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Fig.20.8 Center frequency of echolocation signals emitted
by a pseudorca as a function of the peak-to-peak source
level (after Au et al. [20.52])

creased, the frequency components at higher frequencies
also increased in amplitude, suggesting a relationship
between source level and center frequency. This relation-
ship can be examined by considering the scatter diagram
of Fig.20.8 showing center frequency plotted against
source level. The solid line in the figure is a linear-
regression curve fit of the data and has a correlation
coefficient of 0.80.

The bimodal property of the echolocation signals
of Fig.20.7 seems to suggest that the response of the
sound generator may be determined by the intensity of
the driving force that eventually causes an echolocation
signal to be produced. When the intensity of the driving
force is low, only signals with low amplitudes and low-
frequency peak are produced. Therefore, in small tanks,
the signals resemble the tank signal of Fig. 20.1, and the
bimodal feature is suppressed since the high-frequency
portion of the source cannot be used for a low driving
force. As the driving force increases to a moderate level,
the low-frequency peak also increases in amplitude, and
the high-frequency portion of the signal begins to come
into use. As the driving force increases further the am-
plitude of the high-frequency peak becomes larger than
that of the low-frequency peak, resulting in type III sig-
nals. As the driving force continues to increase to a high
level, the amplitude of the high-frequency peak becomes
much greater than the amplitude of the low-frequency
peak and completely dominates the low-frequency peak
causing the bimodal feature to be suppressed. Recent
field measurements of free-ranging dolphins [20.55-57]
suggest that the majority of echolocation clicks emitted
by dolphins are bimodal.

The largest odontocete species is the sperm whale
(Physeter catodon) and it too emits echolocation signals.
Prior to the late 1990s the most prevalent understanding
of sperm whale signals is that the clicks were broadband
with peak frequencies between 4 and 8kHz [20.58—
61]. There were only two reports on source levels.
Dunn [20.62] using sonobouys measured 148 sperm
whale clicks from a solitary sperm whale and estimated
an average peak-to-peak source level of 183 dB re 1 pPa.
Levenson [20.59] estimated peak-to-peak source level of
180dB re 1 wPa. The clicks were also thought to be es-
sentially nondirectional and projected in codas [20.63].
Therefore, the notion of sperm whales echolocating was
somewhat questionable. Part of the problem was the lack
of measurements of sperm whale signaling in conjunc-
tion with foraging and the fact that click signals can
have more than one function, such as communications
and echolocation. In a review paper Watkins [20.63]
spelled out his rational for not supporting the notion of
a sonar function for sperm whale clicks, “Other features
of their sounds however, do not so easily fit echoloca-
tion:” Watkin’s rational included his observations that
clicks do not appear to be very directional, the inter-
click interval does not varied as if a prey or obstacle is
being approached, solitary sperm whales are silent for
long periods, the level of their clicks appears to be gen-
erally greater than that required for echolocating prey or
obstacles and the individual clicks are usually too long
for good range resolution. It is important to state that
most of Watkins measurements were conducted at low-
temperate latitudes where females and calves are found.

Sperm whale echolocation began to be more fully
understood with data obtained in ground-breaking work
by Bertel Mghl and his students from the University of
Aarhus, along with other Danish colleagues. They be-
gan to perform large-array aperture measurements of
large bull sperm whales foraging along the slope of the
continental shelf off Andenes, Norway beginning in the
summer of 1977 [20.64]. Up to seven multi-platforms
spaced on the order of 1km apart were used in their
study with hydrophones placed at depths varying from
5to0 327 m [20.65]. They also came up with a unique but
logistically simple scheme of obtaining global position-
ing system (GPS) information to localize the position
of each platform. Each platform continuously logged its
position and time stamps on one track of a digital au-
dio tape (DAT) recorder, the other track being used for
measuring sperm whale clicks [20.64]. The GPS signals
were converted to an analog signal by frequency-shift
keying (FSK) modulation. In this way, each platform
can be operated essentially autonomously and yet its lo-
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Fig.20.10 The transmission beam pattern of a tursiops truncatus planes with the waveform of a click measured by 5-7
hydrophones (after Au [20.39]) in the vertical and horizontal planes

form having a maximum amplitude of unity. The source T
energy-flux density of the signal in dB can be expressed = 10log(A) + 101log / s(0)2dt (20.7)
as
0
T
SE = 101log / p(n)?d where T is the duration of the signal. Letting 2A ~
0 be the peak-to-peak sound pressure level, (20.4) can be
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rewritten as
T

SE =SL—6+10log /s(t)zdt , (20.8)
0

where SL is the the peak-to-peak source level and is ap-
proximately equal to 101log(2A). From Fig.20.9, the
Tursiops can emit signals with peak-to-peak source
levels in open water that are greater than 50dB for
phocoena. The portion of the source energy that can
be attributed to the length of the signal is only about
2-4dB greater for phocoena than Tursiops [20.39].
Therefore, one can conclude that the target detection
range of phocoena is considerably shorter than for
Tursiops. This has been demonstrated by Kastelein
et al. [20.67] who measured a target detection threshold
range of 26 m for a 7.62 cm water-filled sphere in a quiet
environment. The target detection range in a noisy envi-
ronment and a similar 7.62 cm water-filled sphere was
113 m [20.68].

The echolocation signals of other non-whistling
odontocetes are very similar to the Phocoena phocoena
signal shown in Fig.20.9. Examples of the echolo-
cation signals of other non-whistling odontocetes can
be found in Au [20.7, 39, 69]. Unfortunately, reliable
source-level data have been collected only for Phocoena
phocoena [20.70] and Kogia [20.69].
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20.2.3 Transmission Beam Pattern

The outgoing echolocation signals of dolphins and
other odontocetes are projected in a directional beam
that have been measured in the vertical and horizon-
tal planes for the bottlenose dolphin [20.39], beluga
whale [20.66] and the false killer whale [20.52]. The
composite beam pattern from the three measurements
on Tursiops along with the averaged waveform from
a single trial measured by 5 or the 7 hydrophones
are shown in Fig.20.10. The 3dB beam width for
the bottlenose dolphin was approximately 10.2° in the
vertical plane and 9.7° in the horizontal plane. The
waveforms detected by the various hydrophones in
Fig.20.10 indicate that signals measured away from
the beam axis will be distorted with respect to the
signals measured on the beam axis. The further away
from the beam axis the more distorted the signals
will be. This distortion come from the broadband
nature of the click signals emitted by whistling dol-
phins. This characteristics also make it difficult to
get good measurements of echolocation signals in
the field even with an array of hydrophones since it
is extremely difficult to obtain on-axis echolocation
signals and also to know the orientation of the ani-
mal with respect to the measuring hydrophones. The
frequencies shown with each waveform are the fre-
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Fig.20.11 The transmission beam pattern of a delphinapterus leucas (after Au et al. [20.66]) and a pseudorca crassidens

(after Au et al. [20.52]) in the vertical and horizontal planes
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Fig.20.12 Beam patterns in the vertical and horizontal
planes for phocoena phocoena (Au et al. [20.70])

quencies of local maxima in the spectrum. At some
angles the averaged signal had multiple peaks in
the spectrum and these peaks are listed in order of
prominence.

The beam patterns for the beluga and false killer
whale are shown in Fig. 20.11. The beam width for the
beluga whale was approximately 6.5° in both planes.
Four beam patterns corresponding to the four signal
types described in Fig.20.7 are shown for the false
killer whale. For the highest frequency (type IV signal)
the 3 dB beam width in the vertical plane was approxi-
mately 10°, and 7° in the horizontal plane. The beam
axis in the vertical plane for the bottlenose dolphin
and the beluga whale was +5° above the horizontal
plane. For the false killer whale, 49% of the beam
axis was at 0° and 32% at —5°. The four beam pat-
terns for the false killer whale indicate that, like a linear
transducer, the lower the frequency the wider the beam
pattern. The type I signal has a peak frequency of about
30kHz and has the widest beam. However, even though
the peak frequency of the type IV signal is about 3.5
times higher than the type I signal, the beam does
not seem to be substantially larger. This property can
be used when discussing lower-frequency whistle sig-
nals to suggest that whistle signals are also emitted in
a beam.
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Fig. 20.13 Transmission directivity index and 3 dB beam
width for four odontocetes. The directivity index and beam
width for Tursiops truncatus and delphinapterus leucas
came from Au [20.39] and for pseudorca crassidens after
Au et al. [20.52]. The wavelength A corresponds to the av-
erage peak frequency of the animals’ echolocation signals.
The directivity index is fitted with a second-order polyno-
mial curve the the beam width is fitted with a linear curve
(after Au et al. [20.70])

The only transmission beam pattern for a non-
whistling odontocete, a phocoena phocoena, was
measured by Au et al. [20.70]. Their results are shown
in Fig.20.12 in both the horizontal and vertical planes.
One of the obvious difference between the beam pat-
terns in Fig.20.12 and those in Figs. 20.10 and 20.11
is the width of the beam. Although the harbor por-
poise emitted the highest-frequency signals, its small
head size caused the beam to be wider than for the
other animals. The beam patterns of Figs. 20.10-20.12
were inserted into (20.1) and numerically evaluated to
estimate the corresponding directivity index for rur-
siops and delphinapterus [20.39] and for pseudorca
by Au et al. [20.52] and for phocoena [20.70], and
the results are shown in Fig.20.13 plotted as a func-
tion of the ratio of the head diameter (at the blow
hole) of the subject and the average peak frequency
of the animals echolocation signal. Also shown in
Fig.20.13 are the 3dB beam width, where the 3dB
beam width in the vertical and horizontal planes were
averaged.

The second-order polynomial fit of the directivity
index is given by the equation

d d\?
DI=28.89—1.04()+004( ) .
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The linear fit of the 3 dB beam width data is given by
the equation

d
BW =23.90—-0.60 5 (20.10)

The results of Fig. 20.13 provides a way of estimating the
directivity index and 3 dB beam width of other odonto-
cetes by knowing their head size and the peak frequency
of their echolocation signals.

Another interesting characteristics of the beam pat-
tern measurement on the phocoena phocoena is that the
off-axis signals are not distorted in comparison to the
on-axis signal. This is consistent with narrow-band sig-
nals whether for a linear technological transducer or
a live animal. Therefore, measurements of echolocation
signals of non-whistling odontocetes in the field can be
performed much easier than for whistling odontocetes.

