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Ultrasonography is a technique by which ultrasonic energy is used to detect internal body organs.
Bursts of ultrasound energy is transmitted from a transducer through the skin and into the
internal anatomy. When the ultrasound energy strikes an interface between two tissues of different
acoustical impedance, reflections are returned to the transducer. The transducer converts these
reflections to an electrical signal. This electrical signal is amplified and displayed on an oscilloscope,
each tissue interface appearing as a vertical deflection along the base line of the oscilloscope at a
distance proportional to the depth of the interface. This ultrasonic technique is similar to the time
domain reflectometry technique used to measure electrical cable length and the sonar technique
used to detect objects under water.

While the use of pulse-echo ultrasonic energy is somewhat similar to the use of X-ray, the
results obtained differ from an X-ray picture, being a cross sectional projection or simply a linear
projection rather than a profile of the area examined.
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Also, in contrast to the X-ray, ultrasonography uses mechanical energy at a level which is not
harmful to human tissue. Thus, it may be used with safety on pregnant subjects and for frequent
examination. It can detect materials that are not radio-opaque, thus angiographic dyes are
unnecessary. As commercial ultrasonic diagnostic instruments are easy to operate, ultrasonography
is rapidly becoming a valuable technique.

Among the applications of Ultrasound, medical diagnostics has been a very useful target
area, which has been providing enormous scope for development during the past fifteen years.
Today B-scan ultrasound machines are available with good imaging and Doppler flow measurement
capabilities. Much of the work on the transducer part of the instrument is based on advanced
sophisticated techniques of fabrication of the thin discs of transducer elements. Improved transducer
arrays, linear and sector-scan multi element construction, possibility of varying the aperture,
focusing and beam forming over two or three ranges of depths and signal detection on multiple
elements with electronic delay elements are some of the contributions done recently. Further,
high level signal processing and scan conversion have been incorporated into the machine using
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fast digital processing methods with the present day high speed DSP hardware. With all these
improvements, today’s B-scan machine is somewhat clear in giving the images of internal organs
better than before.

Additionally, today’s ultrasound technique also resorts to using the Doppler technique for
combined information in the case of blood flow measurements particularly in echo-cardiography.

While the basic function of ultrasonic diagnostic equipment is to measure distances between
interfaces that separate body structures by timing the echoes produced by these interfaces, this
timed echo information may be processed in various ways to produce different forms of display.
The technique is often referred as pulse echo method. In this, the three commonly used display
modes are employed:

A-scan mode

B-scan mode

T-M-mode

The simplest of all the above three types is the “A” scan, which does not actually produce
an image in the usual sense of the word. By transmitting a short pulse of sound into an object and
then recording the echoes as a function of time, one can determine both its range and size
information about the scattering centers in the object. In this mode (Fig. 8.1.), one transmits
pulses on a periodic basis into an object, and synchronizes an oscilloscope to the transmitted
burst. The echoes will appear on the screen. The horizontal axis will yield range while the vertical
axis yield echo amplitude. Because “A” scan trace gives only an one-dimensional spatial
information, it is not traditionally thought of as an image. However, by combining the “A” scan
concept with careful raster movement, one can generate two dimensional spatial information and
obtain a terrace that is suitably termed as “image”.

The block diagram of ‘A’ scan Instrument is shown in Fig. 8.1. ‘A’ scan Ultrasonography
displays the amplified echo signal on the vertical channel of an oscilloscope with the horizontal
channel being deflected by a conventional sweep generator. This sweep generator is triggered
form the impulse signal and the time delay between the beginning of the sweep and the echo
appearing on the CRT screen is proportional to tissue depth. A conventional sweep generator may
be used for this purpose; otherwise, a sweep generator which is specifically calibrated in tissue
depth (centimeters) rather than in time per division. A sweep speed of 100 µs per division would
correspond to approximately 6.25 cm of tissue per division. Faster sweep speeds would give
correspondingly greater resolution. The fastest usable sweep speed would probably be 2 µs per
division which would correspond to 1.25 millimeters of tissue per division. This faster sweep speed
would only be usable with 10MHz transducers.

The most common usage of ‘A’ scan ultrasonography is echo Echoencephalography. It
detects brain midline position and possible displacement of this midline due to an abnormal space
occupying mass within one side of the skull, such as a tumor. When performing an ‘A’ scan with
the transducer held against the side of the subjects’s head, echos are received form the two halves
of the brain as shown in figure-8.1b. The echo produced by the midline is termed the ‘M’ echo and
should be symmetrically placed between the echoes received from each side of the subject’s skull.

Two decades ago, A-scan of the skull was performed in diagnosing brain injuries in accidents
in Neurology Clinics by noting the mid line shift. Today, it is done by CT and MRI scans very
much better.
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Fig. 8.1. (a) A-scan mode for finding the echo and showing a time plot.
(b) A scan of brain tumor in echo encephalography.
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The B-Scan ultrasound technique is one that has become a versatile diagnostic tool and has been
developed over the past two decades considerably. B-scanning (brightness mode scanning) provide
two dimensional cross section image of the object that is scanned. In this mode, the echo signal is
connected to the Z-axis (brightness modulating cathode) of a monitor to provide intensification,
while the X and Y directional signals are derived from a mechanical scanning systems. (presently
electronic scanning systems are employed). This scanning system provides signals proportional
to the position and direction of the probe. The resulting picture gives a two - dimensional cross
sectional presentation of part of the subject. As seen in Fig. 8.2a, with a transducer placed in each
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Fig. 8.2. (a) Shows the Principle of B-scan image formation. (b) Shows the block
diagram of B-scanner with scan converter unit.
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of the six positions as shown, a series of intensified areas appear on the CRT scan view, where
only six brightness dots would appear, but the transducer is slowly turned over the object and is
producing repetitive echo patterns at a 500Hz rate; so the display appears continuous instead of
several dots, as informally presumed. Since the transducer is pulsed repeatedly at 500 Hz while
collecting the echo signals simultaneously with the movement the image appears as a steady
pattern giving details of reflective objects inside the region of observation.
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The principle of B-scan image formation is given in Fig. 8.2a.
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MECHANICAL X-Y SCAN

Ultrasound has been an useful tool for investigation in various fields in medicine, non-
destructive testing and also in defence applications. Using ultrasound had its starting from the
year 1930 and has grown over these 70 years. Piezo electric transducers are suitable for such
applications. The operation of transducer at its resonance frequency produces an intense outgoing
acoustical beam. Initially this work was applied in the field of oceanic research.

Ultrasonography using the “B” mode technique is referred to as ultrasonic scanning. In
this mode, the echo signal is connected to the Z -axis of a monitor to provide intensification as in
the “Time-Motion” mode. However, the X and Y monitor input signals were derived from a



ULTRASOUND MEDICAL DIAGNOSTIC INSTRUMENTATION 257

P-IV\C:\N-MEDI\CH8-1

mechanical scanning system (in early machines - today, by electronic scanning) and provide
signals proportional to the position and direction of the probe to form part of a physical picture of
the organs being examined. The result obtained is a two dimensional, cross- sectional presentation
of part of the subject.

Generally, the same transducer is used both to send and receive the acoustic signals. An
electronic pulse excites a transducer, so that a short burst of ultrasound is generated. Acoustic
signals reflected from objects in the acoustic path impinge on the transducer, are converted to
electronic signals and processed for display (Fig. 8.2a). A fundamental feature of a B-scan is that
one of the dimensions is inferred from the arrival time of echoes of a short acoustic pulse as they
reflect from structures along a straight line path. Signals received form structures close to the
transducer arrive earlier than signals received from structures far from it. The other (transverse)
dimension is obtained by moving the transducer (either physically or by mechanical means or
apparently by physical means) so that, a different straight line path is continued until the entire
object in the region of interest is scanned. Some means of tracking the propagation through the
object is required in order to define the image. It is common practice to increase the amplifier gain
for further echoes in order to partially compensate for the attenuation. This is known as time gain
compensation (TGC). The position and angular direction of the ultrasound beam are determined
by position monitoring. This keeps a position reference for the image signals to be displayed.

As the echoes are received by the transducer, they are amplified, rectified and filtered . The
resulting signal is used to modulate the brightness of display. The early B-scan CT monitor used
in conjunction with ultrasonic receiving systems was a bistable display type with a spot that was
either on or off. A threshold control allowed the user to vary the value of a critical signal level
above which all received echoes were shown as spots. With such a display, the resulting images
were highly dependant on the threshold control and repeatability of images was difficult to achieve.
In addition , since little more than contours were displayed , any interpretation of the images was
subjective.

