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in size when a voltage is applied across them and, conversely, generate a voltage in response to an applied
pressure. The mineral quartz is a comrnon piezoelectric material and was used in early ultrasound transducers.
Many other naturally occurring substances are piezoelectric to some extent, including bone. However, modern
medical ultrasound transducers usually consist of thin plates of lead zirconate titanate (PZT), a synthetic
piezoelectric ceramic that can be cast or machined into discs, rectangular plates, bowls or any other desired
shape. One important disadvantage of PZT is its high characteristic acoustic impedance. The large reflection
coefficient (section 13.3.4) this produces at its faces poses substantial problems, as will become evident below.

Figure 13.4 shows a cross sectional diagram of a transducer, as might be used in the probe of a stand-alone
A-mode or M-mode system, or in the probe of a single element mechanical sector scanner. The same basic
features are associated with each transducer element of a transducer array probe (sections 13.7.4-13.7.6).
The opposite faces of the thin PZT transducer plate are coated with a conducting layer of silver to form
electrodes, to which electrical leads are attached. By applying an oscillating voltage between these leads the
plate can be made to expand and contract (typically by only a few pm) at the same frequency. Both faces of
the plate therefore act as piston sources of ultrasound waves. In reception, the pressure variations produced
by returning echo waves cause the plate to expand and contract accordingly, and thus generate proportional
(analogue) voltage variations between the two electrodes. These form the electronic echo signals that are
further amplified and processed by the receiver.

As with all vibrating mechanical structures, the amplitude of the thickness vibration of the transducer is
greatest at certain ‘resonance’ frequencies. Resonances occur when a wave returns from a round trip across
the transducer and back (after partial reflections at each face), in phase with itself. Waves that have completed
one or more round trips will then combine with each other, and the original wave, to produce particularly large
amplitude vibrations. The particular resonance that gives the greatest amplitude of vibration for a thin disc
is called the half wave resonance, since it occurs when the round trip distance equals one wavelength, i.e.
the disc thickness is half a wavelength. Maximum transmission and reception efficiency can be obtained by
using a PZT disc which has its half wave resonance occurring at a frequency equal to the required ultrasound
frequency. Thus, for half wave resonance at 3 MHz, a PZT disc with a thickness of 0.67 mm would be used
(the wavelength in PZT at 3 MHz would be 1.33 mm, using A = ¢/f and taking c in PZT as 4000 m s~').

Electrical
leads /™ Backing

layer

P/ZT transducer
disc or plate

Electrodes

Matching
layer

Figure 13.4. Cross section of a tvpical ultrasound transducer.

Short pulses are necessary for good axial resolution (section 13.7.1). However, when the electrical
excitation stops, the ultrasound waves within the PZT continue to travel back and forth for some time. If the
transducer were to vibrate in air, the reflection coefficient of each face would be so large that the vibrations
would continue for thousands of cycles. The continuation of the vibration after the excitation has finished is
called ringing, since it is precisely the same phenomenon that occurs within the metal of a bell when it is
struck.
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Even with one face placed against tissue and the other backed by air, the ringing would continue for
tens of cycles. It is therefore necessary to reduce this ringing time by placing an absorbing backing layer,
with a high acoustic impedance, close to that of PZT, immediately next to the back face of the transducer.
The matching of the two impedances on each side of the back face reduces its reflection coefficient, and so
allows some of the ‘trapped’ wave energy to pass more easily into the backing, where it is absorbed as heat.
Placing a hand against a vibrating bell has the same damping effect.

If the front face of the PZT transducer were to transmit directly into tissue, the large reflection coefficient
of the front face would severely impair the transducer’s efficiency as a transmitter and a receiver. Early
scanners had such poor sensitivity due to this problem that they had to employ frequencies as low as | MHz
for abdominal imaging. The high attenuation associated with the use of 3 MHz, which is a more typical
‘abdominal’ frequency today, would have resulted in echoes that were too weak to be detected. In modern
probes, the efficiency of transmission between the transducer and the patient’s tissue is improved by having
a thin impedance matching layer immediately next to the front face of the PZT.

The simplest form of matching layer (quarter wave matching layer) is made from a %)\.pz’[‘ thick slab of
low attenuation material having a characteristic impedance of (zpzt X zrissue)'/?. i.e. intermediate between
the PZT and tissue. Reverberations (repeated crossings due to partial reflections at each face) within this
layer lead to the transmission of a diminishing sequence of substantially overlapping pulses into the patient.
These add together to form a large resultant pulse in the patient, and so improve the transmission efficiency
of the transducer. In reception, the transmission of tissue echoes back into the PZT is similarly enhanced by
the same process acting in the opposite direction.

A single matching layer can produce 100% transmission into the patient for continuous waves, since
such waves have a very well defined frequency and hence the layer thickness can be made precisely A /4.
However, as discussed earlier (section 13.2.8), short pulses are characterized by a frequency spectrum rather
than a single frequency. This means that a quarter wave matching layer can provide perfect matching only
for one frequency, usually chosen to be the centre frequency of the pulse spectrum. The efficiency of a single
matching layer is therefore limited to a narrow range of frequencies. Multiple matching layers, consisting
of several layers with various thicknesses and impedances, can give efficient matching over a wider range of
frequencies, and therefore far superior results for short pulses.

In practice, a lens is usually incorporated between the matching layer and the patient, but this can be
made froma material with a characteristic impedance close to that of tissue so thatitdoes not affect impedance
matching considerations.

13.5.  ULTRASOUND BEAMS

The shape and size of an ultrasound beam, and the intensity variations within it, are determined by the size and
shape of the transducer, and by the wavelength. The process is one of diffraction, whereby the instantaneous
pressure at a given point in the beam is equal to the sum of contributions from every point on the transducer
radiating face. Depending on the wavelength and the differences in distance from each point on the transducer
face to a given beam point, the sum will be large or small. It will be large if most contributions arrive in
phase (e.g. all producing positive pressures at the same instant), but will be small if, at each instant, as many
contributions arrive producing positive excess pressures as those producing negative excess pressures.
Ultrasound of wavelength A emitted from a flat disc transducer of radius @ will travel as a slightly
converging beam for a distance a>/A (figure 13.5), before diverging. At the range a>/A. the width of the beam,
as measured between points where the intensity is half that on the axis (—3 dB width), achieves its narrowest
value of about a. Since the total power in any beam cross section should be the same at all ranges (assuming
no absorption or scatter), this is therefore the range at which the on-axis intensity reaches its maximum. The
region before this ‘last axial maximum’ is called the near field or Fresnel zone, and that beyond it is called
the far field or Fraunhofer zone. The near field is characterized by a complex pattern of peaks and troughs



342 Diagnostic Ultrasound

«Q-

Side lobes =TT

Intensity
on axis

Distance along axis —>

Figure 13.5. Unfocused beam shapes produced by a flat disc transducer of radius a.

of intensity. Inthe far field, the beam diverges atan angle 6 to the axis, where sin@ = 0.6A /a. It may be seen
from these formulae that the higher the frequency (smaller A.) the longer the near field length and the less the
beam divergence 0 in the far field. High frequency unfocused beams are therefore better collimated than low
frequency ones.

If the transducer is rectangular (sides 2a by 2b), the beam shape has to be considered separately in the
two planes that are respectively parallel to the two sides. In each plane the same basic features of near and far
fields are produced, but in the plane parallel to the side of length 2a, the near field length is a> /A and the far
field divergence is given by 6, where sin 6, = 0.5) /a. In the other plane these two formulae are the same,
except that b replaces a. This transducer shape is relevant to the individual elements of linear and phased
array probes (section 13.7.5 and 13.7.6).

A beam may be focused by using a bowl-shaped transducer, a concave mirror or, more usually, by
inserting a lens in front of an unfocused transducer. This concentrates the wave into a narrower beam for a
limited depth interval, known as the focal zone (figure 13.6). However, since the increased convergence of
the beam before the focus is matched by an increased divergence beyond, the beam width at large range will
be greater than that of the unfocused beam. The narrower beam width in the focal zone is accompanied by
an increase in intensity, so that both lateral resolution and sensitivity (section 13.7.1) are improved in this
region. The distance (F) between the transducer and the position of narrowest beam width (focus) is known
as the focal length.

If the focal length is less than about 0.5a%/A. (figure 13.6(a)), then the beam is said to be strongly
focused, with a very narrow but relatively short focal zone. At the focus, the width (w ) of a strongly focused
beam from a transducer of radius @ and focal length F is:

FA

Wr = g
a

Thus, as for unfocused beams, high frequencies (small A.) produce narrower beams. This formula also shows
that a wider aperture would be required to achieve the same focal beam width for a deeper focus.

If the focal length is more than about 0.5a%/A (figure 13.6(b)), then the beam is said to be weakly
focused, with a wider but longer focal zone. Where the focal length cannot be varied, weak focusing is
preferred to strong focusing. This is because the region of greatest clinical interest might be anywhere from
just beneath the probe to near the limit of penetration, and hence a long, moderately narrow focal zone is of
more value than a very narrow but short one.
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Figure 13.6. (a) A strongly focused transducer. (b) A weakly focused transducer. The focal length F is
measured from the transducer to the focus, at the narrowest part of the beam.

The above simplified description of a beam actually refers only to its main lobe. Ata more detailed level,
the main lobe is flanked by weaker side lobes. These effectively widen the beam and manufacturers must take
them into account when designing transducers for high performance imaging. Their relative amplitude can
be reduced by a technique known as apodization, in which the radiating strength of the transducer is made
non-uniform, generally being greatest at the centre and reducing towards to the edges. Unfortunately, this is
a compromise process, since the decrease in side lobe amplitude is always accompanied by an increase in the
width of the main lobe.

The discussion so far has considered a transmission beam. Transducers acting as receivers have receive
beams, defined as the region in which a point source of sound would produce a detectable signal. If the same
transducer acts for both transmission and reception (at different times, of course), the shape and size of the
receive beam will be identical to that of the transmit beam. The difference is that a three dimensional plot
of the receive beam would show the variation of receive sensitivity to a point source at different positions,
whereas the transmit beam would show the peak pressure or intensity that might be measured at each point.
In practice, the use of transducer array probes (sections 13.7.4—13.7.7) means that there are differences
between the transmit and receive beams, because different apertures, apodization and focal lengths are used
for transmission and reception. A further category of beam is the transmit-receive beam of a scanner. This
depends on both the transmission beam and the receive beam, and a plot of this would show the variation of
received signal amplitude produced by a point scatterer at different positions.

13.6. ULTRASONIC IMAGING MODES

13.6.1. Pulse—echo range finding

The pulse—echo method used in ultrasound imaging is based on the assumption that the speed of sound in
all soft tissues is approximately constant. The system velocity assumed for most applications is 1540 ms™!,
corresponding to a ‘go and return’ time of 1.3 us for every millimetre of range. Thus itis possible to deduce
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the range of a reflecting or scattering ‘target’ from the time elapsed between pulse transmission and the return
of an echo from that target. A second assumption is that the ultrasound beam is straight and infinitely narrow,
so that all echoes can be assumed to come from targets situated on the beam axis (scan line). In practice,
neither assumption is totally justified, leading to some of the artefacts and limitations discussed later.

In all imaging modes the rate of transmission of pulses, called the pulse repetition frequency (prf),
must be sufficient to allow the scanner to keep up with any changes in the anatomical region of interest.
However, an upper limit to the prf is set by the requirement that there should be time for the echoes from each
pulse to return from the deepest reflecting or scattering structures before the transmission of the following
pulse. Otherwise lateechoes from one transmitted pulse will be confused with earlyechoes from the following
pulse. Thus, fora 15 cm deep tissue region, the rule of 1.3 us for every millimetre of range means the echo
from the deepest target will return after approximately 200 ps. The highest prfthatavoidsrange ambiguity is
therefore equal to the number of times 200 us goes into | second, i.e. about 5000 pulses per second. Higher
prfs are clearly possible for scanning more superficial regions.

13.6.2. A-mode scans

In an A-mode scan, the amplitudes of echoes along a single scan line are represented as vertical deflections on
a display screen, with time elapsed since transmission (proportional to range) represented by the horizontal
axis (timebase), as shown in figure 13.7. When an echo pulse is detected, a vertical deflection, proportional
to the echo amplitude, is produced on the screen. The horizontal distance between two vertical deflections
(‘echoes’) reveals the difference in range of the two reflecting interfaces in the tissue.

T Amplitude

. Transmission pulse
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Figure 13.7. A-mode scan display. The vertical co-ordinate represents echo amplitude; the horizontal
co-ordinate indicates time elapsed since transmission (proportional to range of target). A-mode scans of a
selected B-mode scan line are sometimes displaved with the time axis (timebase) running vertically alongside
a B-mode image.

A-mode scans provide the most accurate way of measuring the amplitudes of echoes and the distance
between two targets. Dedicated A-mode equipment is rarely manufactured today, but A mode is sometimes
provided as an additional feature on some B-scan equipment, for example in eye scanners.

13.6.3.  M-mode scans

This scan mode shows a two dimensional plot of the positions of reflecting surfaces or scatterers along a single
scan line versus ‘physiological time’, i.e. as measured in seconds rather than the microseconds associated with
ultrasound travel time (figure 13.8). It is used primarily in cardiac work, usually in conjunction with B mode
(next section). The probe is manipulated so that a highlighted scan line on the B-mode image runs through the
moving interfaces of interest (e.g. valve leaflets, chamber walls). On activating M mode, the B-mode scanning
actionstops and all further transmitted pulses are sentdown the selected scan line. The echoesresulting from
each transmission pulse are presented as brightness modulations along a corresponding line of the M-mode
display, with the brightness (grey level) indicating echo amplitude. Each transmission—reception sequence
results in a new M-mode line, displayed alongside the previous one, the data being continuously scrolled
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across the display. Some machines save up to say 10 seconds worth of the data that has been scrolled off the
display, allowing it to be replayed later if required. There is often provision to show other physiological wave
forms, such as an ECG or intra-cardiac pressure waveform, alongside the echo data on the display.
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Figure 13.8. M-mode scan display. Echo brightness (or grey level) indicates echo amplitude. The vertical
co-ordinate represents range (depth) while the horizontal co-ordinate represents time.

13.6.4. B-mode scans

In a B-scan (figure 13.9), the beam aXxis (scan line) is automatically swept sideways through the patient’s body
to define a scan plane. Before the advent of real-time B-mode scanners, this beam sweep was achieved by
moving a transducer by hand (such scanners are now referred to as ‘static’ B scanners). In modern scanners,
the beam is swept automatically by a hand-held probe (section 13.7). The angle and position of the scan line,
relative to the probe, are electronically monitored. Knowing the position and orientation of the scan line and
the range of a target, the position of the target can be plotted on the display at the correct position. Echoes
obtained from all scan lines build up on the display to form a two dimensional image of the scan plane. The
amplitude of each echo determines the brightness (grey level) of the corresponding point on the display.

Note that the positions of all the targets on the B-mode image are displayed in relation to the principal
axis of the probe, not true vertical. The usual convention is for targets situated on the principal axis of the
probe to be shown on the central vertical scan line of the display, whatever the orientation of the probe in
reality. Some machines, however, allow the operator to rotate the entire image through 90° or 180°. This may
be helpful, for example, when viewing an image of a prostate, using an upward directed scan plane from a
transrectal probe in a supine patient.

13.6.5. Doppler imaging

These imaging modes include colour flow mapping and power Doppler imaging. They show the distribution
of moving targets, particularly blood cells, generally as a colour overlay on the grey scale B-mode image.
They are discussed further in section 13.10.

13.7. B-MODE SCANNERS

13.7.1.  Factors that are important for the quality of a B-mode image

The width of the imaged region (field of view) is determined by the type of probe, linear probes offering the
greatest width for superficial targets and sector probes giving greater widths for deep targets (figure 13.9). The
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Sector
B-mode image

Figure 13.9. Linear and sector B-mode scanning. The scan line (beam axis)is swept sideways to interrogate
the scan plane. For each scan line, echoes are shown as brightness or grey level modulations (determined
by echo amplitude) at the appropriate distance along a corresponding line on the display.

maximum depth from which diagnostically useful echo information can be obtained is called the penetration.
Use of ahigher frequency means an increase in attenuation and hence a decrease in penetration. As transducer
technology has improved, particularly in regard to impedance matching (section 13.4), the penetration to be
expected for a particular frequency has increased. Sensitivity is a measure of the weakest scatterer or reflector
that can be distinguished from noise. This varies with depth, generally being greatest close to the transmit
focus. The sensitivity achievable at maximum depth determines the penetration. At any depth, sensitivity
depends on the setting of the output power, the focus position and overall gain controls (section 13.7.9). A
measure of the maximum sensitivity that a scanner can achieve is revealed by the quoted dynamic range
of the scanner. This is the ratio of the intensity of the largest ultrasonic echo that can be handled by the
receiver electronics without saturation (peak clipping) to that of the weakest echo that can be distinguished
from electronic noise. Dynamic range can be deliberately reduced below its maximum by the dynamic range
control (section 13.7.9).

The degree of spatial detail that can be seen within an image is described by the spatial resolution.
There are two different forms of this for a B-mode image, both being better at higher frequencies. Axial
resolution can be defined as the smallest distance between two point targets, lying one behind the other on
the same scan line, that allows them to be resolved as separate targets. Lateral resolution may be defined
in a similar way but applies to two targets lying side be side at the same range. A discussion of the spatial
resolution limits for small targets in scattering media is deferred until speckle is considered in section 13.7.10,
but the results are the same as those deduced below for simple targets in a liquid.

Axial resolution is approximately equal to half the length of the transmitted pulse, as may be seen by
reference to figure 13.10. If one target is situated a distance d behind the other, the echo from the far target
will be a distance 2d behind the echo from the nearer target as these echoes travel back to the probe. If d is
reduced to half the pulse length, the distance between the leading edges of the two echoes will be equal to
the pulse length, i.e. the beginning of the second echo will just coincide with the end of the first echo. Any
further reduction in d would mean the two echoes would merge into one elongated echo, and the two targets
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Figure 13.10. Showing that axial resolution depends primarily on pulse length. If the distance d between
the nvo interfaces is less than half the pulse length, the echo from the first interface will overlap with the
reflected echo from the second interface.

would be seen on the image as one long target. Pulse lengths are typically about two wavelengths, and since
wavelength is inversely proportional to frequency, the use of higher frequencies means shorter pulse lengths,
and hence better axial resolution.
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Figure 13.11. Showing that lateral resolution depends on the width of the transmit—receive beam. As the
beam passes over a point target it will be registered on several scan lines, producing a ‘streak’ with a length
equal to the beam width.

Lateral resolution is approximately equal to the width of the transmit-receive beam, as may be seen by
reference to figure 13.11. If the beam is scanned across a small isolated target, a weak echo will be returned
as soon as one side of the beam reaches it. This echo will register as a dim spot on the display scan line
representing the beam axis, which is, as yet, half a beam width away from the target. As the beam passes
over the target, successive transmitted pulses will produce stronger and stronger echoes until the axis of the
beam passes through the target. Thereafter echoes of reducing strength will be returned until the beam has
completely left the target behind. These will be registered as spots at the same range on a group of adjacent
display scan lines, having maximum brightness on the central lines of the group. The point target is thus
shown on the image as a line of spots (a ‘streak’) perpendicular to the scan lines, with a width equal to that
of the transmit-receive beam. If two point targets lie side by side, they will both produce similar ‘streaks’,
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and these will merge into one if the targets are separated by less than the beam width. Beam widths become
smaller, and hence lateral resolution becomes better, as frequency increases. Beam width varies with depth,
being least, and hence lateral resolution being best, in the focal zone (section 13.5) of the transmit beam.

Contrast resolution is the name given to the ability of a scanning system to differentiate between two
echoes, or two regions of a scan, on the basis of their echo amplitudes. It will be seen later (section 13.7.9) that
this depends on the machine’s ability to record echo amplitude with sufficient precision as a digital number,
and on the grey scale transfer characteristic selected by the operator. It also depends on the width of the beam
in the plane perpendicular to the scan plane, which defines the slice thickness (section 13.7.10)

Temporal resolution describes the ability to follow changes with time in the imaged tissue. It depends
on the frame rate (which itself depends on the depth and width of the field of view and on the scan line density)
and the degree of frame averaging that is selected (section 13.7.9).

13.7.2.  Beam forming

The first stage of all B-mode scanning systems is the beam former, concerned with generating, focusing and
scanning the beam. In a single element mechanically scanned system, as described in section 13.7.3, this may
be no more than a single transducer and a mechanical system to drive it and to monitor its position. In systems
using array probes (sections 13.7.4-13.7.7) the beam forming stage includes delays. switches, transmission
pulse generators, preamplifiers and their control logic. Many machines allow part of the field of view to be
zoomed for improved resolution or frame rate (section 13.7.8), a procedure that is also essentially controlled
by the beam former.

The stages after the beam former are common to all types of scanning system and so will be treated as
a separate topic in section 13.7.9, after the beam forming techniques used by different types of scanner have
been discussed.

13.7.3.  Single element mechanical sector scanners

This is the simplest form of scanner. It uses a single transducer with a weak fixed focus set at approximately
half the intended maximum penetration depth. In the ‘rocker’ type of probe (figure 13.12), the transducer
is driven by an electric motor and suitable coupling mechanism, so that the transducer, and hence the beam,
oscillates through an angle of typically 45° on each side of the probe’s principal axis. An angle sensing
device keeps track of the direction of the transducer at all times so thatechoes can be correctly positioned on
the display. An alternative ‘spinner’ form of mechanical sector scanner uses a continuously rotating wheel
with a number of transducers embedded around its rim. As the wheel spins, each transducer is swept in turn
past an acoustically transparent window, thereby sweeping the beam through a sector. This arrangement is
bulkier, but transducers with different centre frequencies and focal lengths can be accommodated within the
one probe. With either type, as in all B-mode systems, each sweep of the transmit-receive beam generates a
new frame, showing all echo-producing structures in their new positions.

The sector field of view of this type of probe is particularly appropriate to heart imaging and those
abdominal situations where superficial acoustic barriers such as ribs, lungs or gas pockets restrict the acoustic
window at the surface of the patient’s body. Itis also ideal for imaging the neonatal brain through the anterior
fontanelle. These advantages are shared by other sector scanners, such as annular array scanners, considered
next, and phased array scanners (section 13.7.6).

13.74.  Annular array mechanical sector scanners

These are very similar to the type just discussed, except that the transducer is constructed in the form of an
annular array of concentric ring shaped transducer elements (figure 13.13). Use of an array transducer allows
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Figure 13.12. Simplified representation of a ‘rocker’ type of mechanical sector scanner.

the focus and other characteristics of the transmit and receive beams to be varied, thereby improving the
lateral resolution and contrast resolution over the full depth range of the image. Each transducer element in
the array operates independently of the others. It has its own pulse generator, which delivers an oscillating
voltage to excite the element and thus produce an ultrasonic pulse, and its own pre-amplifier for giving initial
amplification to the echoes.
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Figure 13.13. Representation of an annular array transducer. Mechanical sector scanners that incorporate
an annular array transducer, in place of a single element transducer, have excellent lateral resolution and
slice thickness over awide range of depths.
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In transmission, the operator can position the focus at the same depth as any region of interest, thereby
improving the lateral and contrast resolution there (figure 13.14). A ‘trigger’ signal undergoes different time
delays on the way to each pulse generator. These delays are chosen to compensate for the differences in path
length (and hence travel time) between each element and the selected transmission focus. This ensures that
the relatively weak individual pulses from all the elements arrive at the chosen focus at the same time, thereby
reinforcing each other and producing a large resultant pulse. Appropriate time delays are pre-programmed
for each possible setting of the transmission focus control. At any point away from the selected focal zone,
the individual weak pulses from each element arrive at different times, producing no more than low amplitude
background acoustic noise.

Transmission pulses

af different fimes  pifferent path lengths

) ) | , for each element
Trigger signall ) v

Transmission’ B o/

pulse generators ya-i Required
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Transducer array focus

Figure 13.14. The transmission focal length of an annular array transducer may be varied by the operator
to minimize beam width (and hence optimize lateral resolution) at a particular depth. The principle is also
used with linear and phased arrays but, for these probes, only the beam width in the scan plane is affected.

In reception, a variable receive focus is achieved in a similar way by introducing time delays into the
electrical signal paths of the returning echoes. These delays are pre-calculated to compensate for the small
differences in travel time between the required receive focus and each element. When the delayedecho signals
are summed together they produce a strong response only from a reflector at or near the focus. However,
in contrast to the transmission situation, the operator is not required to select a receive focus. Instead, the
machine automatically changes the receive delays every few us over the period during which echoes return,
advancing the range of the receive focus at an average rate of | mm every 1.3 us (section 13.6.1). This
ensures the receive focus always keeps up with the depth of origin of the echoes. This dynamic focusing
technique produces an effective receive beam that consists of a string of narrow focal regions lying end to end,
maintaining good lateral resolution from near the surface to the maximum depth of penetration (figure 13.15).
Note that the outer elements are not used when focusing close to the probe, since they cannot contribute
significantly to on-axis points so close to the probe.

The idea of stringing together the narrow focal zones of several beams to form a long narrow effective
beam can also be applied to transmission. In a technique known as multiple zone focusing in transmission,
several transmit-receive sequences are carried outalongthe same scanline. Ineach transmit-receive sequence
the transmitted pulse is focused at a different range, and only those echoes arriving at times corresponding
to ranges close to that focus are detected and stored. The operator is free to choose up to say four different
transmit foci, positioned at whatever ranges he wishes. The more focal zones chosen. the greater depth range
having improved lateral resolution. However, there is a frame rate penalty, since each additional transmission
focusinvolves an additional transmit—receive sequence. This increases the time spent interrogating each scan
line, and therefore each frame. In some advanced designs, the centre frequency of the transmitted pulse is



B-mode scanners 351

st 4th 9th
focus focus focus

| y |

Shape of receive -~ = Shape of receive ~~
beam for 4th focus beam for 9th focus

Figure 13.15. The effective receive beam produced by dvnamic focusing (and aperture) in reception. It
remains narrow, and hence maintains good lateral resolution, from near the probe to the maxinum scan
depth. A beam with a fixed focus (say the ninth in this figure) would be wider than the ‘effective beam’ at
all depths other than that of its focus.

changed at the same time as the transmission focal length. This ensures the optimum resolution is achieved
at all depths.

The independent electrical access to each element of the transducerarray also means that the apodization
(section 13.5) of the transducer array can be varied. in order to optimize the beam profile and side lobe level
for different target depths. In transmission the voltage amplitude of the transmission pulses to individual
elements may be varied. In reception the gain (amplification factor) of the individual pre-amplifiers may be
varied.

Note: It is important to realize that the principles of variable focusing, aperture and apodization that
have been introduced here as part of the description of an annular array transducer, also apply to linear array
and phased array probes. as described next. In fact. from a historical perspective, they were first introduced
for linear array scanners and only later applied to annular array mechanical scanners.

13.7.5.  Linear and curvilinear array scanners

Asimplified diagram of alineararray probe is shown in figure 13.16. A typical example might have 128 narrow
rectangular transducer elements, each only about two wavelengths wide. The transducer array is usually
constructed by taking a slab of polarized PZT with electrodes on both sides, and cutting channels through it
to form separate elements. There is a separate electrical lead to the rear electrode of each element, but all
elements share a common front electrode and lead. An ‘active group’ of adjacent elements is electronically
selected to act as the beam forming transducer. This active group, and hence the beam, is stepped across the
array by progressively dropping an element from one end of the group and adding a new one to the other end
(figure 13.17).

