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TWO

Ultrasonic imaging

This chapter briefly introduces the ultrasound scanning as a medical imaging modality. It
gives a basic overview of the process of collecting and displaying ultrasound data, and shortly
presents the existing imaging techniques. Here the term imaging covers the viewing of both,
anatomical structures, and their function1. The division between one-dimensional (1D), two-
dimensional (2D), and three-dimensional (3D) imaging is based on the number of spatial di-
mensions 2 viewed on the screen. The application of off-the-shelf computer components and
the transition from hardware to software solutions is shortly discussed. The chapter finishes
with the presentation of a software display module developed at the Center for Fast Ultrasound
Imaging.

2.1 Fundamentals of ultrasonic imaging

Ultrasound usually denotes mechanical vibrations with a frequency of oscillations above 20
KHz, the highest audible frequency. The term ultrasound imaging covers the area of remote
sensing, where mechanical vibrations with known parameters are generated, sent through a
medium, and consecutively recorded. The changes of the parameters introduced during the
propagation are used to characterize the medium.

In medical applications ultrasound usually means longitudinal waves with frequency ranging
from 1 MHz up to 50 MHz. The diagnostic ultrasound as an imaging modality has some
advantages compared to other medical imaging modalities. It is regarded as relatively safe,
since there have not been any reports showing the contrary[4]. It involves no ionizing radiation,
it is non-invasive and most of the examinations do not distress the patient. It does not require
special facilities as the X-Ray, CT and MRI imaging require and portable instruments as the one
shown in Figure 2.1 are available. Ultrasound allows the visualization of soft tissues. Although
visually with lower quality than, say a CT scan, the ultrasound imaging has the advantage of
displaying the dynamics of the anatomical structures.

The development of ultrasonic imaging has resulted in the following modalities: intensity map-
ping, pulse-echo mapping and phase-amplitude techniques. The pulse-echo mapping is the ba-
sis for the visualization of anatomical structures and further we will be concerned mainly with
it.

1The function can be exhibited through the velocity of blood, the elastic properties of the tissue, etc.
2For marketing purposes some companies refer to the real-time 3D scanning as 4D scanning
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Chapter 2. Ultrasonic imaging

Figure 2.1: Portable ultrasound
scanner. The total weight of the
device is 2.4 kg. (Courtesey of
SonoSite)

2.2 Ultrasonic morphological imaging

The pulse-echo technique emerged during the World War I and was applied in sonar systems.
Further, the technique evolved, and from the 1950s [5] the ultrasound was used for medical
purposes.

The pulse-echo imaging can briefly be described as follows. An ultrasound pulse is sent into the
tissue in a given direction. As the pulse propagates through the tissue it passes through some
inhomogeneities, or reflective surfaces. Each inhomogeneity, depending on its size, causes part
of the pulse energy to be scattered or reflected back to the transducer. The transducer receives
this echoes, and converts them into electrical signal (voltage). Since the inhomogeneities are
related to the transition between different tissues and to the type of the tissue, a map of the
tissue layout can be made from the received signal.

As the technology developed, the ultrasound imaging went from imaging only a single direction
(1D), through viewing a whole plane (2D) to displaying the anatomy in its whole (3D).

2.2.1 One-dimensional ultrasonic imaging
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Figure 2.2: Block diagram of a simple A-mode system

Figure 2.2 shows the block-diagram of a simple system working in amplitude mode (A-mode).
The pulser generates an electric radio frequency pulse. The transducer converts the electrical
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2.2. Ultrasonic morphological imaging

pulse into a mechanical vibration. As the pulse propagates through the tissue part of the energy
is reflected and scattered back by the present inhomogeneities. The transducer converts the
received mechanical wave into a radio frequency (RF) electrical signal, which is sent to the
receiver. As the signal propagates further into the tissue it is subject to attenuation and the
echoes get weaker with depth, respectively time. The level of the signal is equalized by the
the Time Gain Compensation Amplifier (TGC). Although the speed of sound c is different in
the different tissues, it is usually assumed to have a mean value of 1540 m/s. From the TGC
amplifier, the signal is passed to an envelope detector. The level of the signal depends on the
magnitude of the inhomogeneities, and is usually in a narrow region. In order to emphasize
the small differences, the signal is logarithmically compressed prior to displaying. For the
visualization purposes, a simple analogue oscilloscope can be used. The signal is connected to
the Y input. On the X input a generator of triangular signal determines the horizontal offset,
respectively the depth into the tissue.
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Figure 2.3: Block diagram of a M-mode system