20.3 Odontocete Acoustic Communication

Members of the Odontocete suborder are an intriguing
example of the adaptability of social mammalian life to
the aquatic habitat. Most odontocetes, particularly ma-
rine dolphins, live in groups ranging from several to
hundreds of animals in size, forage cooperatively, de-
velop hierarchies, engage in alloparental care and form
strong pair bonds and coalitions between both kin and
non-kin alike (see [20.71-73] for a review of the lit-
erature on dolphin societies). These social traits are
analogous to patterns found in many avian and terrestrial
mammalian species. It is not surprising, therefore, that
odontocetes mediate much social information via com-
munication. Some river dolphins are usually found as
solitary individuals or mother—calf pairs although they
may occasionally congregate into larger groups.

Odontocetes communicate through a combination of
sensory modalities that include the visual, tactile, acous-
tic and chemosensory channels [20.74]. Visual signals
in the form of postural displays are thought to convey
levels of aggression, changes in direction of movement,
and affiliative states [20.72,75]. Tactile interactions vary
in purpose from sexual and affiliative signals to expres-
sions of dominance and aggression [20.76,77]. Although
not well documented yet, it is thought that a derivative
of chemosensory perception, termed quasiolfaction al-
lows dolphins to relay chemical messages about stress
and reproductive status [20.78, 79]. However, it is the
acoustic communication channel in particular that is be-
lieved to be the main communication tool that enables
odontocetes to function cohesively as groups in the vast,
visually limited environment of the open sea [20.80].
Examining how odontocetes have adapted their use of
sound is therefore an important step to understanding
how social marine mammal life evolved in the sea and
how it has found a way to thrive in a habitat so drastically
different from our own.

When compared to all that has been learned about
dolphin echolocation over the past several decades, sur-

prisingly little is still known about how dolphins and
other odontocetes use acoustic signals for communica-
tion. A major reason for this is that it is very difficult to
observe the acoustic and behavioral interactions between
the producer and the receiver(s) of social signals in the
underwater environment. Sound propagation in the sea
makes even a simple task like identifying the location of
asound source very challenging for air-adapted listeners.
Therefore, matching signals with specific individuals
and their behavior in the field is problematic without the
use of sophisticated recording arrays [20.57,76,81,82],
or directional transducers. In addition, many questions
remain unanswered about the nature of social signals
themselves. Much still remains unknown about the func-
tional design of dolphin social sounds. This is largely
due to the fact that most species specialize in produc-
ing and hearing sounds with frequencies well beyond
the limits of the human hearing range. Limitations in the
technology available to study social signaling in the field
have until recently restricted most analyses to the human
auditory bandwidth (< 20 kHz). Yet, despite these signif-
icant challenges, a great deal of progress has been made
in our understanding of odontocete acoustic communi-
cation. Rapidly advancing technologies are contributing
greatly to our ability to study social signaling both in the
field and in the laboratory. The emerging picture reveals
that odontocetes have adapted their acoustic signaling
to fit the aquatic world in a remarkably elegant way.

20.3.1 Social Acoustic Signals

Odontocetes have evolved in both marine and freshwa-
ter habitats for over 50 million years. Over such a long
period of adaptive radiation one might expect that a va-
riety of signaling strategies would have evolved among
the approximately 65 species of small toothed whales
and dolphins. Yet, remarkably, the vast majority of these
species have either conserved or converged on the pro-
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duction of two types of sounds: whistles and short pulse
trains.

Whistles

Whistles are frequency- and amplitude-modulated tones
that typically last anywhere from 50 ms to 3 s or more,
as illustrated in Fig. 20.14. They are arguably the most
variable signals produced by dolphins. Both within and
across species they range widely in duration, bandwidth
and degree of frequency modulation. How whistles
are used in communication is an ongoing topic of
debate among researchers, but most agree that they
play an important role in maintaining contact between
dispersed individuals and are important in social inter-
actions [20.85].

a) 75

Frequency (kHz)
A

50 ' o o

b) 75,

Q) 75,
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0 ! . 4
< 0.65s >

Fig. 20.14a—c Variations in whistle forms produced by
Hawaiian spinner dolphins (a) and Atlantic spotted dol-
phins (b), (c) exhibiting multiple harmonics (after Lammers
et al. [20.83,84])

Dolphin whistles exhibit both species and geo-
graphic specificity [20.86-90]. Differences are greatest
between distantly related taxa and between species of
different size. As a general rule, larger species tend to
produce whistles with lower fundamental frequencies
than smaller ones [20.88]. Geographic variations within
a species are usually smaller than interspecific differ-
ences [20.87], but some species do develop regional
dialects between populations [20.89,90]. These dialects
tend to become more pronounced with increasing geo-
graphic separation. In addition, pelagic species tend to
have whistles in a higher-frequency range and with more
modulation than coastal and riverine species [20.86,88].
Such differences have been proposed as species-specific
reproductive-isolating characteristics [20.86], as ecolog-
ical adaptations to different environmental conditions
and/or resulting from restrictions imposed by physiol-
ogy [20.88]. On the other hand, it must also be noted that
numerous whistle forms are also shared by both sym-
patric and allopatric species [20.91]. The communicative
function of shared whistle forms is unknown, but it
is intriguing as it suggests a further tendency towards
a convergence in signal design.

Dolphins produce whistles with fundamental fre-
quencies usually in the human audible range (below
20kHz). However, whistles typically also have harmon-
ics (Fig.20.14), which occur at integer multiples of
the fundamental and extend well beyond the range of
human hearing [20.84]. Harmonics are integral com-
ponents of tonal signals produced by departures of the
waveform from a sinusoidal pattern. Dolphin whistle
harmonics have a mixed directionality property, which
refers to the fact they become more directional with in-
creasing frequency [20.83,92]. It has been proposed that
this signal feature functions as a cue, allowing listening
animals to infer the orientation and direction of move-
ment of a signaling dolphin [20.83,92]. Harmonics may
therefore be important in mediating group cohesion and
coordination.

Burst Pulses

In addition to whistles, most odontocetes also produce
pulsed social sounds known as burst pulse signals. Burst
pulse signals are broadband click trains similar to those
used in echolocation but with inter-click intervals of
only 2—10ms [20.93]. Because these intervals are con-
siderably shorter than the processing period generally
associated with echolocation and because they are of-
ten recorded during periods of high social activity, burst
pulse click trains are thought instead to play an important
role in communication.
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Fig.20.15a,b Examples of (a) high-quantity and (b) low-
quantity burst pulses produced by Atlantic spotted dolphins
(stenella frontalis). Click train a has 255 clicks with mean
ICI (interclick interval) of 1.7 ms. Click train b has 35 clicks
with a mean ICI of 2.9 ms (after Lammers et al. [20.83,84])

Burst pulses vary greatly in the inter-pulse inter-
val and in the number of clicks that occur in a train,
which can number anywhere from three to hundreds
of pulses, as depicted in Fig.20.15. This variation
gives them distinctive aural qualities. Consequently,
burst pulse sounds have been given many subjec-
tive labels, including yelps [20.94], cracks [20.95],
screams [20.96] and squawks [20.97]. Their produc-
tion has been reported in a variety of odontocete
species including: the Atlantic bottlenose dolphin
(tursiops truncatus) [20.95], the Hawaiian spinner
dolphin (stenella longirostris) [20.72], the Atlantic
spotted dolphin (stenella frontalis) [20.98], the nar-
whal (monodon monoceros) [20.99], Hector’s dolphin

(cephalorhynchus hectori) [20.100], the pilot whale
(globicephala melaena) [20.101], and the harbor por-
poise (phocoena phocoena) [20.101]. To date, much
remains unknown about how burst pulses function
as communication signals. It is generally believed
that they play an important role in agonistic en-
counters because they are commonly observed during
confrontational head-to-head behaviors between in-
dividuals [20.95, 102—-104]. However, some authors
have suggested they may represent emotive signals in
a broader sense [20.97, 105, 106], possibly functioning
as graded signals [20.107].

Given that dolphins have temporal discrimination
abilities well within the range required to resolve indi-
vidual clicks in a burst pulse [20.39, 108], it is possible
that the quantity of clicks and their temporal spacing
could form an important basis for communication. How-
ever, as with whistles, no data presently exist on the
classification and discrimination tendencies of dolphins
with respect to different burst pulses.

20.3.2 Signal Design Characteristics

Although much remains unknown about how odon-
tocetes use acoustic signals for communication, the
communicative potential of their signals can, in part, be
inferred by considering the design characteristics that
have been uncovered thus far. Signal features such as
their detectable range, the production duty cycle, the
identification level, the modulation potential and the
form—content linkage provide useful clues about how
odontocetes might use whistles and burst pulses.

The Active Space of Social Signals
The effective range of signals used for communication
is generally termed the active space. Janik [20.109]
investigated the active space of whistles produced by
bottlenose dolphins in the Moray Firth, Scotland, us-
ing a dispersed hydrophone array to infer geometrically
the location of signaling animals and establish the
source level of their whistles. The mean source level
was calculated to be 158dB =+ 0.6 re 1pPa, with
a maximum recorded level of 169dB. By factoring
in transmission loss, ambient noise levels, the critical
ratios and auditory sensitivity of the species involved
the active space of an unmodulated whistle between
3.5 and 10kHz in frequency was estimated to be be-
tween 20 and 25km in a habitat 10 meters deep at
sea state 0. At sea state 4 the estimated active space
ranged from 14 to 22 km, while for whistles at 12 kHz
it dropped to between 1.5 and 4 km. These estimations
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were made for dolphins occurring in a relatively shal-
low, mostly mud-bottom, quiet environment. Presently,
no data exist on the active space characteristics of del-
phinid whistles in pelagic waters and comparatively
louder tropical near-shore environments. Similarly, no
estimates have yet been made for the active space of
burst pulses.

The Duty Cycle of Social Signals
Duty cycle refers to the proportion of time that any
given signal or class of signals is on versus off. Signals
can vary in the fine structure of their temporal patterning
(e.g. duration), in their temporal spacing within a bout,
and in their occurrence within a larger cyclical time
frame, such as a 24 hour day. Each of these aspects of
the temporal delivery of signals carries its own implica-
tion for communication. Fine-scale characteristics can
define the nature of the signal itself and provide infor-
mation about its relationship to other signals as well
as constraints associated with its mechanism of produc-
tion. The occurrence and timing of a signal within a bout
can help convey information about the urgency of a sit-
uation, the level of arousal, the fitness of an individual
and can assist the receiver in the task of localization. Fi-
nally, the periodicity of signals over hours or days can
be an indicator of variables such as activity levels and
reproductive state.