As noted above, all the electronic beam forming techniques described in connection with the annular
array scanner can be used in a linear array scanner, including operator-controlled transmission focus, automatic
dynamic focusing in reception, variable active aperture and apodization. However, unlike annular arrays,
which have two dimensional circular symmetry, linear arrays extend in one dimension only. Consequently
electronic beam forming only controls the beam characteristics in the scan plane. However, in this plane, a
narrow effective beam can be maintained to a much greater depth than is possible with other types of scanner.
Recalling the formula wr = FA/a (section 13.5), the ratio F'/a, and hence the focal beam width (w), can be
kept constant up to large values of F if the aperture (2a) is increased in proportion to F. Linear array scanners
can achieve this by progressively adding extra elements to the active group as the receive focus is increased.
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Figure 13.16. Simplified cross sectional views of a linear array probe.
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Figure 13.17. The beam may be stepped along a linear array by dropping a transducer element from one
end of the active group and adding one to the other:

Most stop this aperture expansion when the active group contains around 20 elements, but some continue until
it includes all the 128 elements (say) in the entire array. This requires more complex and expensive beam
forming electronic hardware, but produces excellent lateral resolution for deep targets.

In the dimension perpendicular to the scan plane (elevation plane), the beam characteristics are fixed,
determined by the width of the array in this dimension and a weakly focusing cylindrical lens running the
length of the array. Some recent linear array probes provide adegree of variable beam forming in the elevation
plane by subdividing the array of elements into several rows of smaller elements (figure 13.18). Such probes
are sometimes referred to as ‘1.5D’ arrays since they go part way to a full 2D transducer array. They allow
additional control of the signals to and from all the elements in a given row, allowing the focus, aperture and
apodization in the elevation plane to be varied, and thus improve slice thickness (section 13.7.10) and hence
contrast resolution.

The rectangular field of view of linear arrays makes them popular for scanning superficial structures
(‘small parts’) such as in the neck, breast, scrotum and limbs. Curvilinear array probes, which are basically
linear array probes constructed with some degree of curvature (figure 13.19(a)), provide a wide field of view
close to the probe and an even wider one at depth. They are widely used for obstetric and some abdominal
applications, but cannot be used where the need to push the convex front face into full contact with the
patient would cause unacceptable distortion of superficial structures. This problem has been overcome in the
‘trapezoidal’ scan format now being offered by some linear array probes (figure 13.19(b)). This involves a
combination of linear array beam stepping with the beam steering technique described next.



B-mode scanners 353
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Figure 13.18. A ‘1.5D’ linear array has several rows of transducer elements, allowing dynamic beam
forming in the elevation plane, and hence producing an effective slice thickness that is narrow over a large

depth range.

A disadvantage of linear and curvilinear arrays is the presence of grating lobes. These are weak replicas
of the beam, at angles of 30° or so from the main beam. They contribute unwanted echoes and so degrade

contrast resolution

Curvilinear “Trapezoidal’

©)

Figure 13.19. (a) Curvilinear arrays, and (b) linear arrays with peripheral beam steering, offer a wide field
of view superficially, becoming even wider at depth.

13.7.6.  Phased array scanners

A phased array probe also uses electronic means to form and scan the beam, but the beam is steered rather
than stepped, producing a sector field of view. Again there may be about 128 elements, but this time they are
less than half a wavelength wide, producing a much narrower probe. Unlike a linear array, all the elements
are used to generate each beam in the sweep. Beam direction is controlled by delaying the pulses to and from
each element to exactly compensate for the extra path length between each element and the desired focus.
The principle is very similar to that already described for focus control with linear and annular arrays, except
that the transmission focus and reception foci now lie on angled scan lines (figure 13.20). Again, as for linear
array and annular array probes, variable aperture, apodization and focusing are possible in both transmission
and reception. However, as in the case of a linear array, such electronic beam forming only affects the beam
shape in the scan plane. In the dimension perpendicular to the scan plane, a cylindrical lens provides fixed,
weak focusing.

Animportant advantage of phased arrays over mechanical sector scanners, particularly in heart scanning
applications, is their ability to perform mixed mode scanning. Here, both a B-mode scan and an M-mode scan
are displayed simultaneously. Since there is no moving transducer, there is no mechanical inertia associated
with the scanning, and the beam can be made to jump virtually instantaneously from scan line to scan line
in any sequence. This makes it possible for the beam to interrogate say three scan lines of the B-mode scan,
then jump to a highlighted M-mode line and interrogate that, then jump back to continue the B-mode scan
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Figure 13.20. Beam steering by a ‘phased array’ probe. The principle is similar to electronic focusing,
except that delays are chosen to produce a focus on an angled scan line. Dynamic focusing in reception
involves generating a sequence of receive foci, closely spaced along the same scan line.

for three more lines, then back to the M-mode line, and so on. The two scans are seen to proceed together
in real time, with the advantage that fine adjustments to the probe position, and hence the positioning of the
M-mode line in the heart, can be monitored on the B-mode image. Similar mixed mode scanning is also
possible with linear and curvilinear array probes, facilitating, for example, the M-mode recording of foetal
heart movements.

A disadvantage compared to mechanical scanners is that the transmit-receive beam width increases,
and hence the lateral resolution becomes poorer, towards the lateral edges of the sector scan. This is because
the effective width of the transducer aperture is smaller when ‘seen’ from a scan line at an angle to the probe
axis, and the beam width is inversely proportional to this aperture (section 13.5).

13.7.7.  Intra-corporeal probes (endoprobes)

Intra-corporeal probes allow the transducer to be situated nearer to the tissue region of interest. The require-
ment for less penetration means that a higher frequency may be used, and consequently lateral and axial
resolution are improved (section 13.7.1). Image quality is further improved by the reduction of beam distor-
tion in the intervening tissue. As an example, an oesophageal probe for scanning the adult heart might have
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a centre frequency of S MHz, compared to the 3.5 MHz that would be more typical for a probe scanning
through the chest wall.

In principle, any of the beam forming and scanning methods discussed above may be incorporated into
an intra-corporeal probe. Thus the transducer could take the form of a suitably compact mechanical sector
scanner (single element or annular array), a linear or curvilinear array or a phased array. A further choice is
offered by radial scanning, in which the beam is scanned through 360° around the axis of the probe, in the
manner of a circling lighthouse beam. Radial scanning probes commonly use a single element transducer, of
fixed focal length, that is mechanically rotated within the probe (e.g. 5-7 MHz trans-oesophageal and trans-
rectal probes), or on torque wire passed through a catheter (e.g. 30 MHz intra-arterial probes). However,
modern developments in transducer array technology mean that electronic radial scanning of intra-catheter
probes is now possible. This avoids problems due to the torque wire winding up, or the catheter tip vibrating
excessively. It also permits electronic control of focal length. The technique uses a cylindrical array around
the tip of the probe, and may be thought of as an extreme form of curvilinear array, where the curvature
extends through 360°.

The particular scanning method chosen, the frequency and the overall shape and size of the endoprobe,
depend on the anatomical constraints of the particular application. Thus a linear array, mounted on the side
of a rigid cylindrical probe, is convenient for imaging the prostrate trans-rectally, whereas a forward looking
curvilinear array mounted at the end of a trans-vaginal probe is better suited to imaging the ovaries or an early
pregnancy. Sometimes, as in trans-oesophageal imaging of the heart, two compact phased arrays are mounted
close together at right angles to each other, providing orthogonal B-mode sections of the target area.

13.7.8.  Write zoom

This restricts the scanning action to a smaller region of interest, which the operator defines by positioning a
box on the unzoomed image. The screen is then filled with a magnified real-time image of the selected area.
The time saved by not scanning outside the box leads to an improvement in frame rate. In some applications,
some of the potential increase in frame rate is traded for an increase in lateral resolution. For example, the
time consuming technique of multiple zone focusing in transmission (section 13.7.4) may be used to produce
a narrower effective transmission beam and hence improved lateral resolution.

13.7.9.  Amplifying, processing and displaying the echo signals
Radio-frequency (RF) amplification and time gain compensation TGC

The weak electronic echo signals produced at the end of the beam forming stage must be amplified to a level at
which they can be digitized and further processed. This is complicated by the fact that the desired echo signals
are always accompanied by random voltage variations known as electronic noise. Contributions to this noise
are generated at all frequencies, so the wider the range of frequencies that an electronic circuit can amplify,
the greater the amplitude of the noise generated by that circuit. Thus, in order to keep the signal-to-noise ratio
as high as possible, the amplifier should be able to handle just the range of frequencies that is in the spectrum
of the echo pulses, and no more. This type of frequency selective amplifier is known as a radio-frequency
(RF) amplifier, since it was first developed to amplify signals generated by radio waves.

The substantial and frequency dependent attenuation suffered by ultrasound in tissue has implications
for the design of the RFamplifier. One effect of this attenuation is that the echo signals from targets deep within
the body are much weaker than from identical targets closer to the surface. Thus, if 3 MHz ultrasound is used
to image two identical targets in liver (attenuation coefficient of 0.6 dB cm™' MHz '), one being 15 cm deeper
than the other, the two echoes will differ in intensity by 54 dB (= 0.6 dB cm~' MHz ! x 15 cm x 3 MHz x 2,
allowing for a two way trip). Because the strength of a reflected or scattered echo is used to indicate the nature
of a target, this reduction in echo intensity with target depth would make interpretation very difficult. Simply
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amplifying all echoes more might make the smaller echo signals easier to see on the image, but the larger
signals would become so strong that they would saturate the electronics and become indistinguishable from
each other. To overcome this problem, swept gain, or time gain compensation (TGC), is always used. The
gain of an amplifier is the ratio of the amplitude of the output signal to that of the input signal. Swept gain
means that the gain of the RF amplifier is increased with time so that the strong, early, echoes arising from
targets close to the surface are amplified by a small gain factor, and the later echoes from more distant targets
are amplified by a large gain factor (figure 13.21(a)). The gain versus time function is set by the operator, and
may be a smooth progression (figure 13.21(b)) or more complex (figure 13.21(c)). according to the clinical
application and the type of swept gain control provided. If the swept gain is correctly set, scattered echoes
from within a particular type of tissue will be shown at a fairly even brightness at all depths, and echoes from
larger interfaces with similar reflecting properties will be displayed at similar brightness levels.
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Figure 13.21. (a) TGC attempts to compensate for the effect of attenuation by progressively increasing the
amplification (gain) received by echoes as they return from greater and greater ranges. TGC controls may
allow a simple increase of gain with depth (b), or independent control of gain in different range intervals

(c).

The dependence of echo strength on depth is more marked at higher frequencies because attenuation
in tissue increases with frequency. Repeating the above calculation for a frequency of 6 MHz shows that the
echo from the deeper target would be 108 dB weaker than from a similar target 15 cm nearer the probe in the
liver. Hence, the spectrum of a deep echo will have relatively less high frequency energy than that of an echc
from a closertarget. The centre frequency and bandwidth (section 13.2.8) of echoes arriving at the transducer
therefore become progressively lower as they return from increasingly greater depths. This means the beam
width and pulse length become greater, and hence the lateral and axial resolutions become poorer, for deeper
targets.

The variation of echo spectra with target depth is taken into account in high performance ultrasounc
scanners, where the centre frequency and bandwidth of the RF amplifier is continuously changed with time
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to match the expected changes in the echo spectra. The progressive reduction in amplifier bandwidth is
accompanied by a reduction in electronic noise, leading to worthwhile improvements in sensitivity, contrast
resolution and penetration for deeper targets.

Anoverall gain control is also provided to set the overall amplification given to all echoes, irrespective
of depth. This, and the output power control, which determines the amplitude of the transmitted pulses,
determine the sensitivity of the scanner.

Amplitude demodulation

Apart from the target position, the only echo information that is needed for the B-mode display (or A- or
M-mode display) is the echo amplitude. It is therefore necessary to remove the RF oscillations within the
echo signal to leave a simple pulse with the same amplitude as the original (figure 13.22). The receiver stage
that achieves this is called the amplitude demodulator, and the simplified train of echo pulses it produces is
called the demodulated signal.
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Figure 13.22. Amplitude demodulation produces a simplified echo waveform with the same peak amplitude
and a shape equal to the half envelope of the original.

Digitization

The continuously varying voltage produced by the transducer is, in effect, an analogue of the pressure variation
at the transducer produced by the returning echoes. Thus, the RF echo signal, the demodulated signal, or any
signal in the form of a continuously changing voltage, may be described as an analogue signal. In order to
take advantage of the power of digital signal processing technology, the analogue echo signal must first be
converted into a digital signal (see sections 7.3.5 and 8.7). Increasingly, high performance scanners carry out
this digitization process on the RF signal, allowing beam forming to be achieved digitally. Other scanners
digitize the signal after amplitude demodulation.

The number of bits in the digital signal is crucial to contrast resolution and dynamic range (section
13.7.1). For example, an eight bit analogue-to-digital converter (ADC) can produce 256 different digital
numbers (0-255), whilst a 12 bit ADC can produce 4096 (0-4095), allowing finer discrimination between
signal amplitudes and hence better contrast resolution. Recalling that the dynamic range of a scanner is the
ratio of the largest to the smallest of a range of signals that can be processed, the 12 bit system will have a
dynamic range of 4095:1, while that of the eight bit system would be only 255:1. The dynamic range limit
imposed by the ADC can be expressed in decibels, since every additional bit means a doubling of the largest
number, and a doubling of amplitude is equivalent to an increase of almost exactly 6 dB (section 13.2.7).
Thus the dynamic range following a 12 bit ADC is 72 dB, while that following an eight bit ADC is 48 dB.
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Dynamic range compression

There appears to be relatively little benefit in displaying ultrasonic images with more than the 256 grey levels
that can be stored in a typical eight bit deep image memory (see below). From what has just been said, this is
a dynamic range of 48 dB. However, echoes from within the patient have a very much greater dynamic range.
The echoes reflected from gas or bone may be well over 100 dB more intense than echoes scattered from
microstructures within tissue or from groups of blood cells. The dynamic range of echoes at the transducer
will have an even greater dynamic range, since attenuation will make echoes from deep targets much weaker
than those from near targets. Ideally, the effect of attenuation will be removed by the TGC, so the dynamic
range of echoes leaving the TGC stage should be only that due to differences in the reflection and scattering
coefficients of soft tissue structures. Nevertheless, it is necessary to change (compress) this 100 dB or more
dynamic range to match the 48 dB of a typical eight bit image memory. This may be achieved in two ways.

The first is with the dynamic range or reject control, which allows the operator to reject echoes below
a certain threshold. Thus, selecting a dynamic range of say 40 dB means that only echoes with amplitudes
within 40 dB of the maximum would be displayed. Reducing the dynamic range may be appropriate if an
operator decides that very low level echoes are not of interest, although it should not be done without good
reason as it represents a loss of information. A reduced dynamic range should lead to an improvement in
contrast resolution for the remaining echoes, since the full range of display grey levels is available to the now
smaller range of echo amplitudes.

The second means of compressing dynamic range is the transfer characteristic or pre-processing con-
trol. This determines the relationship between the amplitude of an echo (after the TGC and demodulation
stages) and the number stored in the image memory. The most obvious relationship would be if the latter
were linearly proportional to the former, giving a transfer curve or transfer characteristic in the form of a
straight line (figure 13.23). However, many applications of diagnostic ultrasonic imaging are concerned with
differentiating one tissue mass fromanother on the basis of the strengths of the low amplitude scattered echoes.
One example is looking for tumours in tissue parenchyma. The contrast between such echoes is enhanced if
most of the available range of grey levels is dedicated to the lower amplitude echoes, with larger amplitude
echoes sharing only a few of the whiter grey levels. The operator can achieve this by selecting a low level
enhancement transfer curve from the pre-processing options. In some applications, for example in the orbit
or breast, the greatest contrast is required for distinguishing between echoes of medium amplitude, in which
case an S curve, allocating most of the grey scale to mid-amplitude echoes, would be more appropriate. Note
the similarity of this discussion and that in section 8.7 (figure 8.9).
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Figure 13.23. Examples of pre-processing transfer curves. By selecting the curve most suited to the
application, the operator may improve contrast resolution.
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Image memory

The image is presented as a rectangular matrix of small picture elements (pixels), each having a grey level
determined by the amplitudes of the echoes from the corresponding part of the scan plane, following the TGC
and compression stages described above. Each pixel has a horizontal and a vertical address, and for each
pixel a number defining the grey level is stored at the same address in an image memory. Although one pixel
represents only a tiny area of tissue, nevertheless there will be a short sequence of echoes from a scan line
crossing that region, rather than a single echo. The operator may be offered a choice of sampling algorithms
to determine how a single number is chosen to represent the amplitude of this short echo sequence. Choosing
the echo amplitude at the instant corresponding to the first edge of the pixel is simple but, since the signal
has a random electronic noise component as well as genuine echo information, this leads to a noisy image;
averaging the digital echo samples across the pixel region is a more common method; storing the difference
between average values for a pixel and its neighbour further along the scan line produces an image in which
boundaries are emphasized.

A further choice to be made by the operator is how much the number stored for each pixel should change
from frame to frame. It might be thought that this number should be simply replaced on a new for old basis
in every frame. However, again electronic noise accompanying the genuine echo information may cause a
particular pixel to be unduly bright in one frame and unduly dark in a later frame. This noise may be reduced
by frame averaging, whereby the value stored for each pixel is the average of the previously stored value and
that generated in the new frame. This leaves unchanging genuine echo information unaffected, but averages
out the time-varying noise component. Thus, with a 50:50 averaging ratio, the number stored for each pixel
would be 50% of the previous stored number plus 50% of the number representing the echo amplitude in the
new frame. A higher averaging ratio, such as 80:20, would reduce noise even more effectively but would
lead to a longer persistence effect. A lower averaging ratio, such as 20:80, would give a noisier image but a
faster response to changes in the tissue, or movements of the probe from one site to another (better temporal
resolution).

The process of storing echo amplitude information in the correct memory locations is known as writing.
At the same time, the process of reading takes place, in which the same memory locations are interrogated
row by row, in synchrony with the TV display scan raster. Because data are written into memory in the
sequence defined by the ultrasonic scan format, but read out in a TV raster scan sequence, the process is
called scan conversion. By selecting frame freeze, an operator can inhibit the writing action. The reading
action continues, allowing the TV monitor to receive and display the now unchanging stored image data.
Ideally, selecting frame freeze should also stop the probe from transmitting and thus prevent the patient
receiving unnecessary ultrasound exposure, but this should not be assumed. Post-processing is a facility for
modifying the relationship between the number stored in each memory location and the brightness or grey
level of the corresponding pixel on the display. It contributes along with pre-processing to the overall transfer
characteristic, relating the displayed grey level to the post-TGC echo amplitude. Post-processing has an
advantage over pre-processing in that it can be done on a stored image but, since the memory usually has a
smaller dynamic range than the ADC, it is less important than pre-processing as a means of adjusting image
contrast.

A facility known as read zoom is sometimes provided. This allows the operator to select an area of
interest within the frozen image and to magnify it to fill the TV screen. The read interrogation of the image
memory is restricted to the reduced set of memory locations corresponding to the defined area. The data
from this smaller area are thus displayed across the full extent of the screen. Interpolation between data
from adjacent memory locations is necessary, otherwise the pixels of the zoomed image would be large and
conspicuous. Read zoom does not have the benefits of improved frame rate and lateral resolution that are
provided by write zoom (section 13.7.8).
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13.7.10. Artefacts of B-mode images

Image artefacts are misrepresentations of tissue structure in the ultrasonic image. This may be in the grey level,
size, position or even the presence or absence of an echo. Experience and a good knowledge of the relevant
anatomy allow most artefacts to be recognized. Some common artefacts and their causes are discussed below.

Figure 13.24. Example of a B-mode image showing a number of artefacts: (a) speckle pattern, (b) rever-
berations, (¢) shadowing, (d) post-cystic enhancement, (e) edge shadows, (f) incomplete visualization of
specularly reflecting boundaries.

Speckle pattern

Close examination of a B-mode image shows that scattering tissue parenchyma is represented by a complex
mottled (speckled) pattern of bright and dark regions (figure 13.24). Although. for stationary tissue, this
speckle pattern repeats itself exactly from frame to frame, it is random and there is no one-to-one corre-
spondence between an individual bright ‘speckle’ and an individual scatterer in the tissue. The numerous
individual scatterers are too close together, and their individual echoes are too weak, to be individually re-
solved on an image. At any instant, echoes will arrive from targets distributed over a volume defined by
the time since transmission, the beam cross section and the pulse length. These will add together (interfere)
to form a resultant signal that is either weak or strong depending on the precise spatial distribution of the
scatterers within that volume. The resultant signal will therefore vary randomly from large (bright) to small
(dark) along each scan line. Bright intervals on several adjacent scan lines make up a bright speckle.
Although each speckle is different in size and shape, the average speckle width (perpendicular to the
scan lines) is equal to the beam width, and the average speckle height (along the scan lines) is equal to half the
pulse length. A cyst in solid tissue is unlikely to be resolved if its axial and lateral dimensions are smaller than
the corresponding average dimensions of the surrounding speckle pattern. The requirements for resolution
of cysts are therefore consistent with those for resolution of point targets (section 13.7.1). Of course, a solid
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lesion generatingitsown internal speckle pattern will be more difficultto see due to the poorer contrast against
the surrounding speckly pattern. Whether or not it is detected depends on its size in relation to the speckle
pattern, the difference in scattering strength between its internal scatterers and those of its surroundings and
the contrast resolution of the scanner.

Reverberations (multiple reflections)

When a transmitted pulse encounters a pair of relatively strongly reflecting parallel interfaces, the echo from
the deeper interface can be partially reflected at the nearer interface to form a new, albeit weaker, ‘transmitted
pulse’ travelling back into the body again. This will be partially reflected again at the deeper interface
etc, leading to the production of a chain of such pulses at regular intervals and diminishing amplitudes
(figure 13.25). These result in each target producing not one echo on the image, but a series of reverberation
echoes at regular spacings, gradually weakening with range. Examples of suitably strong reflecting interfaces
might be muscle fascia or fat—-muscle interfaces. The commonest reverberation situation involves the probe
face itself acting as the nearer reflector, since this is often large, fairly flat and relatively strongly reflecting.
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Figure 13.25. Reverberations between strongly reflecting interfaces produce strings of uniformly spaced
false echoes. Reverberation echoes produced by irregular tissue can appear more random and noiselike than
this idealized representation. Reverberation echoes are also produced bevond the distal liquid boundary,
but are usually lost in the speckle pattern produced by the soft tissue there.

Reverberation echoes are usually only noticed as acoustic noise within the otherwise echo free images
of liquid-filled structures. Classic examples are beyond the anterior wall of the bladder, pregnant uterus, gall
bladders, the larger abdominal blood vessels. The regular spacing of the reverberation echoes helps to identify
them as such (figure 13.24).

Beam width artefacts

Isolated targets surrounded by liquid, for example a gall stone, a foetal finger or limb, or a section of intestine
in ascitic fluid, are often represented on the image by a wide streak. The explanation for this ‘handlebar’,
‘umbrella’, or ‘Mexican hat’ artefact has already been given in the discussion of lateral resolution in sec-
tion 13.7.1. It may make two close targets at the same range appear as one elongated target, or it may cause
a hole in a surface to be obscured due to the merging of the ‘streaks’ extending from tissue on each side.



362 Diagnostic Ultrasound

Slice thickness artefact

The fact that the beam has a certain width perpendicular to the scan plane means that echoes will be detected
from targets lying within half an elevation beam width (section 13.7.5) on each side of the scan plane. In
effect, the beam is interrogating a slice rather than a plane, and the elevation beam width at any depth defines
the slice thickness at that depth. The spurious echoes from targets within the slice, but not actually in the
scan plane, are a form of acoustic noise, reducing the contrast resolution of the image. The effect is mainly
noticeable when the scan plane passes through liquid, but solid (scattering) tissue lies within half a beam
width of the scan plane (figure 13.26). Thus the image of a small spherical cyst, or a longitudinal section
through a blood vessel that is narrower than the slice thickness, is likely to show weak acoustic noise within
1t.
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Figure 13.26. Slice thickness artefact. The diagram represents the elevation plane, i.e. the plane perpen-
dicular to the scan plane. Echoes from tissue (x) within the scanned slice, but not in the scan plane itself,
appear as acoustic noise and degrade contrast resolution.

Annular array scanners are least affected by this problem since, having beams of circular cross section,
the beam width reductions achieved by array beam forming techniques apply equally in the elevation and
scan planes.

Mirror images

A strongly reflecting boundary can act as a mirror, deflecting both the transmitted and reflected pulses. Echo
producing targets then appear as virtual images on the far side of the boundary. A classic example of this is
the air-backed diaphragm acting as a mirror to make a structure within the liver appear as a structure in the
lung.

Missing interfaces

As mentioned in section 13.3.4, some smooth reflecting interfaces may be difficult to visualize unless the
beam is almost perpendicular to the interface. For example, the smooth membrane around the kidney and the
walls of arteries are usually incompletely visualized, since the ultrasound from the probe meets such interfaces
at normal incidence only over a limited region (figure 13.24).

Registration errors

In a B-mode scan, the speed of sound through difterent tissues is assumed to be the same. In reality there can
be an errorin range, due to an echo returning at a time that is different to that predicted by the assumed speed
(axial registration error), or an error in lateral position, due to lateral deflection of the beam by refraction at
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Figure 13.27. Eve scanning examples of misregistration. (a) Axial misregistration of the retina image due to
the relatively high speed of sound in the lens. (b) Lateral misregistration of a foreign body due to refraction

at the surface of the eveball.

an intervening oblique interface. An example of axial misregistration is the forward bulge in the image of
that part of the retina lying behind the lens, due to the higher speed of sound in the lens (figure 13.27(a)). An
example of lateral misregistration, also from eye scanning, is the lateral shift of the image of an intra-ocular
foreign body or tumour, caused by refraction at the oblique wall of the eyeball, having vitreous humour (higher
speed) on one side and the soft tissue or a water bath on the other (figure 13.27(b)).

Acoustic shadows

A structure such as a bone or a calcified gall stone can reflect and/or absorb virtually all the ultrasound power
incident upon it, creating a region of little or no echo strength (acoustic shadow) in the area on the image
beyond it (figure 13.24). The problem can usually be solved by moving the transducer to another position
from where the sound wave can avoid the obstruction. Even soft tissue masses can absorb the incident beam
sufficiently strongly to create a shadow. This can often be of diagnostic value since it identifies the mass as
being of a highly absorbing nature, like some tumours, or strongly reflecting, like a calcified gall stone.

Post-cystic enhancement

This is the opposite to shadowing in that the area behind a weakly attenuating structure is shown with enhanced
brightness. It occurs where the TGC has been set up to compensate for absorption in solid tissue, but part
of the field of view consists of a liquid region or some other mass of very low absorption. Echoes returning
from beyond the liquid are given the benefit of extra gain, but have not actually suffered the attenuation that
the extra gain was intended to compensate for. The artefact is useful in that bright echoes in a region beyond
a relatively echo free area are a good indication that the echo free area represents a liquid (figure 13.24).

Edge shadows

These are shadows cast by strongly curved walls of rounded structures, such as a blood vessel, lesion or small
organ such as the gall bladder (figure 13.24). The beam is strongly reflected by the convex surface so that
targets further along the scan lines receive very little intensity and produce hardly any echoes. The reflection
from the convex surface is strongly divergent (figure 13.28), and so loses intensity rapidly. Thus echoes from
any targets in the reflected beam are too weak to be noticeable as mirror images beyond the surface. The
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resulting lack of echoes beyond the curved surface is known as an edge shadow. If the speed of sound changes
from lower to higher at the curved surface, total internal reflection of the beam (section 13.3.5) can occur,
leading to a more marked shadow than that caused by normal specular reflection.
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Figure13.28. Edgeshadowartefacts can be produced by strong specular reflection ortotal internal re flection

at a convex boundary.

