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ABSTRACT

The main purpose of this PhD project is to develop an ultrasonic method for tissue harmonic synthetic
aperture imaging. The motivation is to advance the field of synthetic aperture imaging in ultrasound,
which has shown great potentials in the clinic. Suggestions for synthetic aperture tissue harmonic tech-
niques have been made, but none of these methods have so far been applicable for in-vivo imaging. The
basis of this project is a synthetic aperture technique known as synthetic aperture sequential beamforming
(SASB). The technique utilizes a two step beamforming approach to drastically reduce system complex-
ity compared to conventional synthetic aperture techniques. In this project, SASB is sought combined
with a pulse inversion technique for 2nd harmonic tissue harmonic imaging. The advantages in tissue
harmonic imaging (THI) are expected to further improve the image quality of SASB. The first part of
the scientific contribution investigates an implementation of pulse inversion for THI on the experimen-
tal ultrasound system SARUS. The technique is initially implemented for linear array transducers and
then expanded for convex array transducers. The technique is evaluated based on spatial resolution. The
concept of harmonic energy leakage is investigated and minimized using harmonic matched filters. The
second part of the study demonstrates that a combination of SASB with THI is feasible for a linear array
transducer on SARUS. The method is expanded for convex array transducer and implemented on a com-
mercial ultrasound system. An optimization study of the scan settings for SASB with THI is performed.
In the final part, a clinical investigation of the clinical relevance of SASB with THI is performed. The
clinical relevance is determined by the image quality, sensitivity and specificity of the technique. Clinical
scans were conducted in collaboration with medical professionals at Copenhagen University. In a series
of double blinded trials, image quality and recognition of pathology using SASB with THI was com-
pared with conventional THI. The results of the clinical trial documented, that SASB with THI provided
as good image quality and specificity as conventional THI and provided 6% better sensitivity compared
with conventional THI.
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NOMENCLATURE

α Opening angle
α0 Attenuation parameter
A Amplitude
β Non-linearity parameter
B Bulk modulus
c Speed of sound
cp Phase speed
∆ Width of active aperture
d Distance
f Frequency
f0 Fundamental frequency
Γ Attenuation function
γ Attenuation parameter
h Sample in second stage image line
Jn Bessel function of nth order
λ Wave length
l Sample in first stage image line
∇ Divergence
N Noise power
n Harmonic number
ω Angular frequency
Φ Image point angle
P Pressure
ρ Density
~re Transmit origin
~rfp Receive focal point
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~rip Image point
~rr Receive element
~rθ Scanline reference point
~rtfp Transmit focal point
~rV S Virtual source position
S Signal power
θ Propagation direction
t Time
tdk Time delay
~u Particle velocity
W Apodization function
x Propagation distance
z Transmit focal distance
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ABBREVIATIONS

biPBF Bipolar pixel based focusing
DRF Dynamic receive focusing
DRFTHI Dynamic receive focusing tissue harmonic imaging
F# F-number
FWHM Full width at half maximum
FWOTM Full with at one tenth maximum
IQ In-phase and quadrature
PI Pulse inversion
PM Power modulation
PSF Point spread function
RF Radio frequency
SAI Synthetic aperture imaging
SARUS Synthetic aperture real-time ultrasound system
SASB Synthetic aperture sequential beamforming
SASBTHI Synthetic aperture sequential beamforming tissue harmonic imaging
SNR Signal to noise ratio
THI Tissue harmonic imaging
THSAI Tissue harmonic synhtetic aperture imaging
TOF Time of flight
URI Ultrasound research interface
VAS Visual analog scale
VS-scaling Virtual source scaling
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CHAPTER

ONE

INTRODUCTION

The overall purpose of this study has been to develop a technique for tissue harmonic synthetic aperture
imaging and investigate its potentials in theory and experiments. In all imaging techniques, the mission
is to obtain as high resolution as possible without the trade of e.g. frame rate, penetration depth, and
extensive hardware requirements. Generally, the default imaging imaging technique on many ultrasound
systems has remained unchanged since the introduction of B-mode imaging. Tissue harmonic imaging
was discovered almost by accident about 15 years ago, but has steadily been accepted as an improvement
in image quality in B-mode imaging, where it has now taken the place as the default imaging technique
on many modern day scanners. Along with the improvements in digital hardware and processing power
on modern day scanners, advanced beamforming techniques such as synthetic aperture imaging are
becoming popular. Just recently, Philips (Philips Healthcare, Best, Netherlands) released the EPIQ
ultrasound system, which is a new ultrasound platform based entirely on synthetic aperture imaging.
The increased interest in synthetic aperture imaging, makes it tempting to implement a tissue harmonic
synthetic aperture technique, however the solutions that have been suggested so far are only valid for
single element transducers [44, 61] or struggle with extensive beamforming, massive data processing,
and low frame rates [4, 6].

Synthetic aperture sequential beamforming is a synthetic aperture technique, that has been introduced as a
mean to reduce the computational requirements by the use of a two stage beamforming process [39, 41].
The technique utilizes a multi-element transmit array to generate a virtual source which is used as
reference in the beamforming process. The acoustic field transmitted by the multi-element transmit array
is suspected to be intense enough for the generation of harmonics required for tissue harmonic imaging.
A synthetic aperture sequential beamforming tissue harmonic imaging (SASBTHI) is suggested as a
synthetic aperture technique for producing in-vivo high resolution tissue harmonic images with minimal
beamforming requirements.
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A major part of this research project has been concerned with implementation and optimization of
ultrasound imaging using SASBTHI on the commercially available ultrasound platform ProFocus
UltraView from BK Medical (BK Medical ApS, Herlev, Denmark). The scope of the study was to
investigate the technical performance of the technique and to prove its clinical relevance based on general
image quality and representation of pathology.

Chapter 2 presents the theoretical background for tissue harmonic imaging. It initially describes the
theory of the acoustic wave equation starting with the linear approximation to the wave equation. The
non-linear propagation of acoustic waves are explained and examples of approximations to the non-linear
wave equation are given. The theoretical improvements in penetration and resolution in harmonic
ultrasound imaging are explained and different techniques for performing tissue harmonic imaging are
discussed.

Chapter 3 presents the theory of the beamforming in fixed focus, dynamic receive focus, synthetic
aperture, and synthetic aperture sequential beamforming.

Chapter 4 - describes the requirements for combining tissue harmonic imaging with a synthetic aperture
beamforming technique. Examples from previous studies are given and for each technique the advantages
and disadvantages are discussed. Finally, the synthetic aperture tissue harmonic technique that is used in
this project is described.

Chapter 5 - presents the experimental studies that were performed during the project. The studies are
divided into two categories:

• implementation and optimization of tissue harmonic imaging

• implementation and optimization of synthetic aperture sequential beamforming tissue harmonic
imaging

In the first study, the experimental ultrasound system SARUS is used for an implementation of the pulse
inversion technique for tissue harmonic imaging. The systems capability to perform pulse inversion is
studied using a linear array transducer. In this study, 2nd harmonic imaging is performed and evaluated.
The pulse inversion is further investigated for 3rd harmonic imaging using a convex array transducer
on SARUS. Comparisons of fundamental, 2nd harmonic, and 3rd harmonic imaging is performed. The
outcome of these studies is documented in Paper I and II.

In the second study, SASBTHI is implemented for a linear array transducer on SARUS and for a convex
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array transducer on the commercially available ultrasound system UltraView. For the implementation
on SARUS, the resolution of the technique is studied in an experiment where the position of the virtual
source is changed. The results from this measurement are compared to the resolution of THI using
dynamic receive focus on SARUS. The results are presented in Paper V.

For the implementation the UltraView system, an extensive study of resolution is conducted, where
the effects of virtual source position, F#, and line density on the resolution are investigated. A
gray scale compensation technique for improving image quality in SASBTHI is developed and dis-
cussed. Finally, SASBTHI is compared in a series of measurements of SNR and resolution to DRFTHI
and on visual comparisons of in-vivo images. The technical results of this study are presented in Paper VI.

Chapter 6 presents the clinical evaluation of SASBTHI. The study was conducted in collaboration with
Martin Christian Hemmsen (Post Doc. at Technical University of Denmark), Peter Møller Hansen (Ph.D
student at University of Copenhagen), Andreas Hjelm Brandt (Ph.D student at University of Copen-
hagen), Signe Sloth Madsen (M.D. student University of Copenhagen), and health care professionals at
Copenhagen University Hospital, Rigshospitalet, Department of Radiology. The purpose of the study
was to demonstrate, that SASBTHI is at least as good as conventional imaging in terms of resolution,
contrast, unwanted artifacts, and penetration and also, that SASBTHI is as good as conventional imaging
in representing pathology in images. SASBTHI was initially evaluated in a pre-clinical investigation
as a part of a Master’s project conducted at University of Copenhagen and was presented in Paper III
and IV. Subsequently a more thorough clinical investigation has been initiated in collaboration with
the University of Copenhagen. As the investigations are still undergoing, the results have not yet been
presented in any publications.

Contributions

The contributions to the field of ultrasound imaging developed during my PhD project period include one
submitted journal article, one early draft journal article, four published conference papers, one published
co-authored journal article, and one co-authored published conference paper.

Journal Papers

• J. H. Rasmussen, Y. Du, M. C. Hemmsen, and J. A. Jensen, ”Tissue Harmonic Synthetic Aperture

Ultrasound Imaging”, submitted to Journal of the Acoustic Society of America, March 2013

• J. H. Rasmussen, M. C. Hemmsen, A. H. Brandt, P. M. Hansen, M. B. Nielsen, and J. A. Jensen,
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Tissue Harmonic Synthetic Aperture Imaging Optimized for Duplex In-Vivo Imaging, draft for IEEE

Transactions on Ultrasonics, Ferroelectrics and Frequency Control

Conference Papers and Abstracts

• J. Rasmussen, Y. Du, and J. A. Jensen, Non-linear Imaging Using an Experimental Synthetic Aper-

ture Real Time Ultrasound Scanner, presented at Nordic-Baltic Conference on Biomedical Engi-

neering and Physics, 2011, Aalborg, Denmark

• J. H. Rasmussen, Y. Du, and J. A. Jensen, Third Harmonic Imaging using Pulse Inversion, presented
at IEEE International Ultrasonics Symposium, 2011, Orlando, Florida, United States

• J. H. Rasmussen, M. C. Hemmsen, S. S. Madsen, P. M. Hansen, M. B. Nielsen, and J. A. Jensen,
Implementation of Tissue Harmonic Synthetic Aperture Imaging on a Commercial Ultrasound Sys-

tem, presented at IEEE International Ultrasonics Symposium, 2012, Dresden, Germany

• J. H. Rasmussen, M. C. Hemmsen, S. S. Madsen, P. M. Hansen, M. B. Nielsen, and J. A. Jensen,
Preliminary Study of Synthetic Aperture Tissue Harmonic Imaging on In-vivo Data, presented at
SPIE Medical Imaging, 2013, Orlando, Florida, United States

Co-authored Papers and Abstracts

• J. A. Jensen, H. Holten-Lund, R. T. Nilsson, M. Hansen, U. D. Larsen, R. P. Domsten, B. G. Tomov,
M. B. Stuart, S. I. Nikolov, M. J. Pihl, Y. Du, J. H. Rasmussen, and M. F. Rasmussen, SARUS: A

synthetic aperture real-time ultrasound system, IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, Volume 60, Issue 9, pp. 1838-1852, 2013

• Y. Du, J. Rasmussen, H. Jensen, and J. A. Jensen, Second Harmonic Imaging using Synthetic

Aperture Sequential Beamforming, presented at IEEE International Ultrasonics Symposium, 2011,
Orlando, Florida, United States
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CHAPTER

TWO

NON-LINEAR ACOUSTICS AND
HARMONIC IMAGING

In this chapter, the theoretical derivation of the wave equation is described. Both the linear and non-
linear approximations of the wave equation are presented. The theory on the wave equation and non-
linearity used in Sections 2.1-2.4 is based mainly on the books by Beyer [7] and Pierce [49] and on a short
course given by Humphrey [33]. The improvements in resolution and attenuation by harmonic imaging
is described and a historical perspective on tissue harmonic imaging is given. Finally, the advantages
of tissue harmonic imaging compared with fundamental imaging are discussed, and examples of tissue
harmonic techniques are presented.

2.1 The Nature of Acoustic Waves

When an ultrasound transducer emits an acoustic waveform, the piezoelectric-electric elements in the
transducer translate the electrical acoustic signals into a series of acoustic pressure waveforms. These
pressure waveforms propagate from the transducer surface and interact with the different tissues. How
these acoustic pressure waveforms propagate and affect the local tissue pressure and density can be de-
scribed by the wave equation. In Fig. 2.1 a transducer is shown emitting a plane pressure wave. In
Fig. 2.1a a local particle is shown as a black dot within a region of the medium outlined by the dashed
cube. As the waveform propagates, it affects the local particle, which experiences a local displacement
corresponding to a particle velocity, a change in local pressure, and a change in local density as seen in
Fig. 2.1b. The wave equation can describe these changes.

The wave equation consists of three basic parameters:
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y

z

x

PT = P0

ρT = ρ0

~u = 0

(a) Local particle in medium in its unperturbed state.

PT = P0 + p

ρT = ρ0 + ρ

y

z

x

~u = uxx̂ + uyŷ + uzẑ

(b) Local particle in medium affected by the acoustic waveform.

Figure 2.1: Schematic illustration of a transducer emitting a plane wave. A local particle in an area of
the medium (shown by the black dot inside a box) rests in its unperturbed state in 2.1a, where the local
unperturbed pressure is P0 and the unperturbed density is ρ0. When an acoustic waveform interacts as in
2.1b, the particle is given a local movement described by a local velocity, ~u, a local change in pressure,
p, and a local change in density, ρ.
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• Particle velocity, ~u
This is the local velocity of a particle in the medium affected by the acoustic wave (not to be
confused with the speed of sound, c).

• Total pressure, PT
The sum of the unperturbed pressure, P0, in the medium and changes in the pressure, p, exerted by
the acoustic pressure waveform.

• Total density, ρT
The sum of the unperturbed density, ρ0, in the medium and changes in the density, ρ, caused by the
waveform.

When no acoustic wave is present, the medium rests in its unperturbed state. That is,

~u = 0 (2.1a)

ρT = ρ0 (2.1b)

PT = P0 (2.1c)

When an acoustic wave is present, the medium is affected by the acoustic components ρ and p and the
particle experiences a displacement translated into a local velocity.

~u = uxx̂+ uy ŷ + uz ẑ (2.2a)

ρT = ρ0 + ρ (2.2b)

PT = P0 + p (2.2c)

where x̂, ŷ, and ẑ are unit vectors in the Cartesian coordinate system.

The acoustic wave equation is obtained by combining three governing equations:

• The equation of continuity,

∂ρ

∂t
= −∇ · (ρT~u) (2.3)

• The equation of force,

−∇PT = ρT

[
(~u · ∇) +

∂

∂t

]
~u (2.4)

2.1. The Nature of Acoustic Waves 7



• The equation of state (density vs. pressure),

PT = P0 +

(
∂PT
∂ρT

)
0

(ρT − ρ0) +

(
∂2PT
∂ρ2

T

)
0

(ρT − ρ0)
2

+ · · · (2.5)

where∇ is the divergence and t is time.

The first equation describes conservation of mass, which states, that any changes in mass influx in
an area of the medium must result in a change of mass within that same area. The second equation
describes conservation of momentum, where the force due to the pressure gradient results in an change
in momentum. Finally, the third equation describes the relationship between pressure and density in the
medium.

2.2 The Assumption of Linear Acoustic Wave Propagation

In order to combine the three equations in (2.3), (2.4), and (2.5), a natural simplification is to linearize
the three terms. In this process, any terms which are of second order or higher in the acoustic variables ρ
and p are neglected. The result is a linear acoustic wave equation.

Consider that acoustic parameters are made up of successively higher order terms, which decrease in
magnitude:

ρT = ρ0 + ρ1 + ρ2 + · · · (2.6a)

~u = ~u1 + ~u2 + · · · (2.6b)

PT = P0 + p1 + p2 + · · · (2.6c)

Then, for instance, the product of ρT and ~u will be:

ρT~u = ρ0~u1︸︷︷︸
1st order

+ ρ0~u2 + ρ1~u1︸ ︷︷ ︸
2nd order

+ · · · (2.7)

By keeping only the 1st order terms for all acoustic variables, the three basic equations (2.3), (2.4), and
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(2.5), reduce to:

∂ρT
∂t

= −∇ · (ρT~u)⇒ ∂ρ

∂t
= −ρ0∇ · (~u) (2.8a)

−∇PT = ρT

[
(~u · ∇) +

∂

∂t

]
~u⇒ −∇P = ρ0

∂~u

∂t
(2.8b)

PT = P0 +

(
∂PT
∂ρT

)
0

(ρT − ρ0) +

(
∂2PT
∂ρ2

T

)
0

(ρT − ρ0)
2

+ · · · ⇒ p =

(
∂PT
∂ρT

)
ρ =

B

ρ0
ρ (2.8c)

where B is the bulk modulus of the medium.

Under the circumstances, that the changes in particle speed, medium density, and medium pressure are
much less than the initial values (|u| << c, |ρ| << ρ0, and |p| << ρ0c

2), the three equations in (2.8) can
be combined into the linear wave equation:

∇2p− 1

c20

∂2p

∂t2
= 0, (2.9)

where c0 =
√

B
ρ0

is the speed of sound and∇2 = ∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2 .

2.3 The Non-Linear Acoustic Wave Approximation

The linear wave equation depends on two main assumptions:

1. That the particle velocity u of the wave is infinitesimal compared to the speed of sound c

2. That the pressure-density relationship of the medium is linear.

If the acoustic pressure, however is sufficiently great, these assumption no longer hold up, and non-linear
effects need to be included to account for the non-linear relationship between pressure and density.

The Taylor expansion of the equation of state in (2.5) is in itself an approximation to the true PT . In
the linear approximation of the equation of state in (2.8), only the first order term was considered.
By including several higher order terms, a more accurate approximation to the true non-linear wave
can be obtained. Including an infinite string of successively higher order terms into one equation
however, not only increases the demands on the formulation of the equation, but also increases the
effort it takes to compute the results to a degree beyond reason. Several suggestions to a non-linear
wave equation, that vary in complexity, exist nonetheless. Examples of these wave equations are the
one-dimensional diffusion model (Burgers) [27], the three-dimensional parabolic model (Khokhlov-
Zablotskaya-Kuznetsov) [43], and the full wave model (Westervelt) [59], which are all approximations

2.3. The Non-Linear Acoustic Wave Approximation 9



to the second order of the wave equation.

The Westervelt non-linear wave equation describes the propagation of a non-linear, quasi-planar sound
wave and is an approximation of the second order wave equation. It assumes that the medium in
which the acoustic wave propagates is homogeneous and that the unperturbed density and pressure is
uniform. While this is only an approximation to the actual full non-linear wave equation, it serves to take
non-linearity into account.

∇2p− 1

c20

∂2p

∂t2︸ ︷︷ ︸
linear wave eq.

+
δ

c40

∂3p

∂t3︸ ︷︷ ︸
absorption

= − β

ρ0c40

∂2p2

∂t2︸ ︷︷ ︸
non-linearity

(2.10)

The Westervelt equation can be broken down into three parts. The first two terms of the equation represent
diffraction and linear propagation and are in fact the linear wave equation in (2.9). The next term accounts
for thermoviscous losses or absorption in the medium, while the last term describes the degree of non-
linearity of the propagating acoustic wave based on the non-linearity parameter, β. The non-linearity
parameter can be found by rewriting the equation of state in (2.5).

PT = P0 +

(
∂PT
∂ρT

)
0

(ρT − ρ0) +

(
∂2PT
∂ρ2

T

)
0

(ρT − ρ0)
2

+ · · · ⇒ (2.11a)

PT = P0 +
A

ρ0
(ρT − ρ0) +

B

2ρ2
0

(ρT − ρ0)
2

+ · · · (2.11b)

where

A

ρ0
=

(
∂PT
∂ρT

)
0

=
B

ρ0
(2.12a)

B =

[
ρ2

0

(
∂2p

∂ρ2

)
ρ=ρ0

]
(2.12b)

and the non-linearity parameter is:

β = 1 +
B

2A
(2.13)

2.4 Non-Linearity

The non-linearity parameter β describes how much the wavefronts of a propagating acoustic waveform
are distorted. Different media and tissues exert different degrees of non-linearity on the propagating
acoustic wave, causing β to vary for different tissues. Table 2.1 shows the different β values for different
tissues.
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Table 2.1: Degree of non-linearity for various tissues [22, 23].

Medium β

water 3.5
blood 4
liver 4.9

soft non-fatty tissue 4.15-5
soft fatty tissue 5.8-6.65

c0 + βuu

c0 c0 c0

c0 − βux

Figure 2.2: Schematic illustration of the changes in waveform speed produced by the alternations in
acoustic pressure. A waveform with local particle velocity u propagates along the axis x. The mean
propagation velocity of the waveform will be c0. The density of the medium will be affected by the
changes in acoustic pressure and so will the phase speed, cp. At the relatively high pressure peaks in the
waveform the phase speed of the waveform will be cp = c0 + βu. At the relatively low pressure trough
the phase speed will be cp = c0 − βu.

The non-linearity parameter specifically describes the amount of change in local wavefront speed caused
by the non-linearity of the medium. In the waveform, the local acoustic amplitude varies and so does
the acoustic pressure exerted on the medium. This causes alternations in the density of the medium and
thereby changes the speed of sound in the medium. Recall from (2.9), that c =

√
B
ρ0

, where ρ0 is the
mean density of the medium and B is the bulk modulus of the medium. Here, the linear relationships
between ρ0 and c and between p and ρ were based on approximations to the first order of the acoustic
variables in (2.6). Expanding the approximation to include the second order terms as well, results in a
second order, non-linear relationship between pressure and density and between density and propagation
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x

p

Figure 2.3: Schematic illustration of the changes in waveform shape as the waveform propagates. A
waveform with local acoustic pressure p propagates along the axis x. As the propagation distance
increases, more harmonics are generated, and the shape of the waveform changes from a sine-shape
to a sawtooth-shape.

speed. The phase speed, cp, of the propagating waveform may then be written as [7, 23]:

cp = c0

(
1 +

B

2A

u

c0

)2A/B+1

. (2.14)

This means that the changes in density caused by the variations in acoustic pressure from the waveform,
forces the speed of the propagating waveform to change as well. For small amplitude acoustic plane
waves, the phase speed in the waveform can be approximated as [23, 49]:

cp = c0 + βu, at the relatively high pressure peaks in the waveform (2.15a)

cp = c0 − βu, at the relatively low pressure valleys in the waveform (2.15b)

where c0 is the speed of sound in the medium at rest (see Fig. 2.2).

The differences in phase speed causes the peaks of the waveform to travel faster than the valleys of the
waveform. In this way distortion is introduced and the initial sinusoidal waveform is gradually changed
into a sawtooth-shaped waveform as the propagation distance x increases (see Fig. 2.3). What happens
in terms of the frequency content of the waveform is, that harmonic frequencies are generated and added
to the spectrum of the waveform. The harmonics are generated at integer multiples of the originally
transmitted fundamental frequency, f0. That is, harmonics are generated at n · f0, n = 1, 2, 3, · · · (see
Fig. 2.4a). As the waveform continues to propagate, the distortion of the waveform increases and the
amplitude of the harmonics increase as well. The amplitude of the harmonics of the pressure waveform
is given as:

pn (σ) =
2 · P0

n · σ Jn (nσ) (2.16)

where n is the harmonic number, Jn is the nth order Bessel function, and σ is defined as

σ =
x

x
(2.17)
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where x is the propagation distance of the waveform and

x =
ρ0c

3
0

βωP0
(2.18)

where ω is the angular frequency of the transmitted plane wave. For small values of σ (σ < 1), the
amplitude of the fundamental (n = 1) decreases as

p1 (σ) ≈ P0

(
1− σ2

8

)
(2.19)

and the 2nd harmonic (n = 2) increases as

p2 (σ) ≈ P0
σ

2
(2.20)

This shows, that for non-attenuating homogeneous media, the total amount of energy in the waveform re-
mains unchanged as the wave propagates, but energy in the waveform is transferred from the fundamental
frequency component into the harmonics.

2.5 Attenuation and Resolution in Harmonic Imaging

In ultrasound imaging, achieving a high penetration depth with high spatial resolution is often desirable.
The axial resolution is dependent on the length of the transmitted pulse response, where a shorter pulse
will lead to higher axial resolution. The lateral resolution is dependent on the center frequency (f0) of
the transmitted waveform and on the F#. Specifically, the lateral -6 dB resolution known as the full width
half maximum (FWHM), is estimated as:

FWHM ≈ 1.2 · λ · z
∆

(2.21)

where λ is the wavelength of the transmitted waveform, z is the transmit focal distance, ∆ is the width
of the transmit aperture, and F# = z

∆ [55]. Here it is seen, that a higher f0 results in lower FWHM
value and therefore, a higher lateral resolution. In terms of achieving the highest spatial resolution, it
would seem beneficial to transmit a relatively short waveform pulse, with a high f0. In reality, however,
high frequency waveforms are more prone to losses in signal strength as the waveform travels through a
medium. This phenomenon is known as attenuation.

As a waveform penetrates tissues, energy in the waveform is continuously absorbed and turned into heat-
ing of the tissues. The waveform also experiences scattering from interaction with the different tissues.
The two effects, absorption and scattering (which includes both refraction and reflection) are collectively
known as attenuation. As a plane wave with initial amplitude A0 propagates along the distance x, the
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time and distance dependent attenuated amplitude A of the waveform can be found as [23, 29]:

A (x, t) = A0e
−Γxeiω(t−x/c) (2.22)

where ω is the angular frequency and c is the speed of sound. The attenuation function Γ (ω) is defined
as

Γ(ω) = α0|ω|γ , γ ∈ [0, 2] (2.23)

where α0 and γ are tissue specific attenuation parameters [29].

As seen from (2.22), the amplitude of the acoustic pressure decreases as the waveform propagates and is
inversely proportional to the angular frequency of transmitted waveform. This means that a waveform
with a low center frequency will be able to penetrate deeper into tissues before the noise floor is met
compared with a waveform with higher center frequency. This indicates, that utilizing a low f0 would
be the most beneficial, if the goal is only to get maximum possible penetration depth. Since neither
resolution nor penetration depth can stand on its own in medical ultrasound, a compromise between the
two must be met in terms of which center frequency to apply. This is where tissue harmonic imaging
proves its usefulness.

2.6 Tissue Harmonic Imaging

In traditional ultrasound B-mode imaging, an image is acquired by transmitting a waveform with a
specific center frequency, f0, and imaging the response at that same center frequency. In the early 90’s,
contrast harmonic imaging was introduced as a mean to visualize blood perfusion and to increase the
dynamic resolution of tissues [55]. The concept of this technique involved using contrast solutions,
sometimes with a non-linearity of βcontrast ≥ 1000 [60], injected into the blood stream of the patient. It
was conceived, that when an ultrasound waveform was traveling through tissues injected with harmonic
contrast agents, the waveform would cause micro bubbles in the contrast solution to vibrate at a harmonic
frequency. This vibration would be of such a magnitude, that imaging could be performed, not at the
fundamental frequency f0, but at given harmonic frequency, typically at the 2nd harmonic (2·f0) [17, 18].
It was assumed, that the harmonic frequencies that were received, were purely a result of the vibration of
the micro bubbles and that contributions to the harmonics from the propagation through the non-linear
tissues were infinitesimal (remember, that βtissue << βcontrast). It was generally thought, that even
though an image was produced by harmonic imaging just prior to injection of the contras agent, the
image was a result of some sort of harmonic leakage and could not be a result of non-linear propagation.
It was suggested, that the leakage could arise from either poor separation of the harmonics in the
spectrum of the received waveform, so that part of the spectrum of the f0 was being visualized at 2 · f0,
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or that the transducers were imperfect and would simply emit also at 2 · f0 [1, 22]. And so, harmonic
imaging in itself was only intended to function on ultrasound systems with the addition of contrast agents.

As early as 1980, however, it was suggested by Muir and Carstensen [45], that propagation of waveform
through tissues alone could generate harmonic contributions. This was soon backed up by the first
experiments with single element transducers emitting in water by Carstensen et al. [10], also in 1980.
The first demonstrations that showed that harmonics could be generated in tissues, were presented by
Starritt et al. [53, 54] in 1985 and 1986, where diagnostic ultrasound was applied to ox liver and to
human calf muscle. The first definitions of imaging based on tissue harmonic generation appeared in
1997. Here, Christopher [13] showed by non-linear simulations, that not only was the magnitude of the
harmonics generated in water sufficient to produce a tissue harmonic image, but also that improvements
in the lateral resolution could be obtained using harmonics. The results were confirmed by Ward et
al. [58] in 1997, who showed good agreement between simulations and measurements in water using a
circular piston transducer. It was shown in the same study, that the reflected beam width would decrease
by wn/w1 = 1/n0.78, where n is the harmonic number, thereby improving the lateral resolution. It was
also shown, that the side lobe levels would quickly fall off as the harmonic number, n increased. The
results were further substantiated by Averkiou et al. [2], also in 1997. Averkiou et al. showed, again by
simulations and measurements, that harmonics could be generated in water as well as in muscle tissue
from a cow. In this study it was also shown, that the received harmonics were not a result of harmonic
leakage by faulty transmission of the 2 ·f0. This lead to a distinction between contrast harmonic imaging,
where harmonics produced by vibration of micro spheres in contrast agents were used for imaging, and
tissue harmonic imaging (THI), where only harmonics caused by the non-linear property of tissue itself
were used.