In 1976, a digital B-scan converter based on microcomputer was first developed. This System
was capable of completing a single echogram in less than 15 seconds. The display had a raster
density of either 80 × 100 or 160 × 200 pixels. This may be compared with the present day scanner
resolution whose pixel sizes far exceed this. Today, it is common to find CRT with a grid size of
512 × 512 pixels and 16 × 32 shades of gray levels. Today’s scanners, offer flicker free operation,
increased reliability and also offer capabilities for image processing by gray level adjustment.
Even portable types of B-scanners offer somewhat similar capabilities.

Time gain compensation is provided for the usual signals at large distances. This is a
method of increasing the gain of the preamplifier with time and is set by a knob control or keypad
control by the instrument user.

Additionally a threshold control enables elimination of weak signals or reflections to improve
contrast or detail of the imaging. Today’s machines do not employ any manual articulation of the
transducer over the region in order to do the scanning. Earlier instruments ten years ago employed
position encoders. Today, scanning is accomplished by two methods:

1. Linear array transducer scanning

2. Sector scanning

These two types of transducer are generally as shown in Fig. 8.3.
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Fig. 8.3. Shows the Linear array and sector scan transducers.

The former employs an electronic method of scanning by exciting the various elements of
the linear array in a phased manner so as to sweep the beam profile over the area under view. The
latter has rotation (60–90°) mechanically performed inside an oil filled probe enclosure so as to
vary the field of insonation and thus provide a scanning effect. Presently, the mechanical types
have been almost replaced by the sonar beam-formed linear phased array transducers. Sonar
beam forming is a method of adjusting the delays between adjacent lines in pulsing, so that the
beam divergence is reduced.

A scan converter is the early machines was built of memory elements inside the C.R.T.
The first digital scan converter was introduced by J. Ophir. Today digital signal storage and
software enables fast scan conversion so as to view the image in the standard video format of 50
Hz frame sync, through actual scanning could take place at a much slower rate.
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Ultrasonic energy for use in Ultrasonography is produced by exciting a piezoelectric crystal referred
to as the ultrasonic transducer. These piezoelectric crystals normally have a self-resonant frequency
of between 1 MHz and 10MHz; the most common types used for ultrasonography are having a self
resonant frequency and produce a train of damped oscillations. Fig. 8.4a shows the input pulse
used to excite a 2.5 MHz transducer and a reflected pulse detected by the same transducer. The
amplitude of the input pulse of 200 volts with duration of 1 µ second. The transducer oscillates at
2.5 MHz, the damping factor being dependent on the transducer design and on the type of tissue
in the transducer’s path. As this transmitted damped oscillation reaches an interface between
materials having different acoustical impedances, a reflection or echo is produced. By the time
this echo has returned to the transducer, the transducer is passive and is then again excited by
vibrations produced by this returning echo. This echo signal is then amplified and processed in a
logarithmic amplifier and an envelope detector. This process is repeated at an approximate rate of
500 Hz. The time between the generation of the transducer exciting pulse and the detection of the
received echo represents the time taken for the ultrasonic energy to travel form the transducer, to
the interface, and thence from the interface back to the transducer. The velocity of sound waves,
and thus of ultrasonic energy, in body tissue is about 0.125 centimeters per microsecond. It is
rarely necessary to know this velocity accurately as relative interface distances are more important
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than actual interface distance. If these actual distances are required, the system can be calibrated
against a known tissue interface distance.

Plate I.1. shows the block diagram of the Ultrasonic Diagnostic system.

Fig. 8.4. Echo signal generation and block diagrams (T-M Mode and A-S Can)

Plate I.2. shows the usual spectrogram display for a material valve insonation. The curves
are drawn by operator to evaluate pressure halftime and thence valve area.
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Depth and resolution of the system depend on the crystal’s resonant frequency. A 1 MHz crystal
provides low resolution; however, reflections can be detected for tissue 50 centimeters from the
transducer. The commonly used 2.5 MHz crystal can be used to at least 20 cm; whereas a 10 MHz
crystal provides excellent resolution, however, it can not be used above about 5 cm. Relating
distance to velocity, a tissue interface 5cm from the transducer will produce a reflection 80 µs
after the impulse.
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It is important that the transducer be firmly held against the tissue (skin) as any air in the
transducer’s path will severely attenuate the ultrasonic energy. A sufficient transducer/tissue
coupling is more important and this can be assured by using a liquid coupler such as water. In
certain ultrasonic scanning systems it is impossible to locate the transducer against the tissue
and a substantial depth of water is used as a coupling medium.
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A simple probe which has transmitter and receiver as separate parts as two semicircular discs
was common in the early day ultrasound Doppler investigations. (This is even today in use in
portable continuous wave Doppler vascular blood examination units). Today the transducer is a
multi element array or group of such elements housed in an enclosure with oil filling. The basic
properties of ultrasound are to be well understood if one has to infer the details of an ultrasound
image properly.

Unlike a light image the ultrasound image is poor in its resolution because of the problem
of beam divergence. Linear transducer provides better lateral resolution at shorter distances.
Frequency is a parameter, which also decides the resolution, higher frequencies limit their
usefulness to short depths only. Usually for abdominal and general examinations the 3.5 MHz
probe is useful. Special probes with small size are useful for endoscopic examinations.

These ultrasound transducers generally have about 5 to 6 times better resolution in the
axial than the lateral direction, mainly because of the large beam width in the ultrasound. Beam
width depends on focusing as well as distance of the object from it.

Axial Resolution and Lateral Resolution

Fig. 8.5 gives the two definitions of resolutions which relate to (1) Axial and (2) Lateral as
shown.

Axial Resolution

Lateral Resolution

Fig. 8.5. Shows the two definitions of resolution which relate to (1) Axial and (2) Lateral as shown.
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Fine transducer elements of small width can provide a good lateral resolution but still this
resolution ratio is not altered anyway. So all images in Ultrasound have very poor lateral resolution
and even today the instruments costing several tens of lakhs do not have any improvement in this
part incorporated into them because this is a basic problem of ultrasound imaging.

As the AED (active aperture diameter) increases, beam width increases but width of the
beam and also the region or zone of maximum sensitivity, allowing the transducer to the optimized
for an application. Fig. 8.6 shows the Schematic illustration of an ultrasonic field, divided into
three zones.

By a curved surface the focusing improves, so a facing material has to be applied to make
it flat for contacting (Fig. 8.7a). Different foci can be had by changing the diameter (Fig. 8.7b).
Further to this, multiple matching layers can also be considered.

Ultrasonic
transducer Lateral cross-section

through the ultrasonic field

Near
region

Focal region

Far region

Lateral Axial

Spreading of an
ultrasonic pulse

Fig. 8.6. Shows the Schematic illustration of an ultrasonic field, divided into three zones.
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Fig. 8.7. (a) showing a curvature of transducer surface, (b) Different foci obtainable.
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When a ceramic element with an acoustic impedance of 30 is kept in contact with body
tissue having a similar impedance of 1.6, there is so much mismatch that result in considerable
loss of energy and hence a weak signal results; this is improved by attaching a matching impedance
layer of quarter wavelength (λ/4) for increased transmission at the interface. Such a material,
usually a plastic, is chosen at the interface in the construction (Fig. 8.8).

Controlled focal characteristics can be obtained by using multiple matching layers also in
a graded layer.
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Today most of the advanced ultrasound machines use a linear array or convex array transducer.
Such an array comprises of several closely spaced rectangular elements arranged side by side
along with inter-element damping material, shielding acoustic and RF focusing lens and plastic
housing. If a single element beam can be characterized by the equation.

 F(θ) = sin k/k

where k = πa sin θ/λ

Fig. 8.8. Using a matching layer for contact at surface for a transducer.
V = Vel. sound in matching layer.

Fig. 8.8. Gives using a matching layer for contract at surface for a transducer.

F = Field strength of ultrasound

a = element width

θ = angle at the point considered

λ = sound wavelength in tissue.

The pattern is shown in Fig. 8.9. But there are side lobes also. In practice, linear arrays
are not pulsed individually because their small size results in low sensitivity and poor lateral
resolution due to beam divergence. To overcome these, array elements are operated as multiple
element groups.