Beamn distortion

This is due to refraction at interfaces within inhomogeneous subcutaneous tissue. The distorted beam is
effectively widened and has an uneven intensity distribution, producing blurred images. This effect is rather
similar to the distortion of visible images when light passes through mottled bathroom glass. This is more of
a problem in some patients than in others, and is one of the reasons why some patients make poor scanning
subjects.

13.8. THE DOPPLER EFFECT

If a particle or tissue interface is moving towards the source of a wave, the wave reflected or scattered back
to the source has a frequency that is higher than that of the incident wave. Conversely, if it is moving away
from the source the frequency of the reflected or back-scattered wave is reduced. This is the Doppler effect.
Its major application in diagnostic ultrasound is in the investigation of blood vessels, where the frequency
changes of the echoes scattered by blood cells give detailed information about blood flow.

This may be understood by reference to figure 13.29 where successive wavefronts of an incident wave
are scattered by a small particle into spherical wavefronts expanding away from the particle. (A wavefront
is a surface joining all points that are at the same stage (phase) in a wave cycle. It is analogous to say the
peak or trough of a ripple on water). In (@) the particle is at rest, and the frequency with which the wavefronts
reach the particle, and hence the frequency and spacing (wavelength) with which the scattered wavefronts are
generated, is the same as in the incident wave. In (b) the particle is shown moving towards the source of the
incident wave. It moves forward to meet each wavefront a little earlier, and a little nearer to the source, than
it would if it were stationary, resulting in an increase in the frequency with which the scattered wavefronts
are generated and a reduction in their spacing along a line back to the source. Since there is no change in
the speed of these back-scattered wavefronts, their closer spacing (smaller wavelength) means they arrive at
the source at a frequency that is higher than the transmitted frequency. In (c) the particle is shown moving
away from the source of the incident wave. It now meets each wavefront a little later, and a little further from
the source, leading to an decrease in the rate of generation of scattered wavefronts and an increase in their
spacing along a line back to the source. The frequency of arrival of scattered wavefronts back at the source
is therefore lower than the transmitted frequency.
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Figure 13.29. The Doppler effect produced by a moving particle. (a) The particle is at rest. (b) The particle
is moving towards the source. (c) The particle is moving away from the source. Wavefronts scattered by
the particle at positions 1,2,3,: .. expand to become spherical wavefronts 1,2,3, ... centred on these original

positions.

In medical applications, a probe on the body surface provides both a transmitter for the outgoing
ultrasound wave and a receiver fordetecting the scattered wave. The difference between the frequency of the
transmitted wave ( fr) and that received back at the probe ( fz) is known as the Doppler shift ( fp).

fo = fr— fr.

Note that fp is a change in frequency and will be positive if the particle motion is towards the source, and
negative if the motion is away from the source. The magnitude of the Doppler shift, expressed as a fraction
of the transmitted frequency, is directly proportional to the speed of the particle, expressed as a fraction of
the speed of sound (c¢). For the situation considered so far, where the particle is moving directly towards or
away from the source (with a speed v):

Io 52

Jr c

Note the convention, usually adopted for Doppler applications, of making v positive if the target is moving
towards the source. This is different to the normal convention of making velocities away from the source
positive (section 13.2.6), but it is convenient to have positive Doppler shifts associated with positive velocities.
In general the direction of movement of a scattering particle will be at some angle 6 to the direction of the
incident wave (figure 13.30). Only motion directly towards or away from the probe produces a frequency
shift, so only the component of the particle velocity that is towards or away from the source will be relevant
in determining the magnitude of this shift. This component will be vcos8. The Doppler equation, which
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allows particle speed v to be found from a measurement of fp, is therefore:

2v cos b fr
Jo=—".

G

Substitution of typical values for v and fr shows that fp is typically a few kHz or less. For example, a blood
cell moving at 0.5 m s~} directly towards a probe (cos§ = 1) transmitting a frequency of 3 MHz, would
produce a Doppler shift fp equal to 2 kHz (assuming ¢ = 1500ms™").
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Figure 13.30. Only the component of the target’s velocity that is directly towards or away from the probe
produces the Doppler effect. If the target speed is v and the angle between the ultrasound beam and the

target is 0, this velocity component is v cos 6.

13.9.  SPECTRAL DOPPLER TECHNIQUES

13.9.1. The Doppler signal and Doppler spectrum from blood flow

Doppler systems transmit an ultrasound wave from a probe into the body and compare the power and frequency
of the waves scattered back with that sentout. Foreachreturning wave, anelectrical Doppler signal is generated
which has an electrical power (Doppler power) proportional to the acoustic power given to the receiving
transducer by the returning wave, and a frequency (Doppler frequency) equal to the Doppler shift ( fp) of the
returning wave. Since the millions of blood cells in even a small volume within a vessel will have a range of
speeds, the Doppler system will, in effect, generate millions of Doppler signals with a corresponding range of
Doppler frequencies. Ideally, the distribution of Doppler power versus Doppler frequency (the Doppler power
spectrum) in the overall Doppler signal should match the distribution of the number of blood cells versus
speed. In practice the match is only approximate, due to a number of factors discussed in section 13.9.5.

Since Doppler shifts, and hence Doppler frequencies, are at most a few kHz, the simplest way to present
the Doppler signal to an operator is via a loudspeaker. The human ear—brain combination is well used to
analysing complex sound signals in this frequency range, and so the operator can appreciate the relative
amount of blood flowing at low and high speeds from the relative loudness of the low and high frequency
content of the audible Doppler signal. Directional Doppler systems use two loudspeakers, filtering Doppler
signals with negative Doppler shifts (flow away) into one channel and those with positive shifts (flow towards)
into the other.

A visual representation of the distribution of power and frequency in the Doppler signal is provided by
using a spectrum analyser. The Doppler spectrum is usually presented as a two dimensional plot of power
(shown as a grey scale) versus frequency (vertically) and time (horizontally). as shown in figure 13.31.

13.9.2.  Continuous wave Doppler systems

The simplest type of Doppler system is a continuous wave (CW) system, shown diagrammatically in fig-
ure 13.32. The probe contains two transducers, one of which transmits continuously, while the other receives
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Figure 13.31. Typical presentation of a Doppler spectrum versus time for an artery. Distance above or
below the base line represents positive or negative Doppler [requency respectively. A grey scale or colour
scale is used to indicate the relative power of the Doppler signal at each Doppler frequency.

continuously. The Doppler signal generator (Doppler demodulator) compares the frequency and power of
the received RF signal with a reference signal derived from the CW drive to the transmission transducer. The
wall thump filter rejects Doppler signals with frequencies below about 100 Hz. This eliminates the large
amplitude, but low frequency, Doppler signals produced by moving tissue, preventing them from swamping
the much weaker Doppler signal from blood. A CW Doppler system is sensitive only to moving targets in the
cross-over region, the region common to both the transmit and receive beams. By adjusting the sizes, shapes
and relative positions and orientations of the two transducers, the manufacturer can make this region long or
short, superficial or deep and narrow or wide, as appropriate to the intended application.

CW Oscillator
Loudspeaker

Doppler
signal }r/r\ﬁﬂn || Audio
RF . generator || filter P amplifier

amplifier

Figure 13.32. Block diagram of a simple continuous wave (CW) Doppler system. The angle between the
transmission (T) and reception (R) transducers is chosen to produce a short superficial cross-over region or

one that extends deeper; as required.

13.9.3.  Pulsed Doppler and duplex systems

In many applications it is desirable to be able to measure Doppler signals from a specific depth (range) interval.
For example, a cardiologist may wish to know whether blood is regurgitating back into the left atrium during
systole, or a vascular surgeon may wish to know about blood flow in one particular vessel, behind or in front
of other blood vessels. Pulsed Doppler allows the Doppler signal from a chosen range interval to be isolated
from other Doppler signals originating along the same line.
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Figure 13.33. (a) Block diagram of a pulsed Doppler system. The range gate is represented here by a switch,
shown in the blocking position. (b) Assumes a single moving target, situated within a | cm wide range gate
at a depth of 5 cm (see text). As each echo returns, the out put of the Doppler signal generator momentarily
becomes that which would have been produced by a CW transmission (dashed curve). Each sample is held
until the next, producing an approximation to the CW Doppler signal. This is further improved by low pass

filtering.

It involves transmitting a regular sequence of ultrasonic pulses (each pulse typically consisting of 3-20
cycles) towards the target region (sample volume), using the same transducer to both transmit and receive.
Samples of the Doppler signal from the chosen range interval are extracted by an electronic range gate that
only opens for the short time when echoes are anticipated from that range interval (figure 13.33). For example,
using the rule of 1.3 us go and return time for every 1 mm of range (section 13.6.1), if the required sample
volume extended between a range of 50 mm and 60 mm, the range gate would be opened 65 us after the
transmission of each pulse, and closed 13 us later. Thus each transmitted pulse produces just one sample
of the Doppler signal. A sequence of samples of the Doppler signal is therefore obtained, rather than a
continuous Doppler signal as in CW Doppler. However, only echoes from the selected sample volume have
contributed to these samples. Provided the time between samples is sufficiently small, a continuous, smooth
version of the Doppler signal can be recovered by the sample and hold technique illustrated in figure 13.33(b),
and further low pass filtering. This signal can then be input to a loudspeaker and spectrum analyser, in the
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same way as for a CW Doppler signal.

It is usual to combine pulsed Doppler with B-mode scanning in a duplex scanner. Duplex scanners
use the same probe for producing the B-mode scan and performing the Doppler interrogation. The Doppler
interrogation line and the range gate can be superimposed and adjusted on the B-mode image (figure 13.34).
When the range gate has been set, the operator selects pulsed Doppler mode and the B-mode scanning action
is replaced by a stationary Doppler interrogating beam at the desired position. A further advantage of duplex
scanning is that it allows the machine to display blood speed rather than Doppler frequency. To do this the
operator aligns a short angle cursor with the vessel or lumen axis, thereby allowing the machine to measure
the angle 6 needed to find v from fp using the Doppler equation.
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Figure 13.34. A duplex scan display shows the sample volume in relation to the B-mode image. The operator
may align an angle cursorwith the blood flow, allowing the machine to measure the angle 6 in the Doppler
equation, and hence calculate blood speed rather than just fy,.

A penalty of using pulsed Doppler is that there is an upper limit (Nyquist limit) to the Doppler frequency
that can be measured. If the frequency with which the Doppler signal is sampled (i.e. the prf of the transmitted
pulses) is less than twice the highest Doppler frequency present, then aliasing occurs (see section 10.3.3). This
means that a Doppler frequency ( fp) thatis outside the range :i:%prf is incorrectly measured as fp £ N prf,
where N is the integer value that brings the result within the range +1prf. Thus, on a spectrum analyser
display, as soon as an increasing Doppler frequency exceeds the positive Nyquist limit (+%prf), the displayed
frequency abruptly jumps to just above the negative one (—{prf), and then continues in the same direction
(figure 13.35). The displayed frequency has thus been reduced by the prf.

Aliasing may not be a problem for moderate blood speeds in superficial blood vessels, since the go and
return time is low and a high prf can be used. It may be unavoidable at larger depths (e.g. deep vessels, the
heart and the foetus) since the prf is limited by the requirement that echoes from one transmission should be
allowed to return before transmitting again (section 13.6.1). The solution is to use either CW Doppler or to
select high prf mode. In high prf mode the above rule is broken and the pulses are transmitted at intervals
equal to say one-third of the go and return time to the sample volume. The machine now has no way of
knowing which of three possible pulses was responsible for any given echo, and so three sample volumes
now appear on the duplex image (figure 13.36), with the possibility that the signal originated in any one of
them. In practice, the operator can often eliminate all but one of these on the basis that they do not match
likely sites of high speed blood flow.

13.9.4.  Interpretation of Doppler signals

In some vessels the absolute blood speed is used to assess disease. For example, in the internal carotid artery,
a peak systolic velocity of more than 1.2 m s™' indicates a 50% or greater diameter stenosis, whereas the
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Figure 13.35. The appearance of aliasing on a spectrum analyser. When the Doppler frequency of a signal
increases beyond either the +prt or the —Lprf Nyquist limit, it jumps to the opposite limit and continues
in the same direction.
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Figure 13.36. [n high prf mode, sample volumes at several different ranges are presented on the duplex

display. Doppler signals originating in any or all of them will be combined in the Doppler signal presented
to the operator:

same speed at end-diastole indicates a 70% or greater stenosis. A reduced diastolic speed generally indicates
increased distal vascular resistance. Alternatively, the speed at a diseased site may be compared to that at
a reference site. Thus in the femoral artery a doubling of peak Doppler shift between normal and partially
occluded parts of a vessel indicates a 50% stenosis. Sometimes the shape of the outline of the Doppler
spectrum (the Doppler waveform) can give diagnostic information. For example a long systolic rise time
indicates proximal disease, whereas a ‘spiky’ waveform indicates turbulence.

Often the ratio of the blood speeds at one site at two different times in the cardiac cycle can be of
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diagnostic value. There is then no need to know the angle of the ultrasound beam to the blood flow, since
it is a constant, and the required ratio is simply that of the corresponding Doppler shifts. For example, in
the lower limb, the pulsatility index (PI), defined as the difference between the maximum and the minimum
Doppler shifts in a cardiac cycle divided by the mean Doppler shift over a cardiac cycle, is used to assess
proximal disease on the basis of the waveform damping it produces.

13.9.5.  Doppler artefacts

As mentioned earlier, the Doppler power spectrum is not a perfectly accurate analogue of the distribution of
number of blood cells versus speed. One reason is that, since the sensitivity within the sample volume is
not uniforn1, those targets that happen to be in the most sensitive part will have a dominating effect on the
power spectrum. Another artefact is spectral broadening, whereby targets moving with a single well defined
velocity produce a range of Doppler frequencies rather than the pure single frequency one might expect. One
cause of this is that ultrasound arrives at a target from all points on the transducer and therefore from a range
of different directions. Referring to the Doppler equation, this means a range of values for cos 6, and hence
for fp. Another cause of spectral broadening is that the accuracy of a Doppler frequency measurement is
inversely related to the short time for which a moving target is in the sample volume (or cross-over region for
CW). A further cause is that blood cells tend to be arranged in irregular clusters. Just as interference between
many echoes from irregularly distributed scatterers produces a speckle pattern in a B-mode image (section
13.7.10), so interference between the echoes from many blood cell clusters produces a random variation in the
amplitude of the signal generated by the receiving transducer, and hence in the Doppler signal. Such Doppler
speckle, like all noise, has components over a range of frequencies, which broaden the Doppler spectrum.

13.10. DOPPLER IMAGING

By automatically and repeatedly measuring the Doppler signal at a large number of closely spaced sites within
a B-mode scan plane, either the frequency or the power of the Doppler signal may be plotted as a real time
colour overlay on the B-mode image (figure 13.37). The time needed to acquire the Doppler information
means that only a restricted area of the B-mode field of view. lying within an operator defined ‘colour box’,
is interrogated for Doppler information. Even so, frame rates are substantially lower than in pure B mode,
and may be as low as five frames per second, or so.

B-mode One Doppler
scan lines line

Figure 13.37. Colour Doppler imaging. Within the ‘colour box’ of a B-mode scan, a colour overlay shows
either the mean Doppler frequency or the mean Doppler power for each ‘Doppler pixel’. The scans are
known as colour flow maps or images (CFM or CFI) or power Doppler scans respectively.
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The colour box is interrogated, using pulsed Doppler, in a sequence of about 20—40 Doppler scan lines,
each of which is subdivided into a similar number of sample volumes. One sample volume corresponds to
one ‘Doppler pixel’ in the display. There is a separate dedicated range gate to extract the Doppler signal from
each sample volume in the Doppler line. For each Doppler line, a sequence of (say) ten pulses is transmitted,
so that each range gate captures a ten sample sequence of the associated Doppler signal. The ten sample
sequences from all the range gates are processed in parallel to obtain estimates of either the mean frequency
or the power of the Doppler signals from the corresponding sample volumes along the Doppler scan line.
These estimates are stored in a Doppler image memory, where each stored number determines the colour of
the corresponding pixel. The process is repeated for all the Doppler lines in the colour box, after which a
B-mode sweep is made and the whole process commences again at the first Doppler line.

If the mean Doppler frequency for each Doppler pixel is plotted, the scan is called a colour flow map
(CFM) or colour flow image (CFI). A colour scale is provided to show which colour represents which Doppler
frequency. There is no universal convention, but a typical scheme might be to use red through to yellow to
indicate increasing positive Doppler frequencies (flow towards the probe) and dark blue through to light blue
to indicate increasingly negative Doppler shifts (flow away from the probe). Zero Doppler shift is usually
represented by black. It is important to remember that the colours represent Doppler frequency, not blood
speed directly. Thus, remembering the cos 6 factor in the Doppler equation, the colour will change as the
angle between the blood flow and the scan line changes, even though the blood speed is constant. It is also
important to be aware of the possibility of aliasing. If the Doppler frequency exceeds the Nyquist limit of
half the pulse repetition frequency, the displayed colour will abruptly jump from that at one end of the colour
scale to that at the opposite end. Some CFM systems offer the option of showing the range of frequencies
(variance) in the Doppler signal from each sample volume. This information, which can be generated at the
same time as the mean frequency, indicates the degree of turbulence in the blood flow. It can be displayed by
mixing an appropriate strength of another colour such as green.

Normally, CFM is used to visualize blood flow, and steps must therefore be taken by the equipment
designer to filter out the low frequency, but higher power, Doppler signals (clutter) from surrounding moving
soft tissue. However, in some applications, the aim is to visualize the soft tissue movement rather than the
blood flow (e.g. in studying anomalous heart muscle movements, or the dynamic behaviour of tissue), and
in such cases the filters are changed to preserve the soft tissue Doppler signals and reject the blood clutter
signals.

If the power of the Doppler signal is plotted, the scan is called a power Doppler scan. Again, a colour
scale is provided, but this is uncalibrated as it simply indicates where the power is higher or lower. Power
Doppler shows where, and how much, blood is flowing, but it gives no indication of direction or speed. It
is therefore not subject to any aliasing artefact. It gives a clearer indication of perfusion than does CFM,
since the presence of a mixture of colours in the latter can be noiselike and difficult to interpret. Moreover,
even flow at right angles to the ultrasound beam can usually be seen, since the convergence or divergence
of the beam means at least part of the beam will be non-perpendicular to the flow and therefore produce a
Doppler signal with measurable power. (The mean Doppler shift would be zero, however, so this situation
would produce no signal in a CFM display.) A hybrid type of scan, which is sometimes called directional
power Doppler, shows the power of the Doppler signal, but also indicates whether the flow is towards the
probe or away from it by using say a scale of reddish colours when the Doppler frequency is positive, and
bluish colours when it is negative.

13.11. THE SAFETY OF ULTRASOUND

If used prudently, diagnostic ultrasound is rightly considered to be a safe technique. However, modern
machines are capable of much greater acoustic output than ever before and, if used without due care, can
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produce hazardous thermal and non-thermal biological effects in vivo. The hazard mechanisms of diagnostic
ultrasound fall into the main categories of heating, cavitation, and mechanical forces.

13.11.1.  Damage mechanisms and biological effects

Tissue heating, as a result of the absorption of ultrasound energy, can cause adverse biological effects and
tissue damage. Damage to dividing cells is of greatest concern, notably in the foetus during the first 8 weeks
of gestation and in the foetal spine and brain up to the neonatal period. The World Federation of Ultrasound in
Medicine and Biology has concluded that a temperature increase to the foetus in excess of 1.5 °C is hazardous
if prolonged, while 4 °C is hazardous if maintained for 5 minutes (Barnett and Kossoff 1998). Theoretical
models (e.g. Whittingham 1994) indicate that diagnostic equipment can produce worst case temperature rises
of over 1 °C in B mode and up to 8 °C in pulsed Doppler mode. Pulsed Doppler mode has the greatest heating
potential because of the high pulse repetition frequencies and pulse lengths used, and the fact that the beam is
held stationary. The highest temperature rises are associated with bone, since this has a very high absorption
coefficient. Any pre-existing temperature elevation, such as in a febrile patient, and any contribution due to
self-heating of the probe must be considered as additive to the heating due to ultrasound absorption.

In order to assist operator’s awareness of any thermal hazard, some machines now display a thermal
index (TI) alongside the image on the screen (AIUM 1992). This is a number that changes in response to
the settings of the controls, and is meant to provide a very approximate guide (within a factor of two) to the
maximum temperature rise that would be produced, according to a simple theoretical model. Where only soft
tissues are involved, or where scanned modes are employed., the soft tissue thermal index (77S) is appropriate;
the bone thermal index (77B) applies if the exposed tissues include bone; the cranial thermal index (77C) is
used if bone lies very close to the probe. Thus, for example, TIS is relevant for scanning a foetus in the first
trimester, while TIB would be appropriate for a pulsed Doppler scan in the second or third trimester, when
bone is present.

Caviration refers to the energetic behaviour of small gas bubbles in a liquid medium due to the pressure
variations of a sound wave. In contrast to tissue heating, it is more likely to occur at low frequencies. Stable
cavitation refers to the vigourous radial oscillations of bubbles when the frequency of the sound is close to the
resonant frequency of the bubble. It is a continuous wave phenomenon, and so the only diagnostic mode of
relevance is continuous wave (CW) Doppler. However, the relatively small peak negative acoustic pressures
produced by CW Doppler equipment are unlikely to produce stable cavitation at diagnostic frequencies. Stable
cavitation is, however, considered to be relevant to the mode of action of physiotherapy ultrasound.

Collapse (transient or inertial) cavitation is amore violent and damaging form of cavitation that can be
produced by short pulses. provided the acoustic pressure amplitude is large enough. Here the bubble increases
to many times its original size within one or two high negative pressure excursions and then violently implodes
during the following high pressure excursion. During the rapid collapse the bubble temperature may rise to
several thousand degrees, visible and ultra-violet light is emitted, shock waves are generated and water is
dissociated into free radicals. If the bubble is near a surface, e.g. a blood vessel wall, the rapid inrush of liquid
occurring during the bubble collapse can cause direct impact damage to the surface. Collapse cavitation can
clearly cause tissue damage and cell death, a fact that is used to advantage in ultrasonic sterilizing tanks.

Theory (Holland and Apfel 1989) suggests that the likelihood of cavitation is related to the ratio of
the peak negative pressure (MPa) to the square root of the frequency (MHz!/%). This ratio, known as the
mechanical index (MI), is displayed on some machines as a continuously updated on-screen indicator of
cavitation hazard, partnering the thermal index mentioned earlier.

Cavitation-related damage from diagnostic levels of ultrasound has been demonstrated in animal tissues
containing gas cavities, such as the lung. These effects have been associated with MI values greater than 0.3
or peak negative pressures of more than 0.3 MPa. Such values are well within the range of up to about 5 MPa
measured for diagnostic machines in all modes (Henderson er al 1995). There is, as yet, no direct evidence



374 Diagnostic Ultrasound

of ahazard due to cavitation from diagnostic exposures iz vivo in other tissues, but there is ample evidence of
biological effects in vitro. There is also evidence (Fowlkes and Hwang 1998) that the stabilized gas bubbles
used as ultrasound contrast agents make cavitation more likely.

Mechanical forces. The most important direct mechanical force produced by ultrasound is the radiation
force, experienced by any object that has a smaller intensity on one side than on the other. Dyson et al
(1974) have shown that continuous waves with intensities of about S00 mW c¢cm™2 can cause blood cells to
agglomerate in static bands at half wavelength intervals perpendicular to the ultrasound beam. This is due to
the radiation forces acting on blood cells in a standing wave, so it is relevant only to CW Doppler equipment.
CW Doppler devices intended for foetal heart monitoring produce /spra values (section 13.2.6) of less than
30 mW cm™2 (Duck and Martin 1992). However some devices intended for cardiac and peripheral vascular
use have /spra values up to 1000 mW cm™?2 (Stewart er al 1986), so the hazard might exist if they were to be
used inappropriately to monitor very low flow rates, particularly in the embryo or foetus.

Ultrasound in an absorbing liquid produces bulk motion of the liquid (streaming) due to the radiation
force acting oneach small region ofliquid itself. Streamingcan sometimes be observed in real-time ultrasound
images of cysts or other liquid masses containing particulate matter, but speeds are low (several centimetres
per second). Cells caught up in this motion and those at the walls of the containing structure will be subject to
mechanical stresses. Streaming speeds and stress effects are likely to be higher for high frequency ultrasound
exposures, since absorption by liquids is greater at higher frequencies and the total power of the beam is
concentrated into narrower beams. This could be of particular significance for trans-vaginal pulsed Doppler
or even M-mode exposure of an embryo.

13.11.2. Minimizing hazard

Keep output power as low as possible, using increased overall gain to maintain sensitivity as far as noise
allows. Keep exposure times as low as possible; avoid holding the probe stationary for more than a few
seconds; remove the probe from the patient when not actually examining a real-time image. Avoid scans for
which there is no medical reason and ensure good training in scan technique and interpretation. Arrange for a
medical physics department to measure the worst case outputs and heating potential for each machine probe
and mode, and to give advice on how the controls should be set to reduce outputs. Avoid pulsed Doppler
mode in early pregnancy or in the foetal or neonatal skull or spine. In scanned modes, selecting a deep write
zoom box or a deep transmit focus can often mean an increase in output.

13.12.  SUMMARY

Ultrasound differs from x- and gamma rays in two important ways. First, it is not an ionizing radiation in
the accepted sense of the term (although it can produce free radicals by cavitation), so it does not carry the
risks associated with such radiations. Secondly, it is propagated as a result of longitudinal compressions
and rarefactions of the medium through which it travels. Hence the behaviour of the sound wave provides
information about the density and elastic properties of the medium through which it is travelling.
Ultrasound is a wave motion and exhibits all the properties of waves such as reflection, refraction and
diffraction. The compressions and rarefactions cause the particles of the medium to move back and forth
about their original positions. The pressure variations are large, up to a few atmospheres, but the peak particle
speeds are relatively low, up to a few centimetres per second. The ratio of the acoustic pressure to the particle
speed at any instant is called the characteristic acoustic impedance of the medium. and its value is given by
the product of density and speed of sound in the medium. It is important since the fraction of the incident
power in a sound wave that is reflected by an interface depends primarily on the ratio of its value in the two
media on either side of the interface. Ultrasound waves are significantly attenuated in tissue, the attenuation
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per unit distance being known as the attenuation coefficient. This quantity is usually expressed in units of
dB cm™' and increases with frequency, limiting the use of higher frequencies to more superficial structures.

Transducers for the generation and detection of ultrasound are constructed from thin piezoelectric discs
or plates, normally of lead zirconate titanate (PZT). The transducer thickness is chosen to ensure resonance
at the required frequency. Necessary additional features are a backing layer to ensure rapid damping of the
transducer vibrations and an impedance matching layer to achieve maximum energy transfer into and out of
the patient, as well as to provide further damping.

Lateral resolution is largely determined by the widths of the transmission and reception beams. Focusing
of the reception beam is automatically controlled by the scanning system, but the operator can move the
transmission focus to optimize lateral resolution at the range of interest. Focal zones as narrow as two
wavelengths are possible. Axial resolution is largely determined by the pulse length, and is typically about
one wavelength. Both forms of spatial resolution are improved by using higher frequencies.

The use of the Dopplereffect to study movement and blood flow in the body finds widespread application.
When Doppler techniques are used in conjunction with real-time imaging, useful quantitative information
can be provided about the haemodynamic situation in a blood vessel or heart chamber. Doppler imaging
techniques show the distribution of blood flow or soft tissue movement in a qualitative way.