Murray et al. [20.110] investigated the fine-scale
duty-cycle characteristics of delphinid social signals.
Using a captive false killer whale (pseudorca crassidens)
as their subject, they examined the temporal relationship
between the units of a click train (individual clicks) and
tonal signals. Their analysis revealed that false killer
whales modulate the temporal occurrence of clicks to
the point of grading them into a continuous wave (CW)
signal such as a whistle. This finding was interpreted as
evidence that pseudorca may employ graded signaling
for communication (a topic discussed in more detail be-
low), as well as to suggest that clicks and whistles are
produced by the same anatomical mechanism.

The timing of signals within a bout has not been
investigated with much success among delphinids. The
primary obstacle towards this line of work has been the
difficulty of identifying the signaler(s) involved for even
short periods of time under field conditions. Early work
by Caldwell and Caldwell [20.111] on a group or four
naive captive common dolphins (delphinus delphis) sug-
gests that whistle exchanges do have temporal structure.
In whistling bouts involving more than one signaler, the
onset of a whistle specific to an individual was followed
within two seconds by that of another. Furthermore, ini-

tiation of a whistle by two animals within 0.3 s of one
another always resulted in the inhibition of one of them,
with some individuals deferring more than others. Ini-
tiations separated by 0.4—0.5s caused inhibition less
frequently while those longer than 0.6 s resulted in al-
most no inhibition. Repeated whistles produced without
an intervening response by another animal were usually
delayed by less than one second. Thus, the duty cycle of
whistling bouts and chorusing behavior among common
dolphins does appear to follow certain temporal rules,
but their significance is not clear.

Periodicity in social signaling has been investi-
gated in captive bottlenose dolphins and common
dolphins [20.112-114], as well as free-ranging spin-
ner dolphins (stenella longirostris) [20.72] and common
dolphins [20.115]. In the captive studies, signaling ac-
tivity was linked to feeding schedules, nearby human
activities and responses to different forms of introduced
stress [20.113]. For spinner and common dolphins in
the wild, the occurrence of social acoustic signals was
highest at night, when both species were foraging, and
lowest in the middle of the day.

The Identification Level of Social Signals
The role of delphinid whistles as individual-specific sig-
nals has been the focus of more scientific attention
than any other aspect of their social acoustic signal-
ing. Caldwell and Caldwell [20.116] were the first to
propose that individual dolphins each possess their own
distinct signature whistle. The idea was borne out of
the observation that recently captured dolphins each
produce a unique whistle contour that makes up over
90% of the individual’s whistle output. Since being
proposed, the so-called signature whistle hypothesis
has emerged as the most widely accepted explana-
tion for whistling behavior among dolphins. The idea
has received support from numerous studies involv-
ing captive and restrained animals [20.85, 117-121]
as well as from field studies of free-ranging ani-
mals [20.97, 122, 123]. Some, however, have argued
that a simple signature function for dolphin whistling
cannot account for the diversity of signals observed in
socially interactive dolphin groups [20.124, 125]. While
not denying the presence of signature whistles per se,
these authors have argued that the large percentage of
stereotyped signature signals observed in other stud-
ies may be an artifact of the unusual circumstances
under which they were obtained (isolation, temporary
restraint, separation, captivity). The debate over the
prevalence of signature whistles among captive and
free-ranging dolphins remains a contested topic in the
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literature and at scientific meetings. On the other hand,
no evidence or formal discussions presently exist sug-
gesting burst pulse signals carry any individual-specific
information.

The Modulation Potential of Social Signals
The modulation potential describes the amount of vari-
ation present in any given signal as measured by its
position along a scale from stereotyped to graded sig-
naling [20.126]. Stereotyped signals are repeats of
structurally identical forms and vary discretely be-
tween one another. They are used most often for
communication when the prospect of signal distortion
is high, such as in noisy or reverberant environments
or for communicating over long ranges. Graded sig-
nals have more variants than stereotyped ones and are
encoded by changing one or more signal dimensions.
These can include intensity, repetition rate and/or fre-
quency and amplitude modulation. Graded signals are
usually employed when a continuous or relative condi-
tion must be communicated in a favorable propagation
environment.

Many studies to date have made an a priori assump-
tion that dolphin signaling is categorical in nature, with
signals belonging to mutually exclusive classes on the
basis of their shared similarities. Some evidence in sup-
port of this assumption comes from the signature-whistle
hypothesis work, where restrained and isolated individ-
uals are often observed producing highly stereotyped
bouts of signaling. However, few data are presently
available to suggest how dolphins perceive and distin-
guish social signals [20.127]. Therefore, it is unclear
whether an assumption based on the occurrence of signa-
ture whistles is broadly applicable towards other forms
of social acoustic signaling (i. e. non-signature whistles
and burst pulses).

A few studies have explored the occurrence of
graded signaling in the communication of delphinids
and the larger whales. Taruski [20.128] created a graded
model for the whistles produced by North Atlantic
pilot whales (globicephala melaena). He concluded
that these signals could be arranged as a “contin-
uum or matrix (of signals) from simple to complex
through a series of intermediates” (Taruski [20.128]
p- 349). Murray et al. [20.110], examining the signals
of a captive false killer whale (Pseudorca crassi-
dens), came to a similar conclusion and proposed
that Pseudorca signals were also best represented
along a continuum of signal characteristics, rather than
categorically. Finally, Clark [20.129], examining the
“call” signals of southern right whales (a mysticete),

made the observation that “ ... the total repertoire
of calls is best described as a sequence of inter-
graded types along a continuum” (Taruski [20.128]
p. 1066). Therefore, graded signaling may well play
a role in odontocete communication. Controlled per-
ceptual experiments and a better understanding of the
acoustic environment dolphins inhabit are needed to
test how odontocetes discriminate and classify social
sounds.

The Form-Content Linkage of Social Signals
The degree to which the form of a signal is linked to
its content depends on how information is coded and
on proximate factors associated with the signal’s pro-
duction. The relationship between a signal’s structural
form and its message can range from being rather arbi-
trary to tightly linked to a specific condition [20.126].
Among odontocetes, a clear relationship between sig-
nal form and content has only been demonstrated for
signature whistles (discussed above). Dolphins have
been experimentally shown to be capable of labeling
objects acoustically (also known as vocal learning), as
well as mimicking model sounds following only a sin-
gle exposure [20.130]. Additional evidence of vocal
learning exists from culturally transmitted signals in
the wild [20.131] and in captivity [20.132], as well as
from the spontaneous production of acoustic labels in
captivity [20.127]. Context-specific variations in signa-
ture whistle form have also been demonstrated [20.121].
However, to date, no semantic rules have been identified
for naturally occurring social signals among odonto-
cetes.

Geographic Difference and Dialect

There is a distinct difference between geographical
difference and dialect. Geographical differences are as-
sociated with widely separated populations that do not
normally mix. Dialect is best reserved for sound emis-
sion differences on a local scale among neighboring
populations which can potentially intermix [20.133].
Geographic variations are generally considered to re-
sult from acoustic adaptations to different environments,
or a functionless byproduct of isolation and genetic di-
vergence caused by isolation [20.134]. The functional
significance of dialects is controversial, with some main-
taining that dialects are epiphenomena of song learning
and social adaptation, whereas others believe that they
play a role in assorted mating and are of evolutionary
significance [20.134]. Dialects are known to occur in
many species of birds [20.135] but appear to be very
rare in mammals.
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Fig.20.16 Spectrograms of call types N7 and N8 for clan A. Above each spectrogram is the subtype identification and the
pods that produce the variant, and below certain spectrograms are division marks separating calls into their component

parts (after Ford [20.134]).

Killer Whale
Killer whales (orcinus orca) produce a specific type of
burst pulse termed the discrete call. Discrete calls are
thought to serve as contact calls between individuals,
much like whistles in other odontocete species [20.136].
Discrete calls are population specific and even pod spe-
cific. The dialects of resident killer whales (Orcinus
orca) in the coastal waters of British Columbia and
Washington have been studied over a prolonged pe-
riod by Ford and his colleagues [20.134,137,138]. They
used photographic identification techniques, keying on
unique natural markings on the whales to identify 16
pods or stable kin groups of 232 resident killer whales.
Differences in acoustic behavior formed a system of re-
lated pod-specific dialects within the call tradition of
each clan. Ford [20.134] has proposed that each clan
is comprised of related pods that have descended from
a common ancestral group and pod-specific repertoires
probably serve to enhance the efficiency of acoustic
communications within the group and act as behavioral
indicators of pod affiliation.

Killer whale calls are typically made up of rapidly
emitted pulses that to the human ear have a tonal qual-
ity [20.134]. Many calls have several abrupt shifts in
pulse repetition rate allowing them to be divided into
different segments or parts. Although all pods belong-
ing to a clan share a number of calls, these calls were

often rendered in consistently different form by differ-
ent pods. Also, certain pods produced calls that were not
used by the rest of the clan. Such variations produced
a set of related group-specific dialects within the call
tradition of each clan.

Spectrograms of call types N7 and N8 are shown
in Fig.20.16. In this example, we can see that different
pods produce similar but different versions of call type
N7 and N8. Pods A1, A4 and A5 produced two versions
of call type N7 and pod B and I1 produced two versions
of call type N8. All of the spectrograms have two parts
except for call type N7ii, which had three parts.

Ford [20.134] contended that pod-specific reperto-
ries can be retained for periods in excess of 25 years.
Discrete calls generally serve as signals for maintaining
contact within the pod and that the use of repertoire
of pod-specific calls enhances this function by con-
veying group identity and affiliation [20.134]. Killer
whales, like most other small dolphins are able to
learn and mimic a wide variety of sounds. Even from
a young age, killer whale infants can selectively learn
specific calls, especially the calls of their mothers.
Bowles et al. [20.139] studied the development of calls
of a captive-born killer whale calf and found that it
learned and reproduced only the calls of its mother and
ignored the calls of other killer whales in the same
pool. Ford [20.134] also observed killer whales imi-
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tating the call types of different pods, and even those
from other clans. These instances were rare, but it does
show a capacity for learning and mimicry of acoustic
signals.