After the introduction of THI, studies of clinical applications and advantages were soon performed [19,
20, 50, 56]. It was found that, THI provided an improvement in reduced clutter and better delineation of
tissues, especially when studying patients with large body mass or when scanning at deeper depths [22].
THI is now a common and widespread technique, that has been implemented on basically all modern
scanners. It has been so well founded in ultrasound imaging, that THI today often is the default scanning
technique in many clinical investigations. In all sections that follow in this text, the term harmonic
imaging will be used for THI only, since this type of harmonic imaging is the focus of the thesis.

2.7 Tissue Harmonic Imaging Advantages

Besides the advantages of increased penetration depth and resolution, THI benefits from several other
advantages, which include:
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• Reduced clutter due to narrower beam profile [22, 32]. This reduces the amount of echoes from
unwanted tissues in the image. In investigations of e.g. the heart, where the air-filled regions of the
lungs are sought avoided, THI will be able to image closer to those regions compared to regular
imaging.

• Increased border delineation [1, 22]. The narrower main lobe in THI increases resolution, and
thereby increases the border delineation.

• Reduced clutter due to lower side-lobes levels [3, 14, 58]. The lower levels of side lobes reduces
the amount of echoes from unwanted tissues.

• Reduced phase aberration [1, 22]. When the acoustic wave travels across tissues with different
speed of sound, phase errors are introduced. These are seen to a higher extend for higher frequency
waveforms. In THI, a relatively low center frequency waveform is transmitted. This waveform will
not be affected as much by reverberation as transmission at e.g 2 · f0. Since the higher harmonics
are generated only after a certain propagation depth, the amount of phase aberration will be less in
the harmonic waveform than in the waveform transmitted at 2 · f0.

• Reduced reverberation artifacts [8]. Since most of the reverberation artifacts take place in the near
field, THI can reduce the amount of reverberation because the harmonic energy is low here.

2.8 Tissue Harmonic Imaging Techniques

It has been noted [1], that THI may suffer from reduced axial resolution and harmonic overlap if not
performed carefully. The best axial resolution is obtained by transmitting a very short waveform. This
will cause the bandwidth of the fundamental to be very large and so most of the transducer’s bandwidth
will be used to transmit and receive the fundamental. The way to reduce the bandwidth of the fundamental
is to increase the pulse length which would also reduce the degree of overlap between the harmonics and
the fundamental. However, applying a longer pulse will inherently reduce the axial resolution of the
technique. In the following section, examples of THI techniques that aim to overcome this problem are
described.

2.8.1 Harmonic Bandpass Filters

The most simple way to extract a given harmonic from the received spectrum is to apply a high pass or
band pass filter [2, 13, 58]. The difficulties using this technique is to find a weighting between applying a
narrow band filter and risking a reduced axial resolution, or applying a wider band filter and risk leakage
of energy from other harmonics due to overlap. While this technique was widely used in the first studies
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subtraction in PI.

Figure 2.4: Schematic illustration of the spectra of responses prior to and after harmonic separation by
power modulation, pulse summation in PI, and pulse subtraction in PI. In power modulation in 2.4b,
the fundamental is attenuated in the response. In pulse summation in 2.4c, the odd order harmonics are
attenuated, while the even order harmonics gain a +6 dB increase in amplitude. In pulse subtraction
in 2.4d, the fundamental and the odd order harmonics gain +6 dB in amplitude, while the even order
harmonics are attenuated.
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Figure 2.5: Schematic illustration of the power modulation technique. A high amplitude waveform is
transmitted and its non-linear response is received (top). A second low-amplitude waveform is trans-
mitted next and its linear response is received (bottom). The linear response is amplified to match the
non-linear response in magnitude. Next, the amplified linear response is subtracted from the non-linear
response resulting in a new response containing only the harmonics of the non-linear waveform.

of THI, it has now been replaced by more advanced techniques that try to remove unwanted frequencies
from the received responses.

2.8.2 Power Modulation

In the power modulation (PM) scheme [9], the concept is remove the fundamental from the spectrum of
the response, leaving only the harmonics. The technique is based on the property, that the generation of
harmonics is dependent on the amplitude of the transmitted waveform. While a waveform transmitted
at high amplitude will generate strong harmonics, the same waveform may produce no harmonics if the
amplitude in transmission is sufficiently low. By transmitting identical waveforms but with either high or
low transmit amplitude for the same image line, a set of paired responses differing in amplitude can be
received as illustrated in Fig. 2.5. In each pair, one response (with low amplitude) will contain only the
fundamental frequency f0, while the other response (with high amplitude) will contain the fundamental
and all harmonics n · f0, n = 1, 2, 3, · · · . The linear response will differ from the non-linear response
not only in the frequency content, but also in amplitude. By amplification of the linear response, the
two responses can be equalized in magnitude. Next, the two responses can be subtracted from each other,
thereby causing the fundamental frequency in the resulting subtracted response to diminish. The resulting
subtracted response contains therefore now only the harmonics n ·f0, n = 2, 3, · · · (see Fig. 2.4b). These
can in turn be isolated using either band pass filters or using a transducer, which has limited bandwidth
to only receive up to frequencies of the 2nd harmonic.
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2.8.3 Pulse Inversion

In pulse inversion (PI) [11, 52, 57], the concept is to remove either all odd number harmonics
([2 · n− 1] · f0, n = 1, 2, 3, · · · ) or even number harmonics (2 · n · f0, n = 1, 2, 3, · · · ) from the
responses. Here, two identical, but phase shifted pulses (0◦ phase shifted and 180◦ phase shifted pulse),
are transmitted in turn for the same image line. Due to the phase shift, the variations in local acoustic
pressure and thereby also in the local speed of sound, are no longer the same in the two waveforms. As a
result, the two waveforms will be distorted differently. This is true if the assumptions are met, that there
has been no motion in the medium in the time it took to transmit and receive the two waveforms and that
the ultrasound transmit system is completely linear and capable of performing a perfect 180◦ phase shift.
Differences in the responses will thereby purely be a result of how the two waveforms were distorted
by the medium (see Fig. 2.6). For the received pair of responses, a 180◦ phase shift between the two
waveforms can be detected at the fundamental. However, for the 2nd and 3rd harmonic frequencies, a
corresponding 360◦ and 540◦ phase shift can be detected in the pair of waveforms respectively [1, 34],
as seen in Fig. 2.7. If the two responses are summed, all signals that are perfectly in phase will double
in signal strength, while all signals that have opposite phases will cancel out. To suppress the odd
order harmonics then, each pair (regular and phase shifted) of the received responses are summed. The
harmonic frequencies that are in phase (all even harmonics) will double in amplitude, while out of phase
harmonic frequencies (all odd harmonics) will cancel out as seen in Fig. 2.4c. In Fig. 2.4d the opposite
is shown, where all even harmonics are removed by pulse subtraction.

The advantage of PI is that a given harmonic may be enhanced by up to +6 dB because twice the signal
energy is used for imaging. Also, due to attenuation of the neighboring harmonics, separation by band
pass filtering is much easier, because a filter with greater band width may be applied without risking
contributions from harmonic neighbors.

Comparing the three techniques, it is seen that all three have their advantages. In band pass filtering, only
one response per emission line is needed in contrast to both PM and PI. In PM, the system itself needs
not to be able to perform a perfect 180◦ phase shift and so, a simpler transmission stage can be applied.
In PI, a +6 dB gain in a given harmonic can be obtained and the neighboring harmonics can be removed
from the response, making separation by band pass filters much easier.
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Figure 2.6: Schematic illustration of the PI technique. Two waveforms are transmitted in turn. The
waveforms are inverted copies of each other, that is, a 180◦ phase shift has been introduced to one of the
waveforms. The non-linear response for both of the transmitted waveforms are received. Since distortion
is dependent on the local pressure in the wavefront, the two responses will not be exact inverted copies of
each other. By summing the pulses, all signals that are of opposite phase, will cancel out, while signals
that are perfectly in phase will double in amplitude. This means that all 2 · n · f0 harmonics will be
enhanced by pulse summation, while all (2 · n− 1) · f0 harmonics are suppressed for n = 1, 2, 3, · · · .
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Figure 2.7: Simulation of the effect of PI on phase shift for fundamental, 2nd harmonic, and 3rd har-
monic waveforms. A 0◦, 90◦, and 180◦ phase shift for the fundamental frequency is shown for each
frequency band. In the waveforms, a 180◦ phase shift in the fundamental frequency band (red dashed
curve) corresponds to a 360◦ shift in the 2nd harmonic frequency band and to a 540◦ shift in the 3rd
harmonic frequency band.
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CHAPTER

THREE

BEAMFORMING TECHNIQUES IN
ULTRASOUND IMAGING

In this chapter three beamforming techniques, which differ in complexity will be described. Fixed trans-
mit and receive focusing is a low complexity beamforming process, where a single fixed focal point is
used in both transmit and receive. This technique creates an image that has optimal resolution at the
focal point, but has poor resolution at other regions in the image. Dynamic receive beamforming is a
widely used technique to obtain focused images in receive and can maintain an almost uniform resolu-
tion throughout the entire image. It is commonly used in ultrasound imaging and has become the default
beamforming technique in most modern ultrasound systems. In synthetic aperture imaging, the goal is to
achieve an image that is fully focused in both transmit and receive. This technique has many potentials
in terms of both achieving optimal resolution and a depth independent resolution, however, complex fo-
cusing and vast computational load are inherent to the technique. A synthetic aperture technique know as
synthetic aperture sequential beamforming is described, which can reduce the complexity of the beam-
forming process while keeping a high and depth independent resolution.

3.1 Fixed Focus Beamforming

In fixed transmit and receive focusing, a single focal point is utilized in both transmit and receive. In
transmit, the excitation waveforms are properly delayed in order to focus the energy field at a desired
spatial position. The responses that are received are also delayed in the beamforming process in order to
ensure that samples in the responses correspond to the correct imaging depth. For fixed focus beamform-
ing, the time delay is calculated from the round trip time of flight (TOF), which is the total time it takes
an excitation waveform to propagate from the transmit origin, ~re to the receive focal point, ~rfp through
the transmit focal point, ~rtfp and back to a receiving element on the transducer, ~rr, again through the
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(a) Fixed transmit and receive focus. (b) Dynamic receive focus.

Figure 3.1: Concept illustrations of the time of flight used in beamforming of fixed transmit and receive
(3.1a) and dynamic receive focus(3.1b).

transmit focal point, ~rtfp. The time delay in fixed focus beamforming can then be calculated as

td (~rr) =
1

c
(‖~rtfp − ~re‖ ± 2‖~rfp − ~rtfp‖+ ‖~rr − ~rtfp‖) (3.1)

where the term ‖‖ is the Euclidean norm and ± indicates whether the receive focal point, ~rfp
is above or below the transmit focal point, ~rtfp. Also, here it is assumed, that the speed of sound,
c is known. Fig. 3.1a shows a schematic illustration of the TOF calculations for fixed focus beamforming.

In fixed focus beamforming, the image is optimally focused in both transmit and receive at the position
of the focal point. However, this is only valid at the focal point, and the resolution quickly deteriorates as
the distance from the focal point increases.

3.2 Dynamic Receive Beamforming

One way to improve the focusing and the resolution in ultrasound imaging is to use dynamic receive
focusing (DRF). Here, a fixed focus and aperture is used in transmit, while numerous focal points and
an expanding aperture is applied in receive. For every focal point in receive, a new set of time delays
is calculated for every response from the individual receiving elements in the aperture. The advantages
with DRF are that the image can be fully focused in receive and that an almost uniform resolution can
be kept throughout the entire scan depth. These advantages have lead to DRF being the default focusing
technique on basically all modern ultrasound systems.
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In DRF beamforming, a time delay is calculated for the response for each of the receiving element in the
aperture based on the TOF from the transmit origin on the transducer, ~re to the receive focal point, ~rfp
through the transmit focal point, ~rtfp and back to a receiving element on the transducer, ~rr. The time
delay can then be calculated as

td (~rr) =
1

c
(‖~rtfp − ~re‖ ± ‖~rfp − ~rtfp‖+ ‖~rr − ~rfp‖) . (3.2)

A schematic illustration of the TOF for DRF beamforming is shown in Fig. 3.1b.

3.3 Synthetic Aperture Imaging

Synthetic aperture imaging (SAI) was first conceived as a radar imaging technique [15, 16, 51], but has
found to be useful in ultrasound imaging as well. The most basic SAI technique in ultrasound imaging is
the synthetic transmit aperture imaging technique [12, 38], where an active aperture of just one element
is used in transmit and the back scattered signal is received by a multiple-element aperture. The received
RF-signals are stored for all channels and delay-and-sum beamforming is applied to construct a low
resolution B-mode image. By moving the transmit source over the entire range of elements in the
transducer, a larger aperture is synthesized and a collection of low resolution images is obtained. By
coherently adding the low resolution images, a single high resolution image, that is dynamically focused
in both transmit and receive is obtained. Naturally, because only one element is used in transmit, the
signal-to-noise ratio (SNR) is very poor using this technique.

Several SAI techniques have been suggested to improve SNR, including the use of multi-element
transmit and receive aperture, as suggested by Karaman et al. [38]. Here, a group of elements are
used in transmit to increase the SNR. By focusing multiple elements in a single point in transmit, a
virtual source is created as first described by Passmann and Ermert [48] and further investigated by Fra-
zier and O’Brien [24], Nikolov and Jensen [46, 47], Gammelmark and Jensen [25], and Bae and Jeong [5].

Inherent to the SAI techniques is that they are computationally heavy and complex beamforming
processes, because a full low resolution image has to be beamformed for every line in the final high
resolution image. A few years ago, Kortbek et al. [40] suggested Synthetic Aperture Sequential
Beamforming (SASB) as a SAI technique to reduce beamforming and system requirements in multi-
element transmit synthetic aperture imaging, while maintaining high and depth independent resolution
superior to conventional DRF imaging. SASB was introduced and described for linear array transduc-
ers by Kortbek et al. [40, 41] and further investigated by Hemmsen et al. [30] for convex array transducers.
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(a) Schematic illustration of SAI.

1st1st 1st

2nd

(b) Schematic illustration of SASB.

Figure 3.2: Concept illustrations of SAI and SASB. In SAI, a single element is used in transmit, while
all elements are used in receive. Low resolution images are generated and summed. In SASB, a fixed
group of elements are used in transmit and receive and a fixed focus image is generated using the first
stage beamformer. The first stage image lines are then used as input for the second stage beamformer,
using the focus point as a virtual source.

3.4 Synthetic Aperture Sequential Beamforming

Synthetic aperture sequential beamforming (SASB) is a SAI technique for producing focused images in
both transmit and receive for any type of transducer. Traditionally, SAI utilizes only one active transducer
element in transmit, while all elements are used in receive (see Fig. 3.2a). In SASB, a multi-element
transmit sub-aperture is utilized instead of single element transmission. The focusing in SASB is done
in a two-stage procedure (see Fig. 3.2b). The first step is to create a set of image lines that are obtained
using a fixed focus in both transmit and receive as in fixed focus beamforming in Section 3.1. The
pressure wave that is produced in fixed focus transmit, is a result of several wave contributions emitted
from the elements in the sub-aperture. At the focal point, these wave contributions will coincide into a
virtual source, creating a spherical wave that emanates from this point within a limited angular region.
The next step in the beamforming process is to use the first stage image lines as input in a second
stage beamformer using the first stage focus point as the virtual source. The basis of SASB and other
multi-element transmit aperture techniques is to calculate the focusing delays from the virtual source
rather than from a single element on the transducer.

The following theory section on second stage SASB is based on the papers by Kortbek et al. [40, 41]
who describes SASB theory for a linear array transducer and by Hemmsen et al. [30] who describes
SASB theory for a convex array transducer. The figures for second stage SASB are shown for a convex
array transducer setup, but the theory applies to linear array transducers as well.
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(a) Second stage SASB. Figure taken
from [30].

(b) Apodization for second stage
SASB. Figure taken from [30].

Figure 3.3: Concept illustrations of the time of flight used in second stage SASB beamforming (3.3a)
and of the calculations of the image point angle (3.3b). In 3.3a the first stage focal point is used as a
virtual source for second stage beamforming. The time of flight is calculated as the distance from the
scan line reference position, ~rθk to the image point, ~rip through the virtual source, ~rV S and back via the
same path. In (3.3b) the image point angle, Φ between the scanline direction and the line from the image
point, ~rip and the virtual source, ~rV S . If Φ is less than half the opening angle, α the scanline contains
information on that image point and should be included in the second stage beamforming.

The focal point in first stage SASB is considered as a virtual source in second stage SASB. At the virtual
source, a spherical wave emanates within a limited angular region defined by the opening angle α.

α = 2arctan
1

2F#
(3.3)

Each point in the fixed focused image line contains information from an imaging point within the opening
angle. Since the opening angles for several emissions may overlap to some degree, an imaging point
could be represented in one or more focused first stage image lines. In Fig. 3.3a a set of focused scan
lines with reference rθn and virtual sources at rvsn are shown. The image point rip shown in the figure
is represented in two first stage emissions. The overlapping contributions from the first stage image lines
can be used to improve resolution.

The second stage beamformer in SASB uses the image information, that is stored in the first stage image
lines for an imaging point at a given spatial position to create a new set of high resolution second stage
image lines. A single sample, h in a second stage image line representing an image point at position ~rip,
can be expressed as

h (~rip) =

K(~rip)∑
k=1

W (k,~rip) · lk (tdk (~rip)) (3.4)

where lk (tdk (~rip)) is a sample at time tdk in the first stage image line with propagation direction θk. The
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variableW is apodization function with K (~rip) values, which sets the weighting of the contributions of
each of the first stage image lines to the second stage image line.

For second stage SASB, the time delay, tdk for a scan line is determined based on the round trip TOF,
from the scan line reference position, ~rθk to the image point, ~rip through the virtual source, ~rV S and
back via the same path. The TOF for second stage SASB is illustrated in Fig. 3.3a. The time delay in
second stage SASB can then be formulated as

tdk (~rip) =
2

c
(‖~rV S − ~rθk‖ ± 2‖~rip − ~rV S‖) . (3.5)

Since, the amount of contributing image lines in second stage SASB increases with distance from the
virtual source, the value K in 3.4, is a function of position of the imaging point ~rip. The synthesized
aperture increases with range, resulting in a more range independent lateral resolution. In order to decide
whether a specific first stage image line contains information on a given image point and will contribute
to the second stage image, the angle, Φ between the image point, ~rip and the position of the virtual source,
~rV S relative to the direction of the scan line at ~rθ should be determined. Φ can be found as

Φ = arccos
(± (~rip − ~rV Sk

)

‖~rip − ~rV Sk
‖ ·

~rV Sk
− ~rθk

‖~rV Sk
− ~rθk‖

)
(3.6)

The · in 3.6 is the dot product and ± refers to whether the image point source is positioned above or
below the virtual source. A schematic illustration of the calculation of Φ is shown in Fig. 3.3b

If Φ for a given first stage image line is less than half the opening angle
(
Φ ≤ α

2

)
, then this particular first

stage image line contains information about the image point and should be included in the second stage
beamforming. This can be stated as

f (~rip, ~rθk , ~rV Sk
) =

{
0 if Φ is > α

2

1 if Φ is ≤ α
2

(3.7)

The total number of virtual sources that contribute to certain image point can be determined as

K (~rip) =
M∑
k=1

f (~rip, ~rθk , ~rV Sk
) (3.8)

where M is the total number of virtual sources in the scan sequence.

The variableW in 3.4 is an apodization function which determines the weighting of each of the contri-
butions from the first stage image lines to the second stage image line. The apodization can basically be
any type of weighting function. For the case where the apodization is a Hamming function, the weight
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for the scan line, lθk contributing to the image point, ~rip can be calculated as

W (k, ~rip) =

{
0.54− 0.46cos (2nπ) if |n| is ≤ 1

0 else
(3.9)

Here n is determined as
n =

d (lθk , ~rip)

∆
+ 0.5 (3.10)

and is given as the ratio between the shortest distance, d (lθk , ~rip) from the image point, ~rip to the scan
line, lθk and the width of the active aperture, ∆. The distance, d (lθk , ~rip) can be expressed as

d (lθk , ~rip) =
|det ([(~rθk − ~rV Sk

) , [~rV Sk
− ~rip)]) |

‖~rθk − ~rV Sk
‖ (3.11)

where ~rθk is the reference point of the scan line, ~rV S is the position of the virtual source, and ~rip is the
position of the image point. The aperture width, ∆, can be determined from the chosen F# from

∆ =

√
‖~rV S − ~rip‖2 − d (lk, ~rip)

2

F#
(3.12)

The beamforming process in SASB is basically a combination of fixed focus beamforming and dynamic
receive beamforming, which are used in the first and second stages in SASB respectively. In traditional
synthetic aperture imaging, a severe drawback is the extensive beamforming and computational load that
is required to produce high resolution images. In SASB, a major reduction in complexity is achieved
in the first stage beamforming process, where only one set of delay values needs to be calculated. The
second stage beamformer in SASB, has the complexity of a traditional DRF beamformer.
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CHAPTER

FOUR

TISSUE HARMONIC SYNTHETIC
APERTURE IMAGING

By combining THI with a SAI technique (THSAI), the final image could potentially be improved
by both techniques. The improvements could be increased spatial resolution, reduced reverberation
artifacts, reduced side lobe levels, and a narrower beam profile from THI along with a range independent
fully focused image in both transmit and receive from SAI. The task in combining the two techniques
is to use a SAI technique to create a field in transmit that is intense and focused enough to ensure
good development of harmonic frequencies. This can be achieved for single element transducers and
for single element transmit arrays by increasing the transmit amplitude to a degree where harmonics
are generated. The use of several electronically focused elements in the aperture also causes the
emitted ultrasound energy field to increase in intensity. In this way, harmonics can be generated
without excessive heating of the individual transducer elements due to high transmit amplitudes. In the
following section, a brief description of previously published THSAI techniques by other research groups
will be given. This will be followed by a description of how SASB is suggested to be combined with THI.

4.1 Developments in THSAI Techniques

A combination of THI and SAI was first suggested by Li et al. in 2004 [44] for a single element
transducer for use in high frequency ultrasound imaging. Here, the 50 MHz 2nd harmonic response
was imaged using a single element transducer. SAI was obtained by manually moving the transducer
over the region of interest, thereby synthesizing a larger aperture. A similar setup for a single element
transducer was recently suggested by Yun et al. in 2013 [61] for contact acoustic imaging to investigate
cracks in aluminum blocks. Here two single element transducer displaced at an angle were used with one
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transducer transmitting a 2.5 MHz waveform and the other transducer receiving the 5 MHz 2nd harmonic
response. Both transducers could manually be moved to synthesize a larger aperture.

The first study to suggest a combination of THI and SAI for ultrasound imaging of the human body was
suggested by Bae et al. in 2008 [4]. They suggested a SAI technique known as bipolar Pixel Based
Focusing (biPBF) [5] in combination with THI by band pass filtering for a multi element linear transducer
array. In biPBF, radio frequency (RF) data for all receiving channels for every single scan line is stored.
By combining responses from different scanlines, a larger synthetic transmit aperture can be achieved,
while DRF beamforming is applied in receive. This techniques requires vast amount of data storage,
since all responses from all scanline positions need to be stored for every frame and a time delay needs
to be calculated for all the stored responses to create the synthetic transmit aperture. The study by Bae et
al. showed, that THI in combination with biPBF could produce images with increased spatial resolution
and signal to noise ratio (SNR) compared to THI in combination with DRF (DRFTHI). The images that
were shown were of a wire phantom and an in-vivo scan that were beamformed off-line on an external
personal computer. No quantitative data was produced in this study, however, and so the evaluation of
resolution and SNR were based solely on visual inspection of B-mode images. Furthermore, due to the
vast amount of memory needed to store the images, only a single frame was acquired for beamforming.
The limits in data storage and data processing restrict the use of this technique in a clinical setting for
in-vivo measurements.

Recently in 2012, Bae et al. [6] presented a simulation study of a new tissue harmonic synthetic aperture
imaging technique, again based on the biPBF technique in combination with THI. Here, multiple virtual
sources distributed throughout the image at various depths ware applied to the technique. The purpose
of distributing virtual sources at different depths, was to increase the SNR and to generate a more depth
independent resolution. By having multiple virtual sources for every scanline position, Bae et al. showed
by visual inspection of simulated images, that the resolution of the images were more depth invariant
compared to only having one virtual source per scanline position. The results on resolution were again
not quantified in this study and the task of having to store and beamform vast amount of RF data was not
solved.

4.2 Tissue Harmonic Synthetic Aperture

Sequential Beamforming

In order to achieve a working THSAI technique using SASB, the type of THI must be selected (band
pass, power modulation, or PI) and the scan sequence for SASB must selected as to ensure generation of
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harmonic RF data. In this section, arguments for a SASB technique in combination with PI THI are given.

On most modern day ultrasound systems, DRFTHI is the default imaging technique. In many cases, the
THI are produced by the use of PI. The advantages in PI are as previously described, that the neighboring
harmonics in the response are attenuated, making isolation of a single harmonic easier for imaging.
Furthermore, because two waveforms are summed to generate a single 2nd harmonic response, the
amplitude of the response doubles, creating a possible +6 dB gain of the 2nd harmonic. The disadvantage
in PI is that frame rate drops by a factor of two, because two emission are needed for every scanline
position. However, because it is relatively easy to implement a 180◦ phase shift in a scan sequence, PI is
suggested as the optimal THI technique to implement with SASB.

In SASB, several electronically focused elements are used in transmit to generate a virtual source. The
acoustic field that is generated by SASB in transmit could potentially be sufficient to generate harmonics
useful for THI. In the following chapter, implementations of synthetic aperture sequential beamform-
ing tissue harmonic imaging (SASBTHI) on linear and convex array transducer are tested out on both
commercially available and experimental ultrasound systems. The scan settings are optimized based on
studies of a series of phantom scans set to investigate resolution, SNR, cystic resolution, level of side
lobes, and point spread functions. The performance of the technique is compared against DRFTHI, be-
cause this technique is the default imaging technique on most modern day scanners.

4.2. Tissue Harmonic Synthetic Aperture
Sequential Beamforming
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CHAPTER

FIVE

TECHNICAL SETUP AND SYSTEM
IMPLEMENTATION

This chapter describes and presents some of the experimental work that has been conducted under the
project. First, the equipment that was used in many of the experiments is described. Next, setup and
implementation of THI for both linear array and convex array transducers is shown. The PI technique is
shown for 2nd harmonic imaging with a linear array transducer and for 2nd and 3rd harmonic imaging
with a convex array transducer on an experimental ultrasound system. The setup and implementation of
SASBTHI on the linear array transducer is described next for use on the experimental ultrasound system.
The position of the virtual source is studied in measurements of the lateral and axial resolution of point
scatterers and the point spread functions are studied and compared to conventional imaging. Finally, an
implementation and optimization study of SASBTHI for the convex array transducer on a commercially
available ultrasound system is presented. An extensive study of virtual source position, F#, line density,
and SNR is shown along with a method to equalize the gray scale throughout the entire image depth. The
optimized technique is compared with DRFTHI on both phantom scans and in-vivo scans.

5.1 Equipment

In this section, the different ultrasound platforms and transducers that are used in this project are de-
scribed. The ultrasound systems are divided into experimental equipment and commercially available
equipment, while the transducers are divided into linear array and convex array transducers.
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Figure 5.1: Front view of the 1024 channel experimental ultrasound system SARUS. Photo provided by
Center for Fast Ultrasound Imaging, DTU - taken by J.Rosenfeld

5.1.1 Experimental Ultrasound System

The Synthetic Aperture Real-time Ultrasound System (SARUS) [35, 36, 37] is currently the most
advanced ultrasound system in the world. It offers the possibility to perform basically any type of
scan including highly complicated scans such as full 3-dimensional imaging, 3-dimensional blood flow
imaging, and 3-dimensional synthetic aperture imaging. It features access to RF channel data, using up
to 1028 channels in scan sequences, that are entirely programmable by the user. The system is unique in
that no other ultrasound system offers the same amount of programmable channels and can perform the
same amount of calculations at the same rate.

The advantage using SARUS is, that all relevant scan settings in the scan sequence are available to the
user and are free to define. These include - and are not restricted to, transmit amplitude, transmit center
frequency, pulse length, pulse shape, PI, aperture size, aperture apodization, focal points, etc. RF-data
can be received and extracted to a tabletop PC for off-line beamforming using in house developed beam-
formers [26, 28, 42]. Unfortunately, because this is a newly developed experimental ultrasound system,
it has not yet been cleared for clinical imaging. Consequently, it cannot be used for acquisition of in-vivo

images on volunteers or patients. SARUS was therefore used in this project primarily for scans on various
kind of phantoms using THI and SASBTHI. A front view of SARUS is shown in Fig. 5.1.
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5.1.2 Ultrasound Research Interface

Another way to access image data from a scan is by using a commercial ultrasound system fitted with an
ultrasound research interface (URI). The URI allows the user to control many of the manufacturer defined
scan settings such as focal points, F#’s, line density , number of emissions, etc. in a predefined usecase.
The URI also allows the user to access and extract image data at different points in the beamforming
process. In this project, a commercially available BK 2202 Pro Focus UltraView scanner from BK
Medical (BK Medical ApS, Herlev, Denmark) is fitted with a UA 2227 URI from BK Medical. Image
IQ line data is extracted via a X64-CL Express camera link produced by Teledyne DALSA (Dalsa,
Waterloo, Ontario, Canada) to a desktop PC (Esprimo 5635, Fujitsu-Siemens, Tokyo, Japan) running
MATLAB (The MathWorks Inc., Natick, Massachusetts, United States ). Fig. 5.2 shows the UltraView
system working in URI mode during clinical scan.