Generally more the number and smaller the size of the elements, the lower will be the side
lobes. Additional effect of the grating type of construction called grating effects are also present,
(Fig. 8.9a) which is reduced by subdicing (Fig. 8.9b).
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Fig. 8.9a. Shows the effect of width-size over the main lobe of radiation.
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Fig. 8.9b. Shows the two-dimensional shape of the ultrasound signal
showing main lobe and side lobes.
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Fig. 8.10a. Locating grating lobes of greater angles reduces artefacts (∆X is chosen).
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Sub-element

Fig. 8.10b. “Sub-dicing” the elements of array transducer.
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Fig. 8.10c. Beam formation, focusing, steering and combination.
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In a linear array the drawback lies in its size. It needs a very big acoustic window. It is not always
possible to provide such window for all organs. In order to scan for a larger field of view with a
small window the sector scan transducer is preferable.

Three types are there:
1. Mechanical type
2. Electronic phased array
3. Radial Array
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In the mechanical type, an array consists of three or four transducers. All of them are
fitted on the edge of a wheel. The array is mechanically rotated by a motor. This motor is activated
electrically or magnetically in an isolated condition. The whole array set up is immersed in an oil
bath container for achieving high speed with low friction. The oil-bath container has a thin plastic
material, which is placed on its surface where the cross-sectional image is need. Each one of the
transducers is activated while it comes near the window. The transducer of different focal length
can be placed in the sector- scan assembly for acquiring a clear image at different depths. But in
these mechanical types dynamic focusing is not feasible.

Further there is a degradation in quality during the routine clinical use. Since the transducer
is in motion while sending and receiving the signals there is a certain amount of uncertainty in
the direction of the ultrasound signals.

In the phased array type of sector-scan transducer, the moving part of transducer system
is eliminated. It is very light in weight and easy to handle. The strip of elements of this transducer
are wired up like the linear array transducer and they are activated electronically to achieve the
direction of the propagation of the ultrasound signals. The time of delay determines the direction
of the signal and it can be achieved accurately. The dynamics of focusing for transmission and
reception is performed without any problems (Fig. 8.10c). This is done by DSP and is called sonar
beam forming.

Phased arrays are capable of electronic beam formation beam focusing, beam steering and
any combination of these allowing dynamic focusing and steering (Fig. 8.10)

Mechanical
sector scanner

Phased array Radial array

Fig. 8.11. Shows the different type of sector-scan transducers.

The problem with electronic phased array is the long delay times involved to trigger the
transducer elements, while directing away the signal from the center of the field of view. This
causes the image degradation like refraction errors due to the tissue inhomogeneity. In these
types of arrays, grating lobe produces the degradation. The direction of such grating lobes is
designed to be at a large angle. The transducer elements are all triggered at first time. If the
direction of propagation has a small angle with the face of the transducer, then the grating lobe
would be steered towards the face of the transducer itself.

The radial array is an array of elements serially arranged along predefined arc with a
specific radius of curvature. It has been incorporated with the important features of linear array
without sacrificing access or beam steering and dynamic focusing. It has no moving parts or
liquid medium. Due to the curved nature, only one group of transducer elements are triggered for
a particular angle. So there is no long delay time and the grating lobe remains to be at the fixed
angle with respect to the main lobe.
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The effective aperture of a phased array transducer decrease is 70% at 45° scanning. This
decrease does not occur with this radial array, since the face of the array slowly changes direction
and also faces the direction of ultrasound beam.

The most obvious advantage of the radial array is to achieve dynamic focusing which is not
possible with the mechanical scanner in addition to its reliability for want of moving parts (Fig. 8.12)

θ

Fig. 8.12. Shows the effective aperture of the phased and radial array with increasing scan angle.

"��!�����#%!$���!�!$���������������������

‘A’ scan echoencephalography may also be used to detect foreign objects imbedded in a subject.
Fig. 8.13 shows a typical ‘A’ scan obtained when scanning an eye containing a foreign object with
a 10MHz transducer. The response attributed to the foreign object can be verified by scanning the
other eye and noting the lack of any response at this time position. Many manufacturers produce
equipment suitable for ‘A’ scan ultrasonography. A typical instrument configuration is shown in

Fig. 8.13a. Shows “A” scan detection of a foreign object.
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Fig. 8.13b. Showing a typical ultrasound scanner machine.

Fig. 8.13a; a Tektronix type 561B or 564B oscilloscope is used with a Tektronix type 2B67 time-
base unit and a special vertical plug in unit, designed for echoencephalography, produced by the
Picker- X-Ray corporation. Suitable probes are also produced by the Picker X-ray corporation. The
complete instrument may be used in conjunction with w Tektronix scope-mobile® cart and Tektronix
trace-recording camera.
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Considering “A” ulrasonography as discussed earlier, if an interface producing an echo was moving
in relation to the transducers, the response obtained in the CRT would also move horizontally
relative to the beginning of the sweep. If this “A” scan system was to be modified slightly by
removing the echo signal from the vertical channel (Y) and connecting it to the identifying
channel(Z), am echo response would then appear as an intensified spot on the screen. Any motion
in this echo response would appear as a horizontal motion of this spot between successive sweeps
of the horizontal sweep generator. No vertical signal would be involved.
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In time-motion or “T-M” mode ultrsonography, the above hypothetically modified “ A” scan
system is used with a slow sweep generator, moving the display vertically. Thus, any motion in
the echo response is displayed in real time by the slow vertical sweep. This system is shown in
Fig. 8.3, and a typical “T-M” mode ultrasonogram from motion of the mitral valve of the heart is
shown below.

This is the motion display mode. Here the reflections are shown as a time course indicating
for instance, movements of cardiac chamber walls etc. The machine has a cursor called M-cursor.
By positioning the cursor at the required point we can get the M-mode tracing of the heart at that
point. This mode is useful for measurement of chamber dimensions during systole and diastole.
(Fig. 8.14)

Fig. 8.14. M-mode echo cardiograph (a) shows heart chamber and insonation direction
(b) shows the Motion mode display.
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Referring to Fig. 8.15, the motion of the mitral valve is clearly shown on the vertically-swept
trace on the screen of the CRT. Fig. 8.15, also shows that the motion of the walls of the heart,
however echos from other interfaces in the transducer’s path have been gated out in this instance.
This particular application, known as “T-M” mode cardiography is particularly valuable in the
detection of mitral stenosis. Since the actual movement of the mitral valve is shown in centimeters
in real time (vertical sweep), the velocity of movement of this valve can be determined from the
slope of the trace obtained. In the example shown in Fig. 8.15, the maximum velocity of the mitral
valve is 16 centimeters per second, the overall movement of the valve is 2.2 centimeters and the
heart rate is 86 beats per minute.
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Fig. 8.15. Shows a typical “T-M” mode ultrasonogram from motion of the mitral valve of the heart.
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The generation of pulse signals and the gating of preamplifier to detect the echoes after the pulse
are done with a microprocessor in the ultrasound machines.

In a plain ultrasound machine the signal processing comprises of the various filters, time
gain compensation of signals for deep weak echoes and the storage of data in memory. The scan
converter converts the data into the standard CCIR video signal which is given to the instrument
monitor is also output for recording in VCR.

�!$!����! !����!��������������������$���!�

The recent B-scan machines available from USA, Germany and U.K., give a blend of technology
employing the latest microprocessors in signal processing hardware as well as transducers. Most
of these latest machines provide a number of features that facilitate every day work and present
view very clearly and visibly. Physicians are looking for machines having both linear and sector



270 A TEXTBOOK OF MEDICAL INSTRUMENTS

P-IV\C:\N-MEDI\CH8-1

scan transducers. Probes specially made of Gynaecology / obstetrics, urology and cardiology have
further eliminated errors in images considerably. Facility with keyboard to annotate an image for
record is standard practice. Frequencies employed vary from 2 to 7 MHz. Linear and sector scan
units have their own merits and demerits for their own examinations. For example, a fine
microconvex probe of the sector type (Fig. 8.16a) with an internal angular change of 110° is
ideally suitable for internal organs viewed between small costae.

Linear transducers provide better lateral resolution for shorter distances for examination
of shallow organs at 7.5 MHz . Most of the present machines have variable frequency probes
enabling shallow to deep insonation, even without changing the probes. For example, the same
probe can give better details in the near distances at 7.5 MHz and also clear interior details by
switching to the 3.5MHz mode. In orthopaediatrics and pediatrics, the probe with a high fre-
quency and a wide sector scan is useful. Special probes such as the transvaginal probe allows
clear diagnosis in the pelvic cavity. (Figs. 8.16a, b, c)

(a) Microconvex probe suitable for    (b) Transaginal probe.
      observation through narrow electronic
      scanning is most suited for organs located.

 (c) Gestational week measurement. (d) Image of large ovarian cystoma.