Sperm Whales
Sperm whales live in a matrilineal family unit where
there exist cooperative behaviors including communal
care of the young in ways similar to killer whales.
The family units are very stable and females may live
as long as 60—70y [20.140]. One type of signals that
sperm whales emit are denoted as codas, which are se-
quences of click signals that may be the primary means
of acoustic communications for these animals [20.58].
Weilgart and Whitehead [20.141] recorded, for over
a year, codas from a number of sperm whales around the
South Pacific and in the Caribbean Sea. Photographic

20.4 Acoustic Signals of Mysticetes

There are eleven species of mysticetes or baleen whales
and sounds have been recorded from all but the pygmy
right whale [20.142]. The vocalization of baleen whales
can be divided into two general categories: (1) songs and
(2) calls [20.142]. The calls can be further subdivided
into three categories: (1) simple calls, (2) complex calls
and (3) clicks, pulses, knocks and grunts [20.142]. Sim-
ple calls are often low-frequency, frequency-modulated
signals with narrow instantaneous bandwidth that sound
like moans if a recording is speeded up or slowed down,
depending on the specific animal. Amplitude modula-
tion and the presence of harmonics are usually part of
a simple call, with most of the energy below 1kHz.
Complex calls are pulse-like broadband signals with
a variable mixture of amplitude and/or frequency mod-
ulation. They sound like screams, roars, and growls,
with most of the energy between 500—5000 Hz. Clicks,
pulses, knocks and grunts are short-duration (< 0.1 s)
signals with little or no frequency modulation. Clicks
and pulses are very short (< 2ms) signals with fre-
quencies between 3—31kHz, while grunts and knocks
are longer (50—100ms) signals in the 100—1000 Hz
range [20.142].

20.4.1 Songs of Mysticete Whales
Songs are defined as “sequences of notes occurring in

a regular sequence and patterned in time” [20.142].
Songs are easily discriminated from calls in most

identification also allowed them to assign recording ses-
sions to particular groups. They found that the coda
repertoire recorded from the same group on the same
or different days were much more similar than those
recorded from different groups in the same place. Groups
recorded in the same place had more similar coda
repertoire than those in the same broad area but dif-
ferent places. Groups from the same area were in turn
marginally similar to those in the same ocean but differ-
ent than those in different oceans. Coda class repertoires
of groups in different oceans and in different areas
within the same ocean were statistically significantly
different. They concluded that strong group-specific di-
alects were apparently overlaid on weaker geographic
variation. Sperm whales, killer whales and possibly bot-
tlenose dolphins are the only cetaceans known to have
dialects.

instances. Four mysticetes species have been re-
ported to produce songs; the blue whale (balaenoptera
musculus) [20.143], the fin whale (balaenoptera
physalus) [20.144, 145], the bowhead whale (balaena
mysticetus) [20.15], and the humpback whale [20.146].
Songs of humpback whales have without a doubt re-
ceived the most attention from researchers. Part of the
reason for this is the relative ease for investigators to
travel and do research in the summer grounds of hump-
back whales, especially in Hawaii in the Pacific and
Puerto Rico in the Atlantic.

«——— Theme ——»|
DDEE DDEEE DDEEE DA:BC AA:BC

DDEE DDEEE DDEE DDEE AA:BC

Time (min)

H—*’h—ﬂ—

J

Aural classification
A—Moan (variable)
B-Low moan
C—Low rumble
D—High downward moan
E—Low downard moan

Fig.20.17 Examples of two themes from a humpback
whale song (after Frankel [20.36])
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Fig.20.18 An example of a portion of a humpback whale song. The individual pulse sounds are defined as units and units
are aurally categorized based on how they sound. In this example, there are five units. Phrases are formed by a combination
of units and themes are formed by a combination of phrases. The whole song consist of a combination of themes that are

continuously repeated for the length of the song

Humpback Whale Songs
The list of studies involving humpback whale songs is
long and extends from 1971 to the present time, Helweg
et al. [20.147]. Although some songs may sound almost
continuous to human listeners the basic units in a song
are pulsed sounds. Songs are sung only by males and
consist of distinct units that are produced in some se-
quence to form a phrase and a repeated set of phrases
form a theme and repeated themes form a song. A song
can last from minutes to hours depending on the dispo-
sition of the singer. An example of a portion of song is
shown in Fig. 20.17. Example of two themes of a song in
spectrogram format are shown in Fig. 20.18. The varia-
tion in frequency as a function of time is clearly shown
in the figure.

Some general properties of songs and the whales that
are singing are:

1. Songs from the North Pacific, South Pacific and
Atlantic populations are different.

2. Singing peaks during the winter months when hump-
back whales migrate to warmer waters at lower
latitudes.

3. Whales within a population sing the same basic song
in any one year, although the song may undergo
slight changes during a breeding season.

4. Changes in songs are not due to forgetting during
the summer months, which are non-singing months,
since songs recorded early in the winter breeding
season are nearly the same as songs recorded late in
the previous breeding season.

5. Songs from consecutive years are very similar but
songs across nonconsecutive years will have fewer
similarities.

6. Singers are most probably only males, since no
females have been observed singing.

7. Some singing also occurs during the summer and
fall.

8. Singing whales are often alone, although they have
been occasionally observed singing in the presence
of other humpback whales.

9. Singers tend to remain stationary. However, they
have also been observed singing while swimming.

Other Mysticetes
Bowhead whales emit a variety of different types of
simple and complex sounds that sound like moans to the
human ear. They also emit sequential sounds that con-
tain repeatable phrases that can be classified as songs
during their spring migration [20.15] but not during the
summer or autumn [20.148]. The bowhead song had
just one theme with basically only two sounds repeated
over and over. Ljungblad et al. [20.15] reported that
songs were very tonal with clear pitch even though they
were produced by pulsive moans, whereas Cummings
and Holliday [20.149] described songs as sounding
like raucous elephant roars and trumpeting in discrete
repetitions or phases that were put together to form
longer sequences. Differences in the songs recorded by
Ljungblad et al. [20.15] and by Cummings and Holli-
day [20.149] may be due to bowhead whales changing
their songs from year to year.

The sounds from finback whales include single
20 Hz pulses, irregular series of 20 Hz pulses, and stereo-
typed 20 Hz signal bouts of repetitive sequences of 20 Hz
pulses [20.145]. The 20 Hz signals are emitted in bouts
that can last for hours. The pulse intervals in a bout
were very regular. In general, signals are produced in
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Table 20.2 Characteristics of mysticete whales vocalizations

Species Signal type Frequency Dominat Source level References
of whales limits(HZ) frequency (dB re 1 Pa)
(Hz) at 1m
Blue FM moans 12.5-200 16 — 25 188 Cummings, Thompson [20.150],
Edds [20.151]
Songs 16 — 60 16— 60 - McDonald et al. [20.152]
Bowhead Tonal moans 25 -900 100 — 400 129 - 178 Cummings, Holliday [20.149];
Pulses 25 -3500 152 - 185 Wursig, Clark [20.148]
Songs 20 - 500 158 — 189 Cummings, Holliday [20.149];
Ljungblad et al. [20.15]
Bryde‘s FM moans 70 — 245 124 - 132 152 - 174 Cummings et al. [20.153];
Edds et al. [20.154]
Pulsed moans 100 - 930 165 — 900 - Edds et al. [20.154]
Discrete pulses 700- 950 700 - 950 - Edds et al. [20.154]
Finback FM moans 14-118 20 160 — 186 Watkins [20.145], Edds [20.155],
Cummings, Thompson [20.156]
Tonals 34 - 150 34 - 150 - Edds [20.155]
Songs 17 -25 17 -25 186 Watkins [20.145]
Gray Pulses 100 - 2000 300 - 825 - Dalheim et al. [20.157];
Crane et al. [20.158]
FM moans 250 — 300 250 - 300 152 Cummings et al. [20.159];
Dalheim et al. [20.157]
LF-FM-moans 125 - 1250 <430 175 Cummings et al. [20.159];
Dalheim et al. [20.157]
PM pulses 150 - 1570 225 - 600 Cummings et al. [20.159];
Dalheim et al. [20.157]
Complex moans 35-360 35-360 Cummings et al. [20.159]
Humpback  Grunts (pulse & FM) 25— 1900 25 - 1900 176 Thompson et al. [20.160]
Pulses 25 -89 25-80 144 - 174 Thompson et al. [20.160]
Songs 30— 8000 120 — 4000 - Payne, Payne [20.161]
Minke FM tones 60— 130 60— 130 165 Schevill, Watkins [20.162],
Thumps 100 — 200 100 — 200 - Winn, Perkins [20.163]
Grunts 60 — 140 60 — 140 151 -175 Winn, Perkins [20.163]
Ratchets 850 — 6000 850 - Winn, Perkins [20.163]
Right-N Moans < 400 - - Schevill, Watkins [20.162]
Right-S Tonal 30-1250 160 — 500 - Cummings et al. [20.164],
Clark [20.129,165]
Pulses 30 — 2200 50 - 500 172 — 187 Cummings et al. [20.164],
Clark [20.129,165]
Sei FM sweeps 1500 — 3500 1500 — 3500 - Knowlton et al. [20.166]

a relatively regular sequence of repetitions at intervals
ranging from about 7-26s, with bouts that can last as
long as 32.5h. During a bout, periodic rests averaged
about 115 s at roughly 15 min intervals and sometimes
longer irregular gaps between 20 and 120 min were ob-
served. There was also some variability in the 20 Hz
signals in that they were never exactly replicated.

The songs of the blue whales (balaenoptera
musculus) have been observed by a number of re-
searchers [20.143, 152, 167]. A typical two-part blue

whale song time series and corresponding spectrogram
is shown in Fig. 20.18. The spectrogram of the first part
of the two part song had six spectral lines separated
by about 1.5 Hz. This type of spectrogram is typically
generated by pulses. Cummings and Thompson [20.150]
previously reported on the pulsive nature of some blue
whale moans. The second part of the song was tonal in
nature with a slight FM down sweep varying from 19 Hz
to 18 Hz in the first 3—4 s. The 18 Hz tone is then carried
until the last 5s when there is an abrupt step down to
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17 Hz. The amplitude modulation in the second part of
the song was probably caused by multi-path propagation
of the signal from the whale to the hydrophones. These
two-part songs basically follow a pattern of a 19s pul-
sive signal followed by a 24.5 s gap and a 19 s monotonic
signal [20.152,167].