The usecase specifies the general scanner settings such as speed of sound, maximum scan depth, and
transducer parameters as well as the specific scan sequence settings (e.g. focus points, F#’s, center
frequency, etc.). A flow chart of a usecase and scan sequence for a DRFTHI and SASBTHI duplex scan
is shown in Fig. 5.3. For both scans in the example, THI is performed using PI and matched filtering
to achieve 2nd harmonic IQ-data. The first two emissions in the full emission sequence are the PI
emissions for scan line number one for SASBTHI. The next two emissions are for scan line number
two for SASBTHI and so on, until the first full set of emissions for one frame has been performed
for SASBTHI. Next, the emissions belonging to DRFTHI are conducted in the same manner. The
emission sequence is set this way to minimize tissue movement between the individual image lines,
which could otherwise introduce errors in the beamforming stage. Summing and matched filtering of
the received paired responses is then conducted by the scanner, giving the 2nd harmonic responses.
Next, beamforming using either dynamic receive focusing for DRFTHI or fixed focusing for first stage
SASBTHI is performed using the beamformer implemented on the scanner. Beamformed 2nd harmonic
IQ image line data is then exported via the data acquisition card on to the external PC for IQ-to-RF data
conversion and second stage beamforming for SASB using an in-house developed beamformer [28],
which is run in MATLAB.

The primary advantage using an URI on a commercially available ultrasound scanner is, that the system
is approved for use in a clinical environment for in-vivo investigations. Also, many of the transducer
specific settings in the usecases have already been optimized by the manufacturer, and so, no further
optimization is often needed. The URI on this particular UltraView system does have some disadvantages
and limitations, though. Firstly, only IQ image line data is accessible and not RF data. This limits the
possibilities in signal processing because single channel data is not available. Secondly, the transmit
stage on the UltraView system is limited to using only boxcar apodization. This increases the level of
side lobes in transmit, compared to e.g. gauss transmit apodization. Also, many of the settings in the
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Figure 5.2: The BK 2202 Pro Focus UltraView ultrasound system working in the URI mode during a
clinical scan.

usecase are defined by changing variables with names and values that are not always clear nor logical.
However, because the system is cleared for in-vivo imaging, the system can be used to inspect the clinical
relevance of the implemented technique. This is makes the URI on the UltraView a valuable tool in the
clinical studies that are currently performed at the Center for Fast Ultrasound Imaging at the Technical
University of Denmark.

The UltraView can be fitted with a variety of commercially available transducers. In this project, a linear
array transducer and two convex array transducers were applied. The transducers and their setting are
described in the following section.

5.1.3 Transducers

For the experiments in this project, both linear array and convex array transducers were applied. For
linear array transducers, the setup of scan lines and focal points is straight forward because of the linear
geometry of the transducer. Fon convex array transducers, setup is a bit more cumbersome because
scanlines and focal points fan out due to the curvature of the transducer surface. However, the convex
array transducers are much more often applied in clinical scans of the abdominal region, where THI is
the default scan technique. The focus of this project has therefore been, to implement and prove concepts
for THI and SASBTHI for linear array transducers first, and then expand and optimize the techniques
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Fixed transmit focus
Dynamic receive focus

Pulse inversion emissions

Matched filtering
DRF beamforming

DRFTHI
B−mode image

SASBTHI
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Off−line processing
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UseCase
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Figure 5.3: Scan sequence on the BK 2200 Pro Focus UltraView scanner. The usecase defines a scan
sequence that performs two scans simultaneously in parallel. The scan for SASBTHI utilizes a fixed
focus in transmit and receive, while the scan for DRFTHI utilizes dynamic receive focusing.
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Table 5.1: Transducer parameters for the BK 8820e convex array transducer.

Transducer Parameters Value

Pitch 0.33 mm
Elevation focus 65 mm

Number of elements 192
Radius of curvature 60 mm

Field of view 60.5 deg
Center frequency 3.5 MHz

Operating frequency 2-6 MHz

Table 5.2: Transducer parameters for the BK 8804 linear array transducer.

Transducer Parameters Value

Pitch 0.208 mm
Elevation focus 20 mm

Number of elements 192
Radius of curvature linear
Center frequency 7 MHz

Operating frequency 5-10 MHz

for convex arrays. The linear array transducer that is used in this project is the BK 8804 from BK
Medical. The convex array transducers that are used are the BK 8820e from BK Medical and the STI
8820e by Sound Technology (Analogic Ultrasound Group, Pennsylvania, United States). The latter is
an experimental transducer based on the BK 8820e transducer platform. The transducer parameters for
the STI 8820e are the same as for the BK 8820e in Table 5.1. In the following, the two convex array
transducers are collectively named the BK 8820e transducer. The transducer parameters for the BK 8804
transducer are shown in Table 5.2

5.2 THI on Linear Array Transducers

The scope of these measurements was to investigate, whether the newly developed SARUS was capable
of PI for THI. The BK 8804 linear array transducer was connected to SARUS and a scan sequence for PI
DRF imaging was set up. A wire phantom was scanned and used to study pulse-echo responses, B-mode
images, point spread functions, and finally, the lateral resolution of the wires was measured and compared
for DRF and DRFTHI.
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5.2.1 Scan Parameters

An implementation of DRFTHI was conducted on SARUS using the BK 8804 linear array transducer. A
total of 129 dual emissions using PI were obtained to derive the harmonic image. The total collection
of received data could potentially be used for two DRF B-mode images (one for the regular pulse; one
also for the inverted pulse) and one DRFTHI B-mode image (from the summed pulse). Image data was
beamformed using the BFT3 toolbox [28]. The scan parameters for SARUS are seen in Table 5.3.

Table 5.3: Scan parameters for DRFTHI for BK 8804 linear array transducer on SARUS.

Scanner Parameters DRFTHI
Speed of sound 1492 m/s
Transmit center frequency 5 MHz
Waveform cycles 2
Sampling frequency 70 MHz
No. scanlines 129
No. active elements 64
Focus Tx (mm) 40
Focus Rx (mm) Dynamic
F# Tx 3
F# Rx 0.8
Apodization Tx Hamming
Apodization Rx Hamming

5.2.2 Harmonic Waveforms

A pair of received pulse-echo responses from SARUS using PI are visualized in Fig. 5.4a. Here it is
seen, that SARUS is capable of performing the 180◦ phase shift needed in PI. The two waveforms
intersect almost exactly at zero amplitude line for the whole duration of the pulses. The shape of
the responses show pointed peaks and round valleys indicating that the waveforms contain harmonic
frequencies. In Fig. 5.4b, the summed response is shown. This response is smaller in amplitude, because,
the high amplitude fundamental has been attenuated by the pulse summation. The spectra of the original
received response and the summed response are shown in Fig. 5.5. In the spectrum of the original
response, the peak of the 2nd harmonic is about 11 dB lower than the peak of the fundamental. After
pulse summation, the fundamental is attenuated by approximately 17 dB, while the 2nd harmonic is
enhanced by approximately 4 dB. In the figure, is also shown the transfer function of the BK 8804 linear
transducer. Since the transducer of the system has a limited bandwidth, the transmitted center frequency
must be chosen such that it allows for the detection of the 2nd harmonic in the received signal. From the
bandwidth plot of the transducer in Fig. 5.5, a 5 MHz center frequency for the excitation pulse with a 10
MHz 2nd harmonic component was chosen. Both frequencies were well within the bandwidth of the BK
8804 transducer.
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Figure 5.4: Responses received using SARUS and the BK 8804 linear array transducer. In 5.4a, two
received pulse-echo responses are shown. PI has been performed in transmit to achieve the 180◦ phase
shift. In 5.4b, the resulting response after pulse summation is shown. The summed response in 5.4b has
been normalized to the received responses in 5.4a.

5.2.3 B-mode Images

A wire phantom containing 6 equidistant wires suspended in water was scanned using PI DRF on SARUS.
Two B-mode images (a DRF B-mode and a DRFTHI B-mode) were created from the collection of data
from SARUS and are shown in Fig. 5.6. Only slight differences are seen in the two images, however, the
application of THI to DRF imaging results in what seems to be a more narrow and tighter main lobe and a
lower level of side lobes compared with DRF imaging. The shape of the main lobe and side lobes should
be investigated closer by other means than just the B-mode images.

5.2.4 Point Spread Functions

In order to asses the shape and levels of the main lobe and side lobes, the point spread functions (PSF)
of the two techniques are visualized in Fig. 5.7. The PSF’s are visualized as contour plots with levels of
6 dB between the contour lines. In the figure, it is clearly seen that the distribution of contour lines are
much more concentrated for DRFTHI in Fig. 5.7b than for DRF in Fig. 5.7a. It is also seen, that there
are no side lobes in the two PSF’s. The tighter main lobe of DRFTHI shows, that DRFTHI is capable of
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Figure 5.5: The spectra of the received responses and the resulting response after pulse summation
using SARUS and the BK 8804 linear array transducer. The fundamental is found at 5 MHz, while the
2nd harmonic is found at 10 MHz. The transfer function of the transducer is also shown.

producing a higher resolution compared to DRF on SARUS.

5.2.5 Resolution

One way to quantify the resolution of a given technique is to measure the width of the main lobe of the
PSF. The width is measured where the energy has dropped to half of the local maximum in the main
lobe, which is equivalent to a drop in 6 dB signal strength. This measure is also known as the FWHM
as described in Section 2.5. By also measuring the width where the energy has dropped to one tenth of
the local maximum, the levels of side lobes can be estimated. This measure is also known as the -20 dB
resolution or the full width at one tenth maximum (FWOTM).

The lateral FWHM and the lateral FWOTM was measured for the DRF and DRFTHI images from SARUS
on all wires in the B-mode image and are plotted in Fig. 5.8. Here, it is seen, that DRFTHI produces al-
most the same lateral FWHM as DRF on SARUS. For the lateral FWOTM, the improvement in resolution
is more pronounced for DRFTHI. Specifically, for the wire at 47 mm depth, which is close to the transmit
focal point, the FWHM for SASBTHI is 0.70 mm and 0.99 mm for the FWOTM. In comparison, the
lateral FWHM and FWOTM for DRF are 0.66 mm and 1.20 mm respectively.
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Figure 5.6: B-mode images of wire phantom. B-mode images by DRFTHI using SARUS and the BK
8804 linear array transducer.
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Figure 5.7: Contour plots of the point spread functions for regular DRF B-mode imaging (5.7a) and
THI DRF B-mode (5.7b) acquired using SARUS and BK 8804. The distance between the contour lines
is 6 dB.
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Figure 5.8: The lateral FWHM (5.8a) and FWOTM (5.8b) measured on a wire phantom using SARUS
and the BK 8804 linear array transducer.
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5.2.6 Section Conclusion

A PI technique was implemented on SARUS for DRFTHI. The pulse responses obtained from the scan on
the wire phantom showed, that the zero crossings of each of the inverted pulse-responses were coinciding,
showing that SARUS is capable of producing the 180◦ phase shift required for PI. B-mode images and
PSF’s were visualized for both techniques. The measurements of the lateral FWHM showed only minor
improvements for DRFTHI. This is suspected to be because the 2nd harmonic in the spectrum was only
enhanced with PI, but was not isolated using any filter. Substantial energy from the fundamental could
therefore have leaked into the 2nd harmonic. This would make the main lobe of the 2nd harmonic PSF
wider, which could explain the poor improvements in the lateral resolution. In the following section, the
PI technique is exploited to perform both 2nd and 3rd harmonic imaging for DRFTHI and matched filters
are used to reduce the leakage of energy.
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5.3 THI on Convex Array Transducers

The scope of these measurements was to expand the PI technique on SARUS to produce both 2nd and 3rd
THI on the BK 8820e convex array transducer. The PI technique was further expanded by the application
of matched filters to isolate the harmonics for imaging and to reduce harmonic energy leakage. A wire
phantom was scanned and used to study pulse-echo responses, B-mode images, PSF’s, and finally, the
lateral resolution of the wires was measured and compared for DRF and DRFTHI.

5.3.1 Scan Parameters

An implementation of DRFTHI was conducted on SARUS using the BK 8820e convex array transducer.
The center frequency of the 8820e convex array transducer of 3.5 MHz also used as the center frequency
of the transmitted waveform. The expected center frequencies for the 2nd and 3rd harmonics were
therefore 7 MHz and 10.5 MHz respectively. A relatively long transmit waveform of 4 waveform
cycles was applied. This was to reduce the bandwidth of each of the harmonics, so that isolation of the
harmonics by matched filters was made more effective, by reducing the amount of energy leakage from
neighboring harmonics. An active transmit and receive aperture of 64 elements were apodized with a
Hamming function. A total of 129 dual emissions using PI were obtained to derive the harmonic images.
The total collection of received data could potentially be used for two DRF B-mode images (one for
the regular pulse; one also for the inverted pulse), one 2nd harmonic DRFTHI B-mode image (from
the summed pulse), and one 3rd harmonic DRFTHI B-mode image (from the subtracted pulse). Image
data were beamformed using the BFT3 toolbox [28]. The scan parameters for SARUS is seen in Table 5.4.

Table 5.4: Scan parameters for DRFTHI for BK 8820e convex array transducer on SARUS.

Scanner Parameters DRFTHI
Speed of sound 1492 m/s
Transmit center frequency 3.5 MHz
Waveform cycles 4
Sampling frequency 70 MHz
No. scanlines 32
No. active elements 64
Focus Tx (mm) 40
Focus Rx (mm) Dynamic
F# Tx 3
F# Rx 0.8
Apodization Tx Hamming
Apodization Rx Hamming
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5.3.2 Harmonic Waveforms

A pair of received pulse-echo responses from SARUS using PI are visualized in Fig. 5.9a. The two
waveforms intersect almost exactly at the zero amplitude line for the whole duration of the pulses. In
Fig. 5.9c, the summed response is shown. This response is smaller in amplitude, because, the high
amplitude fundamental has been attenuated by the pulse summation. The subtracted response is shown
in Fig. 5.9e. Here, the maximum amplitude is twice of the original responses.

The spectra of the original received response, the summed response, and the subtracted response are
shown in Fig. 5.9b, 5.9d, and 5.9f respectively. In the spectrum of the original response, the 2nd and 3rd
harmonics are about 22 dB and 37 dB lower than the fundamental, respectively. After pulse summation,
the fundamental and 3rd harmonic are attenuated by approximately 20 dB and 13 dB, while the 2nd
harmonic is enhanced by 6 dB, which is equivalent to a double in signal amplitude. In the spectrum of
the subtracted response, the fundamental and 3rd harmonic are enhanced by 6 dB in both cases, while
the 2nd harmonic is attenuated by at least 20 dB. The spectra clearly show how efficient the PI technique
can be in enhancing and attenuating specific harmonics. In the figures of the fundamental, 2nd harmonic,
and 3rd harmonic spectra, the transfer function of the applied matched filters are shown along with the
responses after matched filtering. It is seen, how the harmonics are completely removed by the filter
in Fig. 5.9b, leaving only the fundamental. A similar result is seen in Fig. 5.9d, where only the 2nd
harmonic is left. In Fig. 5.9f, the 2nd harmonic is completely removed from the spectrum, while the
fundamental is attenuated by approximately 50 dB down to a level of -45 dB by the matched filter.

5.3.3 B-mode images

Four B-mode images were compiled from the collection of received data. Two images were made from
the original received response - one with matched filtering (using only the fundamental) and one without
matched filtering (using the fundamental and the harmonics in the response). Two additional images
were made using pulse summation and pulse subtraction with matched filtering in both cases for 2nd and
3rd harmonic imaging, respectively. The images are shown in Fig. 5.10.

In all four images, side lobes can be detected throughout the images. Of the four images, the 3rd
harmonic B-mode image presents the lowest levels of side lobes, however, the dynamic range in the
image is also the lowest of the four. It is noticed, that there is a remarkably improvement in the width of
the main lobe going from fundamental imaging to 2nd harmonic imaging.
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Figure 5.9: Responses and spectra received using SARUS and the BK 8820e convex array transducer.
In 5.9a, two received pulse-echo responses are shown. PI has been performed in transmit to achieve the
180◦ phase shift. The spectrum of the received responses and the applied matched filter are shown in
5.9b. In 5.9c, the resulting response after pulse summation is shown and the spectrum and matched filter
are shown in 5.9d. The resulting response after pulse subtraction is shown in 5.9e and the spectrum and
filter are shown in 5.9f. The summed response in 5.9c has been normalized to the received responses in
5.9a.
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Figure 5.10: B-mode images of wire phantom using the BK 8820e convex array transducer. Fig. 5.10a
shows the B-mode from the full response. Fig. 5.10b, 5.10c, and 5.10d show the B-mode images of the
fundamental, 2nd harmonic, and 3rd harmonic respectively.
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Figure 5.11: Contour plots of the point spread functions for fundamental, 2nd harmonic, and 3rd har-
monic DRFTHI using the BK 8804 linear array transducer and SARUS. The level between the contour
lines is 6 dB.

5.3.4 Point Spread Functions

The width of the main and side lobes are studied more closely by inspecting the PSF’s of fundamental,
2nd harmonic, and 3rd harmonic imaging in Fig. 5.11. Here, it is clearly seen that harmonic imaging
reduces the width of the main lobe compared to fundamental imaging. Of the three techniques, it is seen,
that 3rd harmonic imaging produces the tightest PSF, however, due to low signal strength, the maximum
contour line in the figure is -18 dB. For fundamental and 2nd harmonic, the maximum contour line is
-6 dB. This presents a significant reduction in the dynamic range of 3rd harmonic imaging in this setup.
The axial resolution remains unchanged for the three techniques, since the same excitation waveform was
used to create the three images.

5.3.5 Resolution

The lateral FWHM and FWOTM was measured for first 3 of the visible wires in the B-mode images and
are plotted in Fig. 5.12. In the figure, it is seen, that the lateral FWHM is improved by the application of
higher harmonics in imaging. The further application of harmonic matched filters after pulse summation
has clearly reduced the amount of harmonic energy leakage, that was present in the previous study with
the BK 8804 transducer in Section 5.2. The mean FWHM and FWOTM and the standard deviation for
fundamental, 2nd harmonic, and 3rd harmonic imaging are shown in Table 5.5.

The figures and the table show, that while 3rd harmonic imaging produces the lowest FWHM value, it is
2nd harmonic imaging that produces the lowest FWOTM value. This is a bit surprising, since, the lateral
resolution should be improved for all levels by the increase in harmonic imaging number. A reason for
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Figure 5.12: Lateral resolution for wires using fundamental, 2nd harmonic, and 3rd harmonic DRFTHI
with the BK 8804 linear array transducer and SARUS.

Table 5.5: Mean lateral resolution and standard deviation for fundamental, 2nd harmonic, and 3rd
harmonic imaging.

Scan technique Mean lateral FWHM ± 1 std [mm] Mean lateral FWOTM ± 1 std [mm]

Fundamental 2.31 ± 0.35 4.45 ± 0.21
2nd harmonic 1.32 ± 0.16 2.24 ± 0.20
3rd harmonic 0.98 ± 0.20 2.79 ± 0.93

this, could be that energy from the fundamental has leaked into the 3rd harmonic. In the spectrum of
the 3rd harmonic in Fig. 5.9f, it is seen, that the fundamental was attenuated by approximately 50 dB
down to a level of -45 dB. However, because, the maximum peak of the 3rd harmonic was no more than
approximately -32 dB, there is only a difference of approximately 13 dB in the peaks of the two. The
amount of leakage from the fundamental could be significantly large to affect the lateral resolution. A
plot of the profile of the lateral resolution is shown in Fig. 5.13. Here, it is clearly seen, that the profile of
the 2nd harmonic is relatively slimmer compared to the 3rd harmonic profile as a result of the difference
in harmonic leakage.

5.3.6 Section Conclusion

A PI technique was implemented on SARUS for fundamental, 2nd harmonic, and 3rd harmonic imaging
using the BK 8820e convex array transducer. The PI technique was expanded by the application of
matched filters to isolate the harmonics for imaging. Harmonic leakage was completely removed from
the fundamental and 2nd harmonic images, while leakage of the fundamental into the 3rd harmonic was
seen. This affected the shape of the lateral resolution profile of the 3rd harmonic, making it wider than
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Figure 5.13: Lateral resolution profiles for fundamental, 2nd harmonic, and 3rd harmonic imaging.

the profile of 2nd harmonic at the relative -20 dB level. However, the FWHM was clearly improved by
the application of higher harmonics.
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5.4 SASBTHI on Linear Array Transducers

The scope of these experiments were to investigate a novel implementation of SASBTHI on SARUS
using the BK 8804 linear array transducer. The data used in this section was acquired in 2011 in by Du
and presented the first time in the paper by Du et al. [21]. Further research has since been conducted on
the data, and the following sections shows the work that has been done during this project.

5.4.1 Scan Parameters

Scan sequences for SASBTHI and DRFTHI for a linear array transducer was implemented on SARUS.
A two cycle 5 MHz transmit waveform was used with a 64 element fixed Hanning apodized sub-aperture
in transmit for both SASBTHI and DRFTHI. In both cases, THI was performed using PI. For SASBTHI,
receive apodization was a Hanning on a 64 element fixed sub-aperture with focal points for first stage
beamforming at 10 mm, 25 mm, and 50 mm in three experiments. For the DRFTHI measurements,
transmit foci at 10 mm, 20 mm, and 50 mm were used, while dynamic receive focus and an expanding
aperture was used (see Table 5.6).

Table 5.6: Scan parameters for SASBTHI and DRFTHI for BK 8804 linear array transducer on SARUS.

Scanner Parameters SASBTHI DRFTHI
Transmit center frequency 5.0 MHz 5.0 MHz
Waveform cycles 2 2
Sampling frequency 70 MHz 70 MHz
No. scanlines 128 128
No. emissions per scanline 2 2
No. active elements 64 64
Focus Tx (mm) [10, 25, 50] [10, 25, 50]
Focus Rx (mm) [10, 25, 50] Dynamic
F# Tx/Rx 3 3
Apodization Tx/Rx Hanning Hanning

A water-filled wire phantom was scanned using SASBTHI and DRFTHI. RF-data was recorded using
SARUS and stored. The collection of RF-data from one experiment contained RF-data pairs for every
scanline position (regular response and phase shifted response). These data could be used to compile
both a tissue harmonic image (using pulse summation on the correlated RF-data pairs) and a linear
image (using only one of the responses from each RF-data pair). For the linear images (DRF and
SASB), the fundamental frequency was isolated using matched filters (5 MHz center frequency). For
the tissue harmonic images (DRFTHI and SASBTHI), the 2nd harmonic frequency was isolated using
pulse summation and matched filters with 10 MHz center frequency. Beamforming of RF-data was
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performed using a beamformation toolbox [26, 42] in MATLAB. For the SASB RF-data, first stage
SASB beamforming was conducted using the fixed focus in transmit and receive. Next, the second stage
SASB beamforming was conducted using the first stage image lines as input data with the focal point as
a virtual source. For the DRF RF-data, dynamic beamforming was applied in receive.

5.4.2 B-mode Images

B-mode images were produced using three transmit focal points, for both linear imaging and tissue
harmonic imaging, using SASB and DRF focusing, giving a total of 12 B-mode images (3x2x2).
Examples of B-mode images for DRF, SASB, DRFTHI, and SASBTHI using a transmit focus at 25
mm are shown in Fig. 5.14. In the B-mode images it is seen that switching from fundamental imaging
to THI, improves the resolution of the wires as predicted by earlier studies of THI. It is also seen, that
when switching from DRF in Fig. 5.14a to SASB in Fig. 5.14b, the resolution is slightly improved, but
some degree of higher side lobe level is detectable in the SASB image. In Fig. 5.14c and Fig. 5.14d
the DRFTHI and SASBTHI images are shown respectively. The main lobe seems somewhat tighter in
the SASBTHI image compared to DRFTHI. The level of side lobes seem to be the same in the two images.

5.4.3 Point Spread Functions

The PSF of each technique was measured and shown for a single wire depth when the focal point of 25
mm was used. The PSF’s are shown in Fig. 5.15. Here, it is seen that SASB in general produces tighter
main lobes compared with DRF. In Fig. 5.15a the level of side lobes for DRF is close to the same as for
SASB in Fig. 5.15b. The application of THI to both techniques reduces the width of the main lobe for
both techniques. The PSF’s reveal that SASBTHI produces the tightest main lobe and lowest level of
side lobes of all four techniques.

5.4.4 Lateral Resolution

In each case of transmit focal position, the lateral FWHM and the lateral FWOTM was measured for all
visible wires in the B-mode images for all four techniques. The measured values are shown in Fig. 5.16.
As can be seen from the figure, SASBTHI produces a lower FWHM value for all wire depths when
the focal point is at 10 mm and 25 mm. For the case where the focal point is at 50 mm, SASBTHI
produces lower FWHM value for the wires that are deeper than 50 mm. It is also seen from the figure,
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Figure 5.14: B-mode images of wire phantom acquired using the BK 8804 linear array transducer and
SARUS. The transmit focal point is at 25 mm and the F# is 3.
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Figure 5.15: Contour plots of the point spread functions for the wire at 22 mm depth. Focus point is at
25 mm and the F# is 3. The level between the contour lines is 6 dB.
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that SASBTHI and DRFTHI produces almost the same FWOTM for all focal depths, however SASBTHI
does generally produce the lowest FWOTM values. In the specific case, where the focal point is at 25
mm, SASBTHI produces a FWHM of 0.67 mm for the wire at 47.5 mm. In comparison, DRF, SASB,
and DRFTHI produce values of 2.04 mm, 1.16 mm, and 1.12 mm which are 206%, 75%, and 69% higher
respectively. For the FWOTM, DRF, SASB, and DRFTHI produce 158%, 61%, and 42% higher values
than SASBTHI.

In Fig. 5.17, the lateral resolution for SASBTHI is shown for the different focal depths. Here, it is seen,
that a focal depth of 25 mm produces almost completely uniform FWHM values. It is possible to achieve
a lower resolution with a focal point at 10 mm, but here the resolution varies with imaging depth. In
order to achieve the lowest and most depth invariant lateral resolution, the results suggest that a focal
point near 25 mm should be used.

5.4.5 Section Conclusion

A novel SASBTHI technique was successfully implemented on SARUS. The results on resolution that
were obtained using the linear array transducer show, that SASBTHI is quite capable of improving the
resolution compared with DRFTHI. The technique was therefore be expanded to also function on convex
array transducers and was ultimately used in a clinical trial to reveal the clinical relevance of the technique.
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Figure 5.16: Lateral resolution for DRF, SASB, DRFTHI, and SASBTHI for various focal depths using
the BK 8804 linear array transducer and SARUS.
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Figure 5.17: Lateral resolution for SASBTHI with various focal depths.

5.5 SASBTHI on Convex Array Transducers

In order to optimize the settings for SASBTHI for a convex array transducer, a series of measurements
on wire and speckle phantoms were conducted. The scope of these measurements was to find the optimal
F#, virtual source position, and imaging line density for SASBTHI that will result in high and depth
independent resolution, while maintaining low levels of side lobe energy and highest possible frame rate.
A scaling technique was developed to equalize the gray scale throughout the image due to low signal
strength at the virtual source. Finally, the optimized SASBTHI technique was compared to DRFTHI in a
series of phantom and in-vivo scans.

5.5.1 Optimization of the F#

In this experiment, the effect of the transmit/receive F# on the lateral resolution and PSF of SASBTHI
was studied. An implementation of SASBTHI was performed on the UltraView system with the BK
8820e convex array transducer. The scan parameters that went into the use case in the URI on UltraView
are shown in Table 5.7. Several scans of a wire phantom was conducted using the setup. Here, the
transmit/receive focal depth was varied between 50 mm and 90 mm in incremental steps of 10 mm. For
all focal point positions, the F# was varied between 1 and 5 in incremental steps of 0.5. This produced at
total of 45 B-mode images of the wire phantom.

For each scan setup, the FWHM was measured from the B-mode images of the wire phantom. In
Fig. 5.18a, the lateral FWHM for the visible wires in the B-mode image as function of the F# for the
focal point at 80 mm is shown. The objective in this study is to find the F# that will produce the highest
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Table 5.7: Scan parameters for optimizing the F# in SASBTHI for the BK 8820e convex array transducer
on the UltraView.

Scanner Parameters SASBTHI

Transmit center frequency 2.14 MHz
Waveform cycles 1.5
Sampling frequency 17 MHz
Number of scanlines 192
Number of active elements 64
Focus Tx/Rx (mm) [50:10:90]
Imaging depth (mm) 160
F# Tx/Rx [1:0.5:5]
Apodization Tx Boxcar
Apodization Rx Gauss
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Figure 5.18: The lateral resolution in SASBTHI for different wires and the mean of the lateral resolution
as function of the F# . The focal depth is set to 80 mm.

resolution for all wires, but also to find the F# that is capable of producing the most uniform resolution.
The figure shows that the wires at 20 mm, 66 mm, and 90 mm seem to have a local minimum FWHM
near a F# of 2. The wire at 43 mm has a local minimum for F# of 4, while the wire at 116 mm has a local
minimum for F# of 1. In Fig. 5.18b the mean of the FWHM values for all wires± one standard deviation
as function of the F# is shown. Here it is seen, that a F# of 2 produces overall the best resolution, because
it presents the lowest mean FWHM with a low standard deviation.

The PSF was also measured for F# ’s of 1, 3, and 5 to visualize the shape of the main lobe and the level of
side lobe energy. The measured PSF’s are shown in Fig. 5.19. Here it is seen, that the width of the main
lobe is increased as the F# goes up, while the level of side lobe energy is increased as the F# goes down.
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Of the three shown PSF’s, a F# of 3 produces the best PSF in terms of a narrow main lobe and low levels
of side lobe energy.

The study of the effect of the transmit/receive F# on the lateral resolution showed, that the highest and
most depth invariant lateral resolution was achieved with a F# of 2. The study of the PSF’s confirmed
these results and showed that the F# should be near 3 to reduce the width of the main lobe while at the
same time keeping the side lobe energy levels at a minimum. In the following studies, that are presented
in this thesis, a F# of 2 was applied.