Figure 2.3 shows the block diagram of a system working in a motion mode (M-mode). The
process of acquiring and processing the data in the M-mode systems is basically the same as
in the A-mode systems. The difference is mainly in the visualization. The logarithmically
compressed and envelope detected signal is used to modulate the brightness of the beam on the
screen. Thus the vertical screen coordinate y corresponds to depth in tissue, and the horizon-
tal screen coordinate x corresponds to time. The brightness of the signal corresponds to the
magnitude of the received echo.

2.2.2 Two-dimensional ultrasonic imaging

B-mode

The systems working in brightness mode (B-mode) are capable of displaying a 2D cross sec-
tional image of the anatomy. As in the M-mode systems the received signal modulates the
strength of the electronic beam of a cathode ray tube3 (CRT). The difference is that the infor-
mation is not gathered only from the same direction, as in the A- and M- mode systems. In the
early B-mode scanners the scanning was performed using a transducer fixed on a mechanical

3This does not hold for the liquid crystal displays (LCD). It is more appropriate to say that the strength of the
echo is mapped to the brightness of the image.
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Figure 2.4: Acquiring B-mode images using: (a) mechanically rotated single crystal trans-
ducer, (b) linear-array transducer, and (c) phased-array transducer.

arm. The acquired image was static. The physician would sweep the transducer around the pa-
tient, and the anatomy would be visualized on the screen. These systems gave nice images, and
were valuable in diagnosing the abdomen because they gave a good view of static structures
over a large area of the body.

The development of technology led to real-time B-mode imaging. In this case the transducer
is either a single mechanically rotated crystal as shown in Figure 2.4(a), or a multi-element
transducer. The multi-element transducers can steer the ultrasound beam electronically. The
linear array probes part of the tissue by activating groups of elements directly above the tissue
as shown in Figure 2.4(b). The phased array uses all of its elements and steers the beam in
different directions as shown in Figure 2.4(c).

2.2.3 Three-dimensional imaging

In the last years the 3D ultrasound imaging has become a major area of research, and a strong
selling point for many companies. Very few systems are capable of real-time three-dimensional
scanning [6]. Most 3D systems are standard 2D scanners with a positioning system and a work
station added to them as shown in Figure 2.5.

The type of scanning depicted in Figure 2.5 is known as ”freehand 3D scanning” [7, 8, 9].
The volume is scanned plane by plane, and the transducer is moved freely by the physician.
Some type of positioning system is used (usually using electromagnetic sensors [10]) with the
receiver mounted on the transducer. The position information is fed into the acquisition control
module. This module controls a frame grabber that captures the video signal coming out of the
scanner. The digitized data is further sent to a graphics workstation where from the planar data
and the position information the volume is reconstructed. There are numerous ways to present
the acquired information to the user. One of the most popular approaches is to segment the
data based on the intensity level. This is especially useful for fetal scans, where the object is
surrounded with liquid and the border is easily extracted. The surface is then rendered, shading
applied, and the face of the baby is shown to the happy mother.