To date there is no confirmed evidence of harm to a human patient or foetus from diagnostic ultrasound.
However, outputs from some commercially available scannersare capable of producing hazardous temperature
elevations, particularly in pulsed Doppler modes and where the target region contains bone. Furthermore
harmful non-thermal biological effects have been reported when diagnostic ultrasound has been used to
insonate cells in vitro, and animal lung tissue or intestine in vivo. It is therefore recommended that prudence
be exercised.
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EXERCISES

1 Why is the low megahertz range used for ultrasonic imaging? Give, with reasons, the frequencies and
transmission focal lengths you would choose to make ultrasound examinations of: (a) an eye, (b) a
liver.

2 What factor(s) determine the reflection coefficient of an ultrasound pulse at a tissue interface? What
differences would you expect in the ultrasonic appearance of specularly and diffusely reflecting inter-
faces?

3 Why is it necessary to use gel between the probe and the patient?

4 A source of pulsed ultrasound and a target are separated by normal soft tissue. Discuss the effect of each
of the following on the amplitude of the ultrasonic pulse reflected back to the source: (a) the size and
shape of the target, (b) the characteristic acoustic impedances of the target substance and intervening
tissue, (c) the distance between source and target, (<) the range to which the transmission focus has
been set, (e) the frequency of the ultrasound, (f) the acoustic power of the source.

S5 What is the purpose of the backing layer, the impedance matching layer and the lens in a typical
ultrasound transducer? What would be the consequences for image quality of leaving out each of these
in turn?

6 Explain briefly how a focused beam of ultrasound can be obtained from the excitation of a number of
transducer elements in a linear array probe.

7 Why is the active group of a linear array progressively enlarged during dynamic focusing in reception?
How will the width of the effective receive beam vary with depth if the active group stops expanding
when it contains about 20 elements?

8 Show that, in the scan plane, the beam of a single | mm wide element of a 3 MHz linear array has a
near field length of only about 0.5 mm and then diverges at an angle of about £30° to the axis. If a
transmission or receive focus were required at a range of 15 mm, would there be any point in having
20 elements in the active group?

9 Describe the different types of B-mode real-time scanner, and list their advantages and disadvantages.

10  Describe the function ofthe TGC facility inanultrasonic scanner. Describe two different forms of TGC
controls and suggest applications for which each might be appropriate.

11 In B mode, which of the following controls affect the lateral resolution, which affect contrast resolution,
which affect sensitivity and which affect temporal resolution? transmission focus; depth of field of view;
overall gain; output power; TGC; write zoom; pre-processing; dynamic range: frame averaging.

12 Describe the features seen in an ultrasound B-scan image that could be used to distinguish between a
solid tumour and a cyst.

13  Describe and explain a speckle pattern, as seen in a B-mode image. Which features of such a pattern
are determined by the tissue and which by the machine?

14  Describe and explain two artefacts that produce image ‘echoes’ that do not correspond to any real target
in the scan plane, and two artefacts that cause the image echoes of genuine targets to be shown at
incorrect positions.

15 Explain the Doppler effect, and outline the principles of a continuous wave Doppler device.

16 Distinguish between the terms: Doppler shift, Doppler signal, Doppler frequency, Doppler power,
Doppler spectrum, Doppler wave form.

17  Describe how a pulsed Doppler device isolates the Doppler signals from a particular depth interval.
What limitation is associated with Doppler frequency shift measurement by pulsed Doppler?

18 Why does CFM mode involve a lower frame rate than B mode? Why is it possible for the same blood
speed to be represented by different colours on the same CFM image? What effect does aliasing have
on a CFM image? Can aliasing occur in power Doppler mode?

19 Explain what is meant by the thermal index (TI) and the mechanical index (MI), as displayed on the
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screens of some scanners. How are these numbers meant to help the operator assess the possible hazard
risk associated with a scan?

Which mode has the greatest potential for thermal hazard, and why? Describe the measures that should
be taken to ensure the prudent use of ultrasound.



CHAPTER 14

MAGNETIC RESONANCE IMAGING

Elizabeth A Moore and Peter C Jackson

14.1.  INTRODUCTION

The phenomenon of nuclear magnetic resonance was discovered independently by two groups of workers in
1946 headed by Bloch at Stanford and Purcell at Harvard. The techniques developed were primarily used
to study the structure and diffusion properties of molecules and subsequently Bloch and Purcell shared the
Nobel Prize for Physics in 1952.

In later years the nuclear relaxation times and properties of tissues were exploited by Damadian and
several groups in the mid-1970s, both in the United Kingdom and United States. The imaging protocols
developed have been the basis of techniques now commonly known as magnetic resonance imaging (MRI)
although this has subsequently incorporated the original spectroscopic techniques into a powerful investigative
tool, magnetic resonance spectroscopy (MRS).

This chapter concerns itself purely with the concepts of using nuclear magnetic resonance for the
purposes of diagnostic imaging. A difficulty arises in that the phenomenon can only be explained completely
by using the principles of quantum mechanics which do not lend themselves to easy explanation. Most texts
resort to using classical mechanics to explain the processes; however these are incomplete and in some cases
inconsistent with everyday observation. Wherever possible in this chapter the use of equations and mention
of quantum mechanical concepts will be kept to a minimum. It is helpful first to review the basic principles
of electromagnetism.

14.2.  BASIC PRINCIPLES OF ELECTROMAGNETISM

There is a duality between electric and magnetic fields which is fundamental to many aspects of magnetic
resonance imaging. The most simple observation that can be made is when an electric charge moves there
will always be an associated magnetic field. This is most easily perceived when an electric current flows along
a conductor and a magnetic field is generated (figure 14.1). Similarly if a magnetic field changes strength
or direction in the presence of an electric conductor, movement of electric charge and therefore a current is
generated in the conductor. For instance, if a simple magnet is moved through a loop of wire (or the loop of
wire is moved through the magnetic field) a current will be induced (figure 14.2).

Another important concept to remember at this stage is that electric and magnetic fields can interact,
and that a simple way of describing the effect of the interaction is by using vector notation. A vector has both
magnitude and direction and within the concepts of MRI both will be time varying. Hence in MRI we are
constantly observing the eftects of a dynamic process.

378
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Figure 14.1. A magnetic field is generated when electric charges move along a conductor.
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Figure 14.2. When a conductor moves through a magnetic field (or vice versa) a current is induced.

14.3.  MAGNETIC PROPERTIES OF NUCLEI

The atom is composed of electrons associated with a nucleus containing protons and neutrons. All atomic
particles are in a dynamic process and have an associated spin which can be quantized. Wherever possible
similar atomic particles ‘pair up’ so that the effect of the spins will be cancelled: this applies to neutrons as
well as protons and electrons.

From the basic understanding of electromagnetism (section 14.2) it is easy to appreciate that when an
atomic particle with electric charge is moving then there is an associated magnetic field. However, the classical
picture of magnetic moments being purely associated with charged particles is flawed because neutrons also
have magnetic moments! This complication should not be too disturbing because from a pragmatic view
point the hydrogen nucleus ('H), consisting of a single unpaired proton, is the most abundant within living
tissues and therefore provides the ideal nuclear species for magnetic resonance imaging.
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14.4. EFFECT OF AN EXTERNAL MAGNETIC FIELD

Fundamental to the process of MRI is the understanding of the effect of applied magnetic fields on nuclei. To
assist this understanding it is helpful to draw upon a classical analogy of a spinning top (or gyroscope) in a
gravitational field. The spinning top has an angular momentum and as a consequence a torque is applied to
the top causing it to precess within the gravitational field. The rate of precession will be dependent upon the
angular momentum (i.e. rotational speed and other mechanical characteristics of the top) together with the
magnitude of the gravitational field (figure 14.3).

Applied magnetic

A field By

Precession w

Nuclear bar Spin angular
magnet momentum

N\

Vertical
gravitational field

Precession o

Figure 14.3. A magnetic nucleus precesses in an external magnetic field (left). Similarly a spinning top
precesses in the earth’s gravitational field (right).

A similar observation can be made with nuclei possessing both an angular and magnetic moment when
placed in a static magnetic field (By). The nuclei exhibit a similar precessing movement that is characteristic
of the nuclear species and the magnetic field strength (Bg). However, the classical observation is inconsistent
since quantum mechanics allows for two possible spin orientations, which is manifest in a picture of magnetic
dipoles precessing at the same frequency but in opposite orientations (figure 14.4). These two orientations
correspond to a low energy state (i.e. aligned parallel with the external magnetic field Bp) and a high energy
state (i.e. aligned anti-parallel to the magnetic field By).

These two different orientations are not equally populated. Boltzmann statistics predict that at equilib-
rium there should be a small excess of population in the low energy state (i.e. parallel state). This excess is
dependent on the temperature but more importantly on the magnetic field strength (By): as the field strength
is increased so the population difference of spins increases in favour of the low energy state. This population
difference is the reason why magnetic field strength affects ultimately the signal-to-noise ratio (SNR) of the
image formed. At approximately a field strength of 1 T there is a population difference of about 3 ppm (parts
per million) which can be increased by increasing field strength (Bg) or cooling the object. At absolute zero
all the spins would be perfectly aligned in a single population state; however, this is not popular with patients!
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Figure 14.4. Spin orientations in a magnetic field. The energy difference is proportional to the magnetic
field strength.

In addition to achieve a high signal intensity the abundance of suitable nuclei with a large intrinsic magnetic
moment (x) is important.
The relationship between the angular momentum (L) and the magnetic moment () is given by

u=yL

where y is known as the gyromagnetic ratio whichis specific for different nuclei.
The energy difference between the two population states (A £') depends on the gyromagnetic ratio, and
the magnetic field strength and the Planck constant 1
h
AE =y —B. (14.1)
2

It is possible to cause a transition between the two states by the emission or absorption of a photon whose
energy E is given by the equation

/
AL (14.2)
2
where w is the frequency of radiation. Combining equations (14.1) and (14.2) yields
h __h B
Ewo =7 2 0
Lo :)/B(). (]43)

It turns out that the frequency of radiation (wyp) is identical to the rate of angular precession of the protons
around By. The relationship established between wy and By (equation (14.3)) is known as the Larmor
equation and states that the angular frequency (wy) is directly proportional to the magnetic field (Byp).

The gyromagnetic ratio (y) for protons is 42.6 MHz T~'. Hence in a magnetic field of 1 T the preces-
sional (angular) frequency of protons is ~42 MHz, i.e. in the radiofrequency portion of the electromagnetic
spectrum. In table 14.1 further information is given relating to the Larmor frequency (equation (14.3)).
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Table 14.1. The gvromagnetic properties of nuclei in different magnetic fields ( By).

Nucleus and gyromagnetic

ratio (/2r MHz T™!) Magnetic field (T)  Larmor frequency (MHz)
'H(42.6) 0.15 6.4

0.5 21.3

1.0 42.6

1.5 63.9
31p(17.2) 0.15 8.6

0.5 17.2

1.0 25.8

1.5 344

Atequilibrium, there is no phase coherence between spins, i.e. although the spins occupy two unequally
populated energy states, they are equally distributed in space around By, conventionally chosen to be the z
axis (figure 14.5). The individual magnetic moments (ut) of each dipole can be resolved into two components:
a component along the z axis and a component located somewhere on the xy plane which is orthogonal to
the z axis (figure 14.5). In considering the sum of the vector components of the magnetic moments on the
xy plane it is seen that the net effect is zero magnetization within this plane. However, in considering the
vector components resolved along the z axis it is apparent that there is a net excess in the parallel direction
creating a net magnetization vector (Mp) in the +z direction. The magnitude of the net magnetization vector
is directly related to the population difference between the two energy states and consequently to the size of
the magnetic field (Bp).

14.5. RESONANCE

Although the individual magnetic moments are precessing, the resultant magnetization My is fixed along the
z axis and is too small to measure directly. This equilibrium has to be disturbed by the process of resonance
before a signal can be obtained.

Resonance may be described as the transfer of energy (and hence interaction) by the most efficient
energetic pathway: this usually occurs when the driving force matches in some way the receptor. Examples
of resonant phenomena are found in the enhanced absorption of X-rays in materials (K edge absorption),
i.e. the frequency (energy) of the X-rays is matched closely to the binding energy of the K shell electrons.
Similarly tuning forks will vibrate if the driving force (e.g. sound) is present at a similar frequency.

The magnetic moments of the nuclei within a magnetic field (By) are precessing at a radiofrequency
(wo): if a matched radio-frequency (i.e. at wo) is applied to the cohort of nuclei, energy will be preferentially
absorbed by the system. Transitions will be stimulated from the parallel to anti-parallel, and the anti-parallel
to parallel states with equal probability and the resultant net magnetization moment (Mp) will be modified
according to the duration and intensity of the radio-frequency radiation. Before considering in more detail the
effect of the radio-frequency driving force on the individual dipoles (magnetic moments) and net magnetization
vector, it is useful to remember that a radio-frequency (RF) wave consists of both magnetic and electric field
components.

14.6. THE ROTATING FRAME

The changes which happen to the system of protons when it is excited by radio-frequency radiation and then
relaxes back to equilibrium are conveniently examined by considering a rotating frame of reference. As an
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Figure 14.5. (a) The nwo spin populations are randomly distributed around the z axis. (b) Each dipole
moment has components along z and in the xy plane. T he net magnetization (My) is along z.
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analogy, the motion of a bouncing ball is much easier to describe on the earth (because we are on a rotating
frame of reference) than from a distant planet, which would have to include the effect of the rotation of the
earth. Similarly it is easier to describe the effects of the radio-frequency pulses and subsequent recovery of
the system from the perspective of a rotating frame of reference. We use a frame rotating at wo, the Larmor
frequency, about the z" axis, and with the z’ axis aligned with the z axis in the laboratory frame (defined by
the magnetic field By). The magnetization at equilibrium thus appears as a vector of magnitude M along the
7 (Z') axis.

Itis important to consider the magnetization in terms of its components in the longitudinal direction, i.e.
z(2'),andinthetransverse plane, i.e. x’y’. The vector sum of these components is equal to Mg atequilibrium,
but during the changes induced by RF excitation and with subsequent relaxation components of M will exist
along z'(M;) and x'y"(M,y).

z(2)

Figure 14.6. In the rotating frame M moves around the magnetic portion of the applied RF pulse.

14.7. EXCITATION

The matched radio-frequency radiation has the effect of forming a static magnetic field B), aligned along the
x" axis (in the rotating frame). The net magnetization now has a magnetic field in the rotating frame, and
begins to precess (in the rotating frame) about that field. Figure 14.6 shows the motion of M when the RF
wave is applied.

After a certain time f,,, the magnetization will be aligned along the y” axis, i.e. it has turned through
90°. This amount of RF energy, measured by the power of the pulse and its duration ¢, is called a 90° pulse.
Leaving the RF on for double the time, or doubling the strength of the B field, would turn the magnetization
through 180°; the pulse would then be called a 180° pulse. Intermediate sized pulses are easily produced, and
are described by the angle through which the magnetization is turned—the so-called flip angle («).

Itis difficultto explain the underlying processes of how the magnetization vector is rotated using purely
classical concepts. However, the absorption of RF energy will invert the two population states over a period
of time whilst also achieving some phase coherence between the individual precessing magnetic moments.
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Hence the degree of phase coherence at any one time will give a component of the magnetization vector in
the x"y’ plane (M) of varying magnitude and the shift of magnetic moments into the higher energy states
will cause inversion.

14.8. MR SIGNAL RECEPTION

When the RF wave is switched off after a 90° pulse, the magnetization vector (M) has been tipped through
90°, so that it lies along the y’ axis, i.e. rotating at «y in the laboratory frame. Since the RF pulse also
forces all the protons to precess exactly in phase, there is now a component of magnetization along the y’
axis in the rotating frame, of magnitude Mo. When the RF wave is switched off at time 7, the system returns
to equilibrium, aligned along the z (z) axis. by re-emitting the energy absorbed from the wave and phase
coherence gradually being destroyed. If a pick-up coil has its axis perpendicular to By, it will experience
a changing magnetic field as the magnetization rotates. This generates a current in the coil (section 14.2),
which oscillates at a frequency of we and decays exponentially to zero (figure 14.7). This is the MR signal,
known as the free induction decay (FID). The combination of a 90° pulse followed by a period of signal
measurement is the simplest NMR experiment.

Signal ~

Figure 14.7. The free induction decay (FID). The signal oscillates at wy and decays exponentially to zero
(dotted line).

14.9. RELAXATION PROCESSES

The application of an RF pulse causes a disruption to the equilibrium of the system of magnetic moments.
The rate of recovery characterized by the relaxation processes conveys information on the structures in which
the magnetic moments are located. There are two relaxation processes which can be used to characterize
substances and influence contrast in an image.

14.9.1.  Spin-lattice relaxation

Energy may be transferred from protons to the surrounding environment, or lattice, in which they are embed-
ded. Due to its much larger size, the lattice can absorb the energy without becoming excited. The relaxation
mechanism controls the recovery of magnetization along the z axis (the longitudinal magnetization) back to



386 Magnetic Resonance Imaging

L R e EY

Mz/Mg

GRE pliad
(a)

Time

M, /(My rmax

1.00

0.37

Time

Figure 14.8. (a) Spin-lattice relaxation time (Ty) is the time taken for 63% of Mg 10 recover along the =
axis. (b) Spin—spin relaxation time (T>) describes the exponential decay of the transverse magnetization.

its equilibrium value of My (figure 14.8(a)). The recovery is described by the equation

o= [1-ex0 ()]

where t is time and 7) is known as the spin—lattice relaxation time. The value of 7, depends on the structure
of the lattice, on temperature and on the magnetic field strength. In tissues it is typically of the order of a few
hundred milliseconds (table 14.2).
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14.9.2.  Spin—spin relaxation

Astheprotonsmovearound their environment, they experience varying magnetic fieldsdueto their neighbours.
This causes a spread of resonant frequencies, which corresponds to a dephasing of the magnetization in the
(rotating) transverse plane. The relaxation in the transverse x’ v’ plane is an exponential decay (figure 14.8(b)),
governed by T, the spin—spin relaxation time.

-t
My = Mgexp (T) 5
2

The value of T, like 7} depends on the structure of the environment, on the mobility of protons and the
irreversible dephasing of spins with respect to each other. If a tissue has a rigid structure, the movement of
protons is restricted, giving rise to a very long 7 and an extremely short 7>. The MR signal from these tissues
is zero, even at very shortecho times (section 14.10), and the tissue therefore appears black. For tissues which
are increasingly liquid-like, 7| times are shorter and 7> times longer, until in pure water 7} and 7> become
equal (about 3000 ms). Eventually, when the protons become fully dephased, the longitudinal magnetization
is fully recovered and equilibrium is restored.

Table 14.2. T and T values at 0.5 and 1.5 T for some conunon tissues.

05T 15T
Tissue Ty (ms) To(ms) Ty (ms) T>(ms)
Liver 400 45 500 43
Muscle 630 45 750 50
Cardiac muscle 650 75 870 45
Brain—grey matter 825 110 870 45
Brain—white matter 690 107 780 65
Fat 190 110 200 50
Kidney 765 125 760 30
Spleen 760 140 840 60

14.9.3.  Inhomogeneity effects

The varying magnetic fields experienced by protons due to their neighbours may be thought of as an ‘intrinsic’
or microscopic magnetic field inhomogeneity. In addition, there is a macroscopic inhomogeneity in By due
to the technical difficulties of creating a perfectly uniform field. This ‘extrinsic’ inhomogeneity causes the
protons to dephase in the transverse plane more quickly, as they move physically around the volume of
the field. The FID seen after a 90° pulse is subject to these inhomogeneity effects and is described by the
characteristic relaxation time 75". T, is calculated by combining the magnetic field inhomogeneity A By with
the spin—spin relaxation time (7»):
] 11

— = — +-yAB,.
T i L

Strictly, a term 1/T) should also be added to the right-hand side of this equation, but since 75" is usually
dominated by the effects of A By, the contribution of 1/7) is negligible. The effects of inhomogeneity cannot

be ignored as they produce artefacts within images which can be reduced only by careful design of pulse
sequences or the improved design of magnets.



388 Magnetic Resonance Imaging
14.10. PRODUCTION OF SPIN ECHOES

In order to remove the effects of the magnetic field inhomogeneity, it is necessary to generate a spin echo
using a 180° pulse. To assist in the understanding of this process it is convenient to picture a running track
with athletes of different abilities competing. In the conventional 400 m race athletes run in an anticlockwise
direction until they reach the finishing line: they will arrive at different times according to each individual’s
‘local strength’ and other factors. Those other factors might include something about the local environment
(i.e. the lanes) in which they run. If there are differences in the quality of the running track in the various lanes
we would expect to see this reflected in the arrival times. However we cannot unmask these factors from the
local strengths of the athletes.

Imagine now we start a different race in which the athletes first run in an anticlockwise direction but
before they reach a complete revolution of the track another gun fires and they have to retrace their steps in a
clockwise direction. What is the effect? If the track were consistent throughout all lanes the athletes would
all arrive back at their original starting positions at exactly the same time irrespective of their local strengths.
This is because some athletes would have run relatively faster and farther but upon retracing their steps the
greater distances they would have had to travel would have nulled their ‘local strength’ i.e. the inhomogeneity
between athletes would have been removed. If, however, there were variations in the lanes around the track
that affected the frequency at which their legs moved, this would manifest itself in different arrival times at
the finish.

Consider the system of protons as being splitinto small packets, each of which experiences a perfect
magnetic field, but with inhomogeneities between the packets. After a 90° pulse which produces phase
coherence, the protons are allowed to dephase for a short time TE/2 producing a fan of spin packets. This
‘fan’, or spreading out of vectors in the x’y’ plane, is caused by the variations of precessional frequency
of individual ‘packets’ of protons experiencing slightly different magnetic fields due to the magnetic field
inhomogeneities. This effect can be reversed by applying a 180° pulse along the x" axis which flips the
magnetization through 180° (figure 14.9). The spin packets continue to dephase in the same sense (and
direction) in the rotating frame, and after a further time TE/2 are all realigned along the Dy’ axis. The total
magnetization is reduced in magnitude because of the 7; relaxation effects within the spin packets which have
also been occurring simultaneously.

Thus the spin echo is produced at time TE (time to echo) having cancelled the effect of magnetic field
inhomogeneities. Each spin packet will also be slightly dephased due to the ‘intrinsic’ inhomogeneities of
the protons, and so the magnitude of the echo will be governed by 7>. Many MR imaging sequences use spin
echoes to produce signals and by varying certain timing parameters it is possible to achieve contrast based on
either Ty, T» or proton density (section 14.13).

In summary, initially, the system is in equilibrium, with M. = My and M, = 0. A 90° RF pulse is
applied, such that M, = 0 and M, = M. The system returns to equilibrium, the recovery of M. being
described by the spin—lattice relaxation time 71, and the exponential decay of M., by T.'. If a 180° pulse is
applied after a time TE/2, a spin echo is generated at time TE whose magnitude is described by the spin—spin
relaxation time 7. Note that the effect of a 90° pulse is to sample the z component of the magnetization by
flipping it into the transverse plane, where it can be detected and measured by a receiver coil. Lower flip angle
() pulses produce M, sin « in the transverse plane, leaving the longitudinal component at M cos «; when a
succession of pulses is applied the system reaches a dynamic equilibrium between excitation and relaxation.
This method can be used to undertake fast imaging sequences but with reduced signal-to-noise in the image,
since the magnitude of the magnetization in the x'y’ plane will be reduced.
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Figure 14.9. (a) The initial 90° pulse flips the magnetization into the transverse plane, where (b) it begins
to dephase. (c) At time TE/2 the 180° pulse (B)) is applied which flips all the magnetization over. (d) The
protons now begin to rephase, producing a spin echo (e) at time TE.
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14.11. MAGNETIC FIELD GRADIENTS

The signal described thus far is obtained from the system (or body) as a whole. To produce an image, some
kind of spatial encoding is required. This is achieved using magnetic field gradients which allow selected
parts of the body to be ‘excited’ by the RF pulse and also modify the collection of signal by ‘tuning in” and
measuring signal strength at various locations. Gradients are produced by passing electric currents through
additional coils built in to the bore of the magnet. It is important to note that gradients modify the magnitude
of By in linear fashion, but that they do not change the direction of By (figure 14.10). Since the resonant
frequency of protons is proportional to B, which is proportional to distance in the gradient field, the result is
that the MR signal frequency is directly proportional to distance.

Z direction

Field gradient
along X

Uniform field By

X direction

Figure 14.10. Magnetic field gradients are superimposed on the mainmagnetic field, e.g. in the X direction.
The strength of B varies with distance (X) but not its direction.

Since the field at the isocentre is always B, the signals received have a bandwidth of frequencies centred
on the Larmor frequency; the bandwidth depends on the strength of the applied gradient and the distribution
of the protons. Gradients along the three principal axes are switched on and off in a repeated pattern, called a
pulse sequence. The protons respond to changes in the magnetic field strength immediately, changing their
resonant frequencies within a few picoseconds (107" s).

Throughout this section we shall use upper case (X, Y and Z) when referring to the axes of the image
volume. Z is conventionally (in superconducting magnets) the direction of the magnetic field (superior—
inferior in the body), Y is the vertical axis (anterior—posterior) and X is the remaining horizontal axis (right—
left).
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14.11.1.  Fourier or reciprocal space

MRI uses a mathematical technique of image reconstruction involving Fourier analysis. In brief, the basis
of Fourier analysis is that a complex waveform can be decomposed into its fundamental frequencies and
amplitudes. With a suitable RF pulse and the use of magnetic field gradients it is possible to interrogate known
elements of tissue because of the prior knowledge of the relationship between the magnetic field gradient and
the Larmor frequency. When this is done the signal detected contains both magnitudes, ultimately representing
contrast and relaxation processes, and frequencies, which represent corresponding spatial locations. The
Fourier transform is able to decode and locate the different positions of inherent frequencies. As an analogy,
members of an audience can locate different instruments in an orchestra using their auditory senses alone.

Thus the formation of an image requires data to be captured as spatial frequencies covering frequency
or 'k’ space, the intensity reflecting the magnitude of the spatial frequency and the position dictated by choice
and combination of field gradients. This will be discussed further in section 14.11.5.

Field strength
(or frequency)

Gradient in Z
direction

Bandofrf F-—-—-—-—-—-———=—— = — -
frequencies |- — - - — = — — — — —

LWL

Selected slice Z direction

Figure 14.11. Selective excitation of a slice of tissue, achieved by applying a narrow bandwidth RF pulse
whilst a gradient is on (in the Z direction in this example).

14.11.2.  Selective excitation

The problem of spatial encoding in three dimensions can be reduced to two dimensions by only exciting protons
within a slice of tissue. This is achieved by using an RF pulse containing a narrow band of frequencies, and
applying a magnetic field gradient in the direction perpendicular to the plane of the slice. For example, in
figure 14.11 the slice selection gradient is along Z so that transaxial slices will be generated. Slice selection
gradients in the X and ¥ axes may be used to form sagittal and coronal cross sectional images respectively.
Only protons whose resonant frequencies match those in the RF pulse will absorb energy, i.e. only those
within the slice of tissue shown. The gradient is switched off after the RF pulse finishes: protons within
the slice will then emit an MR signal, which may then be encoded for the two dimensions within the slice
(sections 14.11.3 and 14.11.4, phase and frequency encoding respectively).
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Figure 14.12. The ideal slice profile is rectangular (dotted lines). In practice the slice is shaped according
to the characteristics of the RF pulse. Slice width is defined by the full width at half height (FWHH).

Ideally, all protons within the slice should receive a 90° pulse, while all those outside should remain
unexcited. In practice however, this is impossible, and protons at the edges of the excited slice receive a
smaller flip angle. Thus there is a slice profile (figure 14.12), which depends on the characteristics of the RF
pulse and the slice select gradient. The slice width is defined as the full width of the slice at half the height
(FWHH) of the profile (figure 14.12). Depending on the quality of the profile and the choice of slice gap,
there will be signal contributions from tissue in adjacent volumes to the slice of interest (“cross talk’).