5.5.2 Optimization of the Virtual Source Position

The scope of these experiments was to find the optimal depth for the virtual source and imaging line
density for SASBTHI that would result in high and depth independent resolution, while maintaining
the highest possible frame rate. The wire phantom was scanned using different virtual source positions
and line densities and the lateral resolution was measured. For each measurement a different virtual
source position and line density was set. The virtual source position varied between 50 mm and 70
mm, while the line density varied between 192, 269, and 384 image lines per B-mode image as seen
in Table 5.8. In total, 9 measurements were made with the different settings. All first stage image
data were stored on the desktop PC and second stage beamforming was completed for each measurement.

Table 5.8: Scan parameters for SASBTHI optimization.

Scanner Parameters SASBTHI

Transmit center frequency 2.14 MHz
Waveform cycles 1.5
Sampling frequency 17 MHz
Number of scanlines [192, 269, 384]
Number of active elements 64
Focus Tx/Rx (mm) [50, 60, 70]
Imaging depth (mm) 160
F# Tx/Rx 2
Apodization Tx Boxcar
Apodization Rx Gauss

Fig. 5.20 shows four examples of SASBTHI B-mode images of the wire phantom using different line
densities and positions of the virtual source. In Fig. 5.20a and Fig. 5.20b, the position of the virtual
souce is fixed, while the line density is increased from 192 lines to 384 lines. As can be seen from the
images, the resolution is improved by the increased line density. This is particularly pronounced in the
bottom of the image, where structures in the phantom are seen multiple times due to high levels of side
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Figure 5.19: Contour plots if the point spread functions for the wire at 65 mm depth for different F# ’s.
The focal depth is set to 80 mm. The distance between the contour lines is 6 dB.
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lobes in the image in Fig. 5.20a. This indicates, that the number of image lines should be maximized to
improve resolution. In Fig. 5.20c and Fig. 5.20d, the line density is kept constant at 269 lines, but the
position of the virtual source is moved from 50 mm depth to 70 m depth. Here it is seen, that moving the
virtual source also affects the levels of side lobes. In Fig. 5.20d, where the virtual source is moved down
to 70 mm, the amount of artifacts due to high levels of side lobes in the bottom of the image, is reduced.
By moving the location of the virtual source from 50 mm to 70 mm in Fig. 5.20c and Fig. 5.20d, the
level of side lobes at the top and bottom of the image shifts. This would indicate, that the level of side
lobe energy increases with distance to the virtual source. It is seen, that the side lobes fan out from the
position of the virtual source. This suggests, that the virtual source should be positioned near the half of
the maximum imaging depth as to decrease the level of side lobes throughout the entire image.

The PSF’s of SASBTHI using different line densities and virtual source positions are shown in Fig. 5.21
for the wire at 70 mm depth. Here, the findings in the previous B-mode images are confirmed. In
Fig. 5.21a and Fig. 5.21b, the virtual source position is fixed, while the line density is changed from 192
lines to 384 lines. Here, the reduction in side lobe energy due to the increased line density is clearly
visible. In Fig. 5.21c and Fig. 5.21d, the line density remains fixed at 269 lines per image, while the
position of the virtual source is moved from 50 mm depth to 70 mm depth. Here the level of side lobes
are reduced by moving the position of the virtual source down to 70 mm.

In Fig. 5.22, the lateral FWHM is shown for different positions of the virtual source and for varying line
density. By increasing the number of lines in the image, in Fig. 5.22a to Fig. 5.22c, the lateral resolution
for all positions of the virtual source becomes more uniform and more depth invariant. It is also seen
from in the figures, that as the the number of image lines increases, the lateral resolution for all three
positions of the virtual source become more identical. This indicates, that the lateral resolution in the
image is less affected by the change of focus point as the line density increases. In all cases in Fig. 5.22,
it is seen, that having the virtual source near 70 mm depth produces both the lowest and the most depth
invariant FWHM values. Therefore, in order to keep the most depth invariant and best lateral resolution,
the line density should be maximized, while the focus point and thereby the position of the virtual source
should be at 70 mm depth.

5.5.3 Optimization of the Line Density

As described in section 5.5.2, increasing the line density in SASBTHI drastically reduces the energy
levels of the side lobes. However, it also affects the time it takes to complete a B-mode frame. Table
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(a) 192 image lines, 70mm focus (b) 384 image lines, 70mm focus.

(c) 269 image lines, 50mm focus. (d) 269 image lines, 70mm focus.

Figure 5.20: SASBTHI B-mode scans of wire phantom using varying number of image lines and trans-
mit/receive focus depths.
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(a) 192 image lines, 70mm focus.
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(b) 384 image lines, 70mm focus.
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(c) 269 image lines, 50mm focus.
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(d) 269 image lines, 70mm focus.

Figure 5.21: Contour plot of the point spread functions for SASBTHI using various number of image
lines and transmit/receive focus depths. The level between the contour lines is 6 dB.
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(a) 192 image lines. (b) 269 image lines.

(c) 384 image lines.

Figure 5.22: Measured lateral FWHM for SASBTHI using 192 (5.22a), 269 (5.22b), and 384 (5.22c)
image lines and transmit/receive focus depths.
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5.9 shows the frame rates that can be accomplished for different line densities when the scan sequence
on the UltraView is performing a duplex scan with both SASBTHI and DRFTHI with equal line density.
While having 384 scan lines available improves both the spatial resolution and the levels of side lobes, the
frame rate of the scan drops to just 3 frames per second. The display of continuously moving tissues in an
in-vivo scan is disrupted by the low frame rate to a degree where finding and scanning the desired area is
near impossible for the user. By decreasing the number of available imaging lines to 269, the frame rate is
increased to 5 frames per second which shows a remarkably improvement to the eye of the user. For scans
where only either SASBTHI or DRFTHI is required, the available frame rate can be doubled, because
no duplex scan is needed. This will allow the use of maximum line density (384 scan lines per frame)
without disrupting the display of moving tissues. In the usecase that was implemented for SASBTHI on
the UltraView system, a line density of 269 was chosen, because the technique was supposed to run in a
duplex sequence with DRFTHI for simultaneous acquisition in clinical scans. This forced the available
frame rate in the scans to 5 frames per second as seen from Table 5.9.

Table 5.9: Available frame rates for B-mode SASBTHI/DRFTHI duplex scan for various line densities.

Scan lines Frame rate

192 6 frames/s
269 5 frames/s
384 3 frames/s

5.5.4 Measurement of the Signal to Noise Ratio

The signal to noise ratio (SNR) of SASBTHI is measured using the optimized parameters for F#, virtual
source position, and line density found in Sections 5.5.1, 5.5.2, and 5.5.3. Measurements were performed
on a tissue mimicking phantom with no scatterers. The attenuation of the phantom was 0.5 dB

mm·MHz and
the speed of sound was 1540 m

s , which is equivalent to the attenuation and speed of sound found in
human tissue.

The SNR was found as the ratio of the signal power, S for depth d over the noise power, N

SNR(d) =
S(d)

N(d)
(5.1)
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Here, the signal power was found over M measurements as

S(d) =

(
1

M

M∑
m=1

xm(d)

)2

(5.2)

and the noise power as

N(d) =
1

M

M∑
m=1

(
xm(d)− 1

M

M∑
m=1

xm(d)

)2

(5.3)

where x is the signal value.

In total, 30 image frames or measurements was used to find the signal and noise powers.

The SNR shown in the following is expressed in terms of dB. The conversion into dB is found as

SNRdB = 10 · log10 (SNR (d)) (5.4)

The resulting SNR curve for SASBTHI is shown compared to DRFTHI in Fig. 5.23. Here, the settings
for DRFTHI are kept at the default values on the UltraView with a transmit focus at 85 mm. In the
figure, the position of virtual source in SASBTHI is clearly visible at 70 mm depth as a dip in SNR. The
dip in SNR is caused by the low number of first stage image lines that contribute to an imaging point
near the virtual source and because of the geometrical shape of the transducer. As seen from Fig. 3.3a,
an imaging point may be represented by several image lines. For an imaging point close to the virtual
source, however, the point may only be represented in just one line. This will cause the energy in the
second stage image to drop in the vicinity of the virtual source. Furthermore, because a convex array
transducer is used, the first stage scan lines are not parallel to each other, but spread out like a fan with
imaging depth. This further contributes to less first stage lines representing imaging points near the
virtual source.

The SNR in Fig. 5.23 increases for both techniques with image depth for the first 50 mm due to buildup
of harmonic signal strength. Since the harmonics in a waveform are progressively generated by distortion
of the transmitted waveform, the 2nd harmonic will build up in signal strength as the distance the wave-
form has propagated increases. Just before the position of the virtual source, the 2nd harmonic is fully
developed and a maximum in SNR is reached. After 100 mm depth, the 2nd harmonic energy decreases
due to attenuation. For DRFTHI the maximal penetration depth defined as 0 dB SNR is met at 150 mm
depth. For SASBTHI, 0 dB SNR is not reached with the given setup. It is also seen from the figure, that
SNR for SASBTHI is generally of an order of 10 dB higher than DRFTHI for all depths. This is not
surprising, since the image in SASBTHI is constructed by summing over several first stage image lines,
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Figure 5.23: Signal to noise ratio for SASBTHI and DRFTHI.

whereas in DRFTHI, each line in the final image is constructed from a single emission. The difference in
the number of input contributions to every line, greatly affects the SNR in the finished images, which is
seen in the measurement.

5.5.5 Virtual Source Scaling

In Fig. 5.26a a SASBTHI scan of a cyst phantom is shown. A section of the phantom containing almost
no cysts is scanned thereby producing a scan that shows the speckle pattern of SASBTHI. The image
shows, apart from the cysts in the right hand side of the image, a darkened region across the image at the
focal depth at 70 mm depth as well as a darkened region in the top 10 mm of the image. The dark region
at the top of the image is caused by the lack of 2nd harmonic energy in the transmitted waveform. Since
the harmonics in a waveform are progressively generated by distortion of the transmitted waveform, the
2nd harmonic will build up in signal strength as the distance the waveform has propagated increases. At
the top of the image, the distance the waveform has propagated is small, causing the distortion of the
waveform and the level of 2nd harmonic energy to be very low as well. This results in the dark region
that is seen in the top of image in Fig. 5.26a. The dark region near the focal point is caused by the position
of the virtual source due to low number of first stage image lines that contribute to an imaging point near
the virtual source as described in Section 5.5.4.

In order to equalize these dark regions in the SASBTHI image, some sort of scaling must be done to the
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image. By calculating the median of the energy across image lines in Fig. 5.26a for every sample depth,
a map of the energy in the image can be drawn. The measured energy is inverted and low pass filtered to
exclude rapid fluctuations in order to generate a set of virtual source scaling (VS-scaling) curves that can
be used to equalize gain in the SASBTHI images.

As can be seen from the VS-scaling curve in Fig. 5.24a, the energy is enhanced primarily at the top of
the image and to a lesser degree at the position of the virtual source at 70 mm. The scaling curve is
extended to a matrix covering the same size of the image frame in terms of image lines, and samples. The
VS-scaling matrix generated for imaging of the UltraView system is shown in Fig. 5.25. In Fig. 5.24b,
the measured normalized inverted mean of the energy across the image lines after the application of
VS-scaling is shown. It is seen, that the normalized energy is 1 for almost all sample depths in the image,
showing that the VS-scaling has equalized the gray scale in the image. Fig. 5.26b shows the B-mode
image of the cyst phantom with the median VS-scaling matrix applied. As can be seen from the image,
the dark regions near the virtual source and at the top of the image have now been neutralized and a
uniform gray level has been attained. In Fig. 5.31, an in-vivo scan of the liver of a healthy 31 year old
male is shown with and without VS-scaling applied. The images were acquired using the UltraView and
the URI with the optimized scan settings applied. The dark region of the virtual source is neutralized by
VS-scaling and does not introduce any visual artifacts in the in-vivo image. The energy is also increased
at the top of the image after VS-scaling to obtain a more uniform gray scale throughout the entire image.

A similar scaling curve based on a DRFTHI speckle scan is made for DRFTHI. Here, the scaling curve
only adjusts for low 2nd harmonic energy at the top of the image.

5.5.6 SASBTHI Scan Parameters

In the following study of the performance of SASBTHI, the technique will be compared against DRFTHI.
DRFTHI is the default scan technique defined by the manufacturer on the UltraView scanner and therefore
the prime candidate for a golden standard technique to compare with. The UltraView scanner is set up
to perform both SASBTHI and DRFTHI simultaneously in a duplex scan. For DRFTHI the default
transmit waveform is a one-and-a-half cycle sinusoid waveform with center frequency of 2.14 MHz and
14 MHz sampling frequency. The 2nd harmonic component of the received signal used for DRFTHI
should therefore have an expected center frequency of 4.28 MHz. A transmit focus of 85 mm and F# of
5.67 is applied for DRFTHI with an active aperture of 64 elements using boxcar transmit apodization. In
receive, a dynamically expanding aperture is used with gauss apodization and an F# of 0.8. For SASBTHI,
the optimized parameters for F#, virtual source position, and line density were applied. The size of the
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(a) VS-scaling curve. (b) Normalized inverted median of en-
ergy after VS-scaling.

Figure 5.24: VS-scaling curve for SASBTHI using median VS-scaling. In 5.24, the VS-scaling curve
is shown. It is calculated as the inverted median of energy across the image lines in a speckle phantom
B-mode scan. In 5.24b, the normalized inverted median of energy across the image lines is shown for
after the application the VS-scaling.

Figure 5.25: Median VS-scaling matrix for SASBTHI.
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(a) No VS-scaling applied. (b) Median VS-scaling applied.

Figure 5.26: B-mode speckle scan of tissue mimicking cyst phantom using SASBTHI. No VS-scaling
is applied in 5.26a. Here, a dark region is visible at the position of the virtual source at 70 mm depth. A
dark area is also seen in the top part of the image, where the 2nd harmonic signal strength is low. In the
image in 5.26b, median VS-scaling is applied to correct for the regions with low signal strength. The
top region and the virtual source region are now equal in gray scale compared to the rest of the image.
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(a) No VS-scaling applied. (b) Median VS-scaling applied.

Figure 5.27: B-mode in-vivo scan of liver tissue using SASBTHI without VS-scaling in 5.27a and with
median Vs-scaling in 5.27b. The dynamic range in the images is 60 dB. It is seen from the images,
that VS-scaling successfully equalizes the gray scale in the region near the virtual source to match the
gray scale in the rest of the image. The region at the top of the image is amplified by VS-scaling to
compensate for low 2nd harmonic signal strength.
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transmit aperture, and the apodization profiles were the same as for DRFTHI. The scan parameters are
shown in Table 5.10.

Table 5.10: Scan parameters for SASBTHI and DRFTHI for BK 8820e convex array transducer on
UltraView.

Scanner Parameters SASBTHI DRFTHI
Transmit center frequency 2.14 MHz 2.14 MHz
Waveform cycles 1.5 1.5
Sampling frequency 17 MHz 17 MHz
No. scanlines 269 269
No. active elements 64 64
Focus Tx (mm) 70 85
Focus Rx (mm) 70 Dynamic
F# Tx 2 5.67
F# Rx 2 0.8
Apodization Tx Boxcar Boxcar
Apodization Rx Gauss Gauss

5.5.7 B-mode Images

A scan of the wire phantom was conducted using the SASBTHI/DRFTHI duplex scan sequence. The
images are shown in Fig. 5.28. On close inspection of the images, it is found that SASBTHI produced a
bit tighter main lobe, especially for the first wire near 20 mm depth. For the most of the image, the levels
of side lobes are found to be lower for SASBTHI. This can be seen for the third wire at approximately
80 mm depth. However, at the bottom of the image, artifacts due to high levels of side lobes, are more
pronounced for SASBTHI than for DRFTHI. The structures at the bottom of the phantom are more
blurred for SASBTHI and multiple echoes from the structures are seen.

5.5.8 PSF’s

The PSF’s of the two techniques were visualized as contour plots in order to inspect the levels of side
lobes. The PSF’s for the wire at 70 mm depth are shown in Fig. 5.29. Here it is seen, that the width of the
main lobe is approximately the same for the two techniques. The main lobe for SASBTHI is, however,
a bit tighter at the -24 dB level. Below the -24 dB level, SASBTHI has remarkably lower levels of side
lobes.
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(a) DRFTHI, 269 image lines, 85 mm
transmit focus

(b) SASBTHI, 269 image lines, 70mm
transit/recieve source.

Figure 5.28: DRFTHI and SASBTHI B-mode scans of wire phantom using 269 image lines.
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(a) DRFTHI PSF, 269 image lines, 85
mm transmit focus.
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(b) SASBTHI PSF, 269 image lines, 70
mm transmit/receive focus.

Figure 5.29: Contour plot of the PSF’s for DRFTHI and SASBTHI using 269 image lines.
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Figure 5.30: The lateral and axial resolution of SASBTHI and DRFTHI.

5.5.9 Resolution

In Fig. 5.30, the measured lateral and axial FWHM for the wires in the phantom is shown for both
SASBTHI and DRFTHI. From Fig. 5.30a it is seen, that the lateral resolution of the two techniques is
very similar, however, SASBTHI produces the best resolution at the top of the image, wheres DRFTHI
produces better resolution at the bottom of the image. For SASBTHI, the mean of the FWHM values is
1.55 with a standard deviation of 0.42. For DRFTHI the mean FWHM is 1.70 with a standard deviation of
0.41. This shows, that the lateral resolution is generally 8% better for SASBTHI compared to DRFTHI. In
Fig. 5.30b, the axial resolution is shown for the two techniques. Here, the resolution of the two techniques
fluctuate around nearly the same mean FWHM value. For SASBTHI the mean axial FWHM is 0.84 mm
and for DRFTHI the mean axial FWHM is 0.81 mm.

5.5.10 In-vivo B-mode images

An in-vivo scan of the liver of a healthy 31-year old volunteer was performed using UltraView and the
SASBTHI/DRFTHI duplex use case. The compiled B-mode images are shown in Fig. 5.31. In both
images several blood vessels can be identified. On close inspection, it is seen that the small vessels
at (0;70) mm lateral and axial positions are more visible in the SASBTHI image. Furthermore, the
delineation of the vessels branches in the image and of the dissected vessel at (-10;60) mm lateral and
axial positions is sharper for SASBTHI. Also, the contrast in the vessel branches seem to be higher for
SASBTHI. At the bottom left of the image the border of the liver tissue is seen as a white border. In
DRFTHI, the delineation of the border is bit sharper than for SASBTHI. Overall, the two images are very
similar and only small differences can be spotted. In the following chapter, the clinical value of SASBTHI
will be studied in more detail.
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(a) DRFTHI. (b) SASBTHI.

Figure 5.31: B-mode in-vivo scan of liver tissue using DRFTHI and SASBTHI. The dynamic range in
the images is 60 dB.
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5.5.11 Section Conclusion

An implementation of SASBTHI was conducted on the UltraView system. Based on phantom mea-
surements, the F#, virtual souce position, and line density was optimized. The SNR was measured for
SASBTHI and DRFTHI and found to be higher for SASBTHI by an order of 10 dB. The results on resolu-
tion that were obtained using the convex array transducer showed, that SASBTHI is capable of improving
the resolution compared to DRFTHI. The clinical value of SASBTHI should therefore be investigated in
further studies.
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CHAPTER

SIX

CLINICAL EVALUATION

The clinical relevance of SASBTHI is determined by a comparison with DRFTHI on simultaneously
acquired in-vivo images using the UltraView and URI. The scope of the comparison is to reveal whether
SASBTHI provides an improvement in image quality and whether SASBTHI provides an improvement
in detecting pathology compared to DRFTHI. A clinical trial was conducted to collect in-vivo scan data,
which was later evaluated by a panel of trained doctors. The hypothesis, the scan procedure, the evaluation
procedure, and the results of the study are all described in detail in the following sections.

6.1 Hypothesis

The two techniques were evaluated against each other by a panel trained professionals in two separate
double blinded trials using simultaneously acquired in-vivo data. In the first trial, each examiner was
presented with videos of two simultaneous DRFTHI and SASBTHI scans that showed views with and
without pathology. The examiner was asked to consider the following question in this study:

• Which of the two scans shown do you prefer?

In the second trial, the examiner was presented with videos of either a DRFTHI or a SASBTHI scan that
that showed a view either with or without pathology. The examiner was asked to consider the following
question:

• Do you see pathology in the scan?

The result of the first question will determine whether the examiner thought the image quality produced
by SASBTHI is better than DRFTHI. Since each examiner may have his or her own personal preference
when it comes to quality of an image, the outcome of the study is very subjective. Each examiner
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may prefer different characteristics, such as color hue, penetration, delineation, and speckle pattern and
may weigh them differently in importance. However, by comparing the techniques in this manner, no
restrictions are made to which characteristics should be evaluated, and the clinical relevance in terms of
image quality can be determined.

The result from the second study will determine, whether SASBTHI provides the doctor with more
information on pathology. Again, the question is put in a way as to not restrict the examiner in what
to look for. The personal preferences will differ within the panel, but a general comparison of the two
techniques can easily be done in this manner. Collectively, the two questions from the two studies will
determine the clinical relevance of SASBTHI compared to DRFTHI.

6.2 In-vivo Data Acquisition

In-vivo scans on voluntary patients with liver metastases were conducted at Copenhagen University
Hospital, Rigshospitalet by two trained doctors. Subjects were all volunteers that had been submitted to
liver biopsy later that same day, due to findings of pathology from CT scans and ultrasound scans.

Prior to receiving the patient, the two doctors, who performed the scans, had studied the position and size
of the metastases from the CT scan. Once the volunteer was received, an ultrasound abdominal scan was
performed using the UltraView scanner running in normal scan mode. Here, the position of metastases
was verified. Next, the UltraView’s URI mode was activated and a usecase for DRFTHI/SASBTHI
in a duplex scan was loaded. In total, 8-10 scans were performed (4-5 with pathology, 4-5 without
pathology) on the patient. Data was stored on the external computer and was uploaded to a data base for
later beamforming and processing. The specific usecase used in the study was the same as illustrated in
Fig. 5.3 in Section 5.1.2 and the settings the same as in Table 5.10 in Section 5.5.6.

A total of 25 patients with various liver metastases were selected. An inclusion/exclusion criterion of
patients was defined. The criterion states, that patients are included into the study if the location of
the metastasis can be confirmed by the CT scan and by the preceding ultrasound investigation. If the
metastasis in the CT and ultrasound scans can not be located by the two doctors, the patient is excluded
from the study. Of the total of 25 patients, 6 patients were excluded because the position of the metastases
could not be determined by the preceding ultrasound investigation. This resulted in a group of 19 patients
meeting the inclusion criterion.

80 Chapter 6. Clinical Evaluation



6.3 In-vivo Data Comparisons

The clinical relevance of SASBTHI was evaluated against DRFTHI by a panel consisting of 3 trained
doctors who were presented with the video sequences made from each scan. A total collection of 114
scans were examined in the trial with 57 of the sequences presenting the pathology and 57 not presenting
any pathology. The video sequences were presented in the program IQap[31], which automatically and
randomly selected two corresponding DRFTHI and SASBTHI video files from the collection of scans
and presented the videos on screen next to each other. The program randomly selected on which side
of the screen to present each imaging technique. The examiner did therefore not know which scan was
being watched and which imaging technique was presented on either side of the screen. The entire
collection of paired videos was presented twice with opposite left-right placement. Each examiner sat
isolated during the entire scoring process and was not allowed to discuss the images with any other
persons.

In the first evaluation, the image quality was scored. Here, the examiners were presented to paired video
sequences of DRFTHI and SASBTHI scans with or without pathology. Each examiner was asked to
score which of the two sequences was preferred based on a visual analog scale (VAS). The VAS was in
the range of -50 to 50 corresponding to left view is best - left view is slightly better - no difference - right
view slightly better - right view is best. No limitations as to which features of the image to look for was
given to the examiners. An example of an evaluation of a scan sequence using IQap is shown in Fig. 6.1.
Here, it is seen how the two techniques are displayed side by side and are played simultaneously. A set
of controls are shown to the examiner at the bottom right corner. With these, the examiner, can pause
frames, go forward and backwards frame by frame, resume play, and skip to the next sequence. The VAS
scale is shown at the bottom of the screen. The examiner moves the marker on the bar to either side to
indicate which technique is preferred.

In the second evaluation, the examiners were presented with a video of either a DRFTHI or a SASBTHI
scan. No information was given to the examiner on which technique was being displayed or whether
there was pathology or not in the scan. Here, the examiners were asked to decide whether or not there
was pathology presented in the scan, again using a VAS. Fig. 6.2 shows an example of an evaluation of
pathology using IQap. If the examiner finds pathology in the image, the bar in the image is moved to the
top of the image. If no pathology is detected, the examiner moves the bar to the bottom.
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Figure 6.1: Example of an evaluation of image quality of a scan sequence using IQap.

Figure 6.2: Example of an evaluation of pathology in a scan sequence using IQap.
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6.4 Results

The results of the studies are presented in the following two sections. For the image quality study, the
results are presented as a series of histograms of the VAS scores form the examiners. Statistical analyses
are conducted on the results to investigate the strength of the results. In the pathology study, the results
are expressed as the sensitivity and specificity for each of the techniques.

6.4.1 Image Quality

The results of the first evaluation are presented as histograms of the VAS scores for each examiner
in Fig. 6.3. In the histograms, a positive VAS score indicates, that the examiners thought SASBTHI
produced better images, and a negative VAS score, that DRFTHI produced better images. A VAS score
of 0 indicates, that both techniques were equally favored. In the comparisons, the 114 video sequences
were displayed twice to the examiner, therefore, the total number of VAS scores in each histogram is 228
(VAS1 and VAS2). For all three histograms in Fig. 6.3, the majority of outcomes are centered at a VAS
score of 0, indicating that the examiners generally preferred both techniques equally. The mean of the
VAS scores are shown in Table 6.1, where a slight trend towards a positive mean VAS score is seen for
all three histograms. This could indicate, that SASBTHI produced slightly better images than DRFTHI,
however, the standard deviation for the VAS scores is so great, that any definite conclusions are difficult
to make.

Table 6.1: Mean VAS score and standard deviation of image quality.

Examiner Mean VAS ± 1 std

Examiner 1 0.088 ± 2.261
Examiner 2 0.004 ± 1.121
Examiner 3 0.097 ± 7.621

A Wilcoxon signed rank test is performed on the VAS scores for each of the 3 examiners. Three types of
test are performed. First, the Wilcoxon test is performed on the difference between each of the collections
of VAS scores (VAS1 - VAS2). Here any left-right bias is studied for each of the examiners, by testing
the null hypothesis (H0), that VAS scores have zero median against the alternative that the distribution
does not have zero median (H1). In the second study, a Wilcoxon test is performed twice on each of the
collections of VAS scores (VAS1 or VAS2). Here the null hypothesis, that each collection of VAS scores
have zero median, is tested. Finally, the entire collection of 228 VAS scores from each examiner is tested
using the Wilcoxon test. Here the null hypothesis, that all VAS scores have zero median, is tested.
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Figure 6.3: Histograms of the VAS scores from 3 examiners. A total of 2 · 114 sequences were scored.
A positive VAS score favors SASBTHI, while a negative VAS score favors DRFTHI.

Table 6.2: Wilcoxon signed rank test - Examiner 1.

Data Reject H0 p-value

VAS1-VAS2 Yes 0.001
VAS1 Yes 0.01
VAS2 Failed 0.13

VAS1 and VAS2 Failed 0.53
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Table 6.3: Wilcoxon signed rank test - Examiner 2.

Data Reject H0 p-value

VAS1-VAS2 Failed 0.31
VAS1 Failed 0.39
VAS2 Failed 0.74

VAS1 and VAS2 Failed 0.72

Table 6.4: Wilcoxon signed rank test - Examiner 3.

Data Reject H0 p-value

VAS1-VAS2 Failed 0.08
VAS1 Failed 0.20
VAS2 Failed 0.25

VAS1 and VAS2 Failed 0.91

Tables 6.2-6.4 show the results of the Wilcoxon tests for each of the examiners. It is noticed, that for
examiner 1, the first Wilcoxon test on the difference of the VAS scores, rejects the H0 hypothesis. This
indicates, that the examiner had a left-right bias in this part of the study. The second Wilcoxon test shows
the outcome from each of the collections of VAS scores. Here, it is seen that for VAS1, H0 is rejected
indicating, that the median of VAS1 is not zero, while for VAS2, H0 is not rejected, indicating that the
median of VAS2 is zero. For the last Wilcoxon test on the entire collection of VAS scores for examiner
1, the H0 hypothesis is rejected, indicating that the median of all VAS scores from examiner 1 is zero

For the other two examiners, the Wilcoxon tests shows no left-right bias, and all tests failed to reject the
H0 hypothesis, indicating, that the VAS scores from each examiner has zero median.

Table 6.5: Wilcoxon signed rank test - All examiners.

Data Reject H0 p-value

All VAS scores Failed 0.42

A Wilcoxon test is made on the accumulated VAS scores from all 3 examiners. The results are shown in
Table 6.5. Here, H0 hypothesis is failed to be rejected with a p-value of p = 0.42. This shows, that the
hypothesis, that VAS scores have zero median could not be rejected, or in other words, that there was no
statistical difference between the image quality of DRFTHI and SASBTHI.
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6.4.2 Pathology test

The results of the second evaluation are shown in Table 6.6a for DRFTHI and Table 6.6b for SASBTHI.
Here the results are shown as percentages indicating, in how many of the cases where pathology was
present in the image did the examiner also see the pathology and vice versa. For DRFTHI, the amount
of false positive cases, where the examiners found pathology present in the images, when there actually
was no pathology present, is 18%. For SASBTHI, the amount of false positive cases is only 12%. The
amount of false negative cases, where the examiners did not find the pathology that was present in the
images, is 32% for DRFTHI and 36% for SASBTHI. Tables of the results of the pathology tests for each
individual examiner can be found in Appendix A.