Fig. 8.16
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Display technology on CRT using high persistence phosphors have made possible high
resolution pictures on small tubes. The microprocessor is used for transducer control, grey level
adjustment, scan conversion, display of legends and storage of images in digital memory. Provision
for multiple views (Fig. 8.17) in the two dimensional planes (transverse and sagittal) in one
screen enables easy assessment of volume information. Additionally, some instruments provide
for the measurement of length , area and volume (as in Fig. 8.15) by suitable built-in programs.
The accuracy of such measurements depends on markings made by the doctor on the screen in-
situ with the cursor facility provided. As the poor lateral resolution of plain B-scan images do not
ordinarily permit directly visible clear outline of organs, inferences of pathology depend on the
clinical acumen of doctor or sonologist. These measurements would vary with actual sizes, to an
extant of 50%.

Fig. 8.17. Shows the dual image in B-mode to obtain areas of mitral valve in systole and diastole.

  

(a) Measurement of femur length           (b) Area/Circumference measurement
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(c) Prostate gland showing volume measurement  (d) Estimation of weight of fetus

Most instruments have provision for recording the screen video in a video cassette recorder
(VCR). Optionally an electrocardiography(ECG) amplifier with provision of ECG display is available.
The machines used for echo-cardiography provide Doppler spectra display also on the screen.
Such Doppler probes are dual frequency type which enable a Doppler-shift of the signals at a
particular point in the image to be recorded. As the sector- transducer scans its path, say 90° or
110°, the Doppler transducer is activated on a chosen line and the data is picked at a specific time-
of flight, so that a limited region in the scanned transverse section. The flow of blood via the
cardiac valve is covered. For this purpose, the transducer is exited with a pulse burst.

Every scan repeats this process. Scan occurs every fifteenth of a second repetitively. The
Fourier Transform processing of the demodulated Doppler shift audio frequency signal is displayed
as a real time spectrogram on the same screen which shows the B-scan also in real time. The use
of high speed digital signal processing hardware only has made this possible with these high end
class ultrasonic scanner machines.

The Zooming function in the region of interest have been provided by latest ultrasound
machines, gives an effective diagnosis of early pregnancy and examination of the fetal heart as
discussed earlier. Present day instruments have better magnification and clarity as given by:

1. Optimized line and pixel densities

2. Increased resolution by electronic focusing with linear arrays.

3. Increased frame rates with fast scanning

4. Increased image size with better cathode ray tubes.

In surgery, the positional accuracy and clarity of B-scan images render a proper application
of puncture and biopsy needles possible. Moreover, probes are specifically designed for endoscopic
applications as well. The forceps position can be monitored during surgery by real time B-scan
views and the same can be steered to move it in the right direction.

���������������$������$������

Fig. 8.18 shows a typical “B” mode displays obtained with a compound scanning system. These
displays are self-explanatory and indicate some of the potential advantages of ultrsonography.
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Neither of the three displays shown could have been obtained by conventional X-ray techniques
as; for the fetus in vitro, fetal development is impaired by X-ray energy; for the breast cyst, such
cyst tissue is not X-ray specific for the scan of the eye, resolution with X-ray techniques cannot be
obtained if the X-ray plate cannot be located directly behind the region concerned.

Fig. 8.18. Shows typical “B” mode display from a compound scanning system.
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Continuous ultrasonic energy, rather than bursts of ultrasonic energy is used in ultrasonography.
This is used to detect motion within a subject by the Doppler principle. When ultrasonic energy is
reflected from a moving object, it is shifted slightly in frequency, the frequency shift being propor-
tional to the speed of the object. In the living body there are numerous movements which reflect
ultrasonic energy; blood flowing through arteries, the action of the heart, intestinal movement
and passage of urine and gastric juices. The most common application of Doppler ultrasonics is in
obstetrics to detect movement of the fetal heart and fetal blood flow; such fetal activity can be
detected as early as the tenth week of gestation. Another major application for Doppler ultrason-
ics is in the detection of blood flow in the peripheral circulation of the body.
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Today’s machines have built-up Doppler processing of the echo signals. When an ultrasound
signal strikes a moving target, the reflected echoes have a change of frequency (or Phase)
corresponding the motion of the target given by the Doppler frequency shift.

fD = f0 2v cos θ/c …(1)
where f0 is the ultrasound frequency, v is the velocity of the target and q the inclination and c is
the tissue sound velocity (usw. 1540 m/s) (Fig. 8.19)

Fig. 8.19. Shows doppler relation for ultrasound signal in a blood vessel.

While scanning takes place over a region by the linear or sector transducer, typical paths
of the beam could be chosen to process the Doppler sampled volume inside the region. The velocity
information in that region can be processed by using the shift of frequency and plotting the
spectrogram. The received signal generally comprises of reflections from blood vessels, walls and
signal from the blood flow in arteries. The former two are low frequency shifts, while the latter,
attributed to Raleigh scattering of the beam by the moving particles of blood, is of a higher
frequency varying from 2 to 16 KHz depending on the nature of blood flow, laminar or turbulent
or jet.

Echo cardiography analyses the pathology of valves and their narrowness in diseased or
abnormal conditions by noting the velocity patterns during the systole and diastole in the heart
beat cycle, which is usually accompanied with ECG waveform display also. Plate I.3b shows the
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usual spectrogram display given by a machine of a region of insonation under the mitral valve
flow, giving forward high velocity flow patterns due to a narrowed (stenosed) valve. In some other
pathologies there may be regurgitation also observable (negative frequencies), which would show
high velocities in the spectrogram during the period when the valve closes. Plate 1.3b shows a
colour Doppler view of the ventricular jet of blood flow.

Doppler attachment in many machines provides additional circuits. The choice of sample
volume for which the Doppler signals are collected is related to the scan time course. Hence, it is
possible to pick up the pulse echoes during that scan angle and do the processing. Note that in
Plate I.3a, the Doppler angle is less than the sector scan angle.

Doppler processing is done usually with DSP hardware. Chirp-Z transform is performed
using dedicated integrated circuits on the signals after demodulation. The RF demodulators separate
the two components of the signals using phase sensitive demodulators using typical high frequency
integrated circuits meant for the purpose. These two I and Q signals are in the audio frequency
range and they can then be processed for the evaluation of the Complex Fourier Transform
(Fig. 8.20). (Phase quadrature outputs)

Fig. 8.20. Shows the phase quadrature scheme of doppler signal extraction.

����	
���	���
����

BASIC ASPECTS OF DOPPLER SYSTEMS
The basis of most Doppler ultrasound systems is shown in the block diagram (Fig. 8.21).

Also we know that the transmitter portion is responsible for excitation of the Doppler probe
crystal. For a continuous wave (CW) system, the excitation signal is sinusoidal at a frequency
range of 3 MHz to 8 MHz typically, as per probe choice. For a pulsed system, the transducer is
excited by a high amplitude sinusoidal burst whose duration is typically several cycles on, and
this is repeated at the pulse repetition rate, which is often around 10 kHz. The received signal
consists of reflected and scattered signals from fixed interfaces along with the Doppler signal from
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vessel wall movement, and the much weaker Doppler signal arising from scattering by red blood
cells. This composite signal from the receiving transducer is first amplified and then demodulated
in order to extract the forward and reverse Doppler signals. The Doppler signal arising from blood
generally contains the frequencies considerably higher than those arising form vessel wall movement.

The function of the signal processor is to anlayse the Doppler signal by a method called real
time Fourier analysis. Information from this analysis may be displayed along with the B-scan
image so as to ensure probe position and insonation of the vessel. (See image on top middle of
screen as a small picture in Plate I.3b)

Fig. 8.21. Shows the general block diagram of Doppler system.

The optimum frequency is a compromise between the increasing attenuation by tissue as
the frequency is raised and the increased Doppler signal power. Specifically, the attenuation
coefficient of most tissue is approximately proportional to the frequency, while the scattered power
is proportional to the fourth power of the frequency. It can be shown (McLeod 1974) that the best
signal to noise ratio is achieved when the frequency is given by

Fopt = 
13

R / cos θ
 MHz …(2)

where R is the total tissue path length from the transducer to the vessel expressed in centimeters.
For example, if the vessel is 1.5cm from the skin surface and the probe to vessel angle is 60° then
Fopt = 7.5 MHz. In practice, other factors are also important, e.g., the dependence of the ultrasound
beam pattern on frequency, and the reduction in the Doppler frequency shift as the transmission
frequency is decreased. For pulsed Doppler, the spatial resolution increases at higher frequencies
but, on the other hand, in situations where frequency aliasing is significant (deep structures with
high associated velocities) a higher transmit frequency will increase this problem. In spite of
these limitations, eqn. (2) serves as a useful design guide for the best choice of transmission
frequency. In systems that combine B-mode imaging with Doppler, the imaging frequency and
the Doppler transmission frequency may vary. For example, 7.5 or 10 MHz may be used for
imaging in order to achieve improved spatial resolution, while the Doppler transmission frequency
could be 4MHz. This choice of frequencies allows the examination of vessels for which the ultrasound
beam tissue path length is less than 5cm.
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The transducer for a simple, CW system generally consist of two piezo-electric crystals; one for
transmission and one for reception (Wells 1974). Some examples of the crystal arrangement are
shown in Fig. 8.22.