The freehand scanning systems are, however, expected to be taken over by “real” three-
dimensional scanners. There are two possibilities of scanning the volume, either by using
matrix 2D arrays capable of electronic beam steering in the azimuth and elevation directions,
or by using linear arrays. In the latter case the array can steer the beam electronically only in
the azimuth direction, and must be mechanically moved in the elevation. Some of the various
types of volumetric data acquisition using linear arrays are shown in Figure 2.6. In the azimuth

8



2.2. Ultrasonic morphological imaging

Video signal

Digital data

Acquisition control

Frame buffer

Video digitizer

Graphics workstation

Ultrasound

Receiver 
for positioning

scanner

Figure 2.5: Block diagram of a common 3D ultrasound system showing the essential compo-
nents used to acquire patient data [7].

plane the scans can be either linear or sector. The same applies for the elevation plane, yield-
ing different geometries of the volume acquired. In many applications the data is first scan
converted to fill in discrete volume elements on a rectangular grid, and then displayed.

When matrix arrays are involved, the most common format of the acquisition is the combination
sector/sector (pyramidal) [6] because of the small size of the arrays employed. In recent years
efforts have been also made towards a linear/linear (rectilinear) acquisition [11]. The major
challenge for the real-time 3D systems is the speed of acquisition. If the scanned volume
consists of 64×64 scan lines, 4096 emissions are necessary. For a typical scan depth of the 15
cm, and average speed of sound of 1540 m/s, only 5000 transmissions/receptions per second are
available. This results in a refresh rate of 1 volume per second. Parallel receive beamforming
is used to increase the refresh rate .

Figure 2.6: Different types of volumetric ultrasound data acquisition. The position and direc-
tion of the current plane is determined by a motor drive system.
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Figure 2.7: Example a color flow map superimposed on B-mode sector image.

2.3 Ultrasonic velocity imaging

By using ultrasound, it is possible to detect the velocity of moving particles. This is especially
useful in detecting disorder in the cardio-vascular system. For example, a disturbance of flow
in the arteries can be an indicator of stenosis.

In modern scanners, the most used for blood flow estimation is a technique known as “pulsed
Doppler”. Several lines in the same direction are acquired. The samples from the same depth
are used to form a new signal. If the particles at a given depth are motionless, then the samples
have the same value. If the particles are moving, then the new signal oscillates with a frequency
which is proportional to the velocity of the particles. Estimating the frequency of this signal
results in a velocity estimate at the given depth. The frequency can be estimated either by using
Fourier transform, or by estimating the change in phase of the signal, or some other method.

The velocity can be estimated at several depths for several imaging directions, and an image
of the velocity distribution is made. The magnitude of velocity and the direction of flow are
mapped on the screen using different colors. Typically red and blue colors are used to show
flow towards and away from the transducer. The brightness of the color corresponds to the
magnitude. An example of a color flow map superimposed on a B-mode image is given in
Figure 2.7.
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2.4. Using off-shelf modules for utrasound scanners

2.4 Using off-shelf modules for utrasound scanners

In the last years the digital technology made major inroads in ultrasound scanners. The latest
scanners employ digital beamformers, and the post processing is based on digital filters and
processing algorithms. One of the advantages is, that some blocks of the ultrasound scanners
that were traditionally custom designed can be readily acquired from third party manufacturers,
thus reducing the production cost and development time. Another advantage is that the scanners
can be reconfigurable [12] using software, rather than hardware. One block that is especially
suitable to use off-the-shelf standard components is the display system of an ultrasound scanner.

The visualization of ultrasound data involves (1) logarithmic compression (also known in image
processing as gamma correction), (2) scan conversion from polar to Cartesian coordinates in the
case of a phased array sector scan, and (3) display and user interface. The most computationally
expensive operation is the scan conversion. The number of lines acquired is not sufficient and
interpolation of the data must be done [13, 14].

Most of the work on scan conversion algorithms was focused on their optimization regarding
computational efficiency [14, 15, 16]. In spite of all the algorithmic optimizations the proces-
sors at present day would spend most of the processing time on scan conversion. This problem
has been addressed by the vendors of video cards such as ATI and NVidia. They process the
data using graphics oriented pipelines and specialized 256 bit graphics processing units with
128 bit wide memory interface. Standardized programming interfaces such as OpenGL exist,
allowing with very few commands to define the mapping from scan to screen coordinates. This
features of the video cards have been exploited based on an author’s idea and algorithm, and
the details regarding the user interface were worked out in a Master of Science project by Juan
Pablo Gómez Gonzaléz [17, 18].

