized than in color flow
imaging, and the need for manual angle correction was
eliminated for quantitative measurements. Further, by
adding spatial tracking of shunt position, the spatiotem-
poral peak velocity in the imaging plane could be found,
which was shown to differ from that obtained based on
Doppler estimates. The proposed technique may thus
help increase diagnostic accuracy and decrease inter-
observer variability.

SUPPLEMENTARY DATA

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.ultrasmedbio.2014.03.029.
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