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ABSTRACT
Multi-angle compound images were generated

with four schemes: mean, median, root-mean-square
and geometric mean. The in vitro images, based on
formalin fixed porcine tissue, were analyzed by visual
inspection and by calculation of speckle contrast and
contrast between different tissues. The mean and rms
images featured the largest enhancement of distrib-
uted specular reflections. The median image appears
somewhat noisy. However, the quantitative analysis
did not indicate large differences between the images.

1 . Introduction
Multi-Angle Compound Imaging (MACI) offers

potentials for image improvements, due to the reduced
angle-dependence and the reduced speckle in the
ultrasound image compared to conventional B-mode
imaging.[2, 3, 1]. With MACI, images are recorded from
a number of different angles, and these single-angle
images are then combined to form the final image. In
previous investigations, the single-angle images have
typically beenaveragedto form the MACI image.
This paper reports on four alternative strategies.

2 . Biological Materials

An approximately 40 mm long piece of porcine
fatty muscle was formalin fixed while folded along
an 8 mm metal rod, to have the fixed muscle
somewhat mimic part of a sclerotic vessel wall. After
24 hours of fixation, the tissue was placed - supported
by two wires - in a mold, and degassed liquid agar
(1 %weight agar-agar) was slowly poured into the mold.
When filled, a lit with rows of rectangular openings
was placed on top of the liquid agar. When set, the
agar block contained two rows of index markers on

the top, that both could be recognized by ultrasound
and later by the operator, who sliced the agar block.

3 . Experimental Scanning System
The experimental system consisted of 1) a MACI

(off-line) ultrasound scanner (denoted the Xtra sys-
tem) developed at our laboratory and previously
described,[3] 2) a 192-element 7.5 MHz linear array
transducer 40 mm wide[3], 3) a tank with degassed
demineralized water at ~20˚C into which the agar
block was submerged, 4) a 3D translation system
capable of manipulating the transducer and finally 5)
a control computer. The transducer geometry and
center frequency was specifically optimized for
scanning the carotid artery.

In order to automatically record data from a
number of parallel scan planes, the control computer
was connected via an RS232 interface to the 3D
translation system as well as to the Xtra system. Thus
the Xtra system could remotely record a set of
single-angle images and store these on disk. Data was
saved as raw radio frequency beamformed signals (12
bits resolution).

The Time-Gain Compensation (TGC) applied to
each individual received signal was 10 dB per cm
depth. The tissue was scanned in water and agar, so
after recording this TGC was removed and substituted
with a TGC that only increased inside the tissue
region. The slope was here 12.3 dB per cm depth.

4 . Scanning and Slicing Procedure

The agar block with the porcine tissue was placed
in the scanning tank and 65 cross-sectional images
inter-spaced 0.5 mm were recorded for the angles:θ
∈ [ 21˚, 14˚, 7˚, 0˚, 7˚, 14˚, 21˚]. The recorded rf
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data were scan converted to form raw single-angle
images, I(z, x, θ; y) associated with angleθ and
cross-sectional scan planey. z and x constitute the
image plane. The fully compounded region is a
triangle[3] and the majority of the tissue specimen was
inside this triangular region.

During the subsequent slicing, macroscopic photos
were taken of each slice. The tissue slices were
subsequently analyzed histologically. Twelve slices
were cut and the associated ultrasonic image for each
slice was identified by means of the index markers
on the top of the agar block.

5 . Compound Image Formation

The "conventional" MACI image is formed by
averaging the single-angle images over all angles

(1)

An alternative estimate of the mean is obtained by
using the median:

(2)

An approach that weights the individual values dif-
ferently, depending on their value, can be realized by
using the root-mean-square (rms) value:

(3)

Finally, from an implementation point of view, it is
relevant to consider the averaging process in (1) done
after the logarithmization. The resulting image in dB
will be meanθ{20log10(I(z,x,θ; y)}. After re-arranging,
the image before log-compression is then the geo-
metric mean:

(4)

whereNθ is the number of single-angle images.

6 . Image Analysis

Two quantitative measures that would be desirable
to maximize when imaging tissue with different
components arei) the signal-to-noise at a point[4],

SNR0, (inverse of speckle contrast) within a region of
the same material andii) the contrast between regions
of different materials. A high SNR0 corresponds to a
low degree of speckle and thereby a smooth appear-
ance. The higher the contrast the easier tissues can be
distinguished. The four types of strategies defined in
(1) to (4) were evaluated with these two parameters.