(a)

Hemi-disk
structure Aligned Offset

Rectangular probes

Transmitter Receiver
Crystals

(b)

Crystal Acoustic lens

Probe
Focal
zone

Probe

Cross-
sectional
field
profiles

Near field Far field

(c)
Mechanically

rocked imaging
transducer

Pulsed
doppler
probe

Fluid coupling
medium

Thin membrane
Skin

Vessel

Sector scan

Dopler beam direction
(Adjustable angle)

Fig. 8.22. Example of doppler transducers. (a) End view of different CW probes using separate transmit
and receive crystals. The crystals may be mounted at a small angle to one another to provide some
degree of focusing. Beam profiles are shown for a simple disk transducer element similar to that

used in some pulsed doppler systems. (b) Disk transducer probe with an acoustic lens.
(c) Example of duplex transducer that uses separate imaging and doppler transducer crystals.
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For pulsed Doppler, since the functions of transmission and reception are separated in
time, a single crystal is normally used to perform both functions. Generally, the crystal consists
of a disc of say, 5 mm in diameter as shown in Fig. 8.22b, a simple acoustic lens may be bonded
to the front surface in order to reduce the beam diameter in the focal zone. In some duplex
systems, the same transducer is used both for imaging and Doppler measurements. This is
achieved by time sharing the crystal between the two modes (mixed mode operation). Although
this approach may simplify the probe design and reduce its cost, there may be loss of performance.

For pulsed Doppler systems, a primary aim may be to determine the flow velocity at points
in the structure under examination and for this application the beam must have a small diameter.
As illustrated in Fig. 8.23b, the length along the beam axis over which the Doppler signal is
obtained is the axial resolution and is determined by both the duration of the transmitted sinusoidal
burst and by the duration over which the returned Doppler signal is sampled. The product of the
beam area and the axial resolution is the sample volume. In a well-designed 5 MHz pulsed Doppler
probe, 90% of beam power may be confined to a cylinder of 2 mm diameter . However , it should be
noted that the effective beam diameter depends on the frequency and somewhat on the range. For
example, for 3 MHz Doppler a minimum volume of 3 mm has been reported, while for a 6.1 MHz
probe, Hocks et al (1954) reported that at a range of 1.5 cm.

Fig. 8.23. Shows the Doppler beam profiles in relation to a vessel. (a) CW beam : ideal profile in which
the vessel is uniformly insonated ; practicalbeam profile. (b) Pulsed doppler beam and sample volume;
long pulse sample volume in which the doppler signal is derived from a pencil-like intersection with the

vessel; arrangement in which the doppler signal is obtained from a small volume within the vessel.
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For both pulsed and CW Doppler systems, it is necessary to extract the Doppler signal from the
amplified RF signal. This is normally achieved in directional-sensitive systems by an analog
based phase-quadrature demodulator.

A simple demodulator consists of a means of multiplying the RF signal at the transmission
frequency, and then, by means of a filter, removing the RF components.

For economy, simple hand held Doppler ‘flow-meters’ often use this scheme. Such a simple
Doppler probe system is described later in this chapter.

To separate the forward and reverse flow Doppler signal components, the phase-quadrature
scheme shown in Fig. 8.24 is generally employed.

Fig. 8.24. Shows the block diagram of a typical phase-quadrature sound
frequency demodulator and flow separator subsystems.

By multiplying the received RF signal by an in-phase component and by a 90° out of phase
(quadrature) component of the transmitted signal, it can be shown that two outputs contain the
two directional Doppler components in a separable form. Specifically, by removing the RF compo-
nents from the multiplier outputs (the low pass filters), each of the two outputs contains the
forward and reverse Doppler signals, but in a phase - quadrature form. In addition, as shown in
Fig. 8.24, high pass filters are normally employed to remove those Doppler signals that arise from
a low velocity interfaces, such as vessel walls. Typically, the cut-off frequency of such a filter is in
the range of 100-400 Hz. To obtain separate forward and reverse Doppler output signals, it is
necessary to perform a 90° phase shift (Hilbert transform) and then perform an addition and
subtraction.

The Doppler signals can be extracted through the use of straightforward digital processing
methods, such as complex Fourier transform .



280 A TEXTBOOK OF MEDICAL INSTRUMENTS

P-III\C:\N-MEDI\CH8-2

In modern Doppler systems, signal processing may be performed directly on the phase
quadrature output; consequently, the flow separator is likely to be used just as a means of provid-
ing stereo audio feedback to the system operator. Recording of the Doppler signal is best achieved
by recording the phase-quadrature output.
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If the carrier ultrasound frequency is ωc and the Doppler Shift frequency is ωd, then the shift
frequency is (ωc + ωd) and so if it is a cosine signal

u = cos (ωc + ωd)t

   = cos ωct cos ωdt – sin ωct sin ωddt

= I cos ωct – Q sin ωct …(3)

where I and Q are the two quadrature components of the Doppler signal.

The Doppler signal is essentially a single sideband signal, because, the carrier frequency of
the ultrasound has only one side the frequency of the Doppler frequency. For example, if the probe
is at 2.5MHz and the velocity of movement of the target is at a frequency increase by Doppler shift
to 2.51 MHz, then the spectrum will be as shown:

There is no negative frequency component at 2.49 MHz as would be seen in a simple
amplitude modulated spectrum by a 0.01 MHz signal over the carrier. Hence it is a single sideband
signal. As shown on the right of the above figure, there can be a spread of the Doppler frequencies
and A denotes the upward shift spectrum and B denotes the downward shift spectrum. Thus, both
sides of the carrier, there are single side band components.

After we get the synchronously detected signals in phase and quadrature to the carrier
frequency as I + j Q, we can use it for finding the complex Fourier transform.

The complex F.T. will give the two components A and B at the negative and positive
frequency parts accordingly, as shown below.

Each of these will have both real and imaginary parts, corresponding to the Cosine and
Sine part of the Doppler frequencies (phase information).
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A simple pulsed Doppler system contains a number of elements that are similar if not identical to
those of the CW system (Fig. 8.25) just described. The transducer is driven by a brief pulse
consisting of several sinusoidal cycles. Since it is important to ensure that successive excitation
pulses are identical, this driving signal is derived from a master oscillator that also determines
the pulse repetition frequency (PRF). The received signal consists of signals from stationary
interfaces as well as scattered signal from blood cells lying along the beam path. Since the signal
amplitude is very dependent on the depth, the RF amplifier will either have a manual gain
control, or the gain will be automatically increased with time (time gain control, TGC) in such a
way that the signal attenuation is approximately compensated for.
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Fig. 8.25. Pulsed Doppler Modulus–Schematic Diagram.

Depth discrimination is achieved by sampling the outputs at the phase quadrature
demodulators at a point in time from the start of the transmitted pulse that corresponds to twice
the transit time ( there and back) from the probe to the sample position. Since the range delay can
be adjusted, the Doppler signal from any given point can be obtained. Furthermore, in some
systems the duration of the sample can also be adjusted so that the volume sampled can be varied
from a long cylindrical region along the axis, down to the minimum sample volume.

The proper choice of the PRF is of major importance since this frequency determines the
maximum velocity (Vmax) that can be determined without causing ambiguity as to their positional
origin. Since the time between transmitted pulses must be sufficiently long to allow an ultrasound
pulse to reach the target and the resultant echo to return back to the transducer, it is necessary that

  
1 2

f cprf
>

Rmax cos θ
…(4)
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where the pulse repetition frequency (PRF) is denoted by fprf and c is the velocity of sound in the
medium (typically, 1500 m/s). Now, to avoid ambiguity in the Doppler signal spectrum due to
frequency aliasing, it is well-known result of communications theory (the Nyquist theorem) that
the signal must be sampled at a rate equal to at least twice the maximum frequency present.
Failure to meet this criterion causes a ‘ wrap around’ of the Doppler spectrum. This is the same
phenomenon observed in a western movie where spokes of the wagon wheel appear to go backwards
when the wagon goes sufficiently fast. Thus, since it is required that fopt > 2( fD)max and noting
the maximum frequency (Doppler frequency) and the maximum velocity related by the Doppler
equation, then from eqn (4),

   2Vmax/c = fD/fs    and     fD/fprf = 1/2 ...(5)

Rmax Vmax = c2/(8fs cos θ) …(6)

where fs is the transmitted frequency and the direction of the moving target is assumed to be at
an angle θ to the probe axis. Eqn. (5) is plotted in Fig. 8.26, which enables either the maximum
range or maximum velocity to be determined. For example, if a 6MHz probe is used at 60° to the
vessel axis, and if the peak flow velocity is 100 cm/s, then the PRF must be greater than 8 KHz to
avoid frequency aliasing. For this PRF, the vessel range should be less than 9.3 cm if range
ambiguity is to be avoided. Finally, it should be noted that the limit in the range/velocity product
as expressed by eqn. (6) which can be extended through the use of periodic changes in the PRF,
and the adaptive technique used in the ATL duplex system.