The program was supposed to be capable of visualizing any of the scan geometries, 2D and 3D,
which are shown in Figures 2.4 and 2.6, as well as color flow maps.

2.4.1 Display of phased array sector images

Figure 2.8(a) shows the necessary conversion from polar to Cartesian coordinates. The dots
symbolize samples along the scan lines. The lines in the image have a common origin in the
(x,y) coordinate system. Every line looks in a different direction determined by an azimuth
angle θi. The size of the sector in the image is θmax− θmin. The number of scan lines in the
image is Nl . The angular step in the scan process is;

θstep =
θmax−θmin

Nl−1
. (2.1)

The other coordinate in the polar coordinate system is r, corresponding to the scanned depth.
It is related to the time t by

t =
2r
c

, (2.2)

where t is time from the current pulse emission (sometimes called fast time) and c is the speed
of sound.

Neglecting the scaling coefficients and the discrete nature of the image and the acquired data,
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Figure 2.8: Mapping from polar to Cartesian coordinate system. Figure (a) shows the geometry
of the acquisition and the display. Figures (b) and (c) show how the data is mapped to the screen
when the start depth is 0, and greater than 0, respectively.

the relation between the scan and image coordinates is:

x = r cosθ
y = r sinθ

(2.3)

The traditional approach is to try to fill the pixel at coordinates (x,y) by making a look up table
pointing to the coordinates (r,θ), which correspond to the same spatial position. If the point at
coordinates (x,y) lies between two scan lines, or/and between two samples in the scan line, its
value is interpolated from the neighboring samples. This is done for every pixel in the image.

The approach undertaken in [18] is instead of mapping all the points, to define the mapping of
the whole image. This is done by dividing the sector into tetragons, in other words the arcs are
approximated by a collection of segments (Figure 2.8(a)). The same type of segmentation of
the data region results in rectangles in the (θ,r) domain. The rectangular regions in the data
to be displayed is treated as textures which must be mapped onto polygons displayed on the
screen. This mapping can be handled by general purpose texture mapping algorithms which
are implemented and accelerated by the hardware. The only necessary step for the developer
is to specify the correspondence of the vertexes of the rectangles in the (r,θ) domain and the
polygons in the (x,y) domain as shown in Figure 2.8(b) and (c).

The length of the outer arc bounding the scanned region is Larc = (θmax−θmin)rmax, where rmax
is the maximum scan depth. The length of a single segment of the approximating tetragons is:

Lseg = 2r sin
∆θ
2

(2.4)

∆θ =
θmax−θmin

Nseg−1
, (2.5)
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Figure 2.9: Geometry used for zooming in the image. The parameters necessary to find are the
minimum and maximum radial distances and the minimum and maximum angles. The number
of segments between θ′min and θ′max is kept constant. The clipping can be left to the hardware.

where Nseg is the number of segments used to approximate the arc. The smaller the difference

ε = Larc−NsegLseg, (2.6)

the better the visual appearance of the scan converted image is. The number of segments Nseg is
generally different than the number of scan lines Nl , and is chosen based on the psychological
perception of the image displayed. As a rule of the thumb Nseg should be at least twice Nl .
This ensures that a sample from one scan line is used in several polygons resulting in a gradual
transition. A video card based on GeForce 256 can render more than 15 million triangles per
second, so the number of used polygons can be quite large. The size of the image shown in
Figure 2.7 is 512× 512 pixels (this is the size of the active area - without the user interface).
The size of the sector is θmax−θmin = π/3. The number of scan lines is Nl = 64 and the number
of polygons is Nseg = 256.

The color flow map shown in the figure is independently scan converted. It is superimposed
on the B-mode image by using a mask for the regions with flow present. Four bytes per pixel
are used in OpenGL. Three of them are used for the red, green and blue components, and the
fourth is a transparency coefficient (alpha blending).