Calls of Mysticete Whales
The calls of mysticete whales have been the subject
of much research over the past three decades. As with
dolphin sounds, there is also a lack of any standard
nomenclature for describing emitted sounds. Similar
calls are often given different names by different re-
searchers. A summary of some of the acoustic properties
of the different baleen whales is indicated in Table 20.2.
Calls and songs are most likely used for some sort

20.5 Discussion

Cetaceans use a wide variety of sounds from brief
echolocation signals used by dolphins having durations
less than 100 ps to very long duration songs that can last
for hours by are emitted by humpback whales. The range
of frequency is also very large, from low-frequency (in-
frasonic) sounds between 10—20 Hz used by blue and
finback whales to high-frequency echolocation signals
that extend to 130—140kHz or perhaps higher (see ear-
lier mention of 180kHz). It is quite clear that acoustics
is important in the natural history of cetaceans since all
species regularly emit sounds throughout their daily rou-
tine. Yet, it is not at all clear how sounds are used by
these animals. The difficulty in observing the behavior of
these animals has made it difficult to attach any function
to a particular or specific sound. It is nearly impossible
to determine a one-to-one relationship between the re-
ception or transmission of a specific sound to specific
behavioral response. There are many possible functions
of sounds, some of which may include providing contact
information in a population of animals, signaling alarm
or warning of approaching predators, attracting potential
mates, echolocation for prey detection and discrimina-
tion while foraging, a way of establishing a hierarchy,
providing individual identification, and a method for dis-
ciplining juveniles. Although researchers have not been
successful in uncovering the role or function of specific
sounds in any cetacean species, researchers should not
be discouraged but should be innovative and imagina-
tive in designing experiments that can be conducted in
the wild to delve deeper into this problem. Even with

of communication, however, at this time the specific
meanings of these sounds are not known. It is ex-
tremely difficult to study the context and functions of
baleen whale vocalization. The sounds of mysticete
whales have also been summarized nicely by Richardson
et al. [20.34]. Instead of discussing the characteristics
of various sounds, the properties of calls are summa-
rized in Table 20.2. The calls of mysticete whales are
mainly in the low-frequency range, from an infrasonic
frequency of about 12.5 Hz for the blue whale to about
3.5kHz for the sei whale. There are a variety of dif-
ferent types of calls, from FM tones to moans, grunts
and discrete pulses. How these sounds are used by
whales is still an open question since it is often very
difficult to observe behavior associated with different
calls.

echolocation sounds, there are many unanswered ques-
tion. It seems logical that echolocation sounds are used
to detect and discriminate prey and to navigate, yet we
still know very little about how often they are emitted
during a daily routine for dolphins in the field.

In this chapter, we have seen that the characteris-
tics of the sounds emitted by cetaceans depends a lot
on the size of the animals. Therefore the active space
of different species is indirectly related to the size of
the animals since the amount of sound absorption by

Frequency (Hz)
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Typically
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0 10 20 30 40 50 60 70
Time (s)

Fig.20.19 Time series and spectrogram of a typical blue
whale song (after [20.152])
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sea water increases with frequency. Dolphins and small
whales usually emit echolocation signals that can have
peak frequencies up to 120—140kHz and whistles be-
tween 10—20 kHz. These signals are not meant to travel
large distances so that the active space is rather small,
tens of meters for echolocations and burst pulse signals
and several hundred meters for whistles. These signals
will certainly propagate to much shorter distances than
the low-frequency signals used by many of the baleen
whales. The sound pressure level (SPL) of an emitted
signal at any range from the animal is given by the
equation

SPL = SL — geometric spreading loss —aR ,
(20.11)

where SL is the source level in dB, « is the sound ab-
sorption coefficient in dB/m and R is the distance the
sound has traveled. The geometric spreading loss does
not depend on frequency but is affected by the sound ve-
locity profile, the depth of the source and the receiver.
The most severe geometric spreading loss is associated
with spherical spreading loss in which the amount of
geometric spreading loss is equal to 20 log R. The least
severe geometric spreading loss is associated with sound
channels, such as the sound fixing and ranging (SOFAR)
channel. In order to gain an appreciation of the effects of
absorption losses for different types of cetacean signals,
—aR in (20.9) was calculated as a function of range and
the results are shown in Fig. 20.20. The results indicate
that the low-frequency sounds used by baleen whales do
not suffer as much absorption loss as the sounds of small
odontocetes. Therefore, baleen whale signals can prop-
agate long distances if some type of channel is present
in the water column.

Reduction to SPL by absorption (dB)

0y b—————=n
Baleen
o0 whale
- : calls
H1—frequepcy ~1kHz
echolocation
—40 signals
—60 . Dﬁ!ptllnn
Mid-frequency s
echolocation
-80 signals
-100 »>
0.01 0.1 1 10 100 1000
Range (km)

Fig.20.20 Reduction to sound pressure level caused by
sound absorption for different types of cetacean signals.
The curve for the high-frequency echolocation signals was
calculated at 120 kHz, and for the mid-frequency echolo-
cation signals at 50 kHz. The curve for the dolphin whistle
was calculated at 15kHz. The baleen whale signal curve
was determined at 1 kHz.

We have just scraped the top of the iceberg in re-
gards to our understanding of cetacean acoustics. There
is much to learn and understand about how these animals
produce and receive sounds and how acoustics is used in
their daily lives. The future looks extremely promising
as new technology arrives on the scene that will allow
researchers to delve into the many unanswered ques-
tions. As computer chips and satellite transmission tags
get smaller and we apply state-of-the-art technologies to
the study of cetaceans, our knowledge and understanding
can but increase.
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Medical acoustics can be subdivided into diagnos-
tics and therapy. Diagnostics are further separated
into auditory and ultrasonic methods, and both
employ low amplitudes. Therapy (excluding med-
ical advice) uses ultrasound for heating, cooking,
permeablizing, activating and fracturing tis-
sues and structures within the body, usually at
much higher amplitudes than in diagnostics. Be-
cause ultrasound is a wave, linear wave physics
are generally applicable, but recently nonlin-
ear effects have become more important, even in
low-intensity diagnostic applications.

This document is designed to provide the
nonmedical acoustic scientist or engineer with
some insights into acoustic practices in medicine.
Auscultation with a stethoscope is the most basic
use of acoustics in medicine and is dependent
on the fields of incompressible (circulation) and
compressible (respiration) fluid mechanics and
frictional mechanics. Detailed discussions of
tribology, laminar and turbulent hemodynamics,
subsonic and supersonic compressional flow, and
surfactants and inflation dynamics are beyond
the scope of this document. However, some of
the basic concepts of auscultation are presented
as a starting point for the study of natural body
sounds. Ultrasonic engineers have dedicated over
half a century of effort to the development of
ultrasound beam patterns and beam scanning
methods, stretching the current technical and
economic limits of analog and digital electronics
and signal processing at each stage. The depth of
these efforts cannot be covered in these few pages.
However, the basic progression of progress in the
fields of transducers and signal processing will be
covered. The study of the interaction of ultrasound
with living tissues is complicated by complex
anatomic structures, the high density of scatterers,
and the constantly changing nature of the tissues
with ongoing life processes including cardiac
pulsations, the formation of edema and intrinsic
noise sources. A great deal of work remains to be
done on the ultrasonic characterization of tissues.
Finally, the effect of ultrasound

21. Medical Acoustics

on tissues, both inadvertent and therapeutic will
be discussed.

Much of the medical acoustic literature
published since 1987 is searchable online, so this
document has included key words that will be
helpful in performing a search. However, much
of the important basic work was done before
1987. In an attempt to help the reader to access
that literature, Denis White and associates have
compiled a complete bibliography of the medical
ultrasound literature prior to 1987. Under Further
Reading in this chapter, the reader will find a link
to a complete compilation of 99 citations from
Ultrasound in Medicine and Biology which list the
thousands of articles on medical acoustics written
prior to 1987.

The academically based authors develop,
use and commercialize diagnostic ultrasonic
Doppler systems for the benefit of patients with
cardiovascular diseases. To translate ultrasonic
and acoustic innovation into widespread clinical
application requires as much knowledge about the
economics of medicine, the training and practices
of medical personnel, and the pathology and
prevalence of diseases as about the diffraction
patterns of ultrasound beams and signal-to-noise
ratio of an echo. Although a discussion of these
factors is beyond the scope of this chapter, a few
comments will help to provide perspective on the
likely future contribution of medical acoustics to
improved public health.

21.1 Introduction to Medical Acoustics.......... 841

21.2 Medical Diagnosis; Physical Examination 842

21.2.1  Auscultation - Listening

forSounds..........coooiiiii, 842
21.2.2 Phonation and Auscultation........ 847
21.2.3  PercussSion..........cooeeeeiiniiniininnnn. 847

21.3  Basic Physics of Ultrasound Propagation

iNTiSSU@ ...........oooiiii 848
21.3.1 Reflection

of Normal-Angle-Incident

Ultrasound ...............ooeeene. 850
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>

a refraction interface
Y distance to transition zone

0p Doppler angle of sound propagation to vessel axis

or velocity vector axis
A¢ ultrasound echo phase shift
At ultrasound echo time shift [ns]
PREF pulse repetition frequency [Hz]
D  thermal dose

Subscripts
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21.1 Introduction to Medical Acoustics

Medical acoustics covers the use of sub-audio vibration,
audible sound and ultrasound for medical diagnostics
and treatment. Sound is a popular and powerful tool
because of its low cost, noninvasive nature, and wide
range of potential applications from passive listening

Table 21.1 Medical frequencies

to the application of high-energy pulses used for the
destruction of kidney stones.