Table 6.6: Pathology test - All examiners

(a) DRFTHI

No visual of pathology Visual of pathology
No pathology in image 82 18

Pathology in image 32 68

(b) SASBTHI

No visual of pathology Visual of pathology
No pathology in image 88 12

Pathology in image 36 64

In Table 6.7, the sensitivity and specificity of the two techniques are shown. The sensitivity is defined as
the ratio of the amount of cases where the examiner correctly detected pathology, over the total amount of
cases where pathology was detected. The specificity is defined as the ratio of the amount of cases where
the examiner correctly rejected presence of pathology, over the total amount of cases where pathology
was rejected. In other words, sensitivity is the proportion of actual positives which are correctly
identified as such, while the specificity is the proportion of negatives which are correctly identified
as such. Tables of the results on sensitivity and specificity for each examiner can be found in Appendix B.

Table 6.7: Sensitivity and specificity for DRFTHI and SASBTHI.

Sensitivity Specificity

DRFTHI 0.79 0.72
SASBTHI 0.84 0.71

Here, it is seen, that SASBTHI has higher sensitivity than DRFTHI, which means, that the examiners
were better to correctly detect pathology using SABTHI. The specificity is almost the same for the two
techniques, indicating, that the examiners were equally good to correctly exclude pathology using either
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technique.

6.5 Chapter Conclusion

A study of the clinical relevance of SASBTHI was performed. The study answered the two questions on
whether SASBTHI provided improved image quality and whether SASBTHI made detection of pathology
easier. Simultaneously acquired DRFTHI and SASBTHI scan data from 114 in-vivo scans on 19 patients
was performed by trained doctors from Copenhagen University Hospital, Rigshospitalet. The collection
of scan videos were evaluated by a panel consisting of three trained doctors who scored the videos in two
double-blinded trials. The results of the trials show, that SASBTHI produced VAS mean values that were
slightly better than DRFTHI, however there was no statistically difference between the image quality
of SASBTHI and DRFTHI. In terms of increasing the detectability of pathology, SASBTHI produced a
sensitivity of 0.84 which is better than the sensitivity of DRFTHI which is only 0.79. The specificity is
found to be the same for the two techniques where values of 0.71 and 0.72 for SASBTHI and DRFTHI are
obtained. In general, the study showed, that SASBTHI produces clinical images that have as good image
quality and specificity as the golden standard (DRFTHI), while the sensitivity of SASBTHI is better than
for DRFTHI.
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CHAPTER

SEVEN

PROJECT CONCLUSIONS

The project was divided into three main topics.

1. THI on linear and convex array transducers

2. SASBTHI on linear and convex array transducers

3. The clinical relevance of SASBTHI

7.1 THI on Linear and Convex Array Transducers

A PI technique was implemented on SARUS for DRFTHI using a linear array transducer. The scope
of the experiment was to investigate whether the newly developed SARUS could perform a 180◦ phase
shift required for PI. Inspection of the pulse responses confirmed the systems capability of producing
PI, however, harmonic leakage from the fundamental into the 2nd harmonic was present due to poor
separation of the 2nd harmonic. A new implementation of DRFTHI was made on SARUS using a convex
array transducer. Here the PI technique was exploited for fundamental, 2nd harmonic, and 3rd harmonic
imaging. Matched filters were applied to reduce harmonic leakage for all three techniques. The results
proved that THI could be performed on SARUS for both 2nd and 3rd harmonic imaging using PI, and
that improvements of 43% and 56% in the FWHM could be obtained for 2nd and 3rd harmonic imaging,
respectively. Significant experience with the PI technique, the effects of harmonic leakage in particular,
and THI in general, was obtained during these studies.
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7.2 SASBTHI on Linear and Convex Array Transducers

The experimental ultrasound system was used for a novel implementation of SASBTHI for a linear array
transducer. The scope of the measurements was to investigate, whether the technique was feasible and
to study how the technique compared to DRFTHI in terms of obtained resolution. Different positions
of the virtual source was applied in a series of scans of a wire phantom. The measured resolution of
the wires suggests, that SASBTHI is quite capable of improving the resolution compared to DRFTHI.
An improvement of 69% in the lateral FWHM was accomplished using the linear array compared with
DRFTHI. The technique was expanded for a convex array transducer and applied to the commercial
ultrasound system UltraView. The use of a commercially available ultrasound system allows for the
technique to be applied for future in-vivo imaging without the risk of violating clinical regulations. A
thorough optimization study was performed, where the optimal F#, position of the virtual source, and line
density were found. The SNR was measured for the optimized SASBTHI technique and for DRFTHI.
The measurement showed, that the SNR for SASBTHI was generally 10 dB higher than DRFTHI, and
that the noise floor was not met for a scan depth of up to 160 mm. A scaling technique was developed to
equalize low signal strength at the position of the virtual source and at the top the images due to low 2nd
harmonic signal strength. The scaling technique was applied for phantom scans and in-vivo scans where
no artifacts caused by the scaling were found. Measurements of the resolution of SASBTHI confirmed
previous findings, that SABTHI provides improved resolution compared to DRFTHI.

7.3 The clinical relevance of SASBTHI

The optimized implementation of SASBTHI was used in a small clinical trial to investigate whether
SASBTHI improves image quality and makes detection of pathology easier. A total of 114 in-vivo

scans were performed on 19 patients at Copenhagen University Hospital, Rigshospitalet by trained
professionals. A duplex SASBTHI/DRFTHI usecase acquired scan data from the two techniques
simultaneously. A double-blinded trial was performed where 3 trained examiners evaluated each pair of
acquired scan sequences.

The statistical analysis showed that the mean of the VAS scores for image quality were slightly higher for
SASBTHI, but were not statistically significant. A Wilcoxon analysis on the accumulated VAS scores for
image quality showed, that the hypothesis that the median of the scores was zero could not be rejected.
This indicates, that there is no statistically difference in the image quality and that SASBTHI produces
equally as good images as DRFTHI.
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The results on the detectability of pathology in the images shows that the sensitivity of SASBTHI is
0.84 which is 6% higher than DRFTHI sensitivity. The specificity for SASBTHI is found to be 0.71
which is virtually the same as for DRFTHI (0.72). This shows, that the examiners found it easier to
correctly detect pathology in the images using SASBTHI and found excluding pathology equally easy in
the SASBTHI and DRFTHI images.

7.4 Final Conclusion

The project investigated the field of THI and covered many aspects of the PI technique including the
effects of harmonic leakage and the improvements in resolution using THI. Overall, the project showed,
that SASB can be combined with THI to produce images which benefit from higher resolution compared
to today’s golden standard DRFTHI. In the clinical investigations, it was found that the image quality and
specificity of SASBTHI was as good as DRFTHI, and that the sensitivity of SASBTHI was even higher.

As the hardware computational power in ultrasound systems increases, more and more synthetic aperture
techniques will emerge. It is the author’s expectation, that SASBTHI will be a valuable tool in the
development of a hands free ultrasound system. The first stage beamformer in SASB reduces image RF
data to image line data and is of such low complexity that it could eventually be implemented into the
handle of the transducer. Image line data could then be transferred wirelessly to a stationary second stage
beamformer on a computer or cluster engine. The benefits of increased resolution and reduced artifacts
in THI can make SASBTHI the new default imaging technique on future ultrasound systems.
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APPENDIX

A

PATHOLOGY TEST

The following tables present additional data material on the pathology tests for SASBTHI and DRFTHI.

Table A.1: Pathology test - Examiner 1

(a) DRFTHI

No visual of pathology Visual of pathology
No pathology in image 59 41

Pathology in image 20 80

(b) SASBTHI

No visual of pathology Visual of pathology
No pathology in image 72 28

Pathology in image 28 72

Table A.2: Pathology test - Examiner 2

(a) DRFTHI

No visual of pathology Visual of pathology
No pathology in image 96 4

Pathology in image 54 46

(b) SASBTHI

No visual of pathology Visual of pathology
No pathology in image 96 4

Pathology in image 50 50
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Table A.3: Pathology test - Examiner 3

(a) DRFTHI

No visual of pathology Visual of pathology
No pathology in image 91 9

Pathology in image 22 78

(b) SASBTHI

No visual of pathology Visual of pathology
No pathology in image 96 4

Pathology in image 30 70
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APPENDIX

B

SENSITIVITY AND SPECIFICITY

The following tables present additional data material on the sensitivity and specificity of SASBTHI and
DRFTHI.

Table B.1: Sensitivity and specificity for DRFTHI and SASBTHI - Examiner 1.

Sensitivity Specificity

DRFTHI 0.66 0.75
SASBTHI 0.72 0.72

Table B.2: Sensitivity and specificity for DRFTHI and SASBTHI - Examiner 2.

Sensitivity Specificity

DRFTHI 0.92 0.64
SASBTHI 0.93 0.66

Table B.3: Sensitivity and specificity for DRFTHI and SASBTHI - Examiner 3.

Sensitivity Specificity

DRFTHI 0.90 0.81
SASBTHI 0.95 0.76
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APPENDIX

C

CLINICAL TRIAL DATA MATERIAL

The following figures presents the first B-mode image in each of the 114 image sequences presented to
the examiners in the clinical trial.
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(e) DRFTHI (f) SASBTHI (g) DRFTHI (h) SASBTHI

(i) DRFTHI (j) SASBTHI (k) DRFTHI (l) SASBTHI
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Abstract— This paper presents the first non-linear B-mode 
image of a wire phantom using pulse inversion attained via an 
experimental synthetic aperture real-time ultrasound scanner 
(SARUS). The purpose of this study is to implement and 
validate non-linear imaging on SARUS for the further 
development of new non-linear techniques. This study presents 
non-linear and linear B-mode images attained via SARUS and 
an existing ultrasound system as well as a Field II simulation. 
The non-linear image shows an improved spatial resolution 
and lower full width half max and -20 dB resolution values 
compared to linear B-mode imaging on the other systems. For 
the second scatterer at 47 mm depth the -20 dB resolution 
value for the non-linear SARUS image is 0.9907 mm and 
1.1970 mm for the linear image from SARUS. 

Keywords— non-linear imaging, pulse inversion, synthetic 
aperture real time ultrasound scanner. 

I. INTRODUCTION  

One way to improve the spatial resolution of a B-mode 
ultrasound image is to perform non-linear imaging. The 
pulse inversion (PI) technique [1] has for many years been 
an easy method to perform non-linear imaging. This tech-
nique acquires data in the same direction twice, where the 
second emitted pulse is phase shifted 180o compared to the 
first pulse. Adding the two received signals will cancel the 
1st harmonic component of the received summed pulse due 
to the 180o phase shift. The 2nd harmonic component is 
phase shifted 2 · 180o and will therefore add constructively 
and be amplified. The technique can thus isolate the 2nd 
harmonic component even for broad band signals.  

While non-linear imaging benefits from a good spatial 
resolution and low side lobes, PI suffers from lower pene-
tration depth and a loss in frame rate. At the Center for Fast 
Ultrasound Imaging (CFU) a new fast non-linear imaging 
technique aimed at solving these issues is being developed 
using the experimental synthetic aperture real-time ultra-
sound scanner (SARUS) [2]. The purpose of this paper is to 
document the first non-linear imaging attempts using PI on 
SARUS and compare the results to existing ultrasound im-
aging systems and simulations. 

II. PULSE INVERSION 

In PI two consecutive waveforms, x1 and x2, that are 
identical except for a 180o phase shift are emitted [1],[3]. 
That is, x1=-x2 (see Fig. 1). The received signals, y1 and y2, 
contain higher order harmonics due to the non-linear propa-
gation of sound waves in tissue. That is, 

 y1 = a1x1+a2x1
2+… (1) 

 y2= a1x2+a2x2
2+…= a1(-x1)+a2(-x1)

2+…, (2) 

where ai are non-linear constants. 
When the received waveforms, y1 and y2, are summed the 

out of phase odd number harmonics (1st, 3rd, …) cancel out 
while the even in phase harmonics (2nd, 4th, …) add.  The 
amplitude of the even harmonics in the summed signal is 
twice that of the amplitude seen in either of the two re-
ceived signals (see bottom of Fig. 2). 
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Fig. 1 Raw channel data from SARUS showing the normalized amplitude 
of the received regular pulse, the received inverted pulse, and the summed 

pulse used for PI imaging. 
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Fig. 2 Bandwidth of the BK 8804 transducer (top) and the spectrum of the 
received regular pulse and summed pulse (bottom). The fundamental 

frequency of 5 MHz is easily detected for the regular pulse as well as the 
2nd harmonic component at 10 MHz. Both are well within the bandwidth of 

the transducer. For the summed pulse the fundamental frequency is 
suppressed by 17 dB while the 2nd harmonic component is enhanced by 4 

dB compared to the 2nd harmonic component of the regular pulse. 

III. SETUP 

A B-mode scan of a wire phantom using PI is performed 
using SARUS. Similar linear scans are performed on the 
ProFocus scanner from BK Medical and a Field II [4],[5] 
simulation of the scan is performed. The Full Width Half 
Max (FWHM) and -20 dB resolution values for each scat-
terer is measured in all images for comparison.  

Transducer: A 192 element BK 8804 linear array trans-
ducer from BK Medical is used. The center frequency of 
this transducer is 7 MHz. Sixty-four active channels are 
used for both transmit and receive. Apodization for transmit 
is done using a Hamming function, whereas receive apodi-
zation is set to one for all 64 elements.  

Phantom: A water-filled wire phantom containing 6 
equidistant wires is used. The distance between each wire is 
2.5 cm. The transducer is held in a fixed setup centered over 
the wires in the phantom with the surface of the transducer 
slightly submerged in water. 

SARUS setup: For the SARUS scan 129 dual emissions 
are obtained to derive the non-linear image. The total col-
lection of received data can be used for linear B-mode im-
ages (one for the regular pulse; one also for the inverted 
pulse) and one PI non-linear B-mode image (from the 
summed pulse).  

Since the transducer of the system has a limited band 
width, the transmitted center frequency must be chosen such 
that it allows for the detection of the 2nd harmonic compo-
nent in the received signal. From the bandwidth plot of the 
transducer in Fig. 2, a 5 MHz center frequency for the exci-
tation pulse with a 10 MHz 2nd harmonic component is cho-
sen. Both frequencies are well within the bandwidth of the 
BK 8804 transducer. 

A fixed focal depth of 40 mm is used and the 64 channel 
received data are beam formed using the BFT3 toolbox [6]. 

 ProFocus scanner setup: Twenty consecutive B-mode 
scans using 129 emissions with a 7 MHz center frequency 
are obtained using the ProFocus system from BK Medical. 
A fixed focal depth of 40 mm is set for all scans. 

Field II setup: A simulation of a B-mode scan of the 
phantom is obtained using Field II with a 70 MHz sampling 
frequency, 5 MHz center frequency, 129 emissions, and a 
40 mm fixed focal depth. 
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Fig. 3 B-mode images obtained from SARUS. Left shows the non-linear 
B-mode image of the wire phantom created via PI. Middle shows the same 
image obtained via linear B-mode imaging. Right shows the B-mode image 
obtained using the ProFocus scanner. Note that the ProFocus image depth 

is only 125 mm. 
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Fig. 4 Six dB contour plot of the PSF around the 2nd wire. Top shows the 
PSF for the non-linear PI B-mode image, bottom shows the PSF for the 

linear B-mode image. 

IV. RESULTS 

B-mode images are obtained from all scans and from the 
Field II simulation. Fig. 3 shows the non-linear B-mode 
image from the PI scan, the linear B-mode image from a 
linear scan on the SARUS system, and a linear B-mode im-
age from the ProFocus system. All 6 wires in the phantom 
are detectable in both the SARUS images as well as the 
structure of the bottom of the phantom at 150 mm depth. 
The ProFocus image depth is only 125 mm due to the set-
tings on the system. Consequently, only the first 5 wires are 
seen and the bottom of the phantom can only just be per-
ceived.  

The point spread functions (PSF) for both the PI signal 
and the regular linear signal from the SARUS images 
around the 2nd wire in the phantom are shown in Fig. 4. In 
this figure it is clearly seen that the spatial resolution in the 
PI B-mode image is improved compared to the linear        
B-mode image. The PSF for the 2nd harmonic pulse has 
more narrow side lobes than the linear fundamental pulse. 

Another quantitative measure for the spatial resolution of 
the B-mode image is the FWHM and -20 dB resolution val-
ues for each of the wires as shown in Fig. 5. From the top 
view of Fig. 5 it is seen that both SARUS imaging modali-
ties have almost same FWHM values for all depths. The 
ProFocus system, however, has a lower FWHM resolution 
value than any of the other imaging system for the 4th wire 
indicating a better spatial resolution at this point.  

In the bottom view of Fig. 5 it is seen that both imaging 
modalities on the SARUS system and the Field II simula-
tion have generally lower -20 dB resolution values than the 

ProFocus system indicating an overall better spatial resolu-
tion. Especially at the 1st and 5th wire the ProFocus system 
is outperformed by all of the other imaging modalities. Fur-
thermore, it is seen that SARUS PI and SARUS linear im-
aging have almost same resolution values except at the 4th 
and 6th wire where PI has lower -20 dB resolutions. At the 
3rd wire the -20dB resolution of both SARUS modalities is 
lower than both Field II and ProFocus and at the 6th wire 
SARUS PI outperforms all other modalities.  

On close inspection of the second wire at 47 mm depth, 
close to the focal point, the FWHM value of the non-linear 
SARUS image is found to be 0.7017 mm and the -20 dB 
resolution value to be 0.9907 mm. In comparison the 
FWHM of the linear SARUS image is 0.6604 mm and 
1.1970 mm. These values indicate that although linear SA-
RUS has lower FWHM value than non-linear SARUS, the 
shape of the PSF of the non-linear SARUS scatterer has 
more narrow side lobes due to the lower -20 dB resolution 
value. This is further verified by the PSF plot in Fig. 4 
which also shows an improved spatial resolution of the non-
linear image. 
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Fig. 5 FWHM (top) and -20 dB (bottom) resolution values for each wire in 
the phantom obtained using different imaging systems. Values for linear 

SARUS B-mode, PI SARUS B-mode, linear ProFocus, and Field II 
imaging are shown. Notice that only the first 5 wires of the phantom were 

imaged using the ProFocus system. 
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V. DISCUSSION 

From the results in Fig. 5 it is seen that the imaging mo-
dalities on SARUS generally has lower -20 dB resolution 
values than the ProFocus system. The very high  -20 dB 
resolution values for the 1st and 5th wire in the ProFocus 
image could indicate a poor spatial resolution of the wire. 
While this is the case for the 5th wire the spatial resolution 
of the 1st wire in the image is in fact not as bad as indicated. 
This is due to the shape of the PSF around the 1st wire. Here 
the PSF takes a very pointy appearance with a very high 
maximum value and steep slopes, but with very wide low-
level side lobes. This leads to a high -20 dB resolution value 
while the spatial resolution remains good. Accordingly, had 
the PSF taken the appearance of a hump with low maximum 
value, but with narrow side lobes, the -20 dB resolution 
value would be lower but the spatial resolution poor. When 
determining the spatial resolution of an imaging modality 
the FWHM and -20dB resolution values cannot be used 
alone, but must be compared to the actual image of the 
scanning before conclusions can be made. 

Both SARUS imaging modalities have low FWHM and  
-20 dB resolution values compared to both Field II and  
ProFocus. In addition, in close comparison of the two    
SARUS B-mode images in Fig. 3, it is seen that the spatial 
resolution of the wires in the non-linear B-mode image is 
better than in the linear B-mode image. The low attenuation 
in the images is a result of the water filled phantom that is 
used. Had the phantom been filled with a substance that 
mimics human tissue, the attenuation would have made de-
tection of deep wires harder.  

VI. PROS AND CONS FOR NON-LINAR IMAGING 

While non-linear imaging using PI has the benefits of  
improved spatial resolution and low side lobes, it also has 
some drawbacks. First of all, two emissions need to be re-
ceived in order to derive the summed pulse used in PI. This 
reduces the frame rate of the imaging system by a factor 2 
compared to linear B-mode imaging. The dual emissions 
also increase the amount of data the processor of the imag-
ing system must be able to handle without further loosing 
frame rate. The loss of frame rate could prove very disad-
vantageous, if the scan is made on non-stationary tissues. 
Here any tissue motion may lead to a phase change in the 
paired received signals severely reducing the 2nd harmonic 
component of the summed pulse. 

Secondly, the transducer must function optimally over a 
broad spectrum to be able to transmit and receive a maxi-
mum energy at the fundamental and 2nd harmonic center 
frequency. If there is an energy loss at either frequencies the 
signal to noise ratio (SNR) in the image will decrease. 

  Thirdly, the attenuation of the 2nd harmonic signal is 
much higher than the attenuation of the fundamental signal. 
This is because only a fraction of the transmitted signal is 
converted to the 2nd harmonic component. Further, the   
attenuation is proportional in dB to the frequency of the 
signal leading to a higher attenuation of the 2nd harmonic 
component compared to the fundamental wave. In all this 
leads to a much lower SNR of the 2nd harmonic component. 

VII. CONCLUSION 

 
Non-linear B-mode imaging has successfully been ac-

complished using SARUS. The spatial resolution of the 
image is determined to be better than both the linear B-
mode image from SARUS, the B-mode images from the 
ProFocus system, and from the Field II simulation. 
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Abstract—The pulse inversion (PI) technique can be utilized
to separate and enhance harmonic components of a waveform
for tissue harmonic imaging. While most ultrasound systems
can perform pulse inversion, only few image the 3rd harmonic
component. PI pulse subtraction can isolate and enhance the
3rd harmonic component for imaging on any ultrasound system
capable of PI. PI was used to perform 3rd harmonic B-
mode scans of a water-filled wire phantom on an experimental
ultrasound system. The 3rd harmonic scans were compared to
fundamental and 2nd harmonic scans on the same system. The
3rd harmonic image showed a 46% improvement in the lateral
FWHM resolution compared to fundamental B-mode imaging
at 75 mm depth and a 28% improvement compared to 2nd
harmonic B-mode imaging. The axial FWHM resolution was
improved by 35% and 30% for 3rd harmonic imaging compared
to fundamental and 2nd harmonic imaging respectively. The
improvements in spatial resolution and the fact that PI can isolate
the 3rd harmonic suggest that it is advantageous to implement
3rd harmonic imaging on ultrasound systems capable of PI.

I. INTRODUCTION

Tissue harmonic imaging is a technique widely used in
commercial ultrasound systems to improve spatial resolution.
In harmonic B-mode imaging, however, an overlap is often
seen between the harmonic components in the received RF
signal, making separation of a single harmonic band difficult.
The harmonics are often hidden in the spectrum by overlaps
between neighboring harmonics, sum and difference harmon-
ics, and noise. Contributions from neighboring harmonics
could therefore, be included in the harmonic B-mode image
even after filtration, thus degrading the spatial resolution of the
final harmonic image. Pulse inversion (PI) [1][2] can be used
to suppress the neighboring harmonic components for a more
efficient isolation of a specific harmonic. Ultrasound systems
today employ PI but use this often only to image the 2nd
harmonic component. PI however, is fully capable of isolating
the 3rd harmonic component on the ultrasound system. The
purpose of this paper is to perform 3rd harmonic imaging on
an ultrasound system capable of PI and investigate whether
3rd harmonic imaging is advantageous over 2nd harmonic and
fundamental imaging.

II. THEORY

A. Pulse Inversion

A PI technique can be used to isolate and enhance the 2nd
and 3rd harmonics from their neighboring harmonic compo-
nents. In this technique two pulses (regular pulse, 180◦ phase
shifted pulse) are transmitted in turn. While a 180◦ phase
shift can be detected for the fundamental component of the
received signal a corresponding 360◦ and 540◦ phase shift can

be seen for the 2nd and 3rd harmonic components respectively
[3][4]. To suppress the odd order harmonics each correlated
pair (regular and phase shifted) of the received responses
are summed. Harmonic components that are in phase (all
even harmonics) will double in amplitude, while out of phase
components (all odd harmonics) will cancel out (see Fig. 1).
This separates and enhances the 2nd harmonic component,
which in turn then can be filtered and used for imaging.
To suppress the even order harmonics the pairs of received
responses are subtracted, thus causing all odd harmonics to
double in amplitude and even harmonics to cancel out. In
this manner the 3rd harmonic component can be isolated and
enhanced for imaging.

B. Waveform Bandwidth

The bandwidth of the transmitted pulse can also be used
to reduce overlap between the harmonic components. When
transmitting a pulse with a narrow bandwidth the harmonic
components are more easily separable compared to wide band-
width transmit waveforms [4][5]. The disadvantage in using
narrow bandwidth waveforms is that the axial resolution is
reduced [3][6]. The task is therefore, to weight the importance
of a good separation of harmonics over changes in axial
resolution when selecting a waveform bandwidth.

III. EXPERIMENTAL SETUP

A B-mode scan of a wire phantom is performed by PI on
an experimental synthetic aperture real-time ultrasound system
(SARUS) [7][8]. This scanner is capable of performing PI and
2nd harmonic imaging [9] and is therefore also capable of
performing 3rd harmonic imaging. SARUS is used to record
raw channel data from a commercially available 192 element
convex transducer (BK8820e). Images are made for purely
linear B-mode, 2nd harmonic B-mode, and 3rd harmonic B-
mode of a water filled wire phantom. The phantom contains 6
equidistant wires spaced 25 mm apart. The transducer is held
in a fixed position centered over the wires in the phantom
with the surface of the transducer slightly submerged in water.
Sixty-five active channels in a sliding aperture are used for
transmit and 192 channels for receive. Apodization in both
transmit and receive is set to be a Hamming function. A fixed
focal depth of 65 mm is used - this is also the elevation focus
of the convex transducer. For each position of the aperture
two emissions, one regular and one inverted are performed.
In total 32 dual emissions are recorded for each frame in
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Figure 1. Data received from SARUS. Top plot shows the received pulses
(normal and inverted). Middle plot shows the resulting pulse after pulse
summation. Bottom plot shows the resulting pulse after pulse subtraction.
All data have been normalized to the original pulse in the top plot.

the image. The collection of data in a frame can be used
for two regular B-mode images (one for the regular pulse;
one also for the inverted pulse), one 2nd harmonic B-mode
image (from the summed pulse), and one 3rd harmonic B-
mode image (from the subtracted pulse). The Full Width at
Half Maximum (FWHM (-6 dB)) and the Full Width at One
Tenth Maximum (FWOTM (-20 dB)) values of the scatterers
in the image are measured for fundamental, 2nd harmonic, and
3rd harmonic imaging and the values are compared.

Since the transducer of the system only has a limited 2-
way frequency response the center frequency of the transmitted
signal must be chosen such that it allows for the detection of
both the 2nd and 3rd harmonic component in the received
signal. On the other hand, the center frequency must also be
chosen such that the transducer is able to transmit enough
energy to induce the non-linear response. In this case a center
frequency of 3.5 MHz for the 4 cycle excitation pulse is set.
This means that the 2nd and 3rd harmonic components will be
found at 7 MHz and 10.5 MHz respectively. All data is filtered
using a matched filter having the same peak frequency as the
harmonic component at hand. Image data is then beamformed
using the Beamformation Toolbox 3 (BFT3) [10].

IV. RESULTS

The amplitude spectrum of the received waveforms in
Fig. 2 shows the harmonic components in the original pulse
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Figure 2. Spectrum of received RF signals. Top figure shows the spectrum
of the fundamental signal prior to and after matched filtration. Middle shows
the summed pulse used for 2nd harmonic imaging before and after filtration.
Bottom figure shows the subtracted pulse used in 3rd harmonic imaging before
and after matched filtering.

at 3.5 MHz, 7 MHz, and 10.5 MHz as predicted. The
pulse summation reduces the fundamental and 3rd harmonic
components and enhances the 2nd harmonic component. The
pulse subtraction reduces the 2nd harmonic while enhancing
the fundamental and 3rd components. The blue dashed line
in Fig. 2 shows the amplitude of the matched filter used to
separate the harmonic component.

Fig. 3 shows the 3rd harmonic B-mode image of the first
4 wires of the phantom after scanline conversion. Because
only a fraction of the transmitted energy is converted into
3rd harmonic energy, the signal to noise ratio (SNR) is low
compared to e.g. fundamental B-mode imaging [6]. However,
in spite of the lower SNR the 4 wires are clearly seen in
the B-mode image. Fig. 4 shows the point spread functions
(PSF) of the linear, 2nd, and 3rd harmonic components for
the 3rd wire in the phantom (at 75 mm depth). From this
plot it is seen that the side lobe energy decreases for 2nd and
3rd harmonic imaging and that the main lobe of the PSF is
much narrower for the harmonic components compared to the
fundamental component. The FWHM and FWOTM values for
the first 3 wires in the phantom are measured and shown in
Table I and Table II. The tables show that lateral FWHM for
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Figure 3. 3rd harmonic B-mode image of the wire phantom using the convex
transducer. The image has 60 dB dynamic range.

the 3rd harmonic component is lower than FWHM for both
fundamental and 2nd harmonic components. Third harmonic
axial FWHM is only reduced for the 3rd wire in the phantom.
The lateral FWOTM values for the 3rd harmonic component
are lower than those for the fundamental component but only
the value for the first wire is lower than the value of the 2nd
harmonic component. For the axial FWOTM values the 3rd
harmonic component shows no improvement compared to the
other imaging methods.