14.11.3. Phase encoding gradient

Phase encoding is the most difficult technique to visualize and requires careful explanation. Consider a row
of protons precessing at wg in a main magnetic field By. There will be no phase coherence in respect of their
precessional motion until a radio-frequency pulse is applied which ‘drives’ all protons to precess coherently
(ignoring relaxation effects). A magnetic field gradient is applied along the row of precessing protons; each
proton will begin to precess at a slightly different frequency in direct proportion to the local magnetic field
experienced. The differences in precessional frequency between adjacent protons will cause relative phase
shifts which are directly proportional to the differences in frequency, which in turn are directly related to the
proton’s position in the magnetic field gradient. If a linear gradient of known strength is applied for a time
tpe, the degree of phase shift may be predicted. When the gradient is switched off. all protons will return to
the original precessional frequency, wg, but will retain their relative phase shift.

14.11.4. Frequency encoding gradient

The other dimension of the image slice is spatially encoded by acquiring the MR signal in the presence of a
gradient in the appropriate direction. The gradient is switched on just before data collection begins, and off
again when the signal has been acquired. During this time, the frequency of signals is proportional to distance
in the frequency-encoding direction. The MR signal is no longer a simple oscillation, but an apparently
haphazard jumble of peaks and troughs. Fourier transformation of the signal however reveals the intensity
(and therefore the number of protons) at each frequency, or spatial position.
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Figure 14.13. (a) Before the RF pulse the protons have random phase (incoherent). (b) The RF pulse
brings all the protons into phase with each other. (c¢) The phase encode gradient along X causes variations
in precessional frequency and when it is switched off the columns have phase angles proportional to their
position. (d)During the readout gradient the rows now have different frequencies as shown. The combination
of phase and frequency information describes the position of each proton.

14.11.5. Review of image formation

Consider an array of tissue elements (figure 14.13) in the XY plane as shown, i.e. we are potentially looking
at a slice of information and the Z axis is perpendicular to the paper. There is no phase coherence in the net
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magnetization vectors (figure 14.13(a)) and hence no net signal can be measured from the slice. When an
RF pulse is applied with an appropriate slice-select gradient (figure 14.13(b)) all vectors achieve coherence
and when the RF pulse is turned off they will remain coherent (again ignoring relaxation processes), still
precessing with a frequency wy.

Now a phase encoding gradient is applied in the X direction. This causes ‘columns’ of vectors to
precess at slightly different frequencies according to the local magnetic field. When the phase gradient is
turned off all vectorsreturn to precessing at wg but with apredefined degree of phase shift across the ‘columns’
(figure 14.13(c)). Finally a frequency encode (or read-out) gradient is used in the ¥ direction which causes
all the ‘rows’ to precess at distinct frequencies (figure 14.13(d)).

When the signal is measured at the same time that the frequency encoding gradient is switched on, all
frequencies are detected and with subsequent Fourier transformation theresult is a series of peaks with different
phases as well as different frequencies. However, while frequency encoding can encompass a relatively wide
range of frequencies, thereare only 360° of phase angle; it is impossible to distinguish between a phase angle
of 10° and one of 370°. In order to overcome this the sequence of RF and gradient pulses is repeated many
times, using a series of phase encoding gradients of differing size including zero. With zero phase encoding
gradient, all the protons will be in phase with each other, giving the ‘reference’ information for measuring
phase angles. Protons at a certain position within the field of view will produce a consistent pattern of phase
angles; this enables their position to be properly measured. There is usually a relatively long delay between
the end of the data collection and the start of the next set of pulses, to allow T relaxation; the time between
consecutive 90° pulses is denoted by TR (time to repetition).

kphase
L TR 12
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’ k frequency
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Figure 14.14. Each set of data acquired during the readout gradient fills one line in k space. Each line has
a different phase encode gradient strength.

The result of applying different degrees of phase encoding, each time ‘reading out’ the signal information
using the frequency encode gradient, is to build up lines of information in k or frequency space (figure 14.14).
These data are then subjected to a two dimensional Fourier transform which produces a recognizable image.
Due to the nature of the Fourier transform process, different parts of k space do not correspond to the same
parts of the resulting image. At the centre of k space, where the phase encoding gradients are very small, the
data contain all the signal-to-noise and contrast information. At the edges, at high phase encoding gradients,
the data contain high spatial frequencies which correspond to the fine detail or resolution of the image.

Anunderstanding of the nature of the information contained in k space enables differentimage sequences
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to be developed that allow minimum sets of information to be acquired (thus reducing acquisition times or
computer memory constraints), or sampling k space in more efficient ways (e.g. by not using linear gradients).

14.11.6. Dephasing effects of gradients

Magnetic field gradients may be considered as large magnetic field inhomogeneities, which cause more rapid
dephasing of the magnetization in the transverse plane. If this were not compensated for, the MR signal would
quickly decay to zero. However, by reversing the current in the gradient coils, an inhomogeneity is created
in the opposite sense, which allows the signal to be rephased. The signal will be exactly rephased when

Prephase = —Pdephase

i.e. when the time integrals of the gradient pulses are equal and opposite. On the pulse sequence diagram,
this is when the areas of the gradient pulses are equal.

As can be seen (figure 14.15), equal areas can be achieved with short, high gradient pulses, or long and
low pulses, or anywhere in between. Since we are usually trying to perform the sequence as fast as possible
it is best to use the shortest gradient pulse within the limits of the gradient set. However there are technical
as well as safety considerations that limit the frequency and speed of application of magnetic gradients.
Because it is the area which is important, it is even possible to split a gradient pulse and move part of it to a
different time in the sequence (figure 14.15(d)). This is essential for flow compensation (section 14.15), since
for moving protons balanced gradients are needed to rephase the signal. In the case of the phase encoding
gradient, rephasing is unnecessary (the phaseangles give positional information). For the frequency encoding
gradient, the maximum signal (the spin echo) should occur in the middle of the data capture window; it is
important that the net phase effect is zero at this time. Thus, a ‘frequency dephase’ gradient pulse is applied
before the frequency encoding pulse, with area equal to half that of the frequency encoding pulse. The dephase
lobe comes before the 180° pulse which effectively inverts the phases: therefore in a spin echo sequence the
frequency dephase gradient is positive.

The situation for the slice selection gradient is slightly more complex, because the RF pulse has a
changing shape. By convention however, the shaped RF pulse is considered to act as a sharp spike at the
middle of the pulse; i.e. during the first half of the pulse there is no excitation, then all protons in the slice
receive a 90° pulse instantaneously. Whilst there are no excited protons, the gradient can have no dephasing
effect, so the period up the middle of the RF pulse is ignored. The remaining area of the slice selection
gradient will cause dephasing of the newly excited protons, which may be remedied by applying a negative
gradient with approximately equal area (the ‘slice rephase’ gradient). It is necessary slightly to adjust the size
of the rephase gradient since the RF pulse does not act instantaneously.

14.12.  PRODUCTION OF GRADIENT ECHOES

From the above discussion, it should be clear that it is possible to create a signal echo without using a 180°
pulse, but simply using the gradients. All imaging sequences use either a spin echo or a gradient echo to read
the signal.

A gradient echo sequence uses slice selection and phase encoding gradients as usual. However, since
there is no 180° RF pulse, a negative frequency dephase gradient is used. When the frequency encoding
gradient is switched on to start data capture, the effect of the original dephasing is gradually reversed, until at
the centre of the data capture window it is zero, and the signal is a maximum (figure 14.16). The continuing
gradient then dephases the signal in the opposite direction decreasing the signal again; thus an echo has been
formed.

Due to the absence of the 180° pulse, gradient echo signals are described by 7| and T5°, not T>. By
varying parameters, images may be formed which have 7| or T;* contrast. In practice, 75 -weighted images
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Figure 14.15. (a) to (¢) A range of gradient heights and durations is possible to rephase the same initial
gradient. (d) The rephase gradient can be split and still perform its function. In these examples the time
integral (i.e. shaded areas above and below the time axis) are balanced and therefore equal zero.
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Figure 14.16. (a) The dephase lobe of the gradient accelerates the dephasing of the protons after the RF
pulse. (b) When the gradient is reversed (at the start of the readout lobe) the protons begin to rephase. (c)
The protons come back into phase, forming the gradient echo. (d) The continuing gradient now dephases

them in the opposite direction.

have similar contrast to 7> weighted images, and are often described as ‘gradient-echo 7> weighted’; this is
strictly incorrect and it should be remembered that the magnetic field inhomogeneity usually dominates the
T)' decay. However magnetic field inhomogeneities have been greatly reduced during the past decade by
improvements in the design and construction of magnets: if this were not the case, inferior image quality
would render gradient echo images unacceptable.

Whilst all imaging sequences use either a spin echo or gradient echo to acquire data various additional
pulses may be used before the imaging sequence to ‘prepare’ tissues, so that different contrast effects may be
produced.

Whichever pulse sequence is chosen for imaging, it is important to understand the 7} and 7> relaxation
curves in order to optimize the SNR in the final image. Figure 14.17 shows the relaxation curves for two
tissues. The TR chosen for the sequence determines the 7| weighting, while the TE affects the 7> weighting.
It canbe seenthatatalong TR, bothtissues are able to fully relax and, since they have similar proton densities,
will have similar signal intensities on the image. Reducing the TR still allows tissue 1 to relax fully, giving
high signal, but tissue 2 is only able to partially relax. Consequently the signal will be reduced in the final
image, reducing the SNR but improving the tissue contrast. Similar analysis shows that maximum SNR is
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Figure 14.17. (a) T\ and (b) T, relaxation curves for two tissues. TR affects the amount of Ty relaxation in
the sequence, while TE controls the T, weighting.

obtained with minimum TE, but that contrast is improved with longer echo times.

Several other factors affect the SNR and are common to all pulse sequences. For example, the signal
intensity of a pixel is also proportional to the amountof tissue contained in that volume. SNR can be improved
by increasing the pixel size (i.e. field of view) and the slice thickness; however, this is at the expense of image
resolution. Another method to increase SNR is to use extra signal acquisitions, i.e. repeat the pulse sequence:
the disadvantage of this is the increased scan time.

14.13.  IMAGING SEQUENCES

14.13.1.  Spin echo

As previously described (section 14.10), this sequence uses two RF pulses (90° and 180°) which creates a spin
echo at time TE. Varying TE and TR (the sequence repetition time) allows images to be formed with different
contrast (figure 14.17). The echo time, TE, controls the amount of 7> weighting. 7} weighting is controlled by
the TR; shorterrepetition times have less signal from long 7; tissues. This loss of signal is due to saturation of
the protons. In quantum mechanics terms, complete saturation occurs when the populations of the two energy
levels are equal and no signal can be obtained. ‘Partial saturation’ describes the intermediate situation when
the difference in populations is reduced from the equilibrium, and there is a partial loss of signal. Maximum
SNR is achieved by having a short TE and a very long TR; such images are proton density (PD) weighted.
Decreasing the TR or increasing the TE will give a lower overall SNR, but improves the contrast between
different tissues. (Combining a short TR with a long TE would give both T} and 7> weighting, but with very
little signal—not a useful sequence!)

Since both PD- and 7>-weighted images have long TR, it is possible to use repeated 180° pulses to
produce more than one spin echo. With two spin echoes, one at a short TE and the other with long TE, both
PD and 7> images are produced within the same TR (and therefore the same scan time). Such ‘dual echo’
sequences are much more common than only 7> or PD images.

With technical improvements, the minimum echo times have reduced, and a new type of sequence
has been developed to take advantage of this. Variously known as fast or turbo spin echo (FSE or TSE,
respectively), these sequences use a repeated series of 180° pulses after the initial 90, which produce a train
of spin echoes. Each echo has a different phase encoding gradient, so that data are acquired many times faster
than conventional sequences, where a single phase encoding gradient is used in each TR. However, the echo
time is no longer a single value: the middle of the echo train is taken to be the ‘effective TE’, but there is some
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averaging of signals over the 7> decay curve, and the image contrast is not exactly the same as for traditional
spin echo sequences.

'y
Mqcosa. i

Mgsina

Figure 14.18. Reduced flip angles split the magnetization. With a 30° angle for example, the signal in the
transverse plane is 50% of the maximum. However, because the longitudinal magnetization is only reduced
to 87% instead of zero, T relaxation is complete in a much shorter time than with a 90° pulse.

14.13.2.  Gradient echo

Gradient echo (GE) sequences are generally much faster than those using spin echoes (SE) and there are
several variations on the basic sequence. The most important difference between SE and GE is that the flip
angle is reduced from 90°. In these sequences, the TR is often less than 100 ms, which allows very little
recovery of longitudinal magnetization. If the flip angle « is reduced, the transverse magnetization becomes
M sin ¢, and the longitudinal component is left with Mg cos & (figure 14.18). M, recovers back towards My,
controlled by T as usual, and as successive RF pulses are applied, an equilibrium is reached. Thus there are
three parameters that have an effect on image contrast—TE, TR and «. Generally, TE and TR are an order of
magnitude smaller than SE parameters; unlike spin echo however, multiple gradient echoes are rarely formed.
T>-weighted (strictly 7,'-weighted) images are produced using a relatively long TR, very low « and a long
TE. As with SE 7> weighting, signals from tissues with a long 75 are relatively enhanced. Images which are
T, weighted use a short TR and very short TE, combined with a large « (although usually not 90°). Proton
density contrast can be achieved using a short TE, very low « and relatively long TR; however, this is rarely
used, since the contrast is not true PD, and 7> weighted images have to be acquired separately.

14.13.3.  Inversion recovery

Inversion recovery sequences use a 180° pulse before the imaging sequence to prepare the signal. The initial
magnetization is turned through 1807, so that M, becomes —My; M., remains atzero. M, recovers as usual,
controlled by T, relaxation, until a time TI (the inversion time). Then the spin echo imaging sequence is
applied, to produce an image which is heavily T)-weighted. If TI is such that the signal from a particular
tissue has M. = 0O (the ‘null point’) the tissue will appear black on the resulting image. This is often used to
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remove fat signals from images; fat has a short 7;, and a TI of 100-110 ms is at the null point (fora 0.5 T
system). This particular sequence is called STIR—short T inversion recovery.

(a)

b) (c)

Figure 14.19. Motion artefacts on images, always in the phase encoding direction. (a)Bloodvessel artefact,
(b) respiratory artefact in the abdomen and (c) gross patient motion.
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14.14. GATED SEQUENCES

The effect of gradients on protons described in section 14.11 depends on the protons remaining stationary. If
there is movement of spins during the imaging sequence, artefacts are produced on the image (figure 14.19).
In the body there are many moving protons due to the cardiovascular system, respiration and peristalsis.
Fortunately, because they occur in a regular cycle, the effects of cardiac and respiratory motion can be
removed by using gated sequences.

14.14.1.  Cardiac gating

To ‘freeze’ the motion of the heart, the pulse sequence is triggered using the ECG waveforminstead of a regular
TR. Electrodes are attached to the patient in the usual way, and the waveform is electronically monitored. As
each R wave is detected the imaging sequence is started, so that the effective TR is the RR interval which
depends on the heart rate of the patient. Each line of data for a particular image is acquired at the same time
relative to the cardiac cycle and thus motion artefacts do not appear.

ECG gating is most commonly used when imaging the thorax for cardiac or pulmonary disease. Gated
imaging can also be useful in situations where a major artery is in the field of view, or to remove artefacts due
to CSF pulsation in a spinal imaging. In the latter cases it is more convenient to use a photoplethysmographic
detector on a toe or finger, which detects the arrival of arterial blood in the digit and thus provides an R-wave
trigger. Since the ‘effective TR’ is determined by the RR interval the contrast and SNR in an image will to
some extent be dependent on pulse rate, and images are usually 7; weighted.

14.14.2.  Respiratory gating

The rise and fall of the diaphragm and chest wall during respiration has a much slower cycle. It can be
measured by connecting expandable bellows that contain a fixed volume of air around the chest; the scanner
is able to detect the expansion and collapse of the bellows by measuring the pressure in the bellows. Some
scanners use respiratory triggering to remove motion artefacts, which works in much the same way as cardiac
gating. However, the effective TR is lengthened to several seconds because of the slow cycle, and this produces
an extremely long scan time.

An alternative method of compensating for respiratory motion is called phase re-ordering which relies
on the fact that the largest phase encode gradients are least sensitive to motion of protons. Respiration is
measured for two or three cycles to determine the breathing pattern and repetition time. Instead of varying the
phase encode gradient from positive tonegative in aregular way, the scanner now re-orders the sequence so that
the largest gradients occur during the periods of most respiratory motion. This is a much more time-efficient
method, but its success does rely on the patient’s breathing remaining regular.

14.15. MR ANGIOGRAPHY

Moving blood within arteries and veins in the field of view of the image causes distinctive artefacts, always in
the phase encoding direction. On spin echo images, the lumen of the blood vessels appears black, because the
blood receives either the 90° or the 180° pulse but not both, and therefore cannot produce an echo. Gradient
echo sequences produce the opposite appearance (‘bright blood”) because the echo is rephased by the gradients
not an RF pulse. However, these rules only apply in the simplest of cases; any form of turbulence or reduction
in flow rate changes the appearance of moving fluid in the image, usually by a reduction of intensity.

In order to remove the flow artefact, it is necessary to use balanced gradients as mentioned in sec-
tion 14.11.6. Known as ‘gradient moment nulling’, this technique rephases the signal from protons even
though they are moving during the image acquisition.
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Instead of trying to compensate for the motion of protons in flowing blood. it is possible to exploit
this property to produce MR angiograms, which show only the blood vessels. There are two types of MRA
sequence, time-of-flight (TOF) techniques (also called in-flow methods) and phase contrast (PC).

TOF angiography uses a gradient echo sequence with a very short TR, which saturates the signal from
static tissues within the slice. Blood flowing perpendicular to the slice however has ‘fresh’ magnetization for
each excitation and produces a high signal. The contrast between this bright signal and the low signal from
static tissues produces an angiographic appearance.

Slowly flowing blood, or blood in vessels that run across the slice, experiences several RF excitations
and the magnetization becomes saturated. Turbulent flow also produces a low signal, due to rapid dephasing
of the spins. These effects provide many traps for the unwary in the interpretation of TOF appearances. In
addition, short T tissues such as fat leave residual signals on the image, which can obscure the anatomy of
blood vessels.

Phase-contrast MRA is a quite different sequence, which uses special gradient waveforms to achieve
gradient moment nulling. This allows the velocity of the protons to be encoded in the phase angle of the
signal (note that this is separate from phase encoding for position). To produce an angiogram, two images are
acquired with and without gradient moment nulling. Subtraction of one from the other gives the phase angle,
and thus the velocity, which is combined with the magnitude image for display purposes. The advantages of
PC-MRA are that static protons have zero phase, and thus produce no signal on the final image, and that flow
may be quantified. The gradient strengths may be adjusted to make the sequence sensitive to slow or fast
flows, allowing arterial blood to be easily distinguished from venous return. The disadvantages are that to
visualize flow in all directions, gradient moment nulling must be applied to all three gradients, which extends
the imaging time. In addition, to fully characterize the flow in a given vessel, a series of images with different
velocity encoding should be acquired since each shows only a range of velocities.

14.16.  CONTRAST AGENTS

MRI has a large amount of intrinsic contrast, due to the combinations of proton density, relaxation times
and sequence timings available. Despite this, certain types of pathology are not easily visible and such
examinations benefit from the use of contrast agents. There are two groups of agents, those which affect re-
laxation times (gadolinium- and manganese-based compounds) and those which affect magnetic susceptibility
(iron-oxide-based compounds).

By far the most common contrast agent is gadolinium (Gd) administered intravenously to enhance a
range of tumours. Since gadolinium is extremely toxic it is complexed to a large molecule such as DTPA
which does not pass through the healthy blood—brain barrier, but passes through a disrupted barrier. Because
gadolinium is strongly paramagnetic, it reduces the T relaxation time of the tumour tissue, causing a relative
enhancement on 7}-weighted imaging.

Recently iron-oxide-based contrast agents have become available, which work by causing local field
inhomogeneities. The T> and 7, relaxation times are reduced in these regions, so that tissues which take up
the contrast agent lose signal on T»>- or T, -weighted images. Administration may be as an oral suspension
for abdominal imaging, or intravenous for liver and spleen imaging.

14.17. TECHNICAL CONSIDERATIONS

MR systems comprise a large number of complex components, the specifications of which change very rapidly.
Central to the system is a large bore, high field magnet with high homogeneity of the magnetic field. There
are three types of magnet, with advantages and disadvantages as shown in table 14.3, but the most common
are superconducting magnets. These rely on a bath of liquid helium at 10 K (—263°C) to cool the current
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carrying wires so that they have almost zero resistance. Once the current is set to provide the correct magnetic
field, no electrical power is necessary and the major running cost is that of topping up the liquid helium. Very
good homogeneity is achievable, often to less than 0.2 ppm over the volume of the head coil.

Table 14.3. Comparison of various magnet rypes.

Magnet type Properties Advantages Disadvantages
Permanent Made of iron alloy blocks perma- e Cheap; zero running costs e Relatively low field (<0.3 T)
nently magnetized e Open design e Weight >40 tonnes
Electromagnetic Water-cooled coils of copper e Field can be turned off in emer- e High power requirements
gency e Poor stability
e Open design
e Mid-cost
Superconducting  Liquid-helium-cooled wires e High field e High capital cost
e Good homogeneity e Cost of helium

e Relatively enclosed bore

The gradient set contains three sets of coils, one for each orthogonal direction, which produce linear
magnetic field gradients when current is passed through them. Gradient sets are usually characterized by a
maximum gradient strength, expressed in mT m~!, and the rise time from zero to that maximum in millisec-
onds. The maximum gradient has implications for resolution, while both strength and speed are important
for fast imaging.

Modern MR systems are equipped with a variety of RF coils, each designed to optimize SNR from
a particular part of the body. The body coil is a large cylindrical coil, usually manufactured as part of the
gradient set. Like the head coil (which is simply a smaller version), the body coil is used both to excite the
protons with the RF pulses and to receive the signal. Such coils are termed ‘transmit-and-receive’ coils. Many
of the other coils are ‘receive-only’ or ‘surface’ coils. When these coils are used, the RF pulses are transmitted
on the body coil to achieve a uniform excitation of protons. The signal is picked up by the surface coil, which
has much higher sensitivity because it is adjacent to the area of interest. The sensitivity of such a coil depends
on distance, with a fall-off proportional to 1/ as shown in figure 14.20. This can be exploited to avoid
signals from unwanted structures. The increased sensitivity of surtace coils, together with the decreased field
of view, allows high resolution images to be acquired with good SNR.

RF coils are also described as quadrature, linear or phased array. The simplest ‘linear’ coils are single
loops of copper, rarely circular but shaped appropriately for part of the body. Quadrature coils have two loops,
usually overlapping, and are able to improve the SNR by reducing the amount of noise detected. Phased array
coils are a relatively recent development, using several coils to pick up signal. Each coil forms an image, and
after reconstruction all the images are joined together to form a single high SNR image. Such coils are able to
extend the field of view compared to simple surface coils, but maintain high sensitivity over the whole region.

The whole system is controlled by a central computer, with dedicated processors to do certain tasks.
For example, the sequence of gradient and RF pulses is defined by a pulse generator processor, and the final
Fourier transforms are processed by an array processor capable of handling large numbers of data at high
speed.

In order to prevent the small RF signal being swamped by the ambient RF noise, the magnet is enclosed
in a screened room, or ‘Faraday cage’. Sheets of copper built into the walls, floor and ceiling form a totally
closed metal box around the system, and unwanted RF noise cannot pass through. It does not block the
magnetic field however; containment of the magnet’s fringe fields is achieved with iron or steel shielding,
usually close to the magnet. An alternative means of containing the magnetic field is the development of
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Sensitivity

Figure 14.20. The sensitivity of a circular surface coil falls off with distance from the plane of the coil.

‘active shields’; these consist of an additional set of coils in the magnet generating an opposing magnetic field
to reduce the fringe magnetic field.

14.18. HAZARDS OF MRI

MRI is often described as a safe imaging technique, and indeed it is much less hazardous than methods
involving ionizing radiation. There are three areas to be considered for MRI safety: the large main magnetic
field, the gradient fields which are switched at low frequencies and the radio-frequency radiation.

The Food and Drug Administration (FDA) in the USA and the National Radiological Protection Board
(NRPB) in the UK have issued guidelines for the safe use of diagnostic MRI; although these are not statutory
limits for practical purposes standard clinical scanners do comply with them. The Medical Devices Agency
(MDA) of the Department of Health and the International Electrotechnical Commission (IEC) have produced
extended safety guidelines for best practice, and in addition every MR unit should have local safety rules. It
is strongly recommended that all radiologists and radiographers working in MRI should be familiar with all
these documents.

14.18.1.  Main magnetic field

The field strength of the main magnetic field (Bp) ranges from 0.2 T to 3 T in most clinical systems. It is
generally accepted that fields of up to 2 T produce no harmful bio-effects, including no chromosomal effects.
In higher fields, effects are related to the induction of currents in the body (which is a conductor) when it
moves through the field. These may cause visual sensations (magnetophosphenes), nausea, vertigo and a
metallic taste. However, these effects are short term, usually disappearing when the body is no longer in the
magnetic field.

14.18.2.  Projectile effect of By

Although the main field is not intrinsically hazardous, its powerful effect on ferromagnetic objects constitutes
a major problem. Magnetic bodies within the 0.1 mT fringe field experience an attractive force towards the
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centre of the magnet. If they are free to move, they can acquire high velocities and cause significant damage
to equipment and persons in their path.

The strength of the force and thus the resulting acceleration depend on several factors, including distance
from the field centre, mass of the object and its magnetic properties. It is essential therefore that all potential
projectiles are kept outside the magnetic field. The list of such objects is extensive, and includes keys, scissors,
paper clips, stethoscopes, gas cylinders, drip stands. wheelchairs etc. Apart from being a potential hazard
and causing personal injury or damage to the equipment, small metal objects within the bore of the magnet
will also cause image artefacts. Medically or accidentally implanted objects in the patient’s body may also
be ferromagnetic. The degree of hazard depends both on the type of implant and its location. Of particular
concern are intra-orbital foreign bodies, which are generally not fixed by scar tissue, and aneurysm clips. In
these cases movement of the implant can cause blindness or fatal haemorrhage respectively.

Other items may not become missiles but will be damaged by the magnetic field and should be removed.
Examples include analogue watches and cards with magnetic strips. Various magnetically activated devices
also fall into this category such as cochlear implants and cardiac pacemakers. Persons with these implanted
devices may not enter the 0.5 mT fringe field and therefore cannot be scanned.

14.18.3.  Gradient fields

When gradient fields are switched on and off, they may induce currents in the body. The size of the current
will depend, among other factors, on the maximum gradient field strength and on the switching time: it is
important to remember that the gradient fields increase away from the centre of the magnet, so the area for
concern is not necessarily the part being scanned. Induced currents may be large enough to stimulate nerves,
muscle fibres or cardiac tissue: effects may include magnetophosphenes. muscle twitches, tingling or pain
or in the worst case ventricular fibrillation. Theoretical calculations and experimental evidence indicate that
such effects will be avoided if the gradient switching is kept below 20 T s='. Most existing clinical scanners
are well below this limit, but as scans become faster and technology improves the capabilities of the gradient
sets, it is important that this hazard is carefully monitored.