There are four frequency ranges of sound and
three levels of intensity that will be presented in this
chapter

Title Period Frequency Power/Intensity
Generation 25 years
Ovulation 28 days
Diurnal 1 day o
Respiration 65 0.15Hz :
Heart Rate s 1Hz 0~
ECG surface bandwidth 10 ms 100 Hz =
ECG intramyocardial BW 250 ps 4 KHz =
Tremor 100 ms 3-18Hz
Electromyography surface Sms 200Hz
Electromyography intramuscle 100 ps 10kHz
Flicker fusion (visual) 60 ms 16 Hz
Vibration sensation 10 ms 100 Hz
Sound low 50 ms 20Hz
Telephone sound speech 3-0.3ms 0.3-3kHz
Sound high 50 ps 20kHz
Electro-encephalography (EEG) surface waves

Delta waves 300 ms <3.5Hz

Theta waves 200 ms 3.5-7.5Hz

Alpha waves 100 ms 7.5-13Hz

Beta waves 50 ms 13-30Hz

Intracerebral EEG 100 ps 10kHz
Ultrasound cleaners 42kHz 100W, 1 W/ cm?
Ultrasound bacteriocidal 22.5kHz
Ultrasound therapeutic 0.5 ps 1 3 MHz 15W, 3W/cm?
Ultrasound diagnostic

Transcranial 1-3 MHz 100 mW /cm?

Heart, abdomen 2-5MHz 100 mW /cm?

Vascular, skeletal 4—-10MHz 100 mW / cm?

Skin, eye 10-40 MHz 8 mW/cm?
Ultrasound high intensity focused (HIFU) 2-6 MHz 2000 W /cm?
Diathermy, shortwave, physiotherapy 13-40 MHz 2-15W
Diathermy, shortwave, cell destruction 300kHz 100 W
Diathermy, cancer ablation 500kHz 500 W
Diathermy microwave 0.4-2.5GHz
Light 104 Hz
X-ray 1x10'® Hz

4x10'8 Hz
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1. Infrasound, acoustic waves with frequencies below
the level of human hearing. These vibrations, called
thrills, are often caused by turbulent blood flow
(which is abnormal). At the lowest extreme, the
pulse can be considered infrasound with a frequency
below 2 Hz. With fingertips, the physician can feel
vibrations with amplitudes of 1 pm.

2. Audible sound, acoustic waves with frequencies
in the range of human hearing. The audible
frequency range for the average human is ap-
proximately 20 Hz—20 kHz, with a peak sensitivity
around 3-4kHz. At 1kHz, the standard refer-
ence frequency, the ear is able to detect pressure
variations on the order of one billionth of an
atmosphere. This corresponds to intensities of
about 0.1fW/cm? (1071 W/cm? = 10712 W/m?).
The oscillatory velocity of air molecules car-

rying such sound intensities is v=50nm/s
(Inm=10""m) and the maximum pressure
fluctuation is 20 uN/m? or 0.2 nanoatmospheres
(nanobar). At 1kHz, the air molecules oscil-
late back and forth about 0.05nm. The inten-
sity of conversation is 0.1nW/cm? (1 wW/m?)
causing molecules to oscillate with ampli-
tudes of 50nm, and oscillatory pressures of
20mN/m?.

3. Low-frequency ultrasound, which is used for clean-
ing and tissue disruption.

4. Radio-frequency ultrasound, acoustic waves with
frequencies near 1 MHz and wavelengths in the body
near 1 mm.

A list of interesting frequencies in medicine is pro-
vided for reference Table 21.1.

21.2 Medical Diagnosis; Physical Examination

The most valuable application of acoustics in medicine
is the communication from a patient to their physician. In
the modern world of efficient medicine, however, physi-
cians are encouraged to avoid wasting time listening to
the patient so that objective tests can be ordered without
delay. This approach avoids physician frustration from
sorting out the complaints and symptoms of the patient,
even though the patient initiated the appointment with
the physician.

Having gathered background information, the physi-
cian can proceed to the physical examination, which
includes optical methods, olfaction, palpation, testing
the mechanical response of tissues and systems to
manipulation, percussion, remote listening and aided
auscultation, and acoustic transmission and reflection
techniques. Only those techniques related to medical
acoustics will be discussed further here. Of future im-
portance in medical practice though, are those methods
that can be performed remotely, via the internet.

21.2.1 Auscultation - Listening for Sounds

Sounds in the body are generated through the presence
of disturbed flow, such as eddies and turbulence, by
frictional rubs, and/or by other sources with high accel-
erations. There are both normal and abnormal sounds
within the body. Auscultation is the act of listening for
sounds within the body for diagnostic purposes. This
may be conducted on any part of the body from head to

toe (Fig.21.1). Anesthesiologists even use esophageal
stethoscopes for convenient acquisition of chest sounds.
Information gathered during auscultation includes the
frequency, intensity, duration, timing, and quality of the
sound.

Lung. Both normal and abnormal sounds can be
present in the lungs. The source of normal lung sounds is
turbulent flow associated with air movement through ori-
fices along the airways. These are large, low-frequency
oscillations that cause the surrounding tissues to vibrate
within the audible frequency range. The respiratory sys-
tem is naturally optimized to minimize the work needed
to exchange air, so little energy is converted into acoustic
power, resulting in low-amplitude sounds. With constric-
tion of the airways, in such conditions as asthma, the air
velocity through the airways increases (conservation of
mass). Through conservation of energy and momentum,
an increase in flow velocity results in an increase in
pressure loss, raising the power needed to drive the sys-
tem. The energy is of course not lost, but converted, in
part, into acoustic power. The increase in flow velocity
results in an increase in turbulent diffusion, or the trans-
fer of energy from the flow to the surrounding tissues
through a growing chain of turbulent eddies. When the
passages are smaller, the eddies decrease in size, caus-
ing an increase in the frequency of the audible sound.
The pressure drop caused by a small lumen is higher,
causing an increase in eddy velocity and therefore an in-
crease in acoustic power, and the flow rate is decreased,
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Auscultation

location
High
Cervical Mid Subclavian
Upper lung
Right & left quadrant

sternal border .
Cardiac apex

Lower lung

quadrant
Antecubital
Epigastrum fossa
Umbilical
Abdominal
quadrants @— Forearm

Popliteal fossa

Joints

O Heart valves
and murmurs

O Aurterial bruits

O Lung breath sounds

@ Bowel sounds (
Q@ Joint crepitus ) /

I Blood pressure
cuff —=

causing a longer duration of flow to fill and empty the
lungs. Thus the breath sounds are louder, longer, higher-
pitched sounds compared with normal lung sounds. In

Table 21.2 Diagnosing valve disease from heart murmurs

Fig. 21.1 Auscultation sites. Arterial bruits can be heard bi-
laterally indicating arterial stenoses. Heart valve sounds
and heart murmurs are primarily heard in the peris-
ternal intercostal spaces indicating cardiac timing, and
valve stenosis and incompetence (insufficiency or regur-
gitation). Breath sounds in the lung indicate both airway
sufficiency, lung inflation, alveolar inflation and pleural
friction. Bowel sounds [21.1,2] indicate normal peristalsis;
bowel in the scrotum indicate intestinal hernia. Crepitus
on motion indicates air in the tissue, bone fracture or
joint [21.3-6] cartilage damage. Auscultation in the an-
tecubital fossa during blood pressure cuft deflation yields
Korotkoff sounds [21.7,8], 1 = a sharp sound each systolic
peak when the cuff pressure equals the systolic pressure in-
dicating the momentary separation of the artery walls and
the onset of blood flow, 2 = a loud blowing sound due to
blood turbulence, 3 = a soft thud when the artery under the
cuff is exhibiting maximum change in arterial diameter, 4 =
a soft sound indicating slight arterial deformation near di-
astolic pressure, 5 = silence when the cuff pressure is below
the diastolic arterial pressure

some medical conditions, the flow dynamics may be
just right to produce coherent eddy structures, such as
one would see in a smoke stack. These signals result in
a narrow-band frequency tone.

Abnormal snapping or popping sounds may also be
present in the lung. In the normal lung, the alveoli (ter-
minal air sacks, 280 um in diameter, 3x 10% in lung)
are filled with air. In pneumonia, regions of alveoli are
filled with fluid, which prevents a rapid increase in size
without the introduction of a gas phase. The rapid in-
troduction of a gas phase when the lung is expanded
during the inspiration phase of respiration causes a tiny
snapping sound (broadband acoustic impulse) in each
alveolus; many snaps together cause the sound of rales.

Time Side Location Position
Tricuspid stenosis Diastolic Parasternal 3rd ICS Supine
Tricuspid regurgitation Systolic Peristernal 3rd ICS Supine
Pulmonic stenosis Systolic Right Superior Supine
Pulmonic regurgitation Diastolic Right Superior Seated
Mitral stenosis Diastolic Left Apex Supine
Mitral regurgitation Systolic Left Apex-Axilla Supine
Aortic stenosis Systolic Parasternal Superior Supine
Aortic regurgitation Diastolic Parasternal Superior Seated
Side parasternal = in the intercostal spaces on either side of the sternum
Location 3rd ICS = the space between the 3rd and 4th rib, Erb’s point
Position seated = Seated, leaning forward, breath in expiration
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Because of the lubricant normally present in the
pleuralocated between the lungs and the chest wall, there
are normally no sounds generated through a friction rub
due to the sliding of the lung along the chest wall. When
the pleura are inflamed, coarse rubbing sounds can be
heard during breathing.

Cardiac. The cardiovascular system also generates
normal and abnormal sounds that can be heard in the
chest with a stethoscope [21.9] (Table 21.2). Normal
heart sounds [21.10-12] are caused by rapid blood de-
celerations resulting from the closure of the heart valves.
Each of the four heart valves, the tricuspid, pulmonic,
mitral and aortic (in order from the venous circulation
to the arterial circulation), are flaccid sheets of tissue
securely tethered in the closed position to form check
(one-way) valves. Like a parachute opening, the valve
leaflets move with the reversing blood flow until the
tethers become taught, then the leaflets force a rapid
deceleration of the blood which generates a sudden
(broadband) thump with an acoustic power of several
watts. No similar rapid acceleration is associated with
valve opening. Because the sounds are primarily radiated
along the axis of acceleration and conduct better through
tissue than the air-filled lungs, the sound of each valve is
most prominent at a particular location on the chest wall.