V. DISCUSSION

The reduction in the FWHM and FWOTM values seen for
the harmonic components in Table I and Table II show that
the spatial resolution is improved. There is a 46% reduction in
the lateral FWHM resolution between the fundamental and 3rd
harmonic components at 75 mm depth and a 28% reduction
in the lateral FWHM resolution between the 2nd and 3rd
harmonic components at that same depth. The axial FWHM
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Figure 4. The point spread functions (PSF) of the fundamental pulse (top),
2nd harmonic pulse (middle), and 3rd harmonic pulse (bottom). The PSFs are
displayed with 6dB contour lines.

Table I
FWHM VALUES FOR WIRES AT 25 MM, 50 MM, AND 75 MM DEPTH.

Depth Direction Fundamental 2nd harmonic 3rd harmonic

25
m

m Lateral [mm] 2.19 1.25 0.86
Axial [mm] 0.94 0.86 0.98

50
m

m Lateral [mm] 2.70 1.21 0.70
Axial [mm] 0.94 0.94 1.02

75
m

m Lateral [mm] 2.03 1.52 1.09
Axial [mm] 1.02 0.94 0.66

Table II
FWOTM VALUES FOR WIRES AT 25 MM, 50 MM, AND 75 MM DEPTH.

Depth Direction Fundamental 2nd harmonic 3rd harmonic

25
m

m Lateral [mm] 4.22 2.19 1.72
Axial [mm] 1.48 1.29 2.54

50
m

m Lateral [mm] 4.61 2.07 3.24
Axial [mm] 1.45 1.41 1.99

75
m

m Lateral [mm] 4.53 2.46 3.40
Axial [mm] 1.48 1.48 2.34
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resolution for the 3rd harmonic component is reduced by 35%
and 30% compared to the fundamental and 2nd harmonic
components respectively. The increase in 3rd harmonic axial
FWOTM results from the bandwidth of the matched filter that
is used prior to imaging. It is necessary to choose a filter with a
bandwidth that is capable of isolating the individual harmonics
while still attaining a low axial resolution. In this specific case
the bandwidth of the filter was chosen such that there was no
harmonic overlap between the 2nd and 3rd harmonics and the
axial FWHM resolution changed as little as possible compared
to fundamental and 2nd harmonic axial FWHM resolution.
Since the results show that 3rd harmonic imaging does im-
prove the lateral resolution compared to both fundamental and
2nd harmonic imaging, it could prove advantageous to imple-
ment 3rd harmonic imaging on ultrasound systems capable of
PI. The only changes needed on the 2nd harmonic PI systems
is a pulse subtraction technique. By this simple method the
system could perform both 2nd and 3rd harmonic imaging
from the same set of RF data.
While harmonic imaging using PI has the benefits of improved
spatial resolution and low side lobes, PI also has some
drawbacks. First of all, two emissions need to be received
for every image line to derive the summed and subtracted
pulses used in PI. This reduces the frame rate of the imaging
system by a factor of 2 compared to linear B-mode imaging.
The dual emissions also increase the amount of data the
processor of the imaging system must be able to handle
without further loosing frame rate. The loss of frame rate
could prove very disadvantageous, if the scan is made on non-
stationary tissues. Here any tissue motion may lead to a phase
change in the paired received signals and severely reduce the
harmonic components of the summed and subtracted pulses.
Secondly, the transducer must function optimally over a broad
spectrum to be able to transmit and receive a maximum energy
at the fundamental, 2nd harmonic, and 3rd harmonic center
frequency. If there is an energy loss at either frequencies the
signal to noise ratio (SNR) in the image will radically decrease
reducing the penetration depth of the harmonic component.
Since the attenuation of the harmonic components also is much
higher than that of the fundamental component the importance
of selecting the optimal center frequency is imperative.

VI. CONCLUSION

Third harmonic B-mode imaging has successfully been
accomplished using SARUS. The lateral resolution of the 3rd
harmonic image is determined to be higher than that of 2nd
harmonic and fundamental B-mode imaging.
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Abstract—This paper presents an imaging technique for syn-
thetic aperture (SAI) tissue harmonic imaging (THI) on a
commercial ultrasound system. Synthetic aperture sequential
beamforming (SASB) is combined with a pulse inversion (PI)
technique on a commercial BK 2202 UltraView system. An
interleaved scan sequence that performs dynamic receive focused
(DRF) imaging and SASB, both using PI, is implemented.
From each acquisition four images can be created: DRF image,
SASB image, tissue harmonic DRF image (DRF-THI), and tissue
harmonic SASB image (SASB-THI). For SASB imaging, a fixed
transmit and receive focus at 80 mm and an F# of 3 is applied.
For DRF imaging, default scanner settings are used, which are a
focus at 85 mm and F# of 5.7 in transmit and a dynamic receive
aperture with an F# of 0.8. In all cases a 2.14 MHz one-and-a-
half cycle excitation transmit waveform is used. A BK 8820e 192
element convex array transducer is used to conduct scans of wire
phantoms. The -6 dB and -20 dB lateral resolution is measured
for each wire in the phantom. Results show that the -6 dB lateral
resolution for SASB-THI is as good as for DRF-THI except at the
point of the virtual source. SASB-THI even shows 7% reduction
in -6 dB lateral resolution for the deepest wire at 100 mm. The -20
dB resolution for SASB-THI at [25, 50, 75, 100] mm was reduced
by [5, 0 -34, 11] % compared to DRF-THI, which shows, that
except for the point of the virtual source, the lateral resolution
was improved by SASB-THI. A successful implementation of
SASB-THI was achieved on a commercial system, which can be
used for future pre-clinical trials.

I. INTRODUCTION

In ultrasound B-mode imaging, several techniques to im-
prove spatial resolution have been developed over the past
decades. Tissue harmonic imaging has long been used to image
difficult regions with an increased contrast and resolution. One
of the most common THI techniques is the pulse inversion (PI)
scheme, which is implemented in many ultrasound systems
today. The PI technique can be combined with a variety of
focusing techniques. One focusing technique, that obtains high
and depth independent spatial resolution is synthetic aperture
imaging (SAI). This paper presents an imaging technique for
synthetic aperture tissue harmonic imaging (SAI-THI) on a
commercial ultrasound system. A parameter study is presented
which shows the optimal positions for focal depth and F# for
SAI-THI. Furthermore, a comparison of the spatial resolution

between SAI-THI and a common THI technique is presented.
Finally, a simultaneously acquired in-vivo image using the two
techniques is presented and compared.

II. THEORY
A. Pulse Inversion
In THI the purpose is to image a single harmonic component

of a pulse response, instead of the fundamental component.
A PI technique can be used to isolate the 2nd harmonic
component from its neighboring harmonic components and
enhance it [1], [2]. In this technique two pulses (regular pulse,
180◦ phase shifted pulse) are transmitted in turn. While a 180◦
phase shift can be detected for the fundamental component
of the received signal, a corresponding 360◦ and 540◦ phase
shift can be seen for the 2nd and 3rd harmonic components
respectively [3], [4]. To suppress the odd order harmonics,
each correlated pair (regular and phase shifted) of the received
responses are summed. Harmonic components that are in
phase (all even harmonics) will double in amplitude, while
out of phase components (all odd harmonics) will cancel out
(see Fig. 1). This separates and enhances the 2nd harmonic
component, which in turn then can be filtered and used for
imaging.

B. Synthetic Aperture Sequential Beamforming
Traditionally, SAI utilizes only one active transducer el-

ement in transmit. Because the transmitted acoustic energy
in this case is very low, SAI is not capable of producing
harmonic components for THI. Synthetic aperture sequential
beamforming (SASB) is a SAI technique, which uses virtual
sources and a dual stage beamforming approach to signifi-
cantly reduce the computational load compared to SAI [5], [6].
A fixed transit and receive focal point is used in the first stage
beamformer to create a set of focused scan lines. Each image
point is potentially represented in several scan lines and can
be used to improve resolution (see Fig. 2). The second stage
beamformer combines the contributing first stage scan lines
into an image, which has higher and more depth independent
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Figure 1. Spectrum of received RF signals. The blue curve shows the
spectrum of a received response, while the red curve shows the spectrum after
pulse summation with the inversed response. The 2nd harmonic component
at 4.24 MHz is enhanced by approximately 6 dB, while the fundamental
component at 2.14 MHz is attenuated by approximately 25 dB.
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Figure 2. Three emissions for first stage SASB. A scan line is created
with reference rθ and a virtual source at rvs in each emission. The dotted
lines show the image information at spatial positions that are found in each
focused scan line. A single image point, rip may be represented in several
focused scan lines as shown by the black dot. The second stage beamformer
determines which scan lines contain information from the same point and
sums the contributions into one image. Figure taken from [6]

lateral resolution (see Fig. 3). The advantage of SASB, besides
the improvements in lateral resolution, is that the transmitted
acoustic energy is sufficient to produce harmonic components
for THI [7]. A combination of SASB and THI can therefore
be implemented on a commercial ultrasound system.

Figure 3. Schematic illustration of the dual stage beamformer. A number
of acquisitions using fixed focus in transmit and receive are obtained. The
received responses are beamformed along the scan line direction using the
delay profile used in transmit (first stage beamforming). The resulting image
data is then beamformed again (second stage beamforming) using a focus at
each pixel in the image. This produces a set of low resolution images which
are then summed coherently to form a single high resolution image. Figure
taken from [6]

III. TISSUE HARMONIC SYNTHETIC APERTURE IMAGING
ON COMMERCIAL ULTRASOUND SYSTEM

A tissue harmonic SASB (SASB-THI) scan sequence is
implemented on a commercial ultrasound system. A BK 2202
UltraView ultrasound system (UltraView) is equipped with a
research interface that allows the user to adjust and control
many scan parameters such as focal depth, F#, excitation
waveform, etc. The research interface also allows the user to
access and extract image IQ-data. The system has a collection
of pre-defined settings for different imaging techniques. The
default imaging technique, when conducting abdominal scans,
is dynamic receive focusing tissue harmonic imaging (DRF-
THI). This technique is used as a golden standard to compare
SASB-THI against. In this case, the research interface is used
to conduct a PI scan sequence using both DRF and SASB
imaging simultaneously and extract DRF beamformed and
SASB first stage image data. A 192 element BK 8820e convex
array transducer is used. The default settings for DRF and
DRF-THI can be found in Table I. A fixed focus is used
for SASB for both transmit and receive, while an expanding
aperture is used for DRF imaging. Transmit apodization for
SASB and DRF is a Boxcar, while receive apodization is a
Gauss for both. A total of 192 image lines each with two
emissions (one for each PI pulse) is made for both SASB and
DRF imaging. The scan sequence is such that 2x192 emissions
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are made first for every scan line for SASB with the PI
emissions interleaved. Next, a second set of 2x192 emissions
are made for all DRF scan lines. This ensures minimum tissue
movement between the PI emissions. A one-and-a-half cycle
excitation pulse with center frequency of 2.14 MHz is used
for both techniques. The collection of data acquired in one
frame can be used for two linear B-mode images (one using
SASB; one using DRF) and two 2nd harmonic B-mode images
(SASB-THI and DRF-THI)

A. Parameter Study
A series of experiments is conducted in order to determine

the optimal position of the focal point and value of the F#
for SASB-THI. Measurements of the lateral resolution and
point spread functions are conducted using SASB-THI on a
water filled phantom with 6 equidistant wires. The focal points
are varied from 50-120 mm in steps of 10 mm and the F#
from 1.0-5.0 in steps of 0.5. For each combination of settings
the -6 dB lateral resolution (FWHM) is measured and plotted
as function of depth for each applied F#. Fig. 4 shows the
measured FWHM values for each wire for every applied F#
at 80 mm focal depth. The plot can be used to determine
which focal depth and which F# can produce the best lateral
resolution. The best lateral resolution is found where the
FWHM values are low (good lateral resolution) and do not
vary much with depth (depth independent lateral resolution).
As seen from Fig. 4, the FWHM generally increases more
with image depth as the F# increases. An F# of 2 produces
the lowest and most constant scores of FWHM in this plot and
could potentially be the best F# at this focal depth. However,
the level of side lobes must also be taken into account when
choosing a low F#.

Fig. 5 shows the point spread functions at 65 mm depth in
the wire phantom for different F# ’s. It is seen from the plots
that the value of F# has great influence on the shape of the PSF.
A low F# results in narrow main lobe with high levels of side
lobes, while a high F# results in more wide main lobe and no
side lobes. This is because the F# determines the width of the
apodization curve applied in transmit and receive. In transmit,
the apodization curve is always a Boxcar, while in receive, a
Gauss curve is used. When a low F# is applied, the Gauss
apodization curve that is used in receive, exceeds the actual
width of the active aperture causing the edges of the Gauss
curve to be cut off. In case of a very low F#, a greater part
of the Gauss curve is cut off, causing the apodization curve
to take the shape of a square or Boxcar, resulting in higher
levels of side lobes. At higher values of the F# , the Gauss
apodization curve fits the active aperture and side lobes are
reduced. The difference is clearly seen in the top and bottom
plot of Fig. 5, where F#’s are 1.0 and 5.0 respectively. In the
top plot, the PSF has a very narrow main lobe, but also has
distinct side lobes, while the PSF in the bottom has a wider
main lobe, and no side lobes. The PSF for F# of 3.0 is shown
in the middle plot of Fig. 5. Here, a compromise between main
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Figure 4. The -6 dB lateral resolution (FWHM) measured for wires in wire
phantom using different values of F#. The transmit and receive focal point
is set to 80 mm in all cases. The best value for F# is the one that results
in low and almost uniform FWHM. This must however, be held against the
level of side lobes in each case, because lower F#’s result in higher levels of
side lobes.

lobe width and levels of side lobes has been made to achieve
optimal spatial resolution without artifacts from side lobes.

B. Performance study

This study is conducted in order to determine the perfor-
mance of SASB-THI compared to DRF-THI on the UltraView
system. This is done by measurements and comparisons of the
lateral resolution and by visual inspection of B-mode images
of wire phantoms and in-vivo B-mode images. The settings
used for DRF-THI and SASB-THI are shown in Table I. The
settings chosen for DRF-THI are the default settings applied
by the UltraView system, while the settings for SASB-THI
where determined from the results in Sec. III-A.
One frame of the wire phantom and one in-vivo frame is
acquired using the scan sequence on the system. DRF and first
stage SASB image data are separated and extracted from the
frame, inverted image lines are summed (pulse summation),
and SASB data are beamformed on an external PC. For the
wire phantom scan, the FWHM and -20 dB lateral resolution
(FWOTM) for each visible wire is measured. For the in-vivo
scan, a visual comparison between the two images is made.
1) Comparison of Lateral Resolution: Fig. 6 shows the

measured lateral resolutions for all four image techniques
on the wire phantom. It is seen from the figures, that THI
generally produces better lateral resolution for both SASB and
DRF. It is also seen that, SASB-THI produces almost the same
lateral resolution as DRF-THI except near the focal point,
where the lateral resolution of SASB-THI is worse than DRF-
THI. However, SASB-THI shows a 7% reduction in FWHM
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Figure 5. Point spread function (PSF) for wire at 65 mm depth using SASB-
THI illustrated in 6 dB contour plot. Focus is set to 80 mm and F# is 1.0,
3.0, and 5.0 from top to bottom respectively.

Table I
PARAMETERS USED FOR SASB AND DRF ON THE ULTRAVIEW RESEARCH

INTERFACE SCANNER.

Scanner Parameters Value

Speed of sound 1492 m/s
Transmit center frequency 2.14 MHz
Sampling frequency 17 MHz
Cycles 1.5
Scanlines 192
Emissions per scanline 2
Active elements 64

Imaging Setup DRF SASB

Focus Tx/Rx (mm) 85/dynamic 80/80
F# Tx/Rx 5.67/0.8 3/3
Apodization Tx/Rx Boxcar/Gauss Boxcar/Gauss
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Figure 7. In-vivo image of liver tissues of a 29-year old healthy male
volunteer. Left image shows SASB-THI, right image shows DRF-THI.

for the deepest wire at 100 mm. The FWOTM for SASB-
THI at [25, 50, 75, 100] mm is reduced by [5, 0 -34, 11] %
compared to DRF-THI, which shows, that except for the point
of the virtual source, the FWOTM is improved by SASB-THI.
2) Comparison of in-vivo Images: Two simultaneously

acquired in-vivo images are shown in Fig. 7. The images
show a section of liver tissue with blood vessels of a 29-
year old healthy male volunteer. The left in-vivo image shows
the acquired SASB-THI image, while the right image shows
DRF-THI. The two images are very similar in appearance. A
slightly better penetration depth is acquired using SASB-THI
and the edges of the large vessel are more sharp.

IV. DISCUSSION
The results show as predicted, that non-linear imaging is

possible using SASB. The lateral resolution of SASB-THI is
improved compared to linear SASB. The lateral resolution of
SASB-THI is close to the same as for DRF-THI except at the
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focal point. These results do not show as good improvements
to the lateral resolution as the study by Du et. al. [7] showed.
This is mainly because, Du et. al. used a linear transducer for
SASB-THI, whereas in this study, a convex array transducer
is used. The difference between the shape of the transducer
has a direct effect on the positions and density of the virtual
sources in SASB. Because the image lines spread out with
depth using the convex array transducer, fewer image lines are
used in the second stage beamformed SASB image at the point
of the virtual source. This means that the resolution around the
virtual source is not as good with a convex array transducer
compared to a linear array transducer.
Furthermore, in the study by Du et al [7], transmit apodization
was used. Here, a Hanning was used in transmit which
resulted in low levels of side lobes. On the UltraView, no
transmit apodization (besides Boxcar) is possible. This causes
the level of side-lobes to be greater. But in the case of
comparing SASB-THI to DRF-THI on the UltraView, no
transmit apodization was used in both cases. This makes the
comparison between the two fair, but improvements in the
two imaging techniques can be made by applying transmit
apodization.
The strengths of this study are, that a commercial ultrasound
system is used and that the scan sequence created for this study
performs both SASB-THI and DRF-THI simultaneously. The
commercial platform allows the testing of SASB-THI in pre-
clinical trials on volunteers and patients. Because SASB-THI
and DRF-Image data are acquired simultaneously, comparison
of clinical data is much more straight forward. There is only
a minimum of time delay between each frame of the two
techniques, so the scan geometry is always the same in the
two images. Performance evaluations of the two techniques
can be made by professional radiologists in double blinded
studies as in the study by Hemmsen et. al. [6].

V. CONCLUSION
SASB-THI has been successfully implemented on a com-

mercial ultrasound system in a scan sequence that also acquires
DRF-THI simultaneously. Lateral -6 dB resolution for SASB-
THI is close to identical to DRF-THI and better than both
SASB and DRF. Lateral -20 dB resolution is also improved,
except at the point of the virtual source. The implementation
of SASB-THI on a commercial ultrasound system allows for
in-vivo data to be acquired simultaneously with DRF-THI for
performance comparisons.
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ABSTRACT

A method for synthetic aperture tissue harmonic imaging is investigated. It combines synthetic aperture sequen-
tial beamforming (SASB) with tissue harmonic imaging (THI) to produce an increased and more uniform spatial
resolution and improved side lobe reduction compared to conventional B-mode imaging. Synthetic aperture
sequential beamforming tissue harmonic imaging (SASB-THI) was implemented on a commercially available BK
2202 Pro Focus UltraView ultrasound system and compared to dynamic receive focused tissue harmonic imag-
ing (DRF-THI) in clinical scans. The scan sequence that was implemented on the UltraView system acquires
both SASB-THI and DRF-THI simultaneously. Twenty-four simultaneously acquired video sequences of in-vivo
abdominal SASB-THI and DRF-THI scans on 3 volunteers of 4 different sections of liver and kidney tissues were
created. Videos of the in-vivo scans were presented in double blinded studies to two radiologists for image quality
performance scoring. Limitations to the systems transmit stage prevented user defined transmit apodization to
be applied. Field II simulations showed that side lobes in SASB could be improved by using Hanning transmit
apodization. Results from the image quality study show, that in the current configuration on the UltraView
system, where no transmit apodization was applied, SASB-THI and DRF-THI produced equally good images.
It is expected that given the use of transmit apodization, SASB-THI could be further improved.

Keywords: Non-linear imaging, Second harmonic imaging, Tissue harmonic imaging, Synthetic aperture imag-
ing, Virtual sources, In-vivo evalutaion

1. INTRODUCTION

Tissue harmonic imaging (THI) has been combined with a variety of imaging techniques to further improve image
quality. Tissue harmonic imaging (THI) benefits from improved spatial resolution, lower side lobe levels, less
reverberation, and a more narrow beam profile compared to regular B-mode imaging.1, 2 As a transmitted ultra-
sound waveform travels through tissues, the waveform gets distorted by the nonlinear properties of the different
tissues. These non-linear properties cause the speed of sound in the tissues to change due to the difference in
acoustic pressure in the peaks and troughs of the transmitted waveform.3 This causes the high pressure peaks to
travel faster than the relatively low pressure troughs. As the waveform gets distorted, higher harmonics are gen-
erated in the waveform. The strength of these harmonics is dependent on the strength of the emitted ultrasound
field. It is therefore important to emit a field intense enough to ensure good development of harmonic waveforms.

One approach to obtain tissue harmonic imaging (THI) is by using a pulse inversion scheme.4, 5 Here, two
identical, but individually phase inverted excitation pulses, are transmitted for every line in the B-mode image.
By summing the responses, the second harmonic waveform is enhanced, while neighboring harmonic components
(the fundamental and third harmonic waveforms) are attenuated.

THI has long been combined with various focusing techniques, including dynamic receive focusing (DRF) to
further improve image quality. Synthetic aperture imaging (SAI) is a focusing technique that generates focused
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images in both transmit and receive.6–8 In the synthetic aperture focusing technique (SAFT)9 an active aperture
of a single element is used in transmit and receive. For every position of the active aperture, a low resolution
image is constructed and in the end all low resolution images are combined to create one high resolution image.
Naturally, because only one element is used, the signal-to-noise ratio (SNR) is very poor using this technique.
Also, because a full low resolution image has to be beamformed for every line, the computational load and
beamforming is extensive. Several SAI techniques have been suggested to improve SNR, including the use of
multi-element transmit and receive aperture as suggested by Karaman et al.10 Here a group of elements are used
in transmit to increase the SNR. By focusing multiple elements in a single point in transmit, a virtual source is
created as first described by Passmann and Ermert11 and further investigated by Frazier and O’Brien,12 Nikolov
and Jensen,13, 14 and Bae and Jeong.15

The use of several electronically focused elements in the aperture for generating virtual sources causes the
ultrasound energy field to be focused. This causes development of higher harmonic ultrasound waveforms as
described in THI. Depending on the magnitude of the emitted field, a tissue harmonic image using SAI could be
generated by isolating and imaging the second harmonic waveform of the received response. Such a technique
was first suggested by Bae et al16 in 2008 to generate a fully focused, high resolution image. Still, the major
drawback, however, is the computational load required to produce SAI.

Synthetic aperture sequential beamforming (SASB) is a technique that utilizes a two step beamformer to
significantly reduce computational processing load compared to traditional SAI.17, 18 In SASB, a set of image
lines are first obtained and beamformed using a fixed focus in both transmit and receive. Secondly, the image
data are beamformed using the fixed focus points as virtual sources to obtain the final synthetic aperture image.
The advantage of SASB, besides the reduction in computational load, is that the lateral resolution remains higher
and more uniform over depth compared to regular dynamic receive focusing (DRF).19 The use of virtual sources
in SASB has been shown to create an acoustic field intense enough to generate harmonics for THI.20, 21

The purpose of this study is to implement SASB-THI on a commercial system and optimize the technique for
clinical imaging. Furthermore, the purpose is to show if there is a difference between SASB-THI and DRF-THI
on in-vivo image data acquired simultaneously for the two techniques. Finally, the purpose of this study is to
show how SASB-THI on the commercial system can be further improved by use of transmit apodization.

2. METHODS

First stage SASB images can be generated using basically any ultrasound system capable of fixed transmit and
receive focusing. If the ultrasound system is furthermore capable of pulse inversion, the system may be used to
generate first stage SASB-THI. Instead of having only one emission for every fixed focus SASB line in the image,
the two phase inverted excitation pulses are emitted for the same line position with the same fixed focus. The
two pulses should be emitted interchangeably to minimize tissue movement between the two responses, which
would compromise the final summed image.

2.1 Implementation on commercial ultrasound system

A commercially available BK 2202 Pro Focus UltraView (BK-Medical, Herlev, Denmark) ultrasound scanner
was used for scanning. The scan sequence performed both SASB-THI and DRF-THI simultaneously. On the
UltraView scanner, a DRF-THI setup is the default imaging technique, when performing abdominal scans. All
settings for DRF-THI have been optimized for clinical scans by the manufacturer, which makes DRF-THI the
obvious candidate for a golden standard to evaluate SASB-THI against. The DRF-THI scheme implemented in
this case also uses the pulse inversion technique to obtain the second harmonic component for imaging.

The scan sequence was designed to minimize time delay between the pairs of excitation waveforms (regular
and phase inverted waveforms). Each frame consisted of both a SASB-THI frame and a DRF-THI frame. First,
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the SASB-THI frame was acquired, where for each image line, the waveform pairs were transmitted interchange-
ably. Secondly, the DRF-THI frame was acquired in much the same manner with transmit of the regular and
phase inverted waveforms interleaved. In this manner, tissue motion between the regular and phase inverted
excitation waveforms was kept at a minimum. Any tissue motion would effectively compromise the success of
second harmonic waveform enhancement and separation using pulse inversion. The whole scan sequence was
then repeated to acquire a collection of frames. An illustration showing the scan sequence on the UltraView
system is shown in Fig. 1A.

A B

Figure 1. Graphical visualization of A) the scan sequence on the UltraView system and B) post processing steps.

The scanner was equipped with a UA2227 research interface (BK-Medical) that allows first stage image data
to be acquired from the scanner and stored on a PC. For SASB-THI a 64 element fixed aperture with focus at
80 mm was used in transmit and receive with an F-number of 3. For DRF-THI a 64 element fixed aperture
with focus of 85 mm and an F-number of 5.3 was used in transmit, while a 64 dynamic receive aperture and an
F-number of 0.8 was used in receive. Limitations in the scanner’s transmit stage prevent user defined transmit
apodization to be applied, and so for both SASB-THI and DRF-THI the default transmit apodization was a
64 element boxcar. This can affect the quality of the final image as artifacts such as e.g. side lobes are more
pronounced when no apodization is used. In receive, however, apodization is possible. Here, a Gauss window
was applied for both SASB-THI and DRF-THI.

A one-and-a-half cycle excitation pulse with a center frequency of 2.14 MHz and its phase inverted copy were
used for both SASB-THI and DRF-THI. The scanner was fitted with a 192 element convex array transducer (BK
8820e, BK-Medical) commonly used in abdominal tissue harmonic scans. This transducer has a center frequency
of 3.5 MHz and recommended operational frequency range of 2-6 MHz. This ensured that transmission of the
2.14 MHz excitation pulse and reception of the 4.28 MHz second harmonic response both were well within the
operational range of the transducer. The scanner was connected via a X64-CL Express camera link (Dalsa,
Waterloo, Ontario, Canada) to a PC. Data were acquired on the PC using an acquisition routine that was run
in MATLAB (MathWorks, Natick, MA, USA).

Abdominal in-vivo scans were made on 3 healthy volunteers by radiologists from Copenhagen University
Hospital, Rigshospitalet. Four scan positions of liver and kidney tissues were imaged twice for each volunteer.
The scan procedure was as follows. The scan sequence was loaded and initialized on the scanner and the data
acquisition was initialized in MATLAB on the data acquisition PC. The radiologist found a good view of liver
or kidney tissues on one of the scan locations. A sequence of 50 frames was then acquired from the scanner and
stored on the PC. Pulse summation was performed on the pairs of corresponding first stage image lines and the
acquired first stage SASB-THI data were beamformed using the BFT3 toolbox22 to produce second stage image
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data. Both the second stage SASB-THI data and DRF-THI data were then stored and compiled into video
sequence files, which were also stored. The pulse summation, beamforming, video compiling, and data storing
were performed using BFT3 in a MATLAB routine. An illustration showing the post processing steps for data
extraction and beamforming is shown in Fig. 1B.

The performance of SASB-THI was evaluated against DRF-THI by two radiologists who were presented to
the two video sequences made from each scan. The video sequences were presented in the program IQap,23 which
automatically and randomly selected two corresponding video files from the collection of scans and presented the
videos on screen next to each other. The program randomly selected on which side of the screen to present each
imaging technique. The viewing radiologist did therefore not know which scan was being watched and which
imaging technique was presented on either side of the screen. The radiologist was asked to score which of the
shown sequences was the best based on spatial resolution, image contrast, noise, and unwanted artifacts on a
visual analog scale (VAS). The VAS was in the range of -50 to 50 corresponding to left view is best - left view is
slightly better - no difference - right view slightly better - right view is best. An example of how a video sequence
was presented to the radiologist is shown in Fig. 2.

Figure 2. Visualization of an image pair for overall image quality evaluation. The VAS is shown in the bottom and the
control panel for navigating the sequences are shown in the lower right corner. In this case, DRF-THI is shown on the
left and SASB-THI is shown on the right.

3. RESULTS

A total of 24 sets of videos from 2x4 scans on 3 volunteers were made using SASB-THI and DRF-THI. Examples
of images using the two techniques are shown in Fig. 3 and Fig. 4. Note, that in all examples in Fig. 3 and
Fig. 4 the scan geometry is the same using the two techniques. This makes comparison of the two techniques
much more straightforward as differences in scan geometry do not need to be taken into account. Fig 3A and
Fig. 3B show three large arteries through the liver imaged on two different volunteers. Fig 4A and Fig. 4B show
a section of a kidney plus a lobe of the liver from the same two volunteers. In all cases SASB-THI is shown on
the left and DRF-THI on the right.
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Figure 3. Clinical images acquired using the scan sequence on the UltraView system. Images show both scan techniques
(SASB-THI and DRF-THI) from one scan location (liver) on two different volunteers. In both cases SASB-THI is shown
on the left and DRF-THI on the right.
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Figure 4. Clinical images acquired using the scan sequence on the UltraView system. Images show both scan techniques
(SASB-THI and DRF-THI) from one scan location (kidney and liver lobe) on two different volunteers. In both cases
SASB-THI is shown on the left and DRF-THI on the right.
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It is seen from Fig. 3 and Fig. 4 that there is very little difference in the image quality in the two scan tech-
niques. Both resolution and contrast in the two images from all scans are almost identical. Visual artifacts from
e.g. ribs are present and are equally pronounced in both images in Fig. 3A, Fig. 3B, and Fig. 4A. Penetration
depth is also the same for the two techniques.