14.18.4.  RF fields

Radiofrequency waves contain both electric and magnetic fields oscillating at MHz frequencies. At these rates,
the induction of circulating current in the body is minimal. as there are high resistive losses. Most of the RF
power is therefore converted to heat in the body, and bio-effects and safety limits are considered accordingly.
In healthy tissues, a local temperature rise caused by RF power deposition will trigger the thermoregulatory
mechanism of increased perfusion to dissipate the heat around the rest of the body. If the rate of power
deposition is very high, or the thermoregulation system is impaired in some way. heat will accumulate locally,
eventually causing tissue damage. Some areas of the body are particularly heat sensitive, for example the
eyes, the testes and the embryo, and extra care should be taken. The safety limits are somewhat complex, as
they depend on the duration of the exposure and the area under consideration, but basically they are designed
to limit the temperature rise of the body to 1 °C. For the whole body in a 30 minute examination, the specific
energy absorption rate (SAR) limitis | W kg™ (NRPB guidelines: 0.4 W kg~" according to FDA guidelines),
while for a head scan of similar duration it is 2 W kg™'.

Particular care must be taken when metal objects are in the imaging field, e.g. ECG leads or non-
removable metallic implants. Such objects absorb RF energy very efficiently and may become hot enough to
burn the skin if in direct contact. It is worth noting that RF burns to patients form the majority of MRI-related
accidents reported to either the FDA or MDA.
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14.18.5.  MRI in pregnancy

There is some evidence that exposure to switched magnetic fields may cause abnormal development of the
embryo. The effects of excess heat on the foetus are well established and evidence that exposure to RF
radiation may cause heat-induced damage is available. However, there are also studies showing no harmful
effect with either gradients or RF. Overall, the evidence is contradictory and neither proves nor disproves the
safety of MR imaging during pregnancy, although there has been no indication that clinical MRI produces
adverse effects. The NRPB recommends that scans are not performed in the first trimester. However if other
non-ionizing imaging methods are inadequate or the alternative diagnostic method involves ionizing radiation,
and if the information is regarded as clinically important, a scan may take place at any stage of pregnancy.

14.19. CONCLUSIONS AND FUTURE DEVELOPMENTS

It is impossible for a single chapter in a book such as this to explain all the difficult concepts involved in MRIL.
However, there are many other textbooks, and each offers a slightly different view of the topic. Readers are
encouraged to explore as many books as possible to improve their understanding.

MRI is a valuable addition to the range of radiological methods, and has proved superior to other
techniques in many applications. The complexity of the underlying science is balanced by the flexibility of
the information which may be deduced, from high resolution anatomy to flow, diffusion and other physiological
processes. Advanced research inrecent years suggests that MRI is even able to detect metabolic changes in
the brain during various activities, making it possible to measure functionality as well as anatomy. The pace
of development in MRI has not slowed over the last 15 years, with major research areas expanding all the
time. The future of MRI in clinical radiology can only expand as technology improves and new techniques
gain acceptance in the medical community.
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EXERCISES

1 What is meant by the term ‘resonance’ in relation to MRI?

2 Describe what is meant by the Larmor frequency and how is it related to the applied magnetic field.

3 What are the Larmor frequencies for water nuclei in magnetic fields of 0.5 T, 1.0 T and 1.5 T?

4 The tesla (T) is a unit used to measure the magnetic field strength in MRI. What is the strength of the
earth’s magnetic field?

S What is meant by ‘net magnetization’?

6 Classically the spin population states are divided into ‘parallel’ and ‘antiparallel’: what is the approxi-
mate population difference between these two states at 1.5 T?

7 What is the purpose of the radio-frequency transmit and receive coils?

8 What determines the frequency of the rotating frame of reference?

9 What is meant by flip angle («)?

10 Describe what is meant by free induction decay (FID) of the MR signal.

11  Describe what is meant by spin—lattice relaxation. How is this characterized mathematically?

12 Describe what is meant by spin—spin relaxation. How is this characterized mathematically?

13 At0.5 T what are the approximate 7 and 7> for fat and muscle?

14  Describe the spin echo sequence ignoring the imaging process. How might the timing parameters be
adjusted to reflect T}, 7> and proton density in the image?

15 What is the difference between a spin echo and a gradient echo sequence and how are these differences
useful?

16  Describe how magnetic field gradients are used in the imaging process.

17  What is meant by frequency and phase encoding?

18 Describe how you would recognize motion and chemical shift artefacts. How are they related to the
magnetic field gradients?

19  Describe theinversion recovery sequence. Howmighta modification of this sequence be used to remove
the fat signal from the image?

20  What is the purpose of the Faraday cage and where might it be located?

21  If the Faraday cage were ineffective how might this manifest itself in an image?

22 What is the fringe field?

23 What is the maximum value in the fringe field that is generally regarded as safe for a person with a
cardiac pacemaker to stand?

24  List the main contraindications for MRL

25  What precautions should be taken for staff or patients who may be pregnant in relation to magnetic
fields?

26  Whatis the biological effect of applying radio-frequencies to tissues?

27  What is meant by SAR? Define the units used to measure this parameter. What is the whole body limit
and which organs might be of particular concern to radio-frequency effects?

28 List documents which are relevant to MRI safety considerations.

29 Describe what quality assurance should be undertaken on an MRI system.

30 Briefly describe the different magnet technologies and the associated benefits of each.



APPENDIX

The following multiple choice questions have been constructed so as to test your knowledge of the subject.
Most answers are either given in the book or may be obtained by deductive reasoning. A few may require
some additional reading, particularly for a fuller explanation.

The questions have been grouped in the same order as the chapter headings. There is no constraint on
the number of parts of any question that may be right or wrong.

Unless otherwise stated, assume in all practical radiographic situations that any change in conditions is
accompanied by an adjustment of mA s to give a similar optical density on the film. Note that without this
constraint many of the questions would be ambiguous.

1.1 The nucleus of an atom may contain one or more of the following:

(a) Photons.
(b) Protons.
(c) Neutrons.
(d) Positrons.
(e) Electron traps.

1.2 The atomic number of a nuclide:

(a) Is the number of neutrons in the nucleus of an atom.

(b) Determines the chemical identity of the atom.

(c) Will affect the attenuation properties of the material at diagnostic X-ray energies.
(d) Is the same for 123-1 as for 131-I.

(e) Isincreased when aradioactive atom decays by negative beta emission.

1.3 Orbital electrons in an atom:

(a) Contribute a negligible fraction of the mass of the atom.
(b) Are equal in number to the number of neutrons in the nucleus.
(c) Can beraised to higher energy levels when the atom is excited.
(d) Are sometimes ejected when atoms decay by electron capture.
(e) Play an important part in the absorption of X-rays.

1.4 Allisotopes of an element:
(a) Have the same mass number.
(b) Have the same physical properties.
(c) Emit radiation spontaneously.
(d) Have the same number of extra nuclear electrons as the neutral atom.
(e) When excited emit characteristic X-rays of the same energy.
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With respect to radioactive decay processes:

(a) The activity of a radionuclide is 1 MBq if there are 1000 nuclear disintegrations per second.

(b) The half-life is 0.693 multiplied by the decay constant.

(c) After 10 half-lives the activity of aradionuclide will havedecreased by a little more than 1000-fold.
(d) Different radioisotopes of the same element always have different half-lives.

(e) The physical half-life is independent of the biological half-life in the body.

The following are properties of all ionizing radiations:

(a) Decrease in intensity exponentially with distance.
(b) Haveenergy of at least 8 keV.

(c) Produce a heating effect in tissue.

(d) Produce freeelectrons in tissue.

(e) Actasreducing agents.

The following statements are correct in respect of radionuclides:

(a) They have energy levels in the nucleus.

(b) There is no change in mass number when gammarays are emitted.

(c) Thereis a change in mass number when negative beta particles are emitted.
(d) Metastable states have half-lives of less than a minute.

(e) Orbital electron capture results in the emission of characteristic X-rays.

The exponential process:

(a) Applies to both radioactive decay and absorption of monoenergetic gamma rays.

(b) Is expressed mathematically by the inverse square law.

(c) When applied to radioactive materials means constant fractional reduction in activity in equal
intervals of time.

(d) When applied to absorption of monoenergetic gammarays means the half value thickness will be
the same at any depth in the absorber.

(e) Will never reduce the intensity of a beam of gamma rays to zero.

The anode angle of a diagnostic X-ray tube:

(a) Is the angle the face of the target makes with the direction of the electron beam.

(b) Is usually about 25°.

(c) Influences the size of the effective focal spot.

(d) Determines the largest X-ray film that can be adequately covered at a given distance from the focus.
(e) Affects the amount of heat produced in the target for a given kV and mA s.

Tungsten is used as the target material in an X-ray tube because ithas the following desirable properties:

(a) A high atomic number.

(b) A high density.

(c) A high melting point.

(d) A relatively low tendency to vaporize.
(e) A high thermal conductivity.

The effective focal spot size of an X-ray tube depends on:

(a) The size of the filament.

(b) The anode material.

(c) The anode angle.

(d) The kV and mA s selected.

(e) The amount of inherent filtration.
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Heat produced in the target of a rotating anode tube:

(a) Is a potential source of damage to the tube.

(b) Helps the process of X-ray emission.

(c) Accounts for a very large percentage of the incident electron energy.
(d) Is dissipated mainly by radiation.

(e) Reduces the speed of rotation of the anode.

Theenergy of the characteristic radiation emitted from an X-ray tube:

(a) Isindependent of the type of generator used.

(b) Depends on the mA.

(c) Decreases as the atomic number of the target material increases.

(d) Must be less than the maximum energy of the electrons striking the target.
(e) Depends on the tube shielding.

The quality of the X-ray spectrum emerging from an X-ray tube depends on:

(a) The peak voltage applied to the tube.
(b) The waveform of the applied voltage.
(c¢) The atomic number of the anode.

(d) The angle of the anode.

(e) The atomic number of the tube window.

The following statements relate to the continuous part of an X-ray spectrum:

(a) The maximum energy of X-rays generated at afixedkV is independent of the voltage profile applied
to the tube.

(b) The intensity of X-rays is influenced by the anode—cathode distance.

(c) The intensity of X-rays is influenced by the atomic number of the anode.

(d) There are two maxima.

(e) Itis explained by considering deceleration of electrons in the target.

In carrying out quality assurance checks on X-ray equipment:

(a) Anionization chamber may be used to detect leakage radiation.

(b) Light beam alignment may be checked by imaging a rectangular metal frame.

(c) Total filtration may be estimated by measuring the half value thickness of aluminium for the beam.
(d) Intensifying screens may be checked using visible light.

(e) Aresolution of 2.0 line pairs per millimetre would be acceptable for a fluoroscopy system.

The following statements are true regarding the rating of an X-ray tube:

(a) Itspecifies maximum safe electrical and thermal operating conditions for a long tube lifetime.

(b) Full wave and half wave rectified tubes have the same rating curves.

(c) The maximum tube current is inversely proportional to the area of the focal spot target.

(d) The limiting mA s increases with time of exposure because of cooling.

(e) During fluoroscopy, a radiographic exposure causes a sharp increase in the temperature of the
anode.

In carrying out quality assurance checks on X-ray equipment:

(a) The output of the X-ray set would be measured with a Geiger—Miiller monitor.

(b) kV can be measured with a film sensitometer.

(c) Exposure times as short as 0.05 s may be checked using an electronic timer.

(d) A higher output would be expected with the broad focus spot than with the fine focus.
(e) The input doserate to the image intensifier should be checked.
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Advantages of a three phase generator compared to a single phase generator are the following:

(a) A higher tube rating for short exposures.

(b) Near maximum loading may be applied to the tube throughout the exposures.
(c) Shorter exposure times.

(d) Higher repetition rate.

(e) A higher maximum energy of photons.

The following statements are true concerning X-ray beam filtration:

(a) The inherent filtration of a conventional X-ray tube is of the order of 0.7 mm aluminium equivalent.
(b) High inherent filtration is essential for mammography.

(c) Added filtration becomes unnecessary above 125 kV.

(d) It reduces the skin dose.

(e) Itreduces the integral absorbed dose.

The photoelectric attenuation process:

(a) Occurs when photons collide with atomic nuclei.

(b) Decreases continuously with increasing radiation energy.

(c) Isnegligible in water at 120 keV.

(d) Gives rise to scattered radiation outside the body.

(e) Is the main reason for lead being such a good protective material for diagnostic X-rays.

If the half value thickness in aluminium for a beam of X-rays from an X-ray tube operating at 80 kVp
s 2 mm:

(a) Theintensity of the beam will be halved if 2 mm of aluminium is placed in the beam.

(b) The intensity of the beam will be reduced by 75% if 4 mm of aluminium is placed in the beam.
(c) The half value thickness would be greater if measured in copper.

(d) The half value thickness in aluminium would be less if the tube were operated at 100 kVp.

(e) The half value thickness in aluminium would be less if the tube current (mA) were reduced.

When X-rays interact with matter, the following statements are true:

(a) Absorption of X-radiation by the photoelectric effect results in annihilation radiation.

(b) The photoelectric effect usually predominates over the Compton effectin X-ray computed tomog-
raphy.

(c) Inthe Compton effect the energy of the incident photon is shared between an electron and a scattered
photon.

(d) In the Compton effect the majority of photons are scattered backwards at the scattering centre at
diagnostic energies.

(e) Absorption of X-radiation by pair production is always accompanied by the release of 0.51 MeV
radiation.

The first half value thickness for 30 keV gamma rays in water is 20 mm. The following statements are
true.

(a) The second half value thickness is also 20 mm.

(b) 60 mm of water will stop 95% of 30 keV X-rays.

(c) The half value thickness in healthy lung for 30 keV gamma rays is more than 20 mm.

(d) The half value thickness of water for X-rays from a tube operating at 30 kVp is 20 mm.

(e) Thesecond half value thickness of water for X-rays from a tube operating at 30 kVp is greater than
the first half value thickness.
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When an X-ray photon in the diagnostic energy range passes through matter it may:

(a) Be deflected through more than 90° and lose energy.

(b) Be deflected without any change of energy.

(c) Be transmitted without any change in energy or direction.

(d) Cause the production of characteristic radiation.

(e) Undergo an interaction resulting in the creation of two particles with the same kinetic energy.

The tenth value layer of a diagnostic X-ray beam is:

(a) Thedepth at which the beam intensity has fallen to one-tenth.

(b) The depth at which the maximum X-ray energy has fallen to one-tenth.
(c) Approximately five times the half value layer in soft tissue.

(d) Greater in materials of higher atomic number.

(e) Independent of the voltage supply.

When 60 keV photons of gamma ray energy are absorbed in a crystal of sodium iodide:

(a) All the photons undergo a photoelectric interaction.

(b) Each gamma ray photon releases one visible light photon.

(c) The number of visible light photons may be increased by adding certain impurities to the crystal.

(d) Visible light is released from many different depths in the crystal.

(e) Thewavelengthoflight produced is directly proportional to the wavelength of the absorbed gamma
photon.

The following statements relate to the characteristic curve of an X-ray film:

(a) The curve is plotted on axes of optical density against exposure.

(b) Film speed is the exposure to cause an optical density of 1.0.

(c) The maximum slope of the curve is the film gamma.

(d) The film latitude is the X-ray exposure range that will produce useful optical densities.
(e) Atvery high exposures the optical density may start to decrease.

When X-rays interact with photographic film the process depends on:

(a) Photoelectric interactions with the gelatine.
(b) Impurities in the crystal structure.

(c) Heat generation by the X-rays.

(d) Formation of clusters of neutral silver atoms.
(e) Removal of excess silver by the developer.

Intensifying screens:

(a) Emit electrons when bombarded with X-rays.

(b) Contain high atomic number nuclides to improve X-ray stopping efficiency.
(c) Reduce the patient dose by at least a factor of 10.

(d) Increase the sharpness of a radiograph.

(e) When used in combination with film have a higher speed than the film itself.

In an image intensifier:

(a) Caesium iodide is chosen for the input phosphor because its light emission is well matched to the
spectral response of the eye.

(b) Sensitivity is improved by increasing the input phosphor thickness.

(c) Electrons emitted by the input phosphor are focused onto the output phosphor.

(d) Electrons are accelerated by potential differences of about 25 kV.

(e) Image brightness is increased by minification by a factor of about 10.
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Film fog is increased by the following:

(a) Storage of film at high temperature.
(b) Prolonged storage of film before use.
(c¢) Use of rare earth screens.

(d) Excessively strong fixation.

(e) Poor viewing conditions.

The use of intensifying screens:

(a) Increases the fraction of radiation emerging from the patient that is used to form the image.
(b) Improves the spatial resolution in the final image.

(c) Reduces the amount of quantum mottle in the image.

(d) Increases film latitude.

(e) Reduces the patient dose.

The following statements are true regarding the radiographic image:

(a) Increasing the field size increases markedly the geometric unsharpness.

(b) The heel effect is most pronounced along the anode side of the X-ray beam.

(c) The visible contrast on a fluorescent screen between two substances of equal thickness depends on
the differences between their mass attenuation coefficients and densities.

(d) Foran X-ray generator operating above 150 kV bone/soft tissue contrast is less than soft tissue/air
contrast.

(e) The limiting spatial resolution between different parts of the image depends on the contrast.

The exposure time for taking a radiograph:

(a) Is decreased if the kV is increased.

(b) Isincreased if the mA is increased.

(c) Is decreased by increasing the added filtration.
(d) Depends on the thickness of the patient.

(e) Isdecreased if a grid is used.

When a radiograph of a section of the body is to be taken with the film cassette kept as close to the
patient as possible, the skin dose to the patient in the beam will be increased if:

(a) The focus—film distance is increased.

(b) The kV used is increased.

(c) More sensitive screens are used in the cassette.

(d) A grid is inserted between the cassette and the patient.
(e) The mA is increased while keeping the mA s constant.

In a normal radiographic set-up:

(a) A shorter focus—film distance reduces the magnification.

(b) The smaller the object the greater the magnification.

(c) Theimage of an object increases in size as its distance from the film increases.

(d) The image of an object increases in sharpness as its distance from the film decreases.
(e) The magnification depends on the focal spot size.

The following statements relate to the correct use of linear grids:

(a) Anincreased grid ratio will reduce the scattered radiation reaching the film.

(b) Anincreased grid ratio will reduce the field of view.

(c) The width of the lead strips in the grid must be less than the required resolution.

(d) The density of the radiograph will be reduced towards the edges.

(e) The dose to the patient will increase by the ratio lead strip thickness/interspace distance.
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In abdominal radiography the amount of scattered radiation reaching the film may be reduced, relative
to the primary beam by:

(a) Increasing the kV.

(b) Increasing beam filtration.

(c) Increasing the tube—patient distance.
(d) Increasing the patient—film distance.
(e) Abdominal compression.

Contrast on a radiograph is increased by:

(a) Increasing the distance from the patient to the film.
(b) Decreasing the focal spot size.

(c) Increasing the filtration.

(d) Decreasing the field size.

(e) Using a film of higher gamma.

The exit dose from a patient in the primary X-ray beam:

(a) Iscaused primarily by backscattered electrons.

(b) Depends on X-ray field size.

(c) Dependson X-ray focal spot size.

(d) Decreases if tube voltage is increased with mA s constant.

(e) Increases if tube filtration is increased but other factors remain constant.

Absorbed dose:

(a) Isdirectly proportional to the mA s.

(b) Is typically a few Gy at the skin surface in a diagnostic examination of the abdomen.
(c) Islessinfatthan in muscle for a given exposure of 30 kV X-rays.

(d) Isabout the same in bone and muscle for a given exposure of 30 kV X-rays.

(e) Isthe only factor determining biological effect.

If the gonads are outside the primary beam during the taking of a radiograph, the dose to them will be
reduced if:

(a) A grid is used.

(b) A more sensitive film screen combination is used.
(c) The field size is reduced.

(d) A smaller focal spot size is selected.

(e) The patient film distance is increased.

A typical P—A chest radiograph will:

(a) Include the female gonads in the direct beam.

(b) Give a dose to the male gonads of about 10 £Gy.

(c) Give a skin dose to the patient in the direct beam of about 2 mGy.
(d) Use X-rays generated above 60 kV.

(e) Give a lower effective dose than an A—P chest radiograph.

Absorbed dose can be specified in

(a) joule/kilogram.
(b) millisieverts.

(c) gray.

(d) coulomb/kilogram.
(e) electron volts.
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If the dose rate in air at 100 cm from an X-ray machine when operating at 100 kV and 100 mA is
600 mGy min~" then:
I

(a) The dose rate at 50 cm will be 2.4 Gy min™ .
(b) The dose rate at 25 cm will be 4.2 Gy min~".

(c) The dose rate at 100 cm will be halved if the machine is operated at 100 kV and 25 mA.
(d) The dose rate will remain unchanged if the kV is altered.

(e) Placing an extra filter in the beam will decrease the dose rate.

A free air ionization chamber is more sensitive to 100 kV X-rays, if totally irradiated, i.e. produces a
larger current, for a given exposure rate, if:

(a) Its air volume is increased.

(b) The ambient temperature is greater.

(c) The ambient pressure is greater.

(d) The effective atomic number of the wall material is less than that of air.

(e) The voltage across the electrodes is less than that necessary to saturate the chamber.

In diagnostic radiology using film/screens the entrance dose to the patient on the axis of the beam is
reduced by:

(a) Increasing the kV.

(b) Using a grid.

(c) Patient compression.

(d) Using a small focal spot.
(e) An air gap technique.

The effective dose to a patient from a single plane film radiograph is:

(a) Decreased atlower mA.

(b) Decreased by the use of grids.

(c) Decreased by using a faster film.

(d) Decreased by decreasing the field size.
(e) Always less than 5 mSv.

Absorbed dose:

(a) Is ameasure of the energy absorbed per unit mass of material.

(b) Istheenergy released in tissue per ion pair formed.

(c) May be determined from an ionization chamber measurement.

(d) Isdifferent in different materials exposed to the same X-ray beam.

(e) Decreases exponentially as the X-ray beam from an X-ray tube passes through sof' tissue.

The following are features of a Geiger—Miiller counter used for measuring radioactivity:

(a) It has a rather poor efficiency for detecting gamma rays.

(b) A thin window is desirable to detect beta radiation.

(c) The collection volume is open to the atmosphere.

(d) The operating voltage may be similar to that of an ionization chamber.

(e) It is better than a scintillation crystal monitor for checking surface contamination in the nuclear
medicine department.
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In a primary diagnostic X-ray beam, the radiation dose at a depth of 20 cm in a thick region of the
patient:

(a) Isindependent of mA s.

(b) Decreases if tube voltage is increased but film density is kept constant.

(c) Decreases if the tube to patient distance is increased but film density is kept constant.
(d) Is about half the dose at a depth of 10 cm.

(e) Isindependent of the X-ray field size.

The following dosimetric quantities are approximately correct:

(a) The effective dose from a barium enema is 7 mSv.

(b) The annual whole body equivalent dose limit for members of the public is 15 mSv.

(c) A chest X-ray entrance skin dose is 150 uGy.

(d) The effective dose to a patient from a lung perfusion scan with 100 MBq Tc-99m is 1 mSv.
(e) The average annual effective dose to the UK population from medical exposures is 350 pSv.

In comparison with a Geiger—Miiller counter, a scintillation counter:

(a) Is more sensitive to gamma rays.

(b) Is more portable.

(c) Canbeadapted more readily for counting radiation fromone radionuclide in the presence of another.
(d) Is better for dealing with high count rates.

(e) Requires less complex associated apparatus.

Technetium-99m is a suitable radionuclide for imaging because:

(a) Its half-life is such that it can be kept in stock in the department for long periods.
(b) Its gamma ray energy is about 140 keV.

(c) It emits beta rays that can contribute to the image.

(d) Itcan be firmly bound to several different pharmaceuticals.

(e) A high proportion of disintegrations produce gamma rays.

A molybdenum—technetium generator contains 3.7 GBq of molybdenum-99 at 0900 hours on a Monday.
The activity of technetium-99m in equilibrium with the molybdenum-99:

(a) Atany time depends on the half-life of technetium-99m.

(b) Is 3.7 GBq at 0900 hours on the Monday.

(c) Depends on the temperature.

(d) Will be about 370 MBq at 0900 hours on the following Friday.
(e) Atany time will be reduced if the generator has been eluted.

Desirable properties of a radionuclide to be used for skeletal imaging are:

(a) Adequate beta ray emission.

(b) Gammaray emissions of two distinct energies.
(c) A non-radioactive daughter.

(d) A medium atomic number.

(e) A half-life of less than 10 minutes.

The effective dose to an adult patient from a radionuclide bone scan:

(a) Is affected by radiochemical purity.

(b) Increases with increasing body weight.

(c) Isreducedif the patient empties their bladder before the scan.

(d) Is typically about IS mSv per examination.

(e) Ishigh enough for the patient to be designated as a classified person.
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When using a collimator with a gamma camera:

(a) The main purpose of the collimator is to remove scattered radiation.

(b) A high resolution collimator is required for dynamic studies.

(c) High energy collimators give poorer resolution than low energy collimators.
(d) With a parallel hole collimator resolution is independent of depth.

(e) A diverging collimator will increase the field of view.

Diagnostic doses of radiopharmaceuticals are chosen so that the effective dose does not exceed:

(a) S mSv.

(b) The dose limit for occupational exposure.
(c) The dose limit for members of the public.
(d) The variation of natural background doses.
(e) The effective dose from an X-ray CT scan.

In a gamma camera:

(a) Resolution increases with increasing thickness of the crystal.

(b) Non-linearity is caused more by the scintillation detector than by the photomultiplier tubes.
(c) The pulse height analyser eliminates all scattered photons.

(d) The pulse height analyser enables two radionuclides to be detected at the same time.

(e) Monoenergetic gamma rays produce light flashes of fixed intensity in the detector.

The resolution of a gamima camera image is affected by:

(a) The septal size on the collimator.

(b) The energy of gamma rays.

(c¢) The count rate.

(d) The number of photomultiplier tubes.

(e) The window width on the pulse height analyser.

The following properties are desirable in a radionuclide used for organ imaging:

(a) A photonenergy below 80 keV.
(b) A single gamma ray energy.

(c) Absence of beta activity.

(d) A low tumour/background ratio.
(e) A high critical organ affinity.

In the analysis of the spatial frequency response of an imaging system which uses an image intensifier
as the receptor:

(a) The modulation transfer function (MTF) is normalized to one at zero spatial frequency.
(b) The resultant MTF is the sum of the MTFs of the components.

(c) MTF and line spread function (LSF) contain the same information.

(d) The MTF always decreases with increasing spatial frequency.

(e) The resultant MTF is independent of the design of the X-ray tube.

The amount of quantum noise in the image produced by an image intensifier and television system for
fluoroscopy can be reduced by:

(a) Increasing the screening time.

(b) Increasing the exposure rate.

(c) Use of thicker intensifier input screens.

(d) Increasing the brightness gain on the image intensifier.
(e) Reducing electronic noise in the television chain.
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In relation to the radiographic image:

(a) Contrastbetween two parts of the film is the ratio of their optical densities.
(b) Full width half maximum is a measure of resolution.

(c) Modulation transfer function is a method of measuring contrast.

(d) Noise increases with increasing patient dose.

(e) Fine detail corresponds to high spatial frequencies.

The following statements correctly relate to the radiographic image:

(a) Noise depends on the brightness of the film viewing box.

(b) Contrast between two areas can be defined as the difference in optical density on the two parts of
the film.

(c) Definition can be related to the response of a sharp edge.

(d) Total unsharpness is the sum of geometric, screen and movement unsharpness.

(e) Resolution can be derived from the modulation transfer function measured on a low contrast object.

In the assessment of a diagnostic imaging procedure:

(a) The line spread function is an effective measure of resolution.

(b) The modulation transfer function measures the performance of the complete imaging system.

(c) The sum of the true positive and false positive images will be constant.

(d) Astrictcriterionfora positive abnormal image is a better way to discriminate between two imaging
techniques than a lax criterion.