Fig. 8.26. Shows the range ambiguity and aliasing limitations of pulsed doppler system.
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Systems that provide both B-mode vessel image and a Doppler signal from a specific region of a
vessel are widely used in clinical practice. Such systems, which are commonly referred to as
duplex Doppler systems, normally use a pulsed Doppler and provide a means whereby the beam
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direction and the location of the sample volume are superimposed on the B-mode display, as
illustrated in the recording of Fig. 8.27. In addition, for cardiac examination, to avoid the problem
of aliasing, a CW Doppler mode may also be provided. A major advantage of such systems, in spite
of their increased complexity, and cost, is the ability to determine the precise location of the
sample volume in relation to the vessel under examination. Furthermore, vessel abnormalities
may be apparent from the image display. The B-mode imaging system may consist of mechani-
cally rotated or rocked transducer elements, or a phased array, or a phased annular array that is
rocked. The Doppler transducer can be an independently moved unit within the scan head or it
may be a crystal that is time- shared with the imaging portion of the system. Through the use of
an independent Doppler probe, both the imaging and Doppler subsystem designs can be optimised.
In addition this arrangement also provides greater flexibility in clinical use. In the Duplex mode
of operation, whereby both imaging and Doppler information are displayed, a reduction in the
imaging frame rate may be required.

Fig. 8.27. Duplex recording from the abdominal aorta with the pulse sample vol-
ume positioned close to the vessel centre. The sample volume is 3 mm and is 6.5
cm from the transducer face (as shown by = in fig.). An individual spectrum from the
spectrogram, taken at the time marked with the arrow, is also displayed.
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Recently, developments in pulsed Doppler methods have made possible the presentation of real
time Doppler flow images superimposed on the conventional real time B-mode (structural) images.
A major difficulty in the design of such systems is the problem of processing the Doppler information
sufficiency fast to extract the flow information from each scan line.

The basic principles are illustrated in Fig. 8.28, where it is assumed that the transducer
produces a sector scan by means of a phased array. Each line of the sector scan is used to produce
a B-mode image in the usual manner. In addition, each line is processed by comparing it to the
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previous line to remove the stationary and slowly moving interface reflections (clutter removal).
This leaves a signal from rapidly moving interfaces and the signals scattered from the red blood
cells.

Fig. 8.28. Shows the details of real-time cardiac doppler flow imaging system.

It is necessary to integrate over several identical scan lines (e.g., eight) and this reduces
the frame rate. The digital scan converter and colour converter encode the velocity information as
red or blue, depending on a whether the direction is towards or away from the transducer.
Furthermore, the colour brightness is proportional to the velocity, while the variance in flow
velocity is presented as green.

Fig. 8.29. Shows the block diagram of linear phased array Doppler imaging system.
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A powerful digital signal processor determines the echo signal magnitude and phase at
each point and this enables a B- mode display and Doppler display to be superimposed. In the
Doppler display, red indicates slow away from and blue flow towards the transducer; higher
velocities are shown by increased brightness. This image of the carotid bulb region was taken at
close to peak systole, and shows a region of flow separation and reversal.
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Requirements

For both pulsed and CW Doppler systems, the special analysis requirements are generally
similar. In peripheral and carotid arterial assessment, it is essential that the analysis be performed
in real-time so that the clinical operator will have visual feedback of the Doppler spectral waveform
to aid in optimum probe placement. In addition, for identifying venous flow artifacts, as well as
for the proper presentation of spectra containing reverse flow components , it is important that
forward and reverse signals be processed simultaneously. To avoid precise adjustments of the
receiver gain, it is desirable that the analysis system be able to cope with a wide dynamic range:
a 60 dB range.

The frequency analysis range and resolution and time resolution are governed by the nature
of the Doppler signal as well as by the transmission frequency. For clinical applications, to process
most Doppler signals, the anaylser must accommodate maximum forward frequencies up to 15
kHz and reverse frequencies up to 5 KHz.

A frequency resolution of approximately 100 Hz may be required. For example, for a normal
carotid arterial signal, with a maximum frequency of 3 kHz at peak systole, a 100 Hz bandwidth
corresponds to a division of the signal spectrum into 30 frequency bins. For real-time spectral
analysis systems, the frequency resolution is the inverse of the time resolution. Thus, for a signal
segment of 10ms duration, the maximum frequency resolution will be 100 Hz, while for a 5ms
signal it will be 200 Hz.

It is desirable to smooth the transitions at the beginning and end by using a ‘window’
function that is generally of the Hanning or Hamming type.
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An attractive alternative to analog methods, is the use of the discrete Fourier transform (DFT).
The calculations can be performed with either with the conventional DFT or the fast Fourier
transform (FFT) algorithm. Suppose that the processor can perform an N-point Fourier transform
(yielding N/2 positive frequency bins) in a minimum interval of T seconds. For real time operation
on records of duration T, the Doppler signal must be sampled at a frequency of N/T . For this
sampling frequency, aliasing will occur if the input signal spectrum contains components higher
than N/2T Hz. The N/2 frequency bins will be spaced from zero frequency up to a frequency N/2T,
in equal intervals, so that the bin size will be1/T. For example, if T = 0.01 s, and N/2 = 128, then
the frequency at which aliasing starts to occur will be 12.8 kHz and the frequency resolution will
be 100 Hz. By increasing T, the frequency resolution is improved but with a reduction in the
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Nyquist frequency. While the arguments just given have considered a single-channel Doppler
input signal, they can be extended to the complex input signals from a phase quadrature
demodulator, i.e., for the inphase and quadrature signals.

Fig. 8.30. Comparison of techniques for data sampling. (a) Conventional method : a new signal
segment of duration T1 s is used for each analysis, yielding a spectrum every T1 s with a

reolution of I/T1 Hz. (b) Sliding method : data for each analysis contain (T1-T2) s of old
data from the previous analysis and T2 s of a new data, creating spectra with a

resolution of I/T, Hz but at the increased rate of one spectrum every T2 s.

Fig. 8.30 shows the comparision of techniques for data sampling in Doppler systems.

General purpose microprocessors and microcomputers have inadequate speed to implement
even the computationally efficient FFT in real-time. A s a result, high speed DSP systems have
been developed which perform the analysis. The Motorola DSP56000 chip can perform a 1024-
point complex FFT in 5 ms.

Spectral analysis based on the use of charge coupled devices (CCDs) is a hybrid form of
signal processing which has the advantage that time and frequency information are handled
digitally. The signal levels are retained in their original analog form (on a sampled basis), thereby
eliminating the need for an analog to digital converter. The frequency analysis range, resolution
and speed requirements for Doppler ultrasound signal analysis can all be met with available
CCD-based transversal filters.
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Both the maximum and the mean frequency waveforms have important applications in the
quantitative assessment of vascular disease. Care must be taken to define whether it is the
amplitude or the power Doppler spectrum from which the waveforms are derived. In general, the
mean frequency waveform derived from the amplitude spectrum will not be the same as that
derived from the power spectrum. The same is true for the maximum frequency waveform. Owing
to the statistical origin of the Doppler signal, the estimates of the maximum and mean waveforms
will have a statistical variability that depends on the duration over which the estimates are
made.

Usually, the mean frequency waveform definition is based on the power spectrum P(fD) and
this can be obtained by simply squaring the amplitude spectrum A(fD). On this basis the mean
frequency waveform fD(t) is given by

  f t f f df f dfD D D D D D( ) P( ) (P )=
−− �� /

α

α

α

α
…(6)

where the integration extends over all frequencies, including the reverse flow frequencies, which
are treated as being negative. Evidently, the above eqn.(6) is simply the first moment of the power
spectrum.