The video sequences were presented to the two radiologist (A and B) twice in a double blinded study for
scoring and the VAS scores were collected. In both cases, a positive VAS score favors DRF-THI over SASB-THI
meaning DRF-THI produced better images compared to SASB-THI.

The histograms of the VAS scores from both radiologists are shown in Figure 5. The accumulated median
of all VAS scores from radiologist A was +6 with the 25% and 75% quantiles at +5 and +9. The accumulated
median of all VAS scores from radiologist B was +2 with the 25% and 75% quantiles at 0 and +4. These results
show that the radiologists found the two techniques to be very similar in terms of image quality.
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Figure 5. Histogram of VAS scores from Radiologist A and B. A negative VAS score indicates SASB-THI was preferred,
a positive VAS score that DRF-THI was preferred. VAS scores are in the interval -50 to 50 corresponding to left view is
best - left view is slightly better - no difference - right view slightly better - right view is best.
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4. DISCUSSION AND CONCLUSION

A synthetic aperture tissue harmonic imaging technique was implemented successfully on a commercially avail-
able ultrasound system. The technique was used to perform in-vivo clinical investigations and was compared
to DRF-THI, which is the common imaging technique in abdominal investigations. Since SASB-THI data were
acquired simultaneously with DRF-THI data, variations in positions of the transducer during scans was excluded
and therefore allowed for a fair comparison of the two techniques. DRF-THI was chosen as a golden standard to
compare SASB-THI against since DRF-THI on the commercial system was already optimized for in-vivo scans
by the manufacturer.

Visual comparison of the two scan techniques showed only very little differences in terms of resolution, con-
trast and penetration depth. Visual artifacts such as shadowing were present using both techniques, but were
equally pronounced. Videos of the in-vivo scans performed on volunteers were shown to and scored by two
radiologists in a double blinded study to exclude bias. Statistical investigations showed that the radiologists
found that both techniques performed close to equally good in terms of image quality.

The first stage beamformer in SASB is of very low complexity as it only requires one delay profile. The
second stage beamformer applies the output lines from the first stage beamformer rather than channel rf-data
and dynamically focuses the image. This way of beamforming reduces the amount of computational calculations
compared to traditional SAI and DRF imaging.

The results suggest, that in the scan sequence on the UltraView system, SASB-THI can produce images that
are as good as DRF-THI, while reducing the amount of computational calculations.

The transmit stage on the UltraView system did not permit application of transmit apodization. It is
hypothesized, that improvements to the reduction of side lobes in SASB-THI could be made by applying user
defined transmit apodization. Fig. 6 show contour plots of the point spread functions for SASB simulation using
Field II24, 25 with either boxcar transmit apodization or Hanning transmit apodization. Here, it is seen how
transmit apodization can reduce the level of side lobes in SASB. It is expected that the improvements in side
lobes for SASB also apply for SASB-THI. The limitations to the transmit stage on UltraView suggests that
further studies using a system capable of transmit apodization should be made on in-vivo image data. It is
expected, that the application of transmit apodization will further improve the image quality of clinical images
using SASB-THI.
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Abstract

A method for tissue harmonic synthetic aperture imaging is presented.

Investigations of spatial resolution, level of side lobes, and the degree of

resolution depth independence was performed on a wire phantom using

a linear array transducer (BK8804) and the experimental ultrasound

system SARUS. Scans using synthetic aperture sequential beamform-

ing SASB, tissue harmonic SASB (SASBTHI), dynamic receive focus

(DRF), and tissue harmonic DRF (DRFTHI) were performed. The -6

dB resolution for DRF, SASB and DRFTHI was 206 %, 75 %, and 69

% wider than SASBTHI at 47.5 mm imaging depth (transmit focus of

25 mm). SASBTHI produced a more depth invariant spatial resolution

compared to the other techniques. The highest spatial resolution was

achieved for SASBTHI using a focus depth of 10 mm, while the most

depth invariant spatial resolution was achieved using a focus depth of

25 mm. An implementation of SASBTHI and DRFTHI was made on a

commercially available ultrasound system (BK Pro Focus UltraView).

In-vivo B-mode scans of the liver of a 29-years old healthy male were

produced and compared. No visual differences were found in the two

techniques. Limitations in the transmit stage suggest that improve-

ments could be made to the image quality of SASBTHI, if transmit

apodization is applied.

PACS numbers: 43.80.Qf, 43.80.Vj, 43.35.Yb, 43.35.Bf

Keywords: Medical ultrasound, Tissue harmonic imaging, Synthetic aperture

imaging, Experimental measurements
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I. INTRODUCTION

Tissue harmonic imaging (THI) can be used in ultrasound investigations to image difficult

regions of the human body and to generally improve the image quality. Synthetic aperture

imaging (SAI) is a focusing technique that generates focused images in both transmit and

receive. The scope of this study is to investigate a method for generating fully focused,

high resolution B-mode images using tissue harmonic synthetic aperture imaging.

THI benefits from improved spatial resolution, lower side lobe levels, less reverberation,

and a narrower beam profile compared to regular B-mode imaging1–3. The narrow beam

profile of THI is used in many thoracic investigations to image tissues such as the heart

valves that lie close to e.g. air filled regions in the lungs or bone in the rib cage that would

otherwise interfere and obscure the final image. The higher spatial resolution of THI is also

used in many abdominal investigations to image small objects in e.g. the gall bladder or

kidneys. In many abdominal scans THI is used to penetrate fatty tissues that surround the

area of interest. Recent years have seen an increase in the use of THI and in many cases

THI has become the default setting on scanners when performing abdominal scans.

The concept in THI is to transmit a waveform with a fundamental frequency and receive

and image the response at a different harmonic frequency. Inherent to THI is that only a

fraction of the transmitted fundamental waveform energy is transformed into harmonics.

The amplitude of the harmonic waveform is dependent on the magnitude of the emitted

acoustic field. It is therefore important in THI to emit a field intense enough to ensure

good development of harmonic waveforms.

Tissue harmonic imaging (THI) has been combined with a variety of focusing techniques,

a)Author to whom correspondence should be addressed. Electronic mail: jr@elektro.dtu.

dk
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including dynamic receive focusing (DRF) to further improve image quality. Synthetic

aperture imaging (SAI) is a focusing technique that generates focused images in both

transmit and receive4–6. In the synthetic aperture focusing technique (SAFT)7 an active

aperture of a single element is used in transmit and receive. For every position of the active

aperture, a low resolution image is constructed and in the end all low resolution images

are combined to create one high resolution image. Naturally, because only one element is

used, the signal-to-noise ratio (SNR) is very poor using this technique. Also, because a

full low resolution image has to be beamformed for every line, the computational load and

beamforming is extensive. Several SAI techniques have been suggested to improve SNR,

including the use of multi-element transmit and receive aperture as suggested by Karaman

et al.8. Here a group of elements are used in transmit to increase the SNR. By focusing

multiple elements in a single point in transmit, a virtual source is created as first described

by Passmann and Ermert9 and further investigated by Frazier and O’Brien10, Nikolov and

Jensen11,12, Gammelmark and Jensen13, and Bae and Jeong14.

The use of several electronically focused elements in the aperture for generating virtual

sources causes the emitted ultrasound energy field to increase in intensity. This causes

development of higher harmonic ultrasound waveforms as described in THI. Depending

on the magnitude of the emitted field, SAI could be combined with THI by isolating and

imaging the second harmonic waveform of the received response. Such a technique has

been suggested by Li et al.15 for a single element transducer and by Bae et al.16 for a multi

element array transducer. In both studies, however, the computational load required to

produce SAI is still a major drawback.

Synthetic aperture sequential beamforming (SASB) is a technique that utilizes a

two step beamformer to significantly reduce computational processing load compared to

traditional SAI17,18. In SASB, a set of image lines are first obtained and beamformed using

a fixed focus in both transmit and receive. Secondly, the image data are beamformed

4



using the fixed focus points as virtual sources to obtain the final synthetic aperture image.

The advantage of SASB, besides the reduction in computational load, is that the lateral

resolution remains higher and more uniform over depth compared to regular dynamic

receive focusing (DRF)19. The use of virtual sources in SASB has been shown to create an

acoustic field intense enough to generate harmonics for THI20,21.

By combining THI with a SAI technique such as SASB, which is capable of generating

harmonics for THI, the final image could potentially be improved by both techniques. The

improvements could be increased spatial resolution, reduced reverberation artifacts, reduced

side lobe levels, and a narrower beam profile from THI along with a range independent

fully focused image in both transmit and receive from SASB.

This paper presents a method for tissue harmonic synthetic aperture imaging on an

experimental ultrasound system for a linear array transducer. Spatial resolution, side lobe

levels, and the degree of depth independence is investigated for different settings of focal

depth via measurements on wire phantom. An implementation tissue harmonic synthetic

aperture imaging on a commercial available ultrasound system is presented for a convex

array transducer. A comparison is made to dynamic receive focus tissue harmonic imaging

on clinical In-vivo data and the effect of transmit apodization on side lobes is studied.

II. THEORY

A. Pulse Inversion

In THI, the purpose is to image the second harmonic frequency band of a pulse response,

instead of the transmitted fundamental frequency. As a transmitted ultrasound waveform

travels through a medium, the waveform gets distorted due to the nonlinear properties of

the medium22,23. The speed at which the waveform travels (the speed of sound) depends

on the instantaneous acoustic pressure within the waveform. Because there is a pressure
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difference between the high pressure peaks and the relatively low pressure troughs of the

waveform, different parts of the waveform travels at different speeds24. This causes the

high pressure peaks to travel a higher speed of sound than the relatively low pressure

troughs. As the waveform gets continuously distorted, higher harmonics are generated in

the waveform. The strength of these harmonics is dependent on the acoustic pressure of the

emitted ultrasound field. It is therefore important to emit a field intense enough to ensure

good development of harmonic waveforms.

In THI it is also important to ensure good separation of the desired harmonic frequency

from unwanted neighboring frequencies, since these will influence the spatial resolution.

Several techniques exist to separate and enhance harmonic frequencies such as matched

filtering, power modulation, and pulse inversion (PI)25–27. In PI, two identical but phase

shifted pulses (0◦ phase shifted and 180◦ phase shifted pulse) are transmitted in turn for

the same transducer geometry. Under the assumption that there has been no motion in the

medium in the time between the two waveforms were transmitted, differences in the responses

are purely a result from how the waveforms were distorted by the medium. For the received

pair of responses, a 180◦ phase shift between the two waveforms can be detected at the

fundamental frequency. However, for the 2nd and 3rd harmonic frequencies, a corresponding

360◦ and 540◦ phase shift can be detected in the pair of waveforms respectively28,29. If the

two responses are summed, all signals that are perfectly in phase will double in signal

strength, while all signals that have opposite phases will cancel out. To suppress the odd

order harmonics then, each pair (regular and phase shifted) of the received responses are

summed (see Fig. 1). The harmonic frequencies that are in phase (all even harmonics) will

double in amplitude, while out of phase harmonic frequencies (all odd harmonics) will cancel

out (see Fig. 2). This separates and enhances the 2nd harmonic frequency, which in turn

then can be extracted using a matched filter and used for imaging.
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Figure 1. (Color online) The two received responses from the transmitted pulses are shown

in the top figure. Note the 180◦ shift in phase between the two received responses. The

summed response in the bottom figure shows the resulting response after pulse summation

of the two received responses (original and phase inverted). All data have been normalized

to the maximum amplitude of the original pulse in the top plot.

B. Synthetic Aperture Sequential Beamforming

Traditionally, SAI utilizes only one active transducer element in transmit (see Fig. 3A).

Because the transmitted acoustic energy in this case is very low, SAI is not capable of pro-

ducing harmonic components for THI. Synthetic aperture sequential beamforming (SASB)

is a SAI technique, which uses virtual sources and a dual stage beamforming approach to

significantly reduce the computational load compared to SAI30,31. A fixed transmit and
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Figure 2. (Color online) Spectrum of received RF signals and response of transducer. The

spectrum of a received response (positive pulse emission) is shown along with the spectrum

of the response after pulse summation (summation of positive and negative pulse emission

responses). The 2nd harmonic frequency near 10 MHz is enhanced by approximately 6 dB,

while the fundamental frequency at 5 MHz is attenuated by approximately 15 dB. Both the

fundamental frequency and the 2nd harmonic frequency lie within the transfer function of

the transducer (BK8804).

receive focal point is used in the first stage beamformer to create a set of focused scan lines

with reference rθ and a virtual source at rvs in each emission. The dotted lines in Fig. 4

show the image information at spatial positions that are found in each focused scan line.

A single image point, rip may be represented in several focused scan lines as shown by the

black dot. The overlapping contributions from the first stage image lines can be used to

improve resolution. The first stage image data is therefore beamformed again (second stage

beamforming) using a focus at each pixel in the image. This produces a set of low resolution

images, which are then summed coherently to form a single depth invariant high resolution

image (see Fig. 3B). The advantage of SASB, besides the improvements in lateral resolu-

tion, is that the transmitted acoustic energy is sufficient to produce harmonic components

for THI20. A combination of SASB and THI can therefore be implemented.
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A Schematic illustration of SAI.

+

B Schematic illustration of SASB.

1st1st 1st

2nd

Figure 3. Concept illustrations of SAI and SASB. In SAI, a single element is used in transmit,

while all elements are used in receive. Low resolution images are generated and summed.

In SASB, a fixed group of elements are used in transmit and receive. A fixed focus image

is generated using the first stage beamformer. The first stage image lines are used as input

for the second stage beamformer using the focus point as a virtual source.

C. Methods

The experimental ultrasound system SARUS32,33 was used to implement scan sequences

for synthetic aperture sequential beamforming tissue harmonic imaging (SASBTHI) and

dynamic receive focus tissue harmonic imaging (DRFTHI). The system allows for user

defined scan sequences, raw channel acquisition, and is capable of performing both synthetic

aperture imaging and tissue harmonic imaging20,34. For both SASBTHI and DRFTHI, scan

sequences for a 192 element linear array transducer (BK8804, BK Medical Aps., Herlev,
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~rvs3

Figure 4. Three emissions for first stage SASB. A single image point, rip is represented in

several focused scan lines. Figure taken from31.

Denmark) were implemented. A two cycle 5 MHz transmit waveform was used with a

64 element fixed Hanning apodized sub-aperture for both SASBTHI and DRFTHI. For

SASBTHI, receive apodization was a Hanning on a 64 element fixed sub-aperture with focal

point for first stage beamforming at 10 mm, 25 mm, and 50 mm in three experiments. For

the DRFTHI measurements, transmit foci at 10 mm, 20 mm, and 50 mm were used, while

dynamic receive focus and an expanding aperture was used with a fixed F# of 3 (see Table I).

A water-filled wire phantom was scanned using SATHI and DRFTHI. Radio frequency

(RF) data was recorded using SARUS and stored. The collection of RF data from one

experiment contained RF data pairs for every scanline position (regular response and phase

shifted response). These data can be used to compile both a tissue harmonic image (using

pulse summation on the correlated RF data pairs) and a linear image (using only one of

the responses from each RF data pair). For the linear images (DRF and SASB), the fun-

damental frequency was isolated using matched filters (5 MHz center frequency). For the

tissue harmonic images (DRFTHI and SASBTHI), the second harmonic frequency was ex-

tracted using pulse summation and matched filters (10 MHz center frequency) using Matlab

(MathWorks, Natick, MA, USA). Beamforming of RF data was performed using a beam-
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formation toolbox35,36 in Matlab. For the RF SASB data, first stage SASB beamforming

was conducted using the fixed focus in transmit and receive. Next, the second stage SASB

beamforming was conducted using the first stage image lines as input data with the focal

point as a virtual source. For the DRF RF data, dynamic beamforming was applied in

receive.

B-mode images were produced using three transmit focal points, for both linear imaging

and tissue harmonic imaging, using SASB and DRF focusing, giving a total of 12 B-mode

images (3x2x2). In each case, the -6 dB lateral resolution (FWHM) and the -20 dB lateral

resolution (FWOTM) was measured for all visible wires in the image. Furthermore, the

point spread function (PSF) of each technique was measured at a single wire depth.

D. Results

The B-mode images generated from the four techniques are shown in Fig. 5 for a focus

depth of 25 mm. In the THI images (DRFTHI and SASBTHI), the level of noise in the

images is higher than in the linear images (DRF and SASB). The pulse inversion technique

can potentially achieve an enhancement of maximum 6 dB for the second harmonic

frequency. From the spectrum of the received responses in Fig. 2, the amplitude of the

second harmonic is measured to be -6 dB before pulse summation and -2.4 dB after pulse

summation, resulting in a gain of 3.6 dB. The difference in maximum amplitude between the

fundamental frequency in the linear images and the second harmonic frequency in the THI

images is measured to be 2.4 dB. The signal to noise ratio (SNR) in the THI images (Fig. 5C

and Fig. 5D) is therefore less than in the linear images (Fig. 5A and Fig. 5B). This is due

to several reasons. Because only a fraction of the transmitted energy at the fundamental

frequency is converted into the second harmonic frequency, the SNR is lower for THI. Also,

because the transfer function of the transducer is limited, transmit and receive might be

more efficient at the fundamental frequency than at the second harmonic frequency (see

Fig. 2). Finally, imperfections in how accurately the inverted waveforms were transmit-
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Figure 5. (Color online) B-mode images of wire phantom, transmit focus is at 25 mm depth

ted, could reduce the enhancement of the second harmonic frequency after pulse summation.

The -6 dB lateral resolution (FWHM) and -20 dB lateral resolution (FWOTM) was

measured for each visible wire in the phantom using different transmit focal points (at 10

mm, 25 mm, and 50 mm). Table II shows the measured FWHM for all wires for DRF,

DRFTHI, SASB, and SASBTHI. As seen from the table, SASB generally produce lower

FWHM values than DRF. Furthermore, THI FWHM is lower than linear imaging. SAS-

12



BTHI produces a FWHM value of 0.67 mm for a wire depth of 47.5 mm when the transmit

focus is at 25 mm. In comparison, DRF, SASB, and DRFTHI produce a FWHM value of

2.04 mm, 1.16 mm, and 1.12mm which are 206 %, 75 %, and 69 % higher than the SASBTHI

FWHM. In Table III the measured FWOTM values are shown. Again it is seen, that SASB

FWOTM is better than DRF, and THI FWOTM is better than linear imaging. Here,

DRF, SASB, and DRFTHI produce 158%, 61%, and 42% higher FWOTM value for a wire

depth of 47.5 mm, when the transmit focus is at 25 mm compared to SASBTHI, respectively.

Fig. 6A shows the measured FWHM values using DRF, DRFTHI, SASB, and SASBTHI,

while Fig. 6B shows the measured FWOTM values. The THI images overall produce better

lateral resolution compared to the linear images. SASB produces more uniform and depth

independent resolution compared to DRF. The slope of the FWHM curves for SASB is

almost flat, indicating that the lateral resolution of the wires using SASB does not change

very much with imaging depth. In comparison, the slope of the FWHM curves for DRF

change much more indicating that the lateral resolution here varies with imaging depth.

For SASBTHI and DRFTHI, a similar trend is seen. Again SASBTHI produces more

uniform FWHM compared to DRFTHI, and the FWHM values of SASTHI are close to

half of those for SASB. Finally, it is seen, that SASBTHI outperforms all other imaging

techniques in terms of lateral resolution, when a transmit focus of 10 mm or 25 mm is applied.

The point spread function for all techniques for a wire located at 47.5 mm depth is shown

in Fig. 7. The side lobe levels are reduced by SASBTHI compared to the other imaging

techniques and SASBTHI produces the highest lateral resolution. The lateral width of the

PSF for SASBTHI is more narrow than all the other PSFs, and SASBTHI also improves

the axial resolution. The axial length of the PSF is shorter for SASBTHI than for DRF,

SASB, and DRFTHI. In general, SASBTHI produces the best spatial resolution of the four

techniques.
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Figure 6. (Color online) Measured -6 dB lateral resolution (FWHM) and -20 dB lateral

resolution (FWOTM) using different focus depths (10 mm, 25 mm, and 50 mm)
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Figure 7. (Color online) Point spread function (PSF) for wire at 47.5 mm depth for DRF,

SASB, DRFTHI, and SASBTHI. Transmit focus depth is at 25 mm.

III. DISCUSSION

Investigations of the FWHM and FWOTM show that SASBTHI generally produces

higher lateral resolution compared to DRF, SASB, and DRFTHI. The FWHM for DRF,

SASB, and DRFTHI are 206 %, 75 %, and 69 % higher than the SASBTHI FWHM

respectively, at 47.5 mm imaging depth when the focus is at 25 mm. The results also show,

that SASBTHI is able to maintain a more depth independent lateral resolution than all

the other techniques in this study. Best results in terms of lowest possible FWHM and
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FWOTM were attained when a focal depth of 10 mm was applied for SASBTHI ([0.67 0.58

0.62 0.70] mm for FWHM and [1.04 1.16 1.79 1.91] mm for FWOTM). Having the focus

point close to the transducer produced highest lateral resolution, but not the most depth

invariant resolution. This was accomplished using a focus depth of 25 mm ([0.67 0.67 0.66

0.70] mm for FWHM and [1.62 1.29 2.08 2.24] mm for FWOTM).

An implementation of SASBTHI and DRFTHI was made on a commercially available

ultrasound system (BK 2202 Pro Focus UltraView, BK Medical Aps., Herlev, Denmark)

for In-vivo imaging comparisons. A scan sequence that allowed simultaneous acquisitions

of DRFTHI data and first stage SASBTHI data was used. Second stage beamforming for

SASBTHI was performed using the BFT3 toolbox37 on an external PC running MATLAB.

A B-mode scan of the liver of a healthy 29-years old male was conducted using a 192 element

convex array transducer (BK 8820e, BK Medical Aps. Herlev, Denmark) typically applied

in abdominal investigations using DRFTHI. For SASBTHI a 64 element fixed aperture

with a focus at 80 mm was used in transmit and receive with an F# of 3. For DRFTHI,

settings predefined by the manufacturer was used to ensure optimal performance. Here, a

64 element fixed aperture with a focus of 85 mm and an F# of 5.3 was used in transmit,

while a 64 dynamic receive aperture and an F# of 0.8 was used in receive. Limitations in

the scanner’s transmit stage prevent user defined transmit apodization to be applied, and

so for both SASBTHI and DRFTHI the default transmit apodization was a 64 element

boxcar. A one-and-a-half cycle excitation pulse with a center frequency of 2.14 MHz and its

phase inverted copy were used for both SASBTHI and DRFTHI. Examples of the In-vivo

B-mode images are shown in Fig. 8.

Visual comparison of the In-vivo B-mode images show no difference in terms of image

quality, although SASBTHI performs better in terms of spatial resolution and resolution

depth independence compared to DRFTHI. The reasons for this is the limitations of

the transmit stage on the ultrasound system. On the UltraView system, no transmit
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Figure 8. (Color online) In-vivo image of liver from a healthy 29 years old male. Images

are shown with 60 dB dynamic range. Acquisitions are made using DRFTHI and SASBTHI

simultaneously on the BK 2202 UltraView scanner.

apodization (besides Boxcar) is possible. This causes the level of side-lobes to be greater

than when Hanning apodization is applied. Fig. 9 show the PSF for SASBTHI using

the linear BK 8804 transducer on SARUS when either Boxcar or Hanning apodiza-

tion is applied. For Boxcar apdization, the lateral FWOTM is measured to be 1.96

mm, while for Hanning apodization, the FWOTM is 1.91 mm. This shows that side

lobes are reduced by transmit apodization and could therefore potentially improve SAS-

BTHI on the UltraView system, if the transmit stage would permit user defined apodization.
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Figure 9. (Color online) Point spread function (PSF) for wire at 47.5 mm depth for SASBTHI

using either Boxcar apodization or Hanning apodization. Transmit focus depth is at 25 mm.

IV. CONCLUSION

A method for tissue harmonic synthetic aperture imaging has been suggested. Investiga-

tions of spatial resolution, level of side lobes, and the degree of resolution depth independence

was performed on a wire phantom using a linear array transducer and an experimental ul-

trasound system. Results show that the spatial resolution of SASBTHI is higher and is less

affected by imaging depth compared to DRF, DRFTHI and SASB. Finally, an implementa-

tion of SASBTHI and DRFTHI was made on a commercially available ultrasound system.

In-vivo B-mode scans were made and compared. No visual differences were found in the two

techniques, however, limitations in the transmit stage and the choice of transducer suggest

that improvements could be made to the image quality of SASBTHI if transmit apodization

is applied.
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Table I. Scan parameters for SASBTHI and DRFTHI for linear array transducer on SARUS.

Scanner Parameters SASBTHI DRFTHI

Transmit center frequency 5.0 MHz 5.0 MHz

Waveform cycles 2 2

Sampling frequency 70 MHz 70 MHz

No. scanlines 128 128

No. emissions per scanline 2 2

No. active elements 64 64

Focus Tx (mm) [10, 25, 50] [10, 25, 50]

Focus Rx (mm) [10, 25, 50] Dynamic

F-number Tx/Rx 3 3

Apodization Tx/Rx Hanning Hanning
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Table II. Measured -6 dB lateral resolution (FWHM) for DRF, DRFTHI, SASB, and SAS-

BTHI for focal depths of 10mm, 25mm, and 50 mm.

FWHM [mm]

Focus depth [mm] Wire depth [mm] DRF DRFTHI SASB SASBTHI

10

22.5 1.66 0.96 1.08 0.67

47.5 2.00 1.00 1.08 0.58

72.5 2.20 1.16 1.08 0.62

97.5 2.66 1.25 1.12 0.71

25

22.5 1.04 0.75 1.08 0.67

47.5 2.04 1.12 1.16 0.67

72.5 1.96 1.12 1.12 0.66

97.5 2.00 1.21 1.16 0.71

50

22.5 2.33 0.71 3.04 2.20

47.5 1.37 0.87 2.58 1.62

72.5 1.83 1.00 2.66 1.75

97.5 1.87 1.04 2.87 1.79
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Table III. Measured -20 dB lateral resolution (FWOTM) for DRF, DRFTHI, SASB, and

SASBTHI for focal depths of 10mm, 25mm, and 50 mm.

FWOTM [mm]

Focus depth [mm] Wire depth [mm] DRF DRFTHI SASB SASBTHI

10

22.5 3.16 1.66 1.87 1.04

47.5 3.54 1.71 1.91 1.16

72.5 3.66 2.04 2.00 1.79

97.5 3.95 2.41 2.45 1.91

25

22.5 2.45 1.54 2.45 1.62

47.5 3.33 1.83 2.08 1.29

72.5 3.37 1.96 2.70 2.08

97.5 3.45 2.29 3.16 2.25

50

22.5 3.41 1.67 1.75 1.12

47.5 2.45 1.46 1.41 0.92

72.5 3.08 1.78 1.41 0.87

97.5 3.29 2.33 1.41 0.92
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List of Figures

Figure 1 (Color online) The two received responses from the transmitted pulses are

shown in the top figure. Note the 180◦ shift in phase between the two received

responses. The summed response in the bottom figure shows the resulting

response after pulse summation of the two received responses (original and

phase inverted). All data have been normalized to the maximum amplitude

of the original pulse in the top plot. . . . . . . . . . . . . . . . . . . . . . . . 7
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and Jørgen Arendt Jensen,Fellow, IEEE

Abstract

This paper presents an implementation of a tissue harmonic synthetic aperture imaging technique optimized for

in-vivo imaging on a commercial ultrasound system equipped with 192element convex array transducer. Synthetic

aperture imaging was performed using tissue harmonic synthetic aperture sequential beamforming (SASBTHI), with

a virtual source position at 70 mm, a F# of 2 in transmit and receive and 269 image lines. A scan sequence that can

perform a simultaneous SASBTHI and tissue harmonic dynamicreceive focused imaging (DRFTHI) in duplex scan

was developed. Line density and position of the virtual source for SASBTHI were optimized for the duplex scan

sequence based on lateral resolution, side lobe levels, andframe rates. A scaling curve was developed to compensate

for low distribution of contributing image lines near the virtual source and for low 2nd harmonic signal strength and a

the top of the image. The scaling curve equalized the gray scale throughout the image and between the SASBTHI and

DRFTHI images. Measurements of the -6 dB lateral resolutionon a wire phantom showed that SASBTHI produced

up to 20% higher resolution than DRFTHI except near the position of the virtual source where DRFTHI produced 0.1

mm higher resolution. In general, DRFTHI produced the most depth invariant lateral resolution of the two techniques,

however it is expected that the resolution in SASBTHI can be made more depth invariant by increasing the line density.

For 47 mm and 72 mm image depths DRFTHI produced approximately 1.5 mm better 20 dB cystic resolution than

SASBTHI. An in-vivo scan of the liver of a healthy 31 year-old male was acquired using the duplex scan sequence.

No visible differences were seen in the two images indicating, that SASBTHI performs as good as DRFTHI in the

suggested setup.