Though four valves are present, usually only two
thumps are heard, and they occur at vary precise times
in the cardiac cycle. 20 ms after the onset of ventric-
ular contraction, the tricuspid and mitral valves close,
causing the first heart sound. 50 ms after closure of the
atrioventricular valves, the pulmonic and aortic valves
open silently. 320 ms after the onset of ventricular con-
traction, when ventricular ejection is complete and the
ventricular pressures drop below the pulmonary trunk
and aortic pressures, the pulmonic and aortic valves
snap shut, generating the second heart sound. These
times do not vary with heart rate; each cardiac cycle
acts like an independent impulse-response system. The
systolic ejection volume does vary with the diastolic
filling period from the prior cardiac cycle.

Thus, each of the two heart sounds is generated
by two valve closures, one in the left heart and one
in the right heart. These usually occur simultaneously,
however, the sounds do split into two if the inflow
valves (tricuspid and mitral) or outflow valves (pulmonic
and aortic) close at different times. These split heart
sounds [21.13] can be indicative of an abnormality. The
closure of the tricuspid valve is dependent on contrac-
tion of the right ventricle, which in turn is dependent on
the electrical conduction system from the pacemaker of
the heart. As a result, a delay in conduction or a slow

response of the right ventricular muscle (myocardium)
will delay the tricuspid sound, causing splitting. Sim-
ilarly, if there is a delay in the conduction system of
the left heart, or the left ventricular myocardium con-
traction is slow, then the mitral sound is delayed. The
closure of the outflow valves is dependent on contraction
strength, pressure in the outflow vessels, and ejection
volume. A mismatch of any of those factors will cause
the pulmonic and aortic valves to close at different times,
splitting the second sound. Even the effects of respira-
tion on the filling and emptying of the heart chambers
cause some normal heart sound splitting.

Abnormal sounds that occur in the cardiovascu-
lar system are called bruits and murmurs [21.14-17].
A murmur is a sound lasting longer than 10ms heard
by a cardiologist from the heart; a bruit is a similar
sound, but heard by an angiologist from an artery. Veins
rarely make sounds; venous sounds are called hums
because they are continuous. A thrill is a similar vi-
bration felt by the hand. Because these represent power
dissipation from the cardiovascular system, all are con-
sidered abnormal. The absence of normal bruits and
murmurs results from a biological feedback that forms
the shape of the cardiovascular system. The feedback
mechanism is not well understood. In fluid mechanics,
the transition from laminar flow to turbulent flow oc-
curs near a Reynolds number of 2000. Turbulent flow
is highly dissipative while laminar flow is minimally
dissipative. Coincidentally, peak flow through the car-
diovascular system maintains a condition of Reynolds
number less than 2000. If a heart valve or an artery is
required to carry higher flow rates, then the conduit will
dilate until the Reynolds number (proportional to the
flow divided by the diameter) becomes less than 2000.
Distal to a stenosis, where turbulence occurs, the conduit
dilates, causing post-stenotic dilation. Thus, it appears
that sustained turbulence, which dissipates power, is the
driving force for remodeling to avoid turbulence and
make the hemodynamic system more energy efficient.

The vibrations indicate the presence of disturbed
blood flow, caused by deceleration of the blood beyond
a narrow stenosis. The vibrations are associated with
a pressure drop across the stenosis because of a transfer
of hydraulic power to acoustic power through a cascade
of eddies. In turbulent flow, the vibrations are broad-
band. When coherent eddies are present, the vibrations
are narrow band, and the frequency of the eddies can
be related to the flow velocity (vr) and vessel diameter
(d) through the Strouhal number (St = fd/vr). In addi-
tion to the location and power of a bruit, the frequency
of the bruit is also helpful in evaluating its clinical im-
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portance. The Strouhal number has been used for the
prediction of the residual lumen diameters of carotid
stenoses. If the frequency of a bruit is divided into the
number 500 [mm Hz], the result is the minimum lu-
men diameter [21.18-25] in mm. In clinical testing, this
method accurately predicted the stenosis in hundreds of
cases. However, because cumbersome technology is in-
volved, and because the method fails in tight stenoses,
which are most clinically important, this clever method
has been abandoned.

Heart murmurs are auscultated at a series of loca-
tions on the precordium (the front middle of the chest
around the sternum). They are graded from grade 1
(barely audible) to grade 6 (no stethoscope needed).
Murmurs may result from leaky (incompetent, regur-
gitant) valves, stenotic (narrow) valves, or other holes
between heart chambers. The differential diagnosis of
heart murmurs is based on the timing of the murmur
and the locations on the chest wall [21.26,27] where
the murmur is best heard. A murmur can be early sys-
tolic, mid-systolic, late systolic, or early diastolic, or
mid-diastolic. If a murmur is best heard in the left sec-
ond intercostal space (the space between the second rib
and the third rib along the left boarder of the sternum),
it is most probably an aortic stenosis [21.28-30]. Each
of the other valve pathologies has a corresponding loca-
tion where the murmur is likely to be highest. Of course,
there is a great deal of variability between patients, and
the examiner must apply a full set of detective skills to
sort out a proper diagnosis.

There are some common systolic heart murmurs.
Athletes, with temporary increased blood flow due to
exercise programs have physiologic systolic heart mur-
murs, as do pregnant women, who have a 30% increase
in cardiac output to supply the placenta. Hemodialysis
patients also often have systolic heart murmurs because
of the increased cardiac output required to supply the
dialysis access shunt [21.31] in addition to the supply to
the body. In these cases, remodeling of the blood vessels
to increase the flow diameter has not had time to occur.

Bruits are almost always associated with stenoses in
arteries, which often require treatment. They are classi-
fied by their pitch and duration. The occurrence of bruits
in the head, in the abdomen after eating and in the legs
are all indications of arterial stenoses, or high-velocity
blood entering vascular dilations. The presence of a bruit
heard in the neck is usually indicative of a carotid steno-
sis. The carotid arteries are the major vessels located on
the left and right side of the neck that supply blood to
the brain. The development of an atherosclerotic plaque
causes luminal narrowing and the corresponding onset

of disturbed flow. This lesion is associated with a 20%
risk of stroke in two years from material that can be re-
leased by the atherosclerotic plaque and travels to the
brain to occlude a branch artery.

Carotid bruits are usually present when the resid-
ual lumen (stenotic) diameter is greater than 50% of the
original lumen diameter (called a 50% diameter reduc-
tion), but less than 90% of the original lumen diameter
(90% diameter reduction) In this range, the blood flow
rate to the brain through the carotid artery is approxi-
mately 5 cm?/s. If the pressure [21.32] drop across the
stenotic region is about 20 mmHg, then the power dis-
sipation at the stenosis is 13 mW, which can appear as
sound energy in a bruit. Unfortunately, as the stenosis
becomes more severe, the flow rate along the artery de-
creases, reducing the acoustic power for the bruit, so
the bruit is no longer detectable, even though this more
severe stenosis carries a higher risk for stroke. The de-
creased blood flow will not cause symptoms in most
people because 95% of the population have collateral
connections (the circle of Willis) that can provide the
required blood flow that is not delivered by the stenotic
artery. In the remaining 5% of the population, a severe
carotid stenosis causes impaired mental function.

One of the barriers to new methods in the classi-
fication of carotid stenosis is that the first description
of the relationship between carotid artery stenosis and
apoplexy (stroke) was provided by Egaz Moniz in 1938.
Moniz used percent diameter reduction and everyone has
followed suit, through a confusing and contentious evo-
lution, even when more-rational and useful alternatives
have been developed. Thus, a new method that predicts
residual lumen diameter will not be easily adopted by
the medical community because of the tradition of using
percent diameter reduction.

Bruits may be generated in the abdomen by stenoses
in the renal arteries, which supply the kidneys. A renal
artery stenosis will cause renovascular hypertension be-
cause the kidney is a transducer for detecting low blood
pressure. The pressure drop across a renal artery steno-
sis causes the kidney to measure a low pressure, and
deliver the signals to raise blood pressure in the arterial
system, causing hypertension in all arteries except those
in the affected kidney. The transduction system is called
the renin-angiotensin-aldosterone system.

Some cardiovascular sounds are so loud that they
cannot be missed. A patient in renal failure, refus-
ing dialysis, had a cardiac friction rub (friction in the
pericardial sack from inflammation). The 1 kHz squeak
occurring with each systole could be heard from the
doorway of the patient’s room.

Amazon
EX1010 Page 850

845

C'TC |4 Med



8u6 PartF

Biological and Medical Acoustics

C'TC |4 Med

A stethoscope can also be used to detect bowel
sounds from the abdomen. These sounds are generated
by the liquid and gaseous contents of the bowel being
forced from one intestinal segment to another through
an orifice created by peristaltic action. The same fluid
eddies described above are responsible for these sounds.
The presence of bowel sounds is an important indicator
of a normally functioning gut. It is common, the day af-
ter abdominal surgery, to check to be sure that normal
bowel sounds are present.

Palpation, though not an acoustic technique, is used
to feel, rather than hear, the same vibrations. Hemodial-
ysis patients have a vascular access shunt created by
tying an artery directly to a vein. This shunt may have
a flow rate of 3liters per minute, half of the cardiac
output. The pressure drop is equal to the systolic blood
pressure 120 mmHg. So the hemodynamic power dissi-
pated in the shunt is 800 mW of power. This energy is
converted to a vibration (thrill) which can be felt with
the fingers.

Acoustic Stethoscope
Auscultation may be performed directly, but is most
commonly conducted with a stethoscope. The device
was invented by Dr. Rene Theophile Hyacinthe Laen-
nec in 1816. While examining a patient, Dr. Laennec
rolled up a sheet of paper and placed one end over the
patient’s heart and the other end over his ear. Dr. Laennec
later replaced the rolled paper with a wooden tube (sim-
ilar in appearance to a candlestick), which was called
a stethoscope from the Greek words stethos (chest) and
skopein (to look at). Two modern versions of the stetho-
scope are notable: the binaural stethoscope and the fetal
stethoscope. The common binaural stethoscope consists
of a bell connected by flexible tubing to a pair of ear-
pieces. Each earpiece is sealed into the corresponding
external auditory meatus. The bell is sometimes cov-
ered with a diaphragm, which acts as a high-pass filter.
For example, normal heart sounds have frequencies near
50 Hz while heart murmurs have frequencies exceeding
100 Hz. Filtering out the normal heart sounds with the
diaphragm of the stethoscope often allows pathologic
murmurs to be detected. When using an open bell stetho-
scope, a diaphragm can be formed by pressing the bell
tighter to the skin, stretching the skin and deeper tissue,
which attenuates the lower frequencies [21.33-36].