(e) Bayes theorem provides a way to allow for the prevalence of disease.

Receiver operator characteristic (ROC) curves:

(a) Provide a means to compare the effectiveness of different imaging procedures.

(b) Are obtained when contrast is varied in a controlled manner.

(c) Normally plot the false positives on the X axis against the false negatives on the Y axis.
(d) Require the observer to adopt at least five different visual thresholds.

(e) Reduce to a straight line at 45° when the observer guesses.

In asymptomatic mammographic screening:

(a) X-rays generated below 20 kV must be used.

(b) The X-ray tube may have a molybdenum target.

(c) A focus—film distance of at least | metre is necessary.

(d) Doses to the breasts must be less than 2 mGy.

(e) Rare earth screens must be used.

Xerography:

(a) Produces more contrast than conventional radiography between images of structures of different
densities.

(b) Depends on the phenomenon of photoconductivity.

(c) Makes use of plates that can be re-used repeatedly.

(d) Has been recommended for routine breast screening as the radiation dose required is lower than
for any other technique.

(e) Needs a special X-ray generator for its successful application.
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If the focus—film distance for a particular examination is increased from 80 cm to 120 cm with the film
cassette kept as close to the patient as possible:

(a) Theimage is magnified more.

(b) Geometric unsharpness is reduced.

(c) A larger film should be used.

(d) The entrance skin dose to the patient is reduced.
(e) The exit skin dose to the patient is unchanged.

Requirements for good macro-radiography include:

(a) A tube—patient distance of at least | m.

(b) A fine focus X-ray tube.

(c) A higher mA s than conventional radiography of the same part at the same kV.
(d) Stationary grids.

(e) Slow screens to counteract magnified grain size.

The spectrum of X-rays emitted from an X-ray tube being used for mammography:

(a) Will contain characteristic X-rays if a molybdenum anode is being used.

(b) Islikely to contain X-rays with a maximum energy of 50 keV.

(c) At fixed kilovoltage, has a total intensity that depends on the atomic number of the anode.
(d) Isindependent of the tube window material.

(e) Will pass through additional filtration before the X-rays fall on the patient.

The following statements relate to digital radiography:

(a) Digital information is any information presented in discrete units.

(b) A variable window width facility is a means of manipulating contrast.

(c) If auniform source is examined with an ideal imager, variations in grey scale across the image may
be reduced by increasing the radiation dose.

(d) If N frames from a digitized set of images are added, the fractional variation in statistical noise is
reduced by a factor of N.

(e) Digital data must be converted to analogue form prior to storage.

In X-ray computerized tomography:

(a) Compton interactions predominate in the patient.

(b) A cadmium tungstate detector is more sensitive than a xenon detector.

(c) Filtered backprojection is a method of data reconstruction.

(d) The Hounsfield number for water is zero.

(e) Small differences in contrast are more easily seen by decreasing the window width.

In X-ray computerized tomography:

(a) X-ray output must be more stable than in conventional radiology.

(b) The detectors are normally photomultiplier tubes.

(c) The spatial resolution is limited by the number of pixels.

(d) A pixel may have a range of attenuation coefficients if it contains several different tissues.
(e) Hounsfield numbers may be changed by altering the window level and window height.

The thickness of the slice seen in focus on a conventional tomogram may be reduced by:

(a) Increasing the angle of traverse.

(b) Increasing the mA s.

(c) Reducing the kV.

(d) Using a more sensitive film—screen combination.
(e) Increasing the fixation time.
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X-ray computed tomography:

(a) Is more sensitive than conventional radiography to differences of atomic number in tissues.
(b) Can only resolve objects greater than 100 mm in diameter.

(c) Depends on the different attenuation of X-rays in different tissues.

(d) Isusually performed with X-rays generated below 70 kV.

(e) Is used to obtain pictures of transaxial body sections.

In X-ray computed tomography:

(a) Some CT scanners have more than 1000 detectors.

(b) The partial volume effect occurs when the X-ray beam does not pass through part of the patient
Ccross section.

(c) Filtered backprojection provides additional attenuation between the patient and the detector.

(d) If a water phantom is imaged, all the computed Hounsfield numbers will be close to zero.

(e) Decreasing the window width is a mechanism for visualizing small differences in contrast.

In X-ray computed tomography:

(a) The majority of X-ray interactions in the patient are inelastic collisions.

(b) If xenon gas detectors are used, the gas is above atmospheric pressure.

(c) Each detector has its own collimator.

(d) Resolution is improved by increasing the pixel size.

(e) The amount of noise in the image can be estimated by imaging a water phantom.

Equivalent dose is:

(a) Affected by radiation weighting factors.

(b) The absorbed dose averaged over the whole body.

(c) For X-rays numerically equal to the absorbed dose in grays.
(d) Used to specify some dose limits.

(e) Used to specify doses to patients from X-ray examinations.

The following statements refer to the biological effects of radiations on cells and tissues:

(a) The risk of fatal cancer is higher than the risk of severe hereditary disease.

(b) A deterministic effect increases steadily in severity from zero dose.

(c) Stochastic effects may be caused by background radiation.

(d) Theperiod of maximum risk for severe mental retardation is between the 16th and 24th weeks after
conception.

(e) Equal equivalent doses of different radiations cause equal risk to different tissues.

With respect to the responses of cells to ionizing radiation:

(a) Stem cells are generally more sensitive than differentiated cells.

(b) Cellular recovery is apparent by 6 h after irradiation.

(c) Doserate effects are evidence of recovery.

(d) The RBE of neutrons (in vitro) will increase with increasing dose.

(e) Cells show more evidence of recovery after X-ray irradiation than after neutron irradiation.

The following statements relate to the long term effects of radiation:

(a) Stochastic risks are additive when radiation doses are fractionated.

(b) Mutagenic effects have been demonstrated statistically following radiation exposure of humans.
(c) Early transient erythema is a deterministic effect.

(d) There is no evidence of radiation-induced malignancy from the diagnostic use of X-rays.

(e) Radiation-induced solid tumours may not appear until 40 years after exposure.
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11.5 The risk from injected radioactivity:

11.6

(a) Is independent of the biological half-life in the body.

(b) Depends on both the radionuclide and on the pharmaceutical form.
(c) Decreases steadily with time after injection.

(d) May be primarily due to the dose to a single organ.

(e) Is afactor limiting the quality of radionuclide images.

The following statements relate to the use of diagnostic X-rays during pregnancy:

(a) The dose to the uterus is usually calculated to obtain an estimate of the dose to the foetus.

(b) Severe mental retardation is the most serious risk during the first few weeks of pregnancy.

(c) Hereditary effects may be no higher than after birth.

(d) The effective dose to the foetus cannot be higher than the effective dose to the mother.

(e) The risk of fatal cancer to age 15 will be about | in 30 000 for each I mGy of absorbed dose to the
foetus.

Thermoluminescent dosimeters:

(a) May be made of lithium chloride.

(b) Depend for their action on the emission of light when the dosimeter is heated after irradiation.

(c) Can only be used for measuring doses over 10 mGy.

(d) Can be used for in vivo measurements in body cavities.

(e) Havearesponse which is practically independent of radiation energy over a wide range of energies.

Photographic film as a dosimeter:

(a) Measures dose rather than dose rate.

(b) Is commonly used for personal monitoring.

(c) Cancover a wide range of dose.

(d) Has aresponse which is independent of the radiation quality.
(e) Requires carefully controlled development conditions.

Thermoluminescent dosimetry:

(a) Depends on the emission of light from an irradiated material after heating.

(b) Can only be used in a very restricted dose range.

(c) Is particularly useful for in vivo dosimetry because the detector is tissue equivalent.
(d) Is an absolute method of determining absorbed dose.

(e) Isused forroutine personal monitoring.

The lead equivalent of a protective bairier:

(a) Is the amount of lead the barrier contains.

(b) Depends on the density of the barrier material.

(c) Increases as radiation energy increases in the range up to 5 MeV if the atomic number of the barrier
material is less than that of lead.

(d) Must be at least 2 mm of lead in diagnostic radiology.

(e) Varies with the amount of filtration in a diagnostic X-ray beam.

In a film badge:

(a) The film is single coated.

(b) The open window enables beta ray doses to be assessed.

(c) The lead—tin filter is to protect the film from fogging.

(d) Doses in air of 100 mGy diagnostic X-rays can be measured.
(e) a-particles will not be detected.
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The following statements concerning the Ionising Radiations Regulations (1985) are true:

(a) Local rules are required for any work notifiable to the Health and Safety Executive under the
Regulations.

(b) Staff must be designated as classified radiation workers if the dose to their hands is likely to exceed
150 mSv per annum.

(c) Radiation protection supervisors are appointed to assist the radiation protection adviser with their
work.

(d) All radiation workers must have their personal dose monitored at regular intervals.

(e) Boundaries to controlled areas must correspond with physical barriers such as walls, doors etc.

The following statements concerning ultrasound are true:

(a) Itis electromagnetic radiation in the range 1 to 15 MHz.

(b) Itcan be focused.

(c) The speed of sound in tissue is independent of temperature.

(d) The absorption of ultrasound in tissues is frequency dependent.
(e) Swept gain is used to compensate for tissue attenuation.

In Doppler ultrasound:

(a) The ultrasound must be used in continuous wave mode.

(b) The frequency of the Doppler-shifted ultrasound is above the audible range in medical applications.

(c) The Doppler-frequency shift depends on the acoustic properties of the medium between the probe
and the moving target.

(d) No Doppler signal will be recorded unless there is a difference in characteristic impedance across
the moving boundary.

(e) The Doppler-frequency shift decreases as the angle between the beam and the normal to the moving
boundary decreases.

13.3 Two similar-sized patients are to have consecutive liver ultrasound scans. The following parameters

13.4

13.5

may need to be adjusted between patients:

(a) Ultrasound frequency.

(b) Focusing.

(c) Dynamic range.

(d) Swept gain.

(e) Inputpower.

Decreasing the pulse length from a conventional B scanner has the effect of:

(a) Increasing the dynamic range.

(b) Increasing the frequency bandwidth.
(c) Increasing the axial resolution.

(d) Increasing the lateral resolution.

(e) Increasing the penetration.

Attenuation of an ultrasound beam in soft tissue is:

(a) Independent of frequency.

(b) Affected by ‘swept gain’ settings.

(c) Principally due to reflection and scattering at boundaries.

(d) Affected by the amount of energy involved in relaxation processes.
(e) Exponential with range in the far field.
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The following statements are correct for ultrasonic radiation used in medical diagnosis.

(a) Itis generated by transverse vibration of air molecules in the frequency range | to 15 MHz.
(b) Ithas a wavelength in soft tissue of between 0.1 and 1.5 mm.

(c) Ata fixed frequency it has a longer wavelength in bone than in soft tissue.

(d) Itcan be focused using plastic lenses.

(e) Itis more heavily absorbed in tissue at high frequencies than at low frequencies.

When ultrasound is used for conventional B-mode imaging:

(a) The higher the frequency the greater the depth that can be scanned.

(b) Resolution along the direction of propagation of the beam depends on pulse length.

(c) Lateral resolution in the near field depends on the frequency of the ultrasound.

(d) The transducer is in the receiving mode for over 99% of the time.

(e) Each echo on the display corresponds to reflecting or scattering boundary in the tissue.

Swept gain (time gain compensation) is used in amplifiers of ultrasound signals to:

(a) Improve axial resolution.

(b) Compensate for differences in attenuation between different tissues.

(c) Compensate for the time difference between the front and back of a single pulse.
(d) Obtain signals of similar intensity from all similar boundaries.

(e) Widen the field of view seen by the detector.

In order to detect multiple tissue boundaries within the patient using conventional ultrasound:

(a) Anultrasound frequency of at least | MHz is required.

(b) The densities of the media on either side of each boundary must be different.
(c) Pulsed ultrasound must always be used.

(d) Atleast 10% of the incident energy must be reflected back to the transducer by each boundary.
(e) The reflecting surface must be stationery.

Imaging by magnetic resonance imaging:

(a) Requires at least a one tesla static magnetic field.

(b) Depends on excitation of nuclei by a time varying RF magnetic field.

(c) Can demonstrate blood flow without injection of contrast medium.

(d) Produces a digital image.

(e) Can use diamagnetic materials to enhance contrast.

In magnetic resonance imaging:

(a) Only nuclides with an odd number of protons can be investigated.

(b) The strength of the signal increases as the strength of the static magnetic field increases.

(c) Short T} values are associated with highly structured tissues.

(d) Field gradients must be applied to obtain spatial information.

(e) The major hazard to health limiting the static magnetic field is the associated temperature rise in
the tissues.

In nuclear magnetic resonance imaging of protons:

(a) The SI unit of magnetic induction (magnetic flux density) is teslas per metre.

(b) A magnetic field varying with the Larmor frequency is used to define the slice to be imaged.

(c) Magnetic field gradients may be applied in more than one direction.

(d) The strength of the static magnetic field is a factor in determining the duration of the time varying
field.

(e) Local variations in the static magnetic field affect 75 values.
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14.4 In nuclear magnetic resonance imaging:
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(a) Theoretically, the static magnetic field can act in any direction.

(b) The magnitude of the magnetic field gradient determines the thickness of the slice to be imaged.

(c) A superconducting magnet has almost no electrical resistance.

(d) The gyro-magnetic ratio is one of the factors that determines the strength of the signal from a given
volume.

(e) The gradient magnetic field can cause a depolarizing potential across circulating blood cells.

In magnetic resonance imaging, the Larmor frequency:

(a) Measures the gyroscopic rotation of the nuclei.

(b) Is theradiowave frequency at which the magnet system can absorb energy.
(c) Isone of the factors contributing to the strength of the net magnetic moment.
(d) Is directly proportional to the Boltzmann constant.

(e) Is the frequency of the detected radio signal.

In magnetic resonance imaging, for a fixed pixel matrix, the signal intensity within a pixel is affected
by the following:

(a) The gyromagnetic ratio.

(b) The amplitude of the applied radiofrequency magnetic field.
(c) The repetition time.

(d) Flow.

(e) The field of view.

Magnetic resonance imaging

(a) May utilize the carbon content of the body to generate the image.
(b) Uses signals which depend on the magnitude of the magnetic vector.
(c) Needs a radio-frequency wave to induce a signal.

(d) Is contra-indicated for patients with aneurism clips.

(e) Produces stray fields proportional to the static field strength.

In magnetic resonance imaging

(a) The net spin angular momentum for protons should be zero.

(b) The ratio of nuclei in the low/high energy state depends on the magnetic field.

(c) Precession occurs when the resultant magnetization vector of the nuclei is parallel to the external
field.

(d) T is always shorter than T in biological tissues.

(e) The STIR sequence is used to suppress the high signal from fat.

In magnetic resonance imaging the magnetic field gradient

(a) Is generated by a superconducting magnet.

(b) Is applied together with a 90° pulse to form the image slice.

(c) Is applied perpendicular to the slice plane in selective excitation.
(d) Inverts the nuclear magnetization.

(e) Produces a linear variation of resonant frequency with position.
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426 Answers

Question (a) (b) (c) (d) (e) Question (a) (b) (c) (d) (e)
122 T T T F T 13.8 F T F T 12
12.3 T F T F T 13.9 F F T F F
12.4 F T T F T 14.1 F T T T F
12.5 F T F T T 14.2 F T T T F
12.6 T T F F F 14.3 E F T F T
13.1 F T F T T 14.4 T T T T T
13.2 F T F T F 14.5 T T F F T
13.3 F T T T T 14.6 T F T T T
134 12 T T F F 14.7 12 T T T T
13.5 F F F T F 14.8 F T 12 T T
13.6 F T T T T 149 F T T F T
13.7 F T F T F
Footnotes:

1.3(d) As Auger electrons (see Persson L 1994 The Auger effect in radiation dosimetry Health Phys. 67
471-6).

1.6(e) lonizing radiations are oxidizing agents, e.g. ferrous ion — ferric ion.

1.8(d) This is frequently used as a practical definition of a diagnostic X-ray beam when it has been heavily
filtered.

2.2(b) The high density prevents too much electron penetration into the anode.

2.3(d) kV and mA s will affect the effective spot size because they will influence the performance of the
cathode focusing cup in forming a small target spot on the anode surface.

2.6(d) We know there is substantial self-absorption of X-rays in the anode and this will be affected by the
angle.

3.1(b) Because of absorption edges

3.1(d) Any secondary radiation, not strictly scattered, will be of such low energy that it is absorbed inside the
body.

3.2(b) The second half value thickness will be greater because of beam hardening.

3.5(a) There will still be a small amount of elastic scattering

3.5(d) Characteristic radiation will be produced if a K shell (or higher shell vacancy) is created. If this occurs
in the body the radiation may be of too low energy to escape.

3.7(a) A few photons will not interact at all and a few will be Compton scattered.

4.3(e) The slope of the linear portion of the characteristic curve becomes steeper.

4.6(c) Although the intensifying screen stops a higher fraction of photons than film, the number of incident
photons will be greatly reduced.

5.3(b) Assuming film density remains the same—see general instructions at the beginning of the questions.
5.4(e) If the penumbra are excluded the larger focal spot will give a smaller image: if penumbraare included
it will give a larger image.

5.6(c) This assumes the field size is set at the cassette, if it were set on the patient surface there might be less
scatter because of less beam divergence.

5.7(a) and (d) both reduce the scatter reaching the film.

6.1(e) Filtration cannot increase any component of the spectrum so the exit dose cannot increase with the
specified conditions.

6.8(c) See general instructions at the beginning of the questions. Compression will actually reduce the amount
of tissue in the beam.

6.9(a) See general instructions.

6.10(b) Some energy will be deposited as excitation.

6.11(d) Although the electric field will be much higher than for an ionization chamber, the operating voltage
may be similar.
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6.12(d) For this to be true, the half value thickness would have to be 10 cm—it is much less.

6.13(c) A reasonable mean from quite a wide range of quoted values.

7.2(d) 4 days is less than two half-lives for Mo-99.

7.2(e) Note the question says ‘equilibrium’, by the time the generator has returned to equilibrium, it will not
matter whether the generator has been eluted or not.

9.6(c) A major contribution to the variations in grey scale will be quantum mottle.

12.1(e) The mean atomic number is similar to that of air and soft tissue.

13.2(b) It is the beat frequency that is audible.

13.2(c) Neglecting small changes in the speed of sound in the medium.

13.5(e) The beam is also diverging so the intensity of radiation from a point source decreases by both
attenuation (exponential) and inverse square law effects.

13.7(e) False because signals will also arise from noise artefacts.

14.7(a) The amount of C-11 in the body is too small to give an adequate signal.
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alpha spatial distribution of X-rays 36-9
particle 5, 7, 14, 15, 164, 175 stationary 21
particle LET 15 surface-effect on image 130
alternative movements in tomography 253 target 21
aluminium 3, 27, 242 thermal characteristics 47-8
absorption edge 75 X-ray production 23—
filtration 53, 75-6 antimony trisulphide—in vidicon camera 103
in cassettes 95 apodization 343, 351, 353
photoelectric and Compton effect 71 approved code of practice 315
step wedge 108 artefacts
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Doppler 371
in MRI 401
in CT 270
in ultrasound imaging 360-3
artificial contrast media 117
atom 3
Atomic Energy Commission 327
atomic number 3, 5
air 136
body tissues 114, 117
effect on film sensitivity 152
variation of half value thickness 61
attenuation 15, 144-5, 153
and continuous spectrum 23
and scatter 62—-69
broad and narrow beam 73
coefficient 337
correction in SPECT 272
gammaray 59-61
ultrasound 336
Auger electron 64, 176
automatic
brightness control 109, 158
exposure control 34, 48, 53, 110, 233, 236, 243
exposure control quality assurance 109
gain control 110
autotransformer 30
axial resolution 340
in ultrasound 345
A.—area under ROC curve 211

B-mode scan 345-364
background subtraction 170, 230
backscatter 66, 95, 155-6

in cassettes 95, 121
backscattered radiation 145
back-up timer 35
band structure in solids 83, 149
barium in contrast media 117
basic safety standards 310-1
Bayes theorem 216
beam

forming 348

hardening 75-8

size-effect on image 129
becquerel 6
Bergonié and Tribondeau (law of) 280
beryllium window 234
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beta minus particles (see also electrons) 5, 7, 15,
164, 176
LET 16
beta plus particle 5,7, 176
binding energy 62-3
biological effects
ultrasound 373
effects X-rays 290, 294
biological half-life 11, 176
bismuth germanate—in PET 274
blurring tomography 250-4
By field 380
body coils in MRI 403
Boltzmann statistics 380
bolus injection 6
bone
characteristic impedance 337
speed of sound 336-7
atomic number 61, 117
density 117
half value thicknesses 61
marrow death 289
bound electrons 62-3
Bremsstrahlung 20, 59, 142
brightness control 106
broad beam attenuation 73
bromine
absorption edge 152
effect on film sensitivity 152
ions in film 88-90
bulk modulus 332

caesium
iodide 99-100, 165
screen production 88
spectral output 87

calcium 5

calcium tungstate
absorption edge 74
spectral output 87

cancer and radiation evidence 290

capacitor
charge storage 227
discharge 51-2
smoothing 32, 50
timer 34

carbon 5

carbon fibre
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cassette 308
table 308
carbon-11 176, 277
carbon-13 384
carcinogenesis—see radiation carcinogenesis
cardiac
gating in MRI 401
in nuclear medicine 184
carrier free 6
cassette 95-6
vacuum evacuated 233
cathode 21, 26
cathode ray
oscilloscope 53
tube 170
cavitation of ultrasound 373
cell survival curves 283-5
cellular
radiosensitivity 286
recovery 284
centre frequency 335
characteristic acoustic impedance 333, 337, 340,
341
characteristic curve 89-93, 116
film and digital system compared 200
characteristic radiation 12, 23-5, 63-4, 75-9, 187
in mammography 234
charge coupled device 227
and digital fluoroscopy 228
charge images 239
chemical effects of X-rays 136
chest film 154
chest radiography high voltage technique 219
children and risk 297
chromosomal aberrations 292
cine film 102, 105-7
and extra focal radiation 38
cine mode 45, 182
cinefluorography 105-7
clinical trial design 215
clonogenic assay 283
clutter 372
coincidence detectors 274
collapse cavitation 373
collective dose 295
collimation 307
collimator 164, 166-9, 172, 177
design 177

diverging 168

focusing 168
collimators in CT 257
colour flow map 372
colour images 182
combining unsharpnesses 128
committed effective dose 321
compression 234

and scatter 121

wave 330
Compton effect 65-9, 75, 89, 114, 143, 147, 152,

166

and atomic number 69-70

and scatter 119-20

in CT 257

in nuclear medicine 179
computed tomographic dose index 267
computed tomography 83, 86, 254-272

anode design 45

clinical trials 215

CT number 264

detector requirements 256

quantum noise 271

resolution 259

typical skin doses 266
computer memory 97
conduction 28-9
conduction band in solids 83
conductor 84
cone vision 98-9, 102, 194
confidence ratings 216
conservation of energy 14. 16, 17
constant potential generators 50
constraints 307
continuous wave ultrasound 366
contrast 90, 115 er seq, 119, 207, 249

agents 77

agents in MR1402

agents properties 117

at high voltage 219-20

detection limit 265

enhancement 132

film 117

fluorescent screen 116

image intensifier 103

improvement factor 122

in mammography 237

in MRI 398



in television system 104
media 72, 117, 230-1
overlying tissue 118
perception 195
quality control 108
radiographic 116-7
resolution 266, 348
scatter 119
signal-to-noise ratio 197
subjective definition 197
contrast—detail
diagrams 195
relationships 195
controlled areas 316
convection 29
converging collimator 169
conversion factor in image intensifiers 108
cooling 42
curves 43-4, 46
copper
characteristic radiation 257
filter 232, 242
filtration 76
in stationary anode 28
step wedge 53, 108
copying X-ray film 92
coronal images 276
correction circuits 170
coulomb 3
cross talk 391
crossed grids 125
crossover 96, 205
cryogens in MRI 403
curie 6
current
filament 26
in X-ray circuit 30
meters 32
tube 27
cyclotron 6, 176, 274

damping 341

dark adaptation 98

data
analysis 182
analysis ultrasound 358-9
collection in CT 255
compression 213, 358

Index

display in nuclear medicine 181-2
loss in images 214
presentation in CT 264-6
reconstruction in CT 258
shifting 202-3
storage in CT 265
storage 1934, 264-5
windowing 203
daughter nuclide 10
dead time 141
GM tube 141
in Nal crystal 165
decay constant 7
decay time in Nal(Tl) crystal 186
decibel 334, 341, 358
decision matrix 215
deconvolution 183
density (see optical density or mass density)
body tissues 117
dental
films 154
radiography 228
radiology 244-6
units 28
derived air concentration 322
design of clinical trials 215
detective quantum efficiency 226
detector
non-uniformity in CT 270
sensitivity and photon energy 152
system in gamma camera 167
system in scanner 165
deterministic effects 288 er seq
features 288
deuterium (H-2) 5
development X-ray film 93
diagnostic
accuracy 215-6
reference levels 312
differential non-uniformity 178, 190
diffuse reflectors 339
digital
camera 171
chest radiography 212-4
images 171, 193, 196, 357
images patient dose 230
images resolution 229
images ROC analysis 212
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kV meter 53 response curves radiation risk 295
radiography 97 to patient (see also patient dose) 153 et seq

radiography practical detail 224
radiography quantum noise 198
radiology 200-3
subtraction 231
subtraction angiography 231
timer meter 53
digitized image 166, 181-2, 190
diode
solid state 30
valve 30
directional Doppler 366
display
ultrasound images 344-5
gamma camera 171
scanner 166
distortion
in image intensifier 103
in gamma camera 168
doping of scintillation detectors 147
Doppler
power scan 372
artefacts 371
demodulator 36
effect 364 et seq
equation 365-6
flow studies 366
frequency 366
imaging 345, 371
shift 365
wave form 370
dose (see also radiation dose)
organs 159
reduction 159-60
and filtration 75
and image recording systems 107
and kerma 142-3
area product 153, 158
area product meter 145
bone marrow 289
in magnification radiography 224
in mammography 237
in pregnancy 159
limits 312
rate effects 284
rate reduction 309
reduction patients 307-8

to staff 318-9
double reflection 360
dual energy subtraction 232
dual headed camera 171
duplex systems 367-9
dynamic focussing 350
dynamic range 224, 231. 346

cine film 106

in CT 265

in ultrasound 358

in xeroradiography 238-9
dynamic studies 182

in CT 268
dynode 147

echo time (TE) 388. 398-9
edge
detection 186
enhancement 203
enhancement and MTF 205-6
enhancement visualization 240
shadow 363
effective
atomic number 71
dose 295-6, 321
doses—nuclear medicine 303
focal spot 27
half-life 11. 321
elastic scattering 63, 70
electrical
circuits 31-3
conductivity of a gas 140
energy 16
rating 39
electromagnet 403
electromagnetic
quantum energy 13
radiation 12
radiation frequency 13, 17
spectrum 12
speed 13
wavelengths 12
electromagnetism principles 378
electron 3,7, 59, 69
and image intensifier 100
avalanche 141



beam vidicon camera 104
beam CT 256
bound and free 62
density 143-4
equilibrium 143-4
levels in solids 83
ranges 15, 59, 60, 64, 69, 142-3
shells 4,23
traps 84
velocity 23
volt 3, 12
electronic personal dosemeters 326
electronic timer 34
elevation plane 352
endoprobes 354
energy
changes (in radiological physics) 16
levels electrons 4, 23
levels nucleus 12
of photon 22
resolution 148, 179, 189
spectrum 335
window 180
entrance dose
fluoroscopy 157-8
reference values 156-7, 159
envelope X-ray tube 33
epilation 288
equivalent dose 287
errors in registration 362
erythema 288
European directives 310 et seq
exact framing 106
excitation 14, 17, 59, 65, 382
exitdose 153
exponential
change in intensity 59-60
exponential decay 7, 9
exposure (see radiation exposure)
extrafocal radiation 38-9
eye 194
grey level discrimination 200-3
minimum discernible contrast 90
phosphor in fluoroscopy 86. 98
resolution 99
rods and cones 98, 194
spatial frequency response 196
spectral response 86, 99