I. I NTRODUCTION

Tissue harmonic imaging (THI) can be used in ultrasound investigations to image difficult regions of the human

body and to generally improve the image quality. Synthetic aperture imaging (SAI) is a focusing technique that

generates focused images in both transmit and receive. The scope of this study is to optimize a tissue harmonic

synthetic aperture imaging technique for clinicalin-vivo imaging. The technique will be executed in a duplex scan

Joachim Hee Rasmussen is with the Department of Electrical Engineering, Center for Fast Ultrasound, Technical University of Denmark.
e-mail: jr@elektro.dtu.dk.

This work is supported by grant 24-2008-3 from the Danish Advanced Technology Foundation and by BK Medical Aps, Herlev, Denmark.
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sequence with the default imaging technique, implemented on a commercially available ultrasound system.

THI benefits from improved spatial resolution, lower side lobe levels, less reverberation, and a more narrow beam

profile compared to regular B-mode imaging [1]–[3]. This leads to THI often being the default scan setting on many

ultrasound systems today. In thoracic investigations for example, the narrow beam profile of THI is used to image e.g.

the heart valves that lie close to air filled regions in the lungs or bone in the rib cage, that would otherwise interfere

and obscure the final image. The higher spatial resolution ofTHI is also used in many abdominal investigations to

image small objects in e.g. the gall bladder or kidneys and because reverberation is often very pronounced when

scanning fatty tissues, THI has become the default scanningtechnique in many abdominal investigations.

In traditional ultrasound B-mode imaging, an image is acquired by transmitting a waveform with a specific center

frequency,f0 and imaging the response at that same center frequency. In THI, a waveform is transmitted atf0, and

the response is received at an integer value of the originally transmitted center frequency (n·f0, n = 1, 2, · · · ). Since

the magnitude of the harmonics in a received waveform is dependent on the magnitude of the transmitted waveform,

it is important to ensure, that the energy field that is being emitted is intense enough to generate sufficiently strong

harmonics for imaging. This can either be achieved by increasing the transmit voltage over a transducer element

or by employing several transducer elements in transmit.

Synthetic aperture imaging (SAI) is a focusing technique that can generate highly and uniformly focused

ultrasound images. In traditional synthetic aperture imaging (SAI), a single element in the transducer array is

used in transmit and receive [4]–[7]. For every position of the active aperture, a low resolution image is constructed

and in the end all low resolution images are combined to create one high resolution image. Naturally, because only

one element is used, the signal-to-noise ratio (SNR) is verypoor using this technique. As a consequence of this, it

would seem disadvantageous to combine SAI with THI. However, Li et al. [8] suggested nonetheless a THI-SAI

technique for a single element transducer.

By employing several elements in transmit and by focusing the elements into a single point in transmit, the SNR in

SAI is increased and a virtual source is created. This was first described by Passmann and Ermert [9] and further

investigated by Frazier and O’Brien [10], Nikolov and Jensen [11], [12], Gammelmark and Jensen [13], and Bae

and Jeong [14]. Bae et al. were the first to suggest an implementation for THI-SAI for a multi element array

transducer using a single position for the virtual source [15]. Recently, Bae et al. suggested using several virtual

sources distributed throughout the image to level out the harmonic energy in the image [16]. While the studies

showed good results in terms of focusing and resolution, thecomputational load required to produce THI-SAI is

still a major drawback. And in the case where several virtualsources were applied, the obtained frame rate was to

low to be useful in any clinical setup.

Synthetic aperture sequential beamforming (SASB) is a SAI technique that utilizes a two step beamformer to

October 27, 2013 DRAFT



IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL 3

significantly reduce computational processing load compared to traditional SAI [17], [18]. In SASB, a set of image

lines are first obtained and beamformed using a fixed focus in both transmit and receive. Secondly, the image data

are beamformed using the fixed focus points as virtual sources to obtain the final synthetic aperture image. The

advantage of SASB, besides the reduction in computational load, is that the lateral resolution remains higher and

more uniform over depth compared to regular dynamic receivefocusing (DRF) [19]. The use of virtual sources in

SASB has been shown to create an acoustic field intense enoughto generate harmonics for THI [20]. By combining

THI with SASB, the final image is improved by both techniques.The improvements are increased spatial resolution,

reduced reverberation artifacts, reduced side lobe levels, and a narrower beam profile from THI along with a range

independent fully focused image in both transmit and receive from SASB [21].

This paper presents an implementation of tissue harmonic synthetic aperture imaging on a commercial ultrasound

system. The paper presents first an optimization study of tissue harmonic synthetic aperture imaging forin-vivo

imaging. The optimal virtual source position and image linedensity are studied by investigations of spatial resolution,

side lobe levels, and frame rate. A method for scaling areas with low energy in the images is presented. Next, a

comparison of the performance of tissue harmonic syntheticaperture imaging and dynamic receive focus tissue

harmonic imaging in terms of lateral resolution and cystic resolution is presented. Finally, a duplexin-vivo scan is

acquired using the two techniques and images are compared.

II. T HEORY

Synthetic aperture imaging and tissue harmonic imaging areboth two well studied concepts in ultrasonics imaging.

The first concept deals with focusing of the responses, whilethe second concept deals with signal processing of

the received responses. Both are explained in the following.

A. Synthetic Aperture Sequential Beamforming

Traditionally, SAI utilizes only one active transducer element in transmit (see Fig. 1a). Because the transmitted

acoustic energy in this case is very low, SAI is not capable ofproducing harmonic components for THI. Synthetic

aperture sequential beamforming (SASB) is a SAI technique,which uses virtual sources and a dual stage beam-

forming approach to significantly reduce the computationalload compared to SAI [22], [23]. A fixed transmit and

receive focal point is used in the first stage beamformer to create a set of focused scan lines with referencerθ and

a virtual source atrvs in each emission. The dotted lines in Fig. 2 show the image information at spatial positions

that are found in each focused scan line. A single image point, rip may be represented in several focused scan lines

as shown by the black dot. The overlapping contributions from the first stage image lines can be used to improve

resolution. The first stage image data is therefore beamformed again (second stage beamforming) using a focus at

each pixel in the image. This produces a set of low resolutionimages, which are then summed coherently to form

a single depth invariant high resolution image (see Fig. 1b). The advantage of SASB, besides the improvements in
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+

(a) Schematic illustration of SAI.

1st1st 1st

2nd

(b) Schematic illustration of SASB.

Fig. 1: Concept illustrations of SAI and SASB. In SAI, a single element is used in transmit, while all elements are
used in receive. Low resolution images are generated and summed. In SASB, a fixed group of elements are used
in transmit and receive. A fixed focus image is generated using the first stage beamformer. The first stage image
lines are used as input for the second stage beamformer usingthe focus point as a virtual source.

~rip

~rθ1 ~rθ2
~rθ3

~rvs1 ~rvs2
~rvs3

Fig. 2: Three emissions for first stage SASB. A single image point, rip is represented in several focused scan lines.
Figure taken from [23].

lateral resolution, is that the transmitted acoustic energy is sufficient to produce harmonic components for THI [20].

A combination of SASB and THI can therefore be implemented.

B. Tissue Harmonic Imaging

In THI, the purpose is to image the harmonic frequency band ofa pulse response, instead of the transmitted

fundamental frequency. As a transmitted ultrasound waveform propagates through a medium, the waveform gets

distorted due to the nonlinear properties of the medium [24]–[26]. The speed at which the waveform travels (the

sound of speed) depends on the instantaneous acoustic pressure within the waveform. Because there is a pressure

difference between the high pressure peaks and the relatively low pressure troughs of the waveform, different parts
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of the waveform travels at different speed [27], [28]. This causes the high pressure peaks to travel a a higher speed

of sound than the relatively low pressure troughs. As the waveform gets continuously distorted, higher harmonics

are generated in the waveform. The strength of these harmonics is dependent on the acoustic pressure of the emitted

ultrasound field. It is therefore important to emit a field intense enough to ensure good development of harmonic

waveforms.

In THI it is also important to ensure good separation of the desired harmonic frequency from unwanted neighbor-

ing frequencies, since these will influence the spatial resolution. Several techniques exist to separate and enhance

harmonic frequencies such as matched filtering, power modulation, and pulse inversion (PI) [29]–[31]. In PI, two

identical but phase shifted pulses (0◦ phase shifted and180◦ phase shifted pulse) are transmitted in turn for the

same transducer geometry. Under the assumption that there has been no motion in the medium in the time between

the two waveforms were transmitted, differences in the responses are purely a result from how the waveforms were

distorted by the medium. For the received pair of responses,a 180◦ phase shift between the two waveforms can be

detected at the fundamental frequency. However, for the 2ndand 3rd harmonic frequencies, a corresponding360◦

and 540◦ phase shift can be detected in the pair of waveforms respectively [32], [33]. If the two responses are

summed, all signals that are perfectly in phase will double in signal strength, while all signals that have opposite

phases will cancel out. To suppress the odd order harmonics then, each pair (regular and phase shifted) of the

received responses are summed (see Fig. 3). The harmonic frequencies that are in phase (all even harmonics) will

double in amplitude, while out of phase harmonic frequencies (all odd harmonics) will cancel out (see Fig. 4). This

separates and enhances the 2nd harmonic frequency, which inturn then can be extracted using a matched filter and

used for imaging.

III. E QUIPMENT

The implementation of the suggested scan technique is performed on commercially available ultrasound equipment.

The application of a research interface to the ultrasound scanner allows user defined scan sequences to be used. By

using equipment that have already been approved by regulatory mandates, the scan sequences that are suggested in

the following can be implemented on the system and used in clinical investigations without any further regulatory

approval.

A. The Research Interface

A commercially available BK 2202 UltraView scanner from BK Medical is fitted with a research interface. The

research interface allows the user to control many of the manufacturer defined scan settings such as focal points,

F#’s, line density , number of emissions, etc. in a predefinedusecase. The research interface also allows the user to

access and extract image data at different points in the beamforming process. In this case, image data is extracted

via a grabber card X64-CL Express grabber card produced by Teledyne DALSA, Canada and camera link to a
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Fig. 3: Pulse responses acquired using pulse inversion. Thepositive and the negative pulse responses are shown in
the top. Response length and zero-intersections are almostidentical. Shown below is the summed pulse, which is
the result of harmonic distortion of the two original positive and negative responses.
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at 2.14 MHz and is normalized to 0 dB. The 2nd harmonic frequency is visible in the original response at 4.28 dB at
a magnitude of approximately -12 dB. The magnitude of the 2ndharmonic frequency is enhanced by approximately
6 dB after pulse summation, while the fundamental frequencyis attenuated by approximately 25 dB.

desktop PC running MATLAB.

The scanner is fitted with a 192 element convex array transducer typically used in THI investigations in e.g.

abdominal scans (see Table I). The default scanning technique using this transducer on the UltraView scanner is

tissue harmonic dynamic receive focusing (DRFTHI) B-mode.For this technique the scanner uses a one-and-a-half

cycle sinusoid transmit waveform with center frequency of 2.14 MHz and 14 MHz sampling frequency. The 2nd
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TABLE I: Convex array transducer parameters.

Transducer Parameters Value

Pitch 0.33 mm
Elevation focus 65 mm

Number of elements 192
Radius of curvature 60 mm

Field of view 60.5 deg
Center frequency 3.5 MHz

Operating frequency 2-6 MHz

harmonic component of the received signal used for DRFTHI should therefore have an expected center frequency

of 4.28 MHz. This is confirmed by the spectrum of a received pulse response in Fig. 4 acquired using the UltraView

scanner and research interface. A transmit focus of 85 mm andF# of 5.67 is applied with an active aperture of

64 elements using boxcar transmit apodization. In receive,a dynamically expanding aperture is used with gauss

apodization and an F# of 0.8.

B. The Scan Sequence

In this study, the UltraView scanner is set up to perform bothSASBTHI and DRFTHI simultaneously in a duplex

scan. The usecase specifies the general scanner settings such as speed of sound, maximum scan depth, and transducer

parameters as well as the specific scan sequence settings forSASBTHI and DRFTHI. For DRFTHI, the settings

are kept at the default settings defined by the scanner. For SASBTHI, the settings are the same as for DRFTHI

except for the position of the transmit/receive focal point, the transmit/receive F#, and the focusing technique. A

schematically illustration representation of the usecaseand the scan sequence is shown in Fig. 5.

For both scans, THI is performed using pulse inversion and matched filtering to achieve 2nd harmonic IQ-data.

The first two emissions in the full emission sequence are the PI emissions for scan line number one for SASBTHI.

The next two emissions are for scan line number two for SASBTHI and so on, until the first full set of emissions for

one frame has been performed for SASBTHI. Next, the emissions belonging to DRFTHI are conducted in the same

manner. The emission sequence is set this way to minimize tissue movement between the individual image lines,

which could otherwise introduce errors in the beamforming stage. Summing and matched filtering of the received

paired PI responses is then conducted by the scanner, givingthe 2nd harmonic responses. Next, beamforming using

either dynamic receive focusing for DRFTHI or fixed focusingfor first stage SASBTHI is performed using the

beamformer implemented on the scanner. Beamformed 2nd harmonic IQ image data is then exported via the data

acquisition card on to the external PC for IQ-to-RF data conversion and second stage beamforming.

IV. SASB OPTIMIZATION

In order to optimize the settings for SASBTHI forin-vivo imaging, a series of measurements on wire and speckle

phantoms are conducted. The scope of these measurements is to find the optimal depth for the virtual source and
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Off−line processing

FF beamforming
Matched filtering

Pulse inversion emissions
Fixed receive focus
Fixed transmit focus

UseCase
Scan sequence

Fig. 5: Scan sequence on the BK 2200 Pro Focus UltraView scanner. The usecase defines a scan sequence that
performs two scans simultaneously in parallel. The scan forSASBTHI utilizes a fixed focus (FF) in transmit and
receive, while the scan for DRFTHI utilizes dynamic receivefocusing (DRF).

the imaging line density for SASBTHI that will result in highand depth independent resolution, while maintaining

low levels of side lobe energy and highest possible frame rate.

A. Virtual Source Position

The scope of these measurements is to find the optimal depth for the virtual source and the imaging line density for

SASBTHI that will result in high and depth independent resolution, while maintaining both low levels of side lobe

energy and the highest possible frame rate. A wire phantom isscanned using different virtual source positions and

line densities. By measuring the full width at half max (-6 dBlateral resolution), the lateral resolution is quantified.

For each measurement a different virtual source position and line density is set. The virtual source position varies

between 5 cm and 7 cm, while the line density varies between 192, 269, and 384 image lines per B-mode image as

seen in Table II. In total, 9 measurements are made with the different settings. The transducer is fixed in a scaffold

in position over the wires so the scan geometry is the same forall measurements. All first stage image data are

stored on the desktop PC and second stage beamforming is completed for each measurement.

Fig. 6 shows three examples of SASBTHI B-mode images of the wire phantom using different line densities

and positions of the virtual source. An increase in the number of image lines from 192 to 384, causes the level of

side lobes to decrease as seen from Fig. 6a and Fig. 6b. This indicates, that the number of image lines should be

maximized within reasonable limits as to not compromise theimaging frame rate. Furthermore, the level of side

lobes increases with distance from the virtual source. Point scatterers near the virtual source have lower levels of

side lobes compared to scatterers further away from the virtual source. By moving the location of the virtual source
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TABLE II: Scan parameters for SASBTHI optimization.

Scanner Parameters SASBTHI

Transmit center frequency 2.14 MHz
Waveform cycles 1.5
Sampling frequency 17 MHz
Number of scanlines [192, 269, 384]
Number of active elements 64
Focus Tx/Rx (mm) [50, 60, 70]
Imaging depth (mm) 160
F# Tx/Rx 2
Apodization Tx/Rx Gauss

(a) 192 image lines, 70mm focus (b) 384 image lines, 70mm focus. (c) 384 image lines, 50mm focus.

Fig. 6: SASBTHI B-mode scans of wire phantom using varying number of image lines and transmit/receive focus
depths.

from 70 mm to 50 mm in Fig. 6b and Fig. 6c, the level of side lobesat the top and bottom of the image shifts.

It is seen, that the side lobes fan out from the position of thevirtual source. This indicates, that the virtual source

should be positioned near the half of the maximum imaging depth as to decrease the level of side lobes throughout

the entire image.

In Fig. 7, the lateral -6 dB resolution is shown for differentpositions of the virtual source and for varying line

density. By increasing the number of lines in the image, in Fig. 7a to Fig. 7c, the lateral resolution for all positions

of the virtual source becomes more uniform and more depth invariant. It is also seen from in the figures, that as the

the number of image lines increases, the lateral resolutiongraphs for all three positions of the virtual become more

identical. This indicates, that the lateral resolution in the image is less affected by the change of focus point as the
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line density increases. In all cases in Fig. 7, it is seen, that having the virtual source near 70 mm depth produces

both the lowest values of -6 dB resolution and the most depth invariant values. Therefore, in order to keep the most

depth invariant and best lateral resolution, the line density should be maximized, while the focus point and thereby

the position of the virtual source should be at 70 mm depth.
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(a) 192 image lines.
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(b) 269 image lines.
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Fig. 7: Measured -6 dB lateral resolution for SASBTHI using 192 (7a), 269 (7b), and 384 (7c) image lines
and transmit/receive focus depths. By increasing the line density, the lateral resolution improves. Furthermore,
by increasing the depth of the focus point and thereby the position of the virtual source, the lateral resolution is
additionally improved. This suggest that in order to achieve the best and most depth invariant lateral resolution,
the line density should be maximized, while the virtual source should be positioned at half the maximum imaging
depth.
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B. Line Density

As described in section IV-A, increasing the line density inSASBTHI drastically reduces the energy levels of the

side lobes. However, it also affects the time it takes to complete a B-mode frame. Table III shows the frame rates

that can be accomplished for different line densities when the scan sequence is performing a duplex scan with

both SASBTHI and DRFTHI with equal line density. While having 384 scan lines available improves the spatial

resolution and the levels of side lobes, the frame rate of thescan drops to just 3 frames per second. The display

of continuously moving tissues in anin-vivo scan is disrupted by the low frame rate to a degree where finding

and scanning the desired area is near impossible for the user. By decreasing the number of available imaging lines

to 269, the frame rate is increased to 5 frames per second which shows a remarkably improvement to the eye of

the user. For scans where only either SASBTHI or DRFTHI is required, the available frame rate can be doubled

because no duplex scan is needed. This will allow the use of maximum line density (384 scan lines per frame)

without disrupting the display of moving tissues.

TABLE III: Available frame rates for B-mode SASBTHI-DRFTHIduplex scan for various line densities.

Scan lines Frame rate

192 6 frames/s
269 5 frames/s
384 3 frames/s

C. Virtual Source Scaling

In Fig. 9a is shown a SASBTHI scan of a cyst phantom. A section of the phantom containing almost no cysts is

scanned thereby producing a scan that shows the speckle pattern of SASBTHI. The image shows, apart from the

cysts in the right hand side of the image, a darkened region across the image at the focal depth at 70 mm depth as

well as a darkened region in the top 10 mm of the image due to lowenergy in the image. The dark region at the

top of the image is caused by the lack of 2nd harmonic energy inthe transmitted waveform. Since the harmonics in

a waveform are progressively generated by distortion of thetransmitted waveform, the 2nd harmonic will build up

in signal strength as the distance the waveform has propagated increases. At the top of the image, the distance the

waveform has propagated is small, causing the distortion ofthe waveform and the level of 2nd harmonic energy to

be very low as well. This results in a dark region in the image where the 2nd harmonic energy is low compared

to the rest of the image as seen in Fig. 9a.

The dark region near the focal point is caused by the low number of first stage image lines that contribute to an

imaging point near the virtual source and because of the geometrical shape of the transducer. As seen from Fig. 2,

an imaging point may be represented by several image lines. For an imaging point close to the virtual source,

however, the point may only be represented in just one line. This will cause the energy in the second stage image
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Fig. 8: VS-scaling curves for SASBTHI. Median VS-scaling and mean VS-scaling.

to drop in the vicinity of the virtual source. Furthermore, because a convex array transducer is used, the first stage

scan lines are not parallel to each other, but spread out likea fan with imaging depth. This further contributes to

less first stage lines representing imaging points near the virtual source.

In order to equalize the dark regions in the SASBTHI image, some sort of scaling must be done to the image.

By calculating the median and mean of the energy across imagelines in Fig. 9a for every sample depth, a map

of the energy in the image can be drawn. The measured energy isinverted and low pass filtered to exclude rapid

fluctuations in order to generate a set of virtual source scaling (VS-scaling) curves that can be used to equalize

gain in the SASBTHI images where the energy is low. As can be seen from the VS-scaling curves in Fig. 8, the

energy is enhanced primarily at the top of the image and to a lesser degree at the position of the virtual source at

70 mm. Figure 9b shows the same scan of the cyst phantom with the median VS-scaling applied to every image

line. As can be seen from the image, the dark regions near the virtual source and at the top of the image have now

been neutralized and a uniform gray level has been attained.In Fig. 10, anin-vivo scan of the liver of a healthy 31

year old male is shown with and without VS-scaling applied. The images were acquired using the UltraView and

the research interface. The dark region of the virtual source is neutralized by VS-scaling and does not introduce

any visual artifacts in thein-vivo image. The energy is also increased at the top of the image after VS-scaling to

obtain a more uniform gray scale throughout the entire image.

A similar scaling curve based on a DRFTHI speckle scan is madefor DRFTHI, only this curve only adjusts for

low 2nd harmonic energy at the top of the image, since no virtual sources are used in this imaging technique. An

example of a DRFTHI scan where the median scaling curve has been applied is shown in Fig. 12a.
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(a) No VS-scaling applied. (b) Median VS-scaling applied.

Fig. 9: B-mode speckle scan of tissue mimicking cyst phantomusing SASBTHI. No VS-scaling is applied in 9a.
Here, a dark region is visible at the position of the virtual source at 70 mm depth. A dark area is also seen in the
top part of the image, where the 2nd harmonic signal strengthis low. In the image in 9b, median VS-scaling is
applied to correct for the regions with low signal strength.The top region and the virtual source region are now
equal in gray scale compared to the rest of the image.

V. RESULTS

Based on the results from section IV-A and section IV-B, a usecase with the scan parameters in Table IV was

suggested as being the optimal for a SASBTHI-DRFTHIin-vivo duplex scan. A transmit/receive focus at 70 mm

depth, a maximum scan depth at 145 mm, and 269 scan lines were all used for SASBTHI. Default parameters that

were optimized by the manufacturer of the UltraView scannerwere used for DRFTHI.

In Fig. 11, the -6 dB lateral resolution and 20 dB cystic resolution for SASBTHI and DRFTHI is compared for

a line density of 269 lines per image. From Fig. 11a it is seen,that SASBTHI generally produces better lateral

resolution compared to DRFTHI. Only near the position of thevirtual source at 70 mm does DRFTHI produce better

lateral resolution than SASBTHI. This is due to the fact thatonly few first stage image lines contribute final second
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(a) No VS-scaling applied.
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(b) Median VS-scaling applied.

Fig. 10: B-modein-vivo scan of liver tissue using SASBTHI without VS-scaling in 10aand with median Vs-scaling
in 10b. The dynamic range in the images is 60 dB. It is seen fromthe images, that VS-scaling successfully equalizes
the gray scale in the region near the virtual source to match the gray scale in the rest of the image. The region at
the top of the image is amplified by VS-scaling to compensate for low 2nd harmonic signal strength.

TABLE IV: Scan parameters for clinical comparisons of SASBTHI and DRFTHI.

Scanner Parameters SASBTHI DRFTHI

Transmit center frequency 2.14 MHz 2.14 MHz
Waveform cycles 1.5 1.5
Sampling frequency 17 MHz 17 MHz
Number of scan lines 269 269
Number of active elements 64 64
Focus Tx (mm) 70 85
Focus Rx (mm) 70 Dynamic
Imaging depth (mm) 145 145
F# Tx 2 5.67
F# Rx 2 0.8
Apodization Tx Boxcar Boxcar
Apodization Rx Gauss Gauss

stage image near the virtual source. The measured values forthe lateral resolution are also shown in Table V. Here it

is clearly seen that SASBTHI generally produces the best lateral resolution except for regions near the virtual source.

The level of side lobe is determined by measuring the amount of energy inside an expanding region relative to

the total energy of a wire. By measuring the width of the expanded region where the relative energy difference is

20 dB, the level of side lobes is quantified (20 dB cystic resolution). In Fig. 11b, the cystic resolution of the two
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TABLE V: Measured values for -6 dB lateral resolution for SASBTHI and DRFTHI and the difference in percentage
between SASBTHI and DRFTHI.

Image depth SASBTHI DRFTHI Difference

21 0.8 1.0 20%
47 1.2 1.3 8%
72 1.6 1.5 -8%
98 1.6 2.0 20%
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(b) 20 dB cystic resolution.

Fig. 11: Measured -6 dB lateral resolution (11a) and 20 dB cystic resolution (11b) for SASBTHI and DRFTHI.
The line density is 269 lines per image in both cases. The transmit focus is at 85 mm for DRFTHI and the virtual
source is at 70 mm for SASBTHI.

techniques is compared again using 269 image lines and focuspoint of 85 mm for DRFTHI and virtual source

position of 70 mm for SASBTHI. It is seen from the figure, that DRFTHI produces better cystic resolution for all

depth compared to SASBTHI.

An in-vivo SASBTHI-DRFTHI duplex scan of the liver of a healthy 31 year old male is done using the scan

parameters described in Table IV. The B-mode images are shown in Fig. 12. In the SASBTHI case, median VS-

scaling is applied and for DRFTHI, a similar median scaling is applied to equalize the gray scale between the two

images. The images show the same view of the liver proving that the simultaneous acquisition of images using the

research interface works. In both images, structures such as blood vessels and liver boundaries are clearly visible.

The scaling applied to both images corrects for low 2nd harmonic signal strength at the top region of the image, and

for low signal strength due to the virtual source position inthe SASBTHI image. There are no visible differences

in terms of gray scale levels between the two images. Overall, no visible differences are found in the two images,

making it very difficult to distinct the two techniques from each other.
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(a) DRFTHI.
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(b) SASBTHI.

Fig. 12: B-modein-vivo scan of liver tissue using DRFTHI in 12a and SASBTHI in 12b. Median scaling has been
applied to both images to neutralize low signal regions fromvirtual sources and due to low 2nd harmonic energy.
The dynamic range in both images is 60 dB.

VI. D ISCUSSION

The comparisons of the lateral resolution in Fig. 11a show that SASBTHI produce a higher -6 dB resolution value

than DRFTHI for the wire close to the virtual source. This indicates, that the lateral resolution of SASBTHI is worse

than DRFTHI at his image depth. The reason why the lateral resolution for SASBTHI is worse near the virtual

source is due to the amount of first stage image lines that contribute to the second stage image near the virtual

source as was also described in Section IV-C. This effect is similar to using a lower line density in the usecase,

which would also cause the lateral resolution to decrease (see Fig. 7). However, excluding the measurement near

the virtual source, SASBTHI generally produces higher lateral resolution compared to DRFTHI. In some cases,

SASBTHI produces up to 20% better lateral resolution compared to DRFTHI and in the worst case near the virtual

source, the difference between SASBTHI and DRFTHI is no morethan 0.1 mm or 8%.

It is also seen from Fig. 11a, that the slope of lateral resolution as function of image depth is less for DRFTHI

than it is for SASBTHI. This indicates, that in this case, depth invariance is more pronounced for DRFTHI. However,

as seen from Fig. 7, by increasing the line density from 269 lines per image to 384 lines per image for SASBTHI,

the slope of the lateral resolution as function of depth becomes smaller, if the values near the position of the virtual

source are neglected. This would suggest, that SASBTHI could be further improved compared to DRFTHI if the
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line density is increased.

The measured 20 dB cystic resolution of the two techniques was compared in Fig. 11b. The results show that

DRFTHI scores 6.4 mm and 10.7 mm in 20 dB cystic resolution for47 mm and 72 mm depths, while SASBTHI

scores 8 mm and 12 mm for the same depths. This means that DRFTHI is capable of displaying cysts that are

approximately 1.5 mm smaller in diameter with 20 dB difference in dynamic range.

The scan settings for SASBTHI were optimized for this study based on the decision that the technique should work

in a simultaneous duplex scan setup with DRFTHI to allow for future clinical evaluation. Restrictions were therefore

made to the line density in order to keep the frame rate high enough to allow for use in clinical investigations. If

SASBTHI was to be implemented not in a duplex sequence, but byitself, the line density could be doubled without

loss in the frame rate compared to the duplex scan. The increased line density would further improve the lateral

resolution for all imaging depths (see Fig 7) and the cystic resolution.

VII. C ONCLUSION

An implementation of a tissue harmonic synthetic aperture imaging technique was performed on a commercial

ultrasound system. A scan sequence that can perform a simultaneous SASBTHI and DRFTHI duplex scan was

developed and optimized forin-vivo imaging. Line density and position of the virtual source forSASBTHI were

optimized for the duplex scan sequence based on lateral resolution, side lobe levels, and frame rates. A scaling

curve was developed to compensate for low distribution of contributing image lines near the virtual source and for

low 2nd harmonic signal strength at the top of the image. The scaling curve equalized the gray scale throughout the

image and also in between the SASBTHI and DRFTHI images. Measurements of the -6 dB lateral resolution on a

wire phantom showed that SASBTHI produced up to 20% higher resolution than DRFTHI except near the position

of the virtual source where DRFTHI produced 0.1 mm higher resolution. In general, DRFTHI produced the most

depth invariant lateral resolution of the two techniques, however it is expected that the resolution in SASBTHI

can be made more depth invariant by increasing the line density. For 47 mm and 72 mm image depths DRFTHI

produced approximately 1.5 mm better 20 dB cystic resolution than SASBTHI. Anin-vivo scan of the liver of a

healthy 31 year-old male was acquired using the duplex scan sequence. No visible differences were seen in the two

images indicating, that SASBTHI performs as good as DRFTHI in the suggested setup.
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