An approximate analog method for estimating the mean Doppler waveform is based on the
use of a circuit to count the number of zero crossings of the input signal over as short period of
time and to convert this into a proportional output voltage. Of course, this same process can also
be performed digitally.

It has been pointed out that even with high-resolution pulsed Doppler systems, the spectrum
obtained from a sample volume positioned near a severe stenosis can have a relatively wide
bandwidth. For such signals the error introduced by a zero-crossing detector may be significant.
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Three categories of method can be identified They are given as follows;

1. Velocity profile method

2. Uniform insonation method and

3. Assumed velocity profile method.

In the velocity profile method, the velocity profile across the vessel is measured using pulse
Doppler techniques and then assuming semi-axisymmetirc flow, the volumetric flow can be cal-
culated by integration across the vessel diameter, i.e., by evaluating,

Q( ) ( , )
R

R
t rv t dr=

−

+

� π τ ...(7)

where R(t) is the vessel radius at a time t, and the velocity profile from – R to + R is assumed to
be known. Evidently, both the instantaneous vessel diameter and the angle of incidence of the
Doppler beam must also be known.
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The normal peripheral arterial waveforms have a triphasic shape with a forward, a reverse and a
second forward flow component. Distal to an arterial stenosis the waveform is dampened, i.e., the
peak is flattened and delayed, and the reverse flow component is reduced or absent. The waveforms
can be analysed subjectively by observing the morphological changes in the shape of the waveform
or they can be analysed by a variety of quantitative methods. Of fundamental importance in
quantitative analysis is the dependence of the waveform frequency on the probe angle. With a CW
Doppler system this angle cannot be determined with sufficient accuracy, and consequently any
quantitative index derived form the Doppler waveform should be independent of the angle. Further,
the maximum frequency waveform derived from the real-time spectral display is generally used
since it avoids the artifacts and errors that are frequently introduced in the calculation of the
main waveform as described above.

Of the reported quantitative indices, pulsatility index (PI), Laplace transform indices and
principal component analysis have shown the best correlation with the results of arteriography
and direct pressure measurement. Downstream from a stenosis where disturbed flow occurs,
broadening of the spectrum particularly in the region of peak systole occurs. A simple quantitative
measure of the degree of spectral broadening, that is approximately independent of the angle of
insonation, is the spectral broadening index ( SBI). This is defined in terms of the maximum and
mean waveforms.

SBI = ( maximum – mean)/maximum

While this index varies throughout the cardiac cycle, it appears that the greatest sensitivity
to disease occurs in the region of peak systole.

With a duplex scanner, the B-scan image and the Doppler spectral waveform are interpreted
together.
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This is a combination of 2-D echocardiograph image and the pulsed wave Doppler signal processed
pattern. Pulsed Doppler permits finding the velocity within a sample volume at a known distance
from the transducer. By pulsing at a known frequency (PRF) and knowing speed of sound in the
tissue, we find the depth of returning shifted frequency signal. In conventional Doppler mode,
velocities are typically displayed in spectral form for a single sample volume of interest over time.

The Spectrogram is a time course of spectral data, plotted with time in the X axis and the
frequency components of the signal shown in intensity modulated form in the Y axis. Thus, each
vertical line can have, for instance, 128 points which correspond to frequency shifts from 0 to 8
KHz in a typical cardiac chamber blood velocity pattern by insonation. (Fig. 8.31). There are 128
points positive and 128 points negative, which corresponds to positive frequency shifts (particles
moving towards the transducer) and negative frequency shifts (particles moving away from
transducer).
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Fig. 8.31. In this continuous-wave doppler spectral tracing, the diastolic slope of the waveform is
shallow, implying mild aortic regurgitation. AR = aortic regurgitation ; MS = mitral stenosis.

The simplest scheme is a greyscale display in which either the amplitude or the power of
the Doppler spectra is converted into a proportional change in the CRT intensity. In practice it is
found that approximately 10 greyscale levels can be discriminated.

Different spectral amplitudes can also be represented by different colour hues. It is not
clear that there are any advantages to this form of real time spectral displays. However, for
Doppler flow imaging systems, a colour display is vital .

A fairly high-resolution display (700 × 400 pixels ) for real time display has considerably
enhanced computational power.

To plot the magnitude at any frequency, intensity modulation is employed, by choosing
several levels of grey, from dark representing that the amplitude of that frequency is large and
white representing a zero value at that frequency bin. The spectrogram plot is shown in present
machines as a real time display, because it is possible to evaluate the spectrum of the Doppler
signal fast, since the time scale of X axis movement is relatively slow only in a cardiac cycle of
action.

Fig. 8.31 shows the Spectrogram of the Doppler signal as a real time signal display.
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The difference between simple pulsed Doppler and the Colour Doppler is shown in the illustration
below.
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With the multi-gated Doppler scan line of 128 sample volumes, it would require 128 different
velocity spectra to display all of the data versus a time X-axis. Such a display is not possible
because of its complexity. So, Colour encoding is employed. Velocities are assigned varying colour
intensities corresponding to a colour bar.

��������	�����	
���	���
�������

���
�����
����������

The normal human heart carries out its pumping action over 100,000 times every day. Generating
its own electric signals to actuate the heart muscles, the heart contracts and relaxes during each
beat. We will discuss here, about how one can convert the heart’s motion into audio sound using
ultrasound electronics with our Doppler ultrasonic stethoscope. The acoustical society of America
described how cardiac functions could be inspected by the Doppler ultrasound using a frequency of
about 2 MHz even in 1957.

 The Doppler effect is the change in frequency of sound, light or radio waves that occurs
when a transmitter or receiver are in motion relative to each other. When a transducer sends an
ultrasonic beam into the body, a portion of the energy is reflected back by internal body structures.
If the structure moves, the frequency of the reflected bam is also changed in proportion to the
velocity of the movement.

This technology was developed about forty years ago. This technique is most valuable and
completely harmless tool for non-invasive examination of movements inside the body by
the medical profession. Experiments have shown that beaming of very low energy high frequency
sound into the body is not harmful. The technique is used all in the universe for listening the
heart beat of unborn babies in a mother’s womb. It is possible to listen to the characteristic
Doppler sounds from your own heart which can be heard with an easily built Doppler ultrasonic
stethoscope. In this unit, Piezo electric crystals have been used for measuring the heart rate.
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The basic component of the stethoscope is the transducer. This transducer contains two lead
zirconate - titanate piezoelectric crystals. One of the crystals is energized by the output of 2.25
MHz oscillator/amplifier so that it expands and contracts at that frequency, setting up pressure
or sound waves that are transmitted into the body. When that wave, which is directional, passes
form one medium to another medium in the body, a portion is reflected back to the second crystal
which generates a voltage. If the reflecting surface is stationary, the voltage generated by the
receiving crystal has the same frequency as the transmitted wave. If the reflecting surface is
moving away from the transducer, the reflected frequency is lower than the transmitted wave.
Similarly, if the reflecting surface is moving towards the transducer, the reflected frequency is
higher. By mixing a portion of the transmited frequency with the received frequency, the received
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frequency is modulated in both frequency and amplitude. Using an amplitude modulated (AM)
detector, one can obtain an audio signal whose frequency is proportional to the velocity of the
moving structure within the body.
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TRANSMITTER CIRCUIT

The transmitter circuit is shown in Fig. 8.32. An RF oscillator which is built around Q1
operates at about 2.25MHz. Positive feedback is provided for the secondary tap in T1 to the
emitter of Q1. The frequency is determined by C4 and the inductive tuning of T1. The oscillator
output is coupled through C5 to Q2, an inductively tuned RF amplifier. A secondary tap on T2
provides a low- impedance output to drive the transmitter crystal XTAL1 in the transducer. The
ultrasonic power generated is less that 15 milliwatts per square centimeter of transducer surface.

Fig. 8.32. Shows the transmitter circuit. Q1 is an RF oscillator whose 2.25 MHz
frequency is determined by C4 and T1. A secondary tap on T2 provides a

low-impedance output to drive XTAL1 in the transducer.
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The receiver and audio circuits are shown in Fig. 8.33a. The receiver uses two identical stages of
inductively-tuned RF amplification. The voltage generated in the receiving crystal Xtal-2 is cou-
pled to Q3 through C8. The output of Q3 is coupled to Q4 through C11. The combined RF gain for
the two stages is about 2000. The modulated Doppler signal is detected by D1 to produce audio
frequencies in the 50–2000 Hz range.
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Fig. 8.33a. Shows the receiver and audio amplifier.