Index

falling load generator 48
false negative 210-14
false positive 210-14
far field 341
Faraday cage 403
fast spin echo 398
fat
suppression in MRI 399
atomic number 117
density 117
FDA agency 326

ferromagnetics as contrast in MRI 402

field

gradient 388

size quality control 108
filament

assembly 27

current 26, 31, 39
film (see X-ray film)
film badge 323-5

costs 325

holder design 324

linearity 324

TLD compared 325

variation of sensitivity with energy 323

film speed class 94
filter functions in CT 261-2
filtered back projection 259
filtration 53, 64, 75-9, 242, 308
patient dose 77
absorption edge 72
in CT 257
inherent 76
mammography 79
quality assurance 53
finger doses 322
fish-tail collimator 169, 173
flip angle 384, 388, 391, 398-9
floppy disc 265
flow
measurement in MRI 401
artefact in MRI 401
compensation 395, 401
fluorescence 84. 136, 147
yield 64
fluorescent screen 84, 86-7
crystal size 88
production 88
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resolution 126
fluorine-18 176, 274
fluoroscopy 86

and radiation effects 288

rating 40

screening—special precautions 309

typical dose rates 157
focal beam width 342, 351
focal plane 250
focal spot 28

effect on image 126, 130

in air gap technique 221

magnification radiography 222

measurement 56, 223

MTF 205

rating 42-3, 45

size—star test pattern 54
focal zone 342
focus film distance 222

effect on image 129
focused grids 125
focused ultrasound 342
focus—object distance 222
focussed collimator 166
fog in film 89
fog level 91

and contrast 103,119
forbidden band in solids 83
fountain pen dosemeter 146
Fourier

analysis 185, 203-6, 390

space 390
frame

averaging 359

grabbing technique 102

integration 232
Fraunhofer zone 341
free air ionization chamber 137
free induction decay 385
frequency

encoding 392

of sound 331

of sound and beam penetration 336
Fresnel zone 341
full wave

mobile generators 50

rating 46

rectification 25, 30-2, 47

full width half maximum 178, 391
functional imaging 184

gadolinium oxysulphide 225, 232
gallium-67 176
gamma camera 166—173
components 172
function summarized 189
in SPECT 272-3
non-uniformity 178
performance figures 189
quality control 188
sensitivity 164, 189
typical performance figures 189
gamma ray 11-13
energy for imaging 164, 175
in nuclear medicine 175
LET 16
gamma of X-ray film 92-3
gated sequences 401
Geiger—Miiller counter 139-1, 146
and surface contamination 322
comparison with ion chamber 141
Geiger—Miiller tube 326
generator
medium frequency 31. 50
radionuclide 175
geometric unsharpness 154
geometrical blurring 39, 249
in magnification radiography 222
relationships 129-30
unsharpness 42, 126
germanium-68 274
glow curve 86
gonad shields 308
gradient
coils 403
echoes 395-9,401
field risk 405
moment nulling 401
graphite disc plate 27
Gray 142-3
grey
images 182
levels distinguishable by eye 200
scale 264-5
grid 122-5, 166, 242
construction 122



control of X-ray tube 51

crossed 125

effect on image 132

faults 125

focused 125

geometry 124

in high voltage technique 219

in mammography 237

linear 125

movement 125

ratio 124
guard rings in ionization chambers 137
gyromagnetic ratio 381

half-depth 337
half-life
biological 11
effective 11
half value layer 53
(thickness) 53, 59-62, 75
(thickness) broad and narrow beams 73—4
(thickness) variation with atomic number 61
half wave rectification 25-6
half-life 8, 175, 186, 274
hazards of MRI 404-6
heat 59
dissipation 20
energy 17,25
generation and rating 40
released by X-rays 135
units 47
heel effect 37
helical CT (see spiral CT)
hereditary effects in utero 299
hertz 332
high count rates in nuclear medicine 181, 186
high tension cables 36
high voltage radiography 219
holding patients 310
holes in semiconductors 150
Hounsfield scale 264
housing X-ray tube 33—4
hydrogen 4, 379, 5

IAEA regulations 315

image artefacts in cinefluorography 106
contrast and kV 70
display 170

Index 435

distortion 108

formation in MRI 392-4
intensifier 86, 88, 99

intensifier and phosphors 99-100
intensifier digital system 226
intensifier for CT 276

intensifier in digital radiology 226-7
intensifier mobile 49

intensifier MTF 205

intensifier photocathode 100
intensifier quantum noise 199
intensifier resolution 126
intensifier television monitor 101

memory 359
parameters 192
quality 114, 190

quality assessment 203-6
quality factors affecting 103, 192
quality in nuclear medicine 173-182
recording in gamma camera 171
subtraction 230-3
imaging sequences 398
immobilization devices 242
impedance 333, 337, 340, 341
matching 50, 341
indium-111 12, 176
induced current 378
information density 173, 199
infra-red radiation 12
ingested radioactivity 321-2
inherent filtration 76
inhomogeneity effects 387
integral non-uniformity 177, 189
intensification factor of screen 94
intensifying screen
effect on image 132
quantum noise 198
absorption edges 72
intensity 13, 135
instantaneous 333
temporal average 334
temporal peak 334
International Commission on Radiation Protection
(ICRP) 310, 322
interpolation 181
interventions 306
intra-corporeal probes 354
intravenous angiography technical requirements 231
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intrinsic resolution 177-8, 189 K shell 4, 23
inverse square law 13-4, 38-9, 145, 154, 253, 309 absorption edge 72-3. 75, 77, 109, 122, 230,
inversion recovery 399 232,242
inversion time (TI) 399 binding energies 81, 117
inverter 31,50 copper 257
iodine 5, 6, 321 electron capture 12, 176
contrast medium 77, 117 photoelectric effect 63
absorption edges 72 X-rays in mammography 234
scintillation detector 72 k factor 175
sodium iodide 164 k space 391, 394
iodine-123 176 KERMA relation to dose 142
iodine-131 8 kilobecquerel 6
iodine-131 ALI and DAC 322 kiloelectron volt (and kilovolt contrasted) 22
ion kilovoltage (see X-ray tube kV)
clusters 14 kinetic energy 16
pair 14 kV (see X-ray tube kV)
pair energy to create 14, 136, 142
ionization 14, 17, 59, 65 L shell
ionization chamber 53, 137, 143, 145, 155, 187 energies 81
image intensifier input measurement 109 photoelectric effect 64
and quality assurance 53 Larmor frequency 381, 390
automatic exposure 34 latent image 89, 97
comparison with GM tube 141 fading 92, 96
corrections 138 latitude 93
in CT 258 in xeroradiography 239
ionization LD50/30 280
density 14 lead 3, 5,9, 27, 69
plateau 139 absorption edges 72
X-rays 135-6 aprons 309
ionizing radiation atomic number 61
meaning of 15 backscatter 121
hazard 280 gloves 309
Ionizing Radiations Regulations half value thickness 61
(outside worker) 1993 318 in grids 122-5
(patients) 1988 314 shutter 52
1985 316 zirconate titanate (PTZ) 340, 351, 375
isomeric transition 12 Leeds test objects 109
iterative methods in CT 263 legislation 310 et seq 326
lens opacification 289
Japanese radiation survivors 290 et seq lens systems in cinefluorography 106
justification 306 lethal dose of radiation 280
light beam
K absorption edges 723, 75 alignment 54
K copper 257 diaphragm 38
K electron capture 12 light guide or pipe 148
K electrons 64 limitation 307
K energies 81 line

K photoelectric effect 63 spectrum 23, 234



spread function 178
linear array 350
scanner 351-3
linear attenuation
coefficient 60-72, 71, 114, 255, 258-64, 273
narrow and broad beams 73-5
scatter 119
linear
energy transfer 16
grids 122
tomograph 250-3
list mode 184, 193
lithium fluoride atomic number 153
local rules 316
localization ROC curves 211
logarithmic amplifier 117
longitudinal magnetization 384, 399
with radionuclides 249
tomography with X-rays 250-3
wave 331
luminescence 97
luminescent
centres 84-5
radiant efficiency 87

lung
atomic number 117
density 117

M-mode scan 3, 344
magnetic field 380 et seq

risk 404

gradient 388 et seq

gradients dephasing effect 394
magnetic

gradient 387

moment 379, 381

properties in MRI 40
magnetization resultant or net 382 et seg
magnification

and distortion 129-30

and MTF 205

image intensifier 101

in tomography 252

radiography 222-4

mammography 53, 55, 66, 70, 154, 209, 213, 214,

233-238
absorption edge 72
and contrast 71

Index 437

imaging problems 233
quality control 237
tolerance limits 238
tube 37
X-ray film 235
mask image 230
mass
absorption coefticient 63, 143, 152-3
attenuation coefficient 61. 63, 70, 143
density 61, 89, 117
energy 17
number 4-5
matrix element 194
mean glandular dose 237
mechanical
index 373
sector scanners 348-51
medical exposures directive 311
Medicines (Administration of Radioactive Substances)
Regulations 313
medium frequency generator 31. 50, 125
megabecquerel 6
megabytes 214
metastable state 12
MIRD Committee 302, 321
mirror images 362
mixed mode scanning 353
mobile
camera 171
capacitor discharge 51
constant potential 50
generator 49
image intensifier 49
single phase full wave rectified 50
X-ray units 49
modulation transfer function 203-7
in CT 261, 263
molybdenum
anodes 27, 78, 234-5
characteristic radiation 79, 234-5
filters 78-9, 235
K shell energy 24
molybdenum-99 10, 12
technetium generator 6, 10-11, 175
monochromatic X-rays 767
movement unsharpness 127-8
and MTF 206
in magnification radiography 223
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MR angiography 401

MRI and pregnancy 406
multiformatting 170

multigated acquisition 184
multiple exposures and rating 46
multiple reflections 361

muscle
atomic number 1 17
density 117

mutagenesis (see radiation)

n-type semiconductors 149-51
narrow beam attenuation 734
natural radiation 279
near field 341
neutron 4, 16
nitrogen LET 16
nitrogen photoelectric and Compton effect 71
nitrogen-13 176, 274
noise 197, 207
acoustic 361
artefacts 194
in CT images 271
in fluorescent screens 88
nonlinear movements in tomography 253
non-screen film (MTF) 205
nuclear medicine
effective doses 303
film 88
Nuclear Regulatory Commission 326
precautions 322
radiation precautions 321-2
nuclear stability 3
nucleus 3, 4
and spin 379-80
nuclide 4
null point 399
Nyquist
limit 369
theorem 224, 261, 273

object film distance
effect on size and perception contrast 195
effect onimage 129-131

observation parameters 193

observer and image assessment 210

Ohms law 16

optical density 89-90, 239

optimization 307, 312

orbital electron capture 176, 274

organ dose 159

outside workers directive 312
overframing 106

overheating 45-6

overlying tissue effect on contrast 118-9
oxygen 4,5

oxygen-15 176, 274

p-type semiconductors 149-51
paediatric radiology 241-3
pair production 69
panoramic radiography 245
paramagnetics as contrast in MRI 402
parent radionuclide 9
partial volume effect 260, 270
in CT 270
patient dose 153 et seq. 155-61
and filtration 75-7
and grids 123
and image recording systems 102
and kV 120
digital images 230
equipment malfunction 319
image intensifier 101
in CT 266-8
magnification radiography 222
mammography 234
orientation and scatter 120
positron tomography 274
quantum noise 199
radiation precautions 307
reduction 159-60, 307-8
scatter in nuclear medicine 180
spot films 107
transmission and kV 45
unsharpness 127
xeroradiography 241
peak
spatial intensity 322-3
temporal intensity 322-3
penumbra 126, 2224
in air gap technique 121, 227
perception and contrast 194-6
perception tasks 207
period 332
permanent magnet 403



persistence

monitor 181

oscilloscope 181
personal dosemeters requirements 323
personal dosimetry 323-6
personnel monitoring 146
phase coherence 384, 392

in MRI 385, 388
phase

contrast in MRI 401

encoding 392, 401-2

re-ordering 401
phased array 353
phasing of nuclear magnets 393
phosphor-coated leucite 35
phosphorescence 84, 136
phosphors 85-94, 97

and films in radiography 88, 94

atomic numbers 87

in image intensifiers 99-101

luminescent radiant outputs 87

yttrium tantalate 96
phosphorus 5
photoelectric effect and photon energy 64, 70
photocathode spectral response 101
photoconductor 238-9
photodiode detectors 149-50
photodiodes 326
photoelectric cell

for automatic exposure control 34-5

for temperature measurement 49
photoelectric effect 63, 70-2, 84, 89, 114, 143,

145, 148, 152

and atomic number 64, 70

in nuclear medicine 164, 166, 189
photomultiplier 97
photomultiplier tube 147-8, 165-6, 177-8, 258,

273

photon density in differentimaging modalities 173
photon energy 22

and detector sensitivity 152-3

and scatter 119
photon noise (see quantum noise)
photostimulable

luminescence 97

phosphor 229-30
phototimer 34, 49, 236
physiological assessment of images 207-10
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piezoelectric effect 339
pin-hole

collimator 169

technique 54
pitch 269
pixel 97, 181, 185, 193, 196, 200, 212, 227
Planck constant 13, 17, 381
plane of cut 251
p-n junction diode 30
pocket exposure meters 146
Poisson

error 200, 231

statistics 173, 177-8, 194, 198-9, 200
polar diagram 37

and Compton scatter 66
positron 7. 69

emission tomography 69, 177, 274-7

imaging 69
post processing 359
potential energy 16
powder images 239
power 333

Doppler scan 372

losses 30

losses in X-ray circuit 30, 41
practices 306
precautions nuclear medicine 322
precession 380
pregnancy

and dose 159

and MRI 406

and risk 297-300

natural risk 299-301

worked example of risk 300-1
primary image 114-5
primary standards for radiation measurement |38
principles of protection 306—7
projectile effect in MRI 404
prolonged exposures and rating 46
properties scintillation detectors 164-5
proportional counter 139
protection

staff 309

dental radiology 246

principles 306-7

public 309
proton 3, 5-6, 15

density 398-9
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density weighting 398
gyromagnetic ratio 382
psychological parameters 193
public protection 309
pulsatility index 371
pulse
arithmetic 186
band width 335
echo 343
generator 349
height analyser 148, 165, 170, 179
height analysis 166,180
length in ultrasound 335
positioning in gamma camera 172
processing 170
repetition frequency 344, 369
response time 186
sequence 390
pulsed Doppler 367

quality control 52-6, 209
dental radiology 246
image intensifiers 107
in CT 271
in nuclear medicine 187-8
mammography 237
recording media 107
viewing screen 110
quality
of image 114
of radiation 24, 135
radionuclide images 190
quantity of radiation 24
quantization 379
quantized energy states 380
quantum
energy 17, 22
mottle (see quantum noise) 97
noise 102-3, 105, 109, 198-200, 207, 265
noise in magnification radiography 223
properties 13
sink 103, 199
yield 85
quenching 141

radial scanning 355
radiation 29
age factor 294

carcinogenesis 289
characteristic 64

contrast 1 16-7

detectors 141

deterministic effects 288

dose 135-6

dose annual per caput 279
dose at image intensifier 105
dose relation to exposure 142
dose to patient 102

effects on humans 288 et seq
exposure 135-7

exposure effect on image 96
exposure in utero 297 et seq
exposure latitude 93

exposure relation to dose 142
exposure time 25

for CT 257

highrisk situations 297
induced cancer sources of evidence 290
induced damage time scale 282
induced death 281

lethal dose to man 280
measurement choice of instrument 160
monitor 141

mutagenesis 290

protection adviser 316. 320
protection principles 306
protection principles patients 307
protection principles procedures 307—8
protection principles staff 309
protection supervisor 317
quality 24, 135

quantity 24

risk 293, 296

risk breast cancer 238

risk dose response curves 295
risk factors 293—4

risk in context 296

time course 281

weighting factor 287

radical 281
radio waves 12
radioactive

concentration 6
decay 60

Radioactive Materials (Road Transport) Great Britain

Regulations 315



Radioactive Substances Act 313
radiobiological effectiveness (RBE) 286
radiofrequency
coils 403
fields—risk 405
pulse 382 et seq, 391
wave 382 et seq
wave risk 405
radiographic contrast 116
radiography-film-phosphor combination 88
radiological examinations risk 295 et seq
radionuclide 4, 11
calibrator 187
choice in nuclear medicine 174
generator 9-10, 175
scanner 165-6
radiopharmaceutical 177
radiosensitivity of cells 381, 384-6
radium dial painters 290
radium-226 290
radon gas 10
random access memory 269
range gate 368
range of electrons 15, 143
ranking 209
rare earth
elements absorption edge 74, 87
phosphors properties 87
screens and quantum noise 103
rating limits 45
rating X-ray tube 39-49
reactor 5
read zoom 359
receiver operator characteristic curves 210 ef seq
reciprocal space 390
reciprocity 181
law 96, 136
recording media summary data 111
recovery of cells 385-6
rectification 26, 31
rectifier 150
reflection 337
coefficient 338
refraction 339
artefact 362-3
region of interest 182-3
registration errors 362
relaxation processes 385-7

Index

repetition time (TR) 397-9, 401
resolution 97
resolution image intensifier 101
resolution and contrast 266
and quality control 107-10
and sensitivity 163-5, 177, 182
digitized images 193-4
fluorescent screens 87-8
in SPECT 273
in X-ray images 126
intrinsic in gamma camera 177
limit of television camera 103
of recording system 126
ultrasound—axial 346-8
ultrasound—Iateral 346-8
xeroradiography 240
resolution and distance in gamma camera 178
resolution and speed 154
resolution and speed class 95
resolution collimator 168
resolving ability of eye 195
resonance 340, 382
absorption edges 72
respiratory gating in MRI 401
RF coils in MRI 403
rhenium in anode construction 27
ring artefacts 270
ringing in transducer 340
risk 153
children 297
factors 290, 293-5
in utero 297-301
in utero worked example 300-1
injected activity 302
preconception 299
radiological examinations 295 ef seq
ROC curve 210 et seq
rod vision 98, 194
rotating
anode 28, 38
anode and rating 39 et seq
anode tubes for CT 257
frame of reference 382
head transducer 355

safety
features X-ray tube 35
interlocks 49

441
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ultrasound 3724
saturation
of protons 398
X-ray film 91
scan
conversion 359
line 344
plane 345
speed in CT 256
scanner (see radionuclide scanner)
scanning camera 169, 171
scatter and absorption 63
and compression 121
and Compton effect 119
and patient dose 307-8
and patient orientation 121
and photon energy 119
around patient 66—7
direction 65
effect on contrast 119
elastic 63
in nuclear medicine 179-80
reduction 120-2
ultrasound 336
scatter in CT images 271
scintillation crystal 83
digital system 225
scintillation detector 147-8
and surface contamination 322
energy resolution 148-9
in gamma camera 167, 172
mechanism 83—4
resolution 177
theory 83
scout views in CT 268
screen film MTF 205
secondary
electrons 15
instruments for radiation measurement 143-4
ionization chambers 143
secular equilibrium 9-10
selective excitation 391
selenium absorption edge 72
in xeroradiography 241
self-rectification 30
semiconductor 84
as rectifier 150
detector 149, 180

sensitivity
and resolution 163, 165, 177, 178
collimator 168
in positron tomography 274
in xeroradiography 241
of diagnostic test 215-6
speck in film emulsion 89
meaning for a detector 152
sensitometry 108
septa 168, 169, 177
shadowing artefact 362
shielding 309, 320
absorption edge 72
shift register 227
side lobes 343
sievert 287
signal 192
detection theory 208

signal-to-noise ratio 173. 177, 195, 197, 200, 355,

380, 397-8, 401, 403

silicon diode detector personal monitor 151
silicon photodiodes 258
silver

absorption edge 153

and film sensitivity 153

as metallic lubricant 29, 45

ions in film 88
single phase generator 50

single photonemissioncomputed tomography (SPECT)

272-3
single-sided film 111, 235
skin
dose 155-7
doses—typical values 157
slice
rephase gradient 395
thickness 352, 362
thickness in CT 254
thickness in MRI 391
smoothing capacitors 32
smoothing data 202
Snell’s law 339
sodium iodide crystal 147, 164, 189, 258
detectors in SPECT 273
properties as a phosphor 86
soft tissue
atomic number 117
characteristic impedance 333



density 117
solarization 91
solid-state detectors 149-50, 227
in CT 258
somatic effects 289
sound nature of wave 330-1
space charge 27, 41
spatial
distortion 170
distribution of X-rays 36-9
encoding 388
frequency 196, 203-7
frequency in CT 262
frequency spectrum 204
linearity 178
peak intensity 334
resolution digital image 229
specific absorption rate 405
specific activity 6
specificity
radiopharmaceuticals 177
of diagnostic test 215
SPECT and CT compared 276
speckle 346, 360
pattern 360, 371
spectral
broadening 371
distribution of radiation (see quality of radia-
tion)
output phosphors 87
receptors 87
response photocathode 101
spectrum continuous 20
specular reflector 337
speed
class 94, 154
of sound 322
X-ray film 92
spin 379-80
coherence 385-8
echo 387-92, 398, 401
—lattice relaxation 385-6
—spin relaxation 386-7
spinning top 380
spiral CT 269
advantages 270
spiral groove bearings 45
spot size and anode angle 38
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spotfilm 102
staff
radiation precautions 75
dose limits 312
doses 318-9
staff protection 309
star test pattern 54
static magnetic field risk 404
stationary anode 21, 28
and rating 42
Stefans law 29
stem cells and radiosensitivity 280
step wedge 53. 108-9
STIR sequence 399
stochastic effects 288

stopping
capability 168
materials 14

storage phosphors 97, 121
streaming 374
of ultrasound 373
stroboscopic effect with grids 125
subtraction imaging 230-1, 202
sulphur 6
superconducting magnet 403
superimposition 249
supervised areas 316
surface
coils in MRI 403
contamination limits 322
swept gain 356
switched magnetic fields risk 404
switching mechanism 34
system performance in CT 265
system resolution 178, 189

T,
relaxation 385-7, 395, 397-8, 402
values 386
weighted images 395, 398, 401-2
T,

relaxation 387-9, 395, 397-8, 402
weighted images 395, 398, 402
T3 relaxation 387, 395, 402
TE (time to echo) 388, 398-9
technetium-99 175
technetium-99m 6, 10, 164, 166, 174-7, 180, 182,
184, 190
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advantages summarized 190
ALI and DAC 322
technical considerations in MRI 402-4
television camera 226
and image intensifier 200
contrast 104
MTF 205
quantum noise 103, 199-200
resolution limit 104
temporal resolution 348
thallium 164
thallium-201 176, 188
thermal
index 373
rating 42-5
thermionic emission 20
thermoluminescence 85, 146
and film badges compared 325
cost 325
dosemeter 146
linearity 323
sensitivity and energy 323
thermoluminescent
dosimetry 146
dosemeters 155, 323-5
thorium 232
and cancer 118
in contrast media 118
thorotrast | 18
three phase supply 25-6
and rating 30-2
threshold doses deterministic effects 289
thyristor 34
TI (inversion time) 399
time
gain compensation 355, 363
interval differencing 232
of flight in MR 401
-activity curves 183
timing mechanisms 34-5
tin absorption edge 72, 75
tissue
equivalent dosemeters 153
heating by ultrasound 373
weighting factor 295-6
toe of characteristic curve 91
tomographic camera 171
top hat functions in CT 261

total internal reflection 339
TR (repetition time) 397-9
transducers for ultrasound (see ultrasound trans-
ducers)
transformation constant 7
transformer 29-30, 40
losses 48
transient equilibrium 9-10
transmission coefficient 338
Transport Regulations 315
transverse
magnetization 384, 399
tomography 250-3
tritium (H-3) 5
true negative 213, 215-6
tube (see X-ray tube)
tungsten 4, 23, 27-8
anodes in mammography 235
absorption edge 74
turbo spin echo 398

UK legislation 313 et seq
ultrasound
absorption 336
array 351
artefacts 3604
attenuation 336
beam shape 341
cavitation 373
coupling 338
definition of 330
diffraction 341
frequency 332
hazards 373
imaging 343 et seq
intensities 374
penetration 337, 345, 354
probe construction 348-55
ringing 341
safety 3724
scatter 336, 339
speed 332, 336-7
transducer 339, 342, 348
transmission 336
wavelength 332, 341
ultraviolet light 12, 14, 96, 141
umbra 127
unsharpness



film screen 96

film X-ray image 126-8
unstable (collapse) cavitation 373
uranium 14
USA legislation 326

vacuum in X-ray tube 33
valence band in solids 83
vector 378, 382
video disc 264
vidicon camera 103-5

and MTF 206
viewing screen performance 110
vignetting 103
visual

image 114

system 194-7

threshold 207
voltage profile 25-6
volumetric CT (see spiral CT)

water
atomic number 61-9
characteristic impedance 337
half value thicknesses 6
speed of sound 337
wave
longitudinal 331
particle duality 13
radio frequency 382 et seq
shear 331
transverse 331
wavelength of sound 331-2
weighting factor
radiation 287-8
tissue 295-6
whole body counter 153-4, 164
window
level 264
width 201, 264
width in CT 264
X-ray tube 23
windowing data 358
work equivalence to energy 16
write zoom 355

xenon ionization chamber 145, 258
xeroradiography 238-41
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absorption edge 72
advantages 241
MTF 206
X-ray 12
X-ray beam hardening 75-7
X-ray discovery 83
X-ray film 83-93, 111
analogue image 193
and fluorescent screen 94-5
characteristic curve 89-93
construction 88-9
contrast 116
copying 92, 111
development 89, 92
double sided 88, 94-5
effect on image 132
gamma 92-3, 116-7
gamma in subtraction imaging 231
holder design 121
in nuclear medicine 111, 181
latitude 93
phosphors in radiography 88
processing effect on image 132
quality control 107 et seq
resolution 126
saturation 90-1
screen combination in mammography 235-6
sensitivity and kV 45
solarization 90-1
spectral response 86
unsharpness 96
unsharpness in magnification radiography 223
X-ray filtration 64, 75-7
X-ray heating effect 20
X-ray image distortion 130
geometrical artefacts 129-31
resolution 127
unsharpness 127
X-ray image—factors affecting 131-2
X-ray in pregnancy 293 et seq
X-ray LET 16
X-ray monochromatic beam 59 et seq, 75
X-ray origin 12
X-ray pelvimetry 290
X-ray properties 135-6
X-ray range 59
X-ray room design 320
X-ray set-quality assurance 52—55
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X-ray spatial distribution 36—8
X-ray spectrum 20-6
high energy cut off 22
line 23
low energy cut off 22
X-ray tube
and cine fluorography 105
and filtration 26
and quality control 52
and rating 39 et seq
anode design 45
at high voltage 219
components 26-36
currents effect on image 131
design in mammography 234-5
envelope and housing 33
essential features 20
for CT 256
grid control 51

heat storage capacity 47-8
in mammography 234-6

in paediatric radiology 241
kilovoltage and ripple 234
kilovoltage effect on image 131
life time 49

maximum power 41

metal walled 29,33

mobile generator 49
rotating anode 28-9

safety features 35
stationary anode 28
technology development 56
window 23

yttrium oxysulphide 232

zinc sulphide spectral output 98
zonography 253
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