One of the advantages of the software implementation is the ease to zoom in the displayed
image. The geometry associated with it is illustrated in Figure 2.9. The essential thing to
remember is that the visual quality depends on the number of polygons in the visible part of
the image. Zooming in the image leads to a change in the minimum and maximum displayed

13



Chapter 2. Ultrasonic imaging

Figure 2.10: Displaying data parallel to the transducer surface: c-scan (left) and a cross-section
with a plane (right).

angles and radial distances:

rmin → r′min

rmax → r′max

θmin → θ′min

θmax → θ′max

The arcs defined by the angles θ′min and θ′max are split again into Nseg segments. The resulting
polygons are clipped with the new coordinates of the displayed image.

Another advantage of the undertaken approach is that more than one views can be displayed
with individual settings and displayed data.

2.4.2 Display of 3D images

The software is targeted at a real-time 3D display for volumetric data acquired at a rate higher
than 10 volumes per second. For the case of a pyramidal scan format, the display must map
data from polar to Cartesian coordinates.

The images acquired from most parts of the body are not suitable for segmentation, surface
reconstruction and other advanced visualization techniques. The most robust approach is to
show several planes from the volume (multi-planar display). A slightly better approach in
terms of orientation in the 3D volume is to display a solid with a shape of the scan format.
Such a solid consists of 6 sides, two of which are parallel to the transducer surface. These two
sides can either be planes or curved surfaces, where the curvature corresponds to a given depth
in the volume (c-scan). The two approaches are illustrated in Figure 2.10. From the figure it
can be seen that the image exhibits circular symmetry, which is not characteristic to the human
body. Therefore the preferred method to the author was the c-scan depicted in the left side of
the figure.

The display was chosen to be a solid with the shape of the scanned volume. The sides of the
solid are rendered with the envelope detected data as shown in Figure 2.11(b). The clinician
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Figure 2.11: Display and navigation in 3D ultrasonic data

is able to view the data inside the volume by moving in and out the bounding planes as shown
with arrows in Figure 2.11(a).

The scan conversion is done in the same way as for the 2D case but with 3D orientation of the
polygons.

2.4.3 Performance

The performance in terms of number of frames displayed per second was measured on the
following computer configuration: motherboard ASUS K7V with VIA KX133 chipset; 800
MHz AMD Athlon processor; video card ASUS V6800 with NVidia GeForce 256 GPU and 32
MB DDR. The software was tested under a standard Red Hat 6.2 distribution of Linux. The X
server was XFree86, version 4.01 with drivers from NVidia, version 0.94-4.

The tests included the display of a phased array sector image, a linear array rectangular image
and a 3D pyramidal image. The size of the input data set for the 2D images was 64 lines of 1024
samples per line. The 3D volume was 64× 64 lines with 512 samples per line. The display
mode was set to 1280×1024 pixels, 32 bits per pixel.

Table 2.1 shows the speed of display for a window with size 800×600 and 1280×1024 pixels.
The sizes of the images are 512×512 and 860×860 pixels, respectively. For the cases of more
than one views, the images have the same type of geometry, either sector or rectangular, since
these represent the extreme cases in performance. Showing a mixture of geometries at the same
time results in performance between the extreme cases.

The speed of display scales with the size of the image that must be rendered and the size of
data that must be transfered to the memory of the graphics board. This is seen from the speed
of the 3D display, in which the change in the number of displayed polygons almost does not
affect the performance.
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Phased array image

No of Image Frames/sec Frames/sec
views type @ 800×600 @ 1280×1024
1 B-mode 360 187

+CFM 272 146
2 B-mode 337 184

+CFM 294 162
4 B-mode 208 120

+CFM 191 111

Linear array image

No of Image Frames/sec Frames/sec
views type @ 800×600 @ 1280×1024
1 B-mode 643 291

+CFM 558 251
2 B-mode 602 289

+CFM 571 276
4 B-mode 457 232

+CFM 438 224

3D pyramid image

No of polygons Frames/sec Frames/sec
@800×600 @1280×1024

256×256 41 27
64 ×64 43 31

Table 2.1: Measured performance.
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