A low power audio amplifier, IC1, can drive one or two head sets. It has a gain of 100, which
is set by C17- R16 with some base boost determined by C18, R17, as many of the sounds generated
by the Doppler effect are in the low audio range. The volume may be adjusted by the potentiometer
R25 at the input IC1. The output of the amplifier goes to J1 where the headset is plugged into. If
more than one wants to listen simultaneously, then a Y-Jack can be used. For class room
demonstrations, an external amplifier with speakers can be plugged in.
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The transducer is shown in Fig. 8.33b. The two crystals of lead zirconate - titanate are ½ × ¼ inch
rectangles approximately 1/32 ‘thick’. Silver electrodes are deposited on each crystal surface, and
a small silver trace is carried around from one side to the other side. So electrical connections to
both electrodes can be made on the same side of the crystal. Fine wire is used to take leads from
the crystals and are soldered. Minimum lead should be used while soldering so as to avoid the
change in resonance characteristic of the crystal.

Fig. 8.33b. Transducer construction. Silver-bearing solder is used to avoid lifting the silver
electrode from the ceramic crystal surface. Energy conversion is most efficient when

crystals are “air-backed” resulting in energy being radiated from the front of the crystal.
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When dealing with ultrasound, the quantity of characteristic acoustic impedance is used in solv-
ing various problems dealing with waveform generation, propagation, and detection. Characteris-
tic acoustic impedance Z is defined as

Z = ρc

where ρ = the density of the medium in kg/m3 and

c = the velocity of sound in m/s.

The characteristic acoustic impedance is therefore expressed as

kg/m3 × m/s = kg/m2s.

To obtain the maximum energy conversion efficiency, the crystals should be acoustically
matched with the plastic panel. When two mediums are closely matched, most of the energy will
be transmitted through the materials. When an ultrasonic beam meets an interface of dissimilar
materials, most of the energy is reflected where there is a large difference in acoustic impedance
between the two materials.

The acoustic impedance of the crystals is about 30 million and that of the body is 1.5
million, with air being less than 50, all in units of kg/m2s. Because the density of air is so much
lower than that of the crystal, and the velocity of sound in air is much slower than of the crystal,
almost all the energy is reflected at that interface when the back side of the crystals are in contact
with air. That difference in impedance results in most of the energy being radiated from the front
of the crystal, and improved sensitivity of the receiving crystal. Since we want most of the energy
to be reflected at the rear side of the crystal, it is desirable that most of the energy be transmitted
at the front surface of the crystal and into the body. Because the crystals are too fragile to be
placed in direct contact with the body, they are cemented with epoxy to a sheet of plastic about 1/
16” thickness which should have an acoustic impedance between the crystal and the body. This
results in more energy being transmitted in the body instead of being reflected at the skin sur-
face. When gluing the crystals to the plastic , be sure to exclude any air from the interface and
use a minimum amount of glue. Sheet acrylic of fiberglass such as that used for PC boards or a
rigid vinyl sheet all have suitable acoustic impedance and provide the required protection for the
crystals.

When more sensitivity is required, a dab of ultrasound gel is placed on the transducer face
to improve the impedance match and exclude any air that may be trapped between the transducer
face and the skin. Water or mineral oil will also work.

Fig. 8.34 shows the prototype unit of Doppler-ultrasound heart beat monitor. The transducer
is mounted on the end plate of the enclosure with its leads close to their solder pads. The end
plates are inserted at the end and then into the slot on the top half of the enclosure. Soldering of
leads from the transducers is done at the appropriate terminals. 9V battery may be used. The
stethoscope is now ready for use.

Frequency counter is connected from the emitter of Q1 to ground. Then DMM is connected
with a settings at 10 mA range, between TP1 and Tp2 and turn the instrument on. Current
meter should read less than 10 mA. Tune T1 to 2.3 MHz, then alternatively tune T2 and T1 to
reduce the current to a minimum. After the tuning is over, the DMM is removed and solder the
leads Tp1 and Tp2 together.
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Fig. 8.34. Prototype Doppler stethoscope.

DMM is connected to the cathode of D1 and ground. Using 5 or 10 volt Range settings,
alternatively tune T3 and T4 for a maximum voltage which will between 1 and 2 volts.

If you do not have the DMM, you can directly tune stethoscope while listening to your
heart. With the transducer and headphones connected to the circuit board, put a little mineral oil
or ultrasound gel on the face of the transducer and place the transducer firmly on your chest near
your heart. The transducer may be placed between a pair of ribs rather than directly over a rib.
Turn the volume up until you hear some Doppler sounds which will probably be low, as well as a
hissing noise. Alternatively tune T1-T4 to increase the volume and for decreasing the hissing.
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As discussed earlier, maximum sensitivity is obtained when there is good impedance match
between the transducer face and the skin with no air is trapped between them. A liquid gel such
as aquasonic is specifically made for this purpose and is available at medical supply stores.

Apply a small amount of liquid gel to the transducer surface and place the transducer
firmly against the bare chest, several inches to the left of the center and about 10 inches below the
shoulder. Place the transducer so that ultrasonic beam passes between two ribs for best
transmission. You will hear the sounds associated with movement of heart. Keeping the transducer
firmly against the chest and changing the direction of the ultrasonic beam you will hear deterrent
sounds depending on what surfaces are in the path of the ultrasonic beam. When you take a deep
breath, the sounds may disappear because the lungs fill with air, covering aportion of the heart.
As previously noted, air is a poor conductor of high frequency sound.
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There are many aspects of heart action. First returning blood from the venous system fills
the right atrium. A valve connecting this atrium to the right ventricle then opens and contraction
of the atrium forces the blood into the ventricle. Likewise the cardiac cycle continues. Each of the
four chambers of the heart contract and relax at different times of the heart cycle. Their associated
valves open and close synchronously.

The movement of all those structures and the movement of blood through them provide the
Doppler sounds which we can hear with the Doppler ultrasonic stethoscope.

When listening to the heart with Doppler ultrasound, a number of different sounds are
heard, one after another in each rapid succession as the heart chambers and valves move and
blood flows.

Blood flow sounds may also be heard form the brachial artery in the arm on the inside of
the elbow. That is the location where the physician places stethoscope when measuring blood
pressure.
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The various modes of display on the ultrasound machine are:

1. Typical B scan image over the sector scanned

This is based on the pixels representing the values of the reflected signals at the points
shown on the scan. The grey scale representation is enough to show the image of the area. The
variations which take place with time (as in the moving heart walls) will be clearly seen. For
viewing the heart, there are two or three positions of the probe. (Plate I.4)

A two chamber view from the supra sternal notch can give either the left or right side of
the heart.

An apical view of the four chambers can be seen by keeping the probe at the apex of the
heart position (below).

A long axis view placing the transducer at the left sternal border (between 3-5 intercoastal
space, as convenient) and sliding or rotating the probe to get the view as shown in Fig. 8.34.

2. M-Mode View

This is a motion of any one chosen line as recorded with time on the X axis, in a slow time
scale display.

This just plots the echo signals with time on the points of the chosen line marked by the
operator on the B scan sector view.

A typical M mode view of the heart along with the views of long axis and four chamber
colour Doppler pattern superimposed in shown in Plate I.5.

3. Spectrogram time display

The spectrogram is shown on the Doppler sample volume or Doppler sample direction as a
time plot with the spectral bin amplitudes shown in grey scale, as for example in the Fig. 8.35.

The E and A wave indicate the Peak early velocity and peak atrial velocity and the E/A
ratio is significant in clinical diagnosis. When the E and A waves merge together, and when the
amplitudes indicate high velocities, it is indicative of a narrow valve.

The spectrogram can be calculated either for CW mode over the sampling line on the scan
or for a typical sample volume in pulse Doppler mode.
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Fig. 8.35. Mitral inflow velocity recorded at the mitral annulus with superimposed
diagrams illustrating the separation of the time velocity integral

into early (E), mid (M), and atrial (A) segments.
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Finally, it should be remarked that it is possible to record the flow-separated Doppler signal (i.e.,
the forward and reverse flow components) directly form some demodulator units. This may be
especially convenient  for direct digital computer storage since the forward and reverse flow
signals can be acquired separately so that only one anti-aliasing filter is required. However, it
should be kept in mind that the analog circuitry which produces the flow separated components
in the demodulator may not be precisely controlled. The separate flow components can generally
be computed from the phase quadrature signal with greater precision on a digital spectrum
analyser or on a computer. (Chapter 13)

Fig. 8.36 shows the system set up for this

Fig. 8.36. Showing the principle of serial data signal processing technique.

This is convenient for doing considerable research work on stored samples of data on typi-
cal pathological conditions. (Chapter 13)