SNR0 was calculated for the regions with muscle
fibre orientation larger than 70˚ (same definition of
this angle as the scan angles), and for the regions with
lipid. Thus, the regions with fibres orientated in the
interval 0˚ to 70˚ were not included in the analysis
because the backscattered energy from this angular
range features a rather large variation. Specifically,
SNR0 was calculated as the mean of the pixel values
in the region,µ, divided by the standard deviation,σ,
of the pixel values in the region. Theoretically, for
fully developed speckle (i.e. pixel values follows a
Rayleigh distribution) in a single-angle image,µ/σ
can reach 1.91. If compoundingNθ independent

images, SNR0 can theoretically reach 1.91 . Con-

trast was calculated as (µ2
muscle-µ2

lipid)/(µ2
muscle+µ2

lipid).

7 . Results
The subsequent ultrasound images are shown for

two scan planes:y1 and y2. The macroscopic (ana-
tomical) photo of scan planey2 is shown in Figure 1.
The corresponding histological image is a
geometrically distorted and shrunken version of the

Figure 1 The anatomical image for scan planey2.
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Figure 2 Top: Imean(z,x;y1). Bottom: Imean(z,x;y2).

Figure 3 Top: Imedian(z,x;y1). Bottom: Imedian(z,x;y2).

macroscopic image due to the histological preparation
process. Therefore, both the anatomical and the
histological images were used to identify and outline
regions of muscle fibres (orientated with angles larger
than 70˚) and lipid.

Figure 4 Top: Irms(z,x;y1). Bottom: Irms(z,x;y2).

Figure 5 Top: (IΠ(z,x;y1). Bottom: IΠ(z,x;y2).

Figure 2 shows the "conventional" multi-angle
compound images,Imean(z, x; y). All ultrasound images
are displayed in dB and the coordinate system have
(0,0) in the center of the leftmost transducer crystal.
Note that the geometrical shape of the image in Figure
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2 does not exactly match that of the anatomical image
due to the cutting process. Figures 3 and 4 shows the
median and rms images, respectively. Finally, Figure
5 shows the images for the two scan planes, when the
geometric mean is used. Each figure uses an indi-
vidual dB scale.

The relative improvement for the four different
compound techniques relative to the 0˚ image (i.e. the
conventional B-mode image) is shown in Table 1. The
data in the ’SNR0 simulation’ column in Table 1 are
calculated the same way as the two other SNR0

columns, except that the single-angle ultrasound
images are substituted with images consisting of
random uncorrelated Rayleigh distributed numbers.
This somewhat resembles "fully developed" speckle.

Table 1 Improvement in percent relative to the 0˚
image. The numbers represent the mean of the
improvement over 12 scan planes.

SNR0, SNR0, SNR0, Contrast
simulation muscle lipid muscle/lipid

mean 264 154 139 107
median 202 147 137 117

rms 274 149 132 103
Π 223 158 145 127

8 . Discussion
Visual analysis:Figures 2 - 5 reveal only minor

differences. The mean and rms images seem to
enhance distributed specular components,e.g.(x, z) ~
(26-31, 24) mm. This is less pronounced with the
geometric mean image and (not surprisingly) even
less so with the median image. Specifically, the
median image appears more noisy. On the other hand,
it can be observed that the inner agar region in scan
plane y2 seems more correctly represented in the
median image, (x, z) ~ (19-21, 32) mm.

Quantitative analysis:The results in Table 1
shows that the four methods performs roughly
equally. The SNR0 seldom reached 1.91 in the
single-angle images and the improvement for the
mean operator was less than = 2.65. There are a
number of reasons for this:
• The regions analyzed in this study were rather

small, making it difficult to obtain statistically
stable estimates.

• The regions contained interfaces as well as semi-
periodic scattering structures, which are known to
change the distribution of the pixel values[4].

• If the slope of the TGC applied to the ultrasound
scan lines is a little different from the true attenu-
ation, this also influence the speckle statistics.[4]

Thus, the results in Table 1 cannot be used to favor
one strategy over another.

It should be noted that the results in this study
depend on the scanner settings, the tissue scanned as
well as the scan condition. Thusin vivo scanning on
different tissues potentially can give different results.

9 . Conclusions
The main difference between the four strategies

seems to be in the appearance of the images, where
distributed specular components are more pronounced
in the mean and the rms images. This is less
pronounced in the geometric mean image and espe-
cially in the median image.
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