The fetal stethoscope is designed for use in the aus-
cultation of fetal heart sounds, which can be detected
during the final half of a 40 week pregnancy. The fetal
stethoscope uses a rod connecting the mother’s abdomi-
nal wall to the examiner’s forehead to transmit the sound

by bone conduction in the examiner’s head to the inner
ear where it is converted into nerve impulses. This avoids
the impedance changes between tissue and air at the skin
surface and then again from air to tissue in the middle
ear.

For the last 20 years, small ultrasonic Doppler ultra-
sound stethoscope systems have been available to detect
the fetal heart beat [21.37,38]. They operate like the
ultrasound imaging phono-angiograph to easily detect
solid tissue vibrations from deep in the body. These
continuous-wave instruments allow the pregnant mother
to perform easy self-examination. They are available on
a rental basis without a medical prescription.

Electronic Stethoscope
Electronic stethoscopes [21.39—41] provide improved
amplification and background noise cancelation over
traditional stethoscopes. Some also have recording
capabilities to provide quantitative, rather than just
qualitative, assessment of the sounds heard. For exam-
ple, by listening to the neck with a phono-angiograph
(Fig.21.2), the location and duration of the bruit can be
documented. A phono-angiograph is just an electronic
stethoscope with an attached oscilloscope. If applied
to the heart, then it is called a phono-cardiograph. This
bruit (Fig. 21.2), is a pan-systolic bruit (lasting all of sys-
tole) but not a pan-diastolic bruit (lasting all of systole
and diastole). Since arterial blood velocities are higher

Fig.21.2a,b Carotid phono-angiography (CPA) (a) A mi-
crophone fitted with an acoustic coupling to the neck
gathers sounds, which are displayed on an oscilloscope and
captured with an instant camera. (b) The sounds displayed
are classified by the location, amplitude, and duration of
the bruit. A similar method, phono-cardiography, was used
for the heart. A method, quantitative phono-angiography
(QCPA) provided an analysis of the frequency content of
the bruit
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Fig. 21.3 Phono-cardiograph transducer. To avoid sounds
and motions introduced by the examiner’s hand on the chest,
this phonocardiography transducer is fitted with a suction
ring and elastic strap to secure the transducer element to
the chest. Early echocardiographs had provision for ampli-
fying and displaying the phono-cardiograph signals, which
were filtered to display audible frequencies or infrasonic
frequencies

during systole than diastole, all arterial bruits include
systole. The exceptions, where arterial flow in a collat-
eral pathway is reversed due to a steal syndrome are
so rare that common names have not been adopted for
this condition. To be sure that the bruit is systolic, the
examiner can palpate the pulse at the wrist while listen-
ing, to associate the bruit timing with systolic arterial
motion.

However, if such an image were gathered with
a phono-cardiograph (Fig. 21.3) from the heart, it would
be impossible to know whether the murmur was com-
ing from aortic or pulmonic stenosis (during systole),
aortic or pulmonic regurgitation (during diastole), from
tricuspid or mitral regurgitation (during systole), or
tricuspid or mitral stenosis (during diastole), unless
there were some indication of the timing of the car-
diac cycle. A phono-cardiogram displays an associated
electro-cardiograph (ECG) tracing to provide that timing
information.

Unfortunately, electronic stethoscopes, phono-
angiographs and phono-cardiographs are considered too
complicated for use in everyday medical practice. Al-
though they do provide a graphical output for the
patient chart (required documentation to receive pay-
ment for diagnostic procedures), a separate current
procedural terminology (CPT) code is not available for
phono-angiography, phonocardiography or for stetho-
scope examination. Like the stethoscope examination,
these procedures, if performed, are considered part of
a standard office visit. Physicians are reluctant to use
technical examination methods if they cannot charge for
the extra time involved. Although a few research fa-

cilities documented bruits and murmurs detected with
these systems between 1965 and 1985, the systems have
nearly disappeared from medical practice. Like the first
half of the 20th century, physicians today are trained to
use acoustic stethoscopes. Of course, as physicians be-
come more experienced and more mature, their hearing
deteriorates. Even the most respected cardiologist will
fail to correctly diagnose cardiac valve disease in 50%
of patients. Bruits with 35 pum, 300 Hz vibrations from
the jugular vein (Fig.21.4) documented by a new ul-
trasound imaging phono-angiograph were not detected
by stethoscopic auscultation. So, in spite of the ubig-
uitous use of stethoscopes for bruit/murmur detection,
their sensitivity may not be adequate for the task.

21.2.2 Phonation and Auscultation

In addition to listening for sounds with a stethoscope, an
examiner may cause the generation of sounds to assess
transmission or resonance. During auscultation of the
lungs, an examiner may ask the patient to phonate (make
voice sounds) at different frequencies “Say ‘eeeeeee’,
now say ‘aaaaaaaa’”. During that period, the examiner
will either palpate the chest wall for vibration or listen
to the chest wall with a stethoscope. Poor sound trans-
mission may indicate that the airways are obstructed,
enhanced sound transmission (enhanced fremitus) in-
dicates fluid has filled a space normally occupied by
air.

21.2.3 Percussion

Percussion is another method of sound generation by
striking the chest or abdomen to assess transmission or
resonance. The skin may be struck with the hand or fin-
ger, or one hand may be placed on the skin and struck
with the other hand. A higher-frequency shorter pulse
can be generated by placing a coin on the skin and strik-
ing the coin with another coin. The resultant sound can
be assessed by listening to the resonance through the
air or by using a hand or stethoscope to assess trans-
mission of the impulse. Percussion that results in a dull
sound indicates a fluid-filled space below the skin; a res-
onant sound indicates an air-filled space below the skin.
These methods are often used to find the lower boarder
of the lungs, to identify fluid-filled consolidation in the
lungs, and to find the edge of the liver (fluid-filled) in
the abdomen (air-filled intestines).

These acoustic examination techniques have been
developed in medical practice over centuries, and al-
though efforts have been made to use electronic aids for
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Fig. 21.4 Imaging vibrometry of the neck. Color Doppler image (upper left), vibration image (upper right), jugular vein Doppler
(lower left) and carotid artery Doppler (lower right) of a patient complaining of “vibrations in the head”. The 300 Hz vibrations
with an amplitude of 35 um could not be heard with a stethoscope by either of two experienced examiners (Courtesy M. Paun,
S. Sikdar)

diagnosis and for training, still, the common practice is
to learn these methods from a mentor. In the last quarter
of the 20th century, ultrasound has become adopted in
specialty medical practice, but has not made inroads in

general practice. It is likely that, if and when ultrasound
diagnostic methods become widely used in general med-
ical practice, it will be used with the same level of skill
as stethoscope auscultation.

21.3 Basic Physics of Ultrasound Propagation in Tissue

The vibrations of molecules at any location (or time) in
a sound wave can be characterized by four parameters:
the pressure fluctuation from the mean static pressure
(p), the molecular velocity (v), the displacement of the
molecules from the resting location (d), and the mo-
lecular acceleration (a). The two most basic parameters,
pressure deviation and molecular velocity are depen-
dent only on the intensity of the sound. Their ratio, p/v,

is determined by the acoustic impedance (Z = p/v),
a property of the tissue. At the sound level shown
in Fig.21.5, 300mW/cm? (3kW/m?), the maximum
acoustic pressure fluctuation equals 1 atm. If the sound
intensity is increased, then the negative peaks represent
a pressure below zero. Most ultrasound examinations
are performed at pulse peak intensities 25 times this
high, and therefore, peak amplitudes five times atmo-
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Fig.21.5 Typical acoustic parameters of a 300 mW /cm?,
5 MHz ultrasonic wave in tissue impedance. Input parame-
ters: Tissue impedance = Z = 1.5 MRayles = 1.5 MN s/m? =
1.5%10° kg/(m?s), pressure amplitude = p = 1 atm (bar) =
101 kPa (kN/ m?) =760 mmHg (Torr), frequency =5 MHz;
resultant wave parameters: intensity = 0.33 W/cm? =
p? /27, peak molecular velocity = 6 cm/s = p/Z, molecu-
lar displacement = 1.9 nm, molecular acceleration of 0.19
million times the acceleration of gravity

spheric pressure, making the compressions 6 atm and
the decompressions —4 atm.

The linear acoustic relationships can be easily de-
rived using a simple linear elastic model of tissue
(Fig.21.5) and Newton’s first law of motion on the
molecules. The molecules in the tissue will acceler-
ate along the axis of the ultrasound propagation (x)
and displace a distance (g) away from equilibrium be-
cause of a gradient in pressure (dp/ dx), which is related
to the tissue compression (dg/dx) and the tissue stiff-
ness (k).

Kk dg ’
p= o Kkq , (21.1)
d¢q  dp_ dg’

‘2T L PaE (21.2)
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Fig. 21.6 Acoustic properties of materials of medical inter-
est. Empirically, the acoustic properties of tissues fall on
a line relating ultrasound speed (c) and tissue density (p);
¢ =2p. Using the equation for impedance Z = pc, then
Z = ¢?/2 =2p?. Polyvinylidene fluoride (PVDF) trans-
ducer material has acoustic properties near soft tissue,
lead zirconate titanate (PZT) transducer material has much
higher density and acoustic impedance

Solving this equation with the variable g(x — Ct) pro-
duces

kq" = pC?q", (21.3)
SO

c= /5. (21.1)

0

The molecular velocity (v= dg/dt = —Cq’) and the
tissue pressure (p = —kq’) form an important ra-
tio

Z:BZE:MK,O:,OC. (21.5)

v

Although the tissue density (p) and stiffness (x) de-
termine the acoustic impedance (Z) and acoustic wave
speed (C), it is more convenient to measure the den-
sity and wave speed of a material and compute the
impedance.

A good deal of effort has been devoted to measuring
the properties of tissues (Figs. 21.6-21.8). Measurement
differences between laboratories and differences in tis-
sue preparation contribute to the variability of tissue
property values. While living mammalian body tissues
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Fig.21.7 Acoustic properties of soft tissues

are held to a temperature near 37 °C, and have blood
flow that swells the tissue and changes the average
composition with the heart rate and respiratory rate, it
is convenient to measure properties of dead tissue at
bench-top temperatures (25 °C). Fortunately, the exact
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Fig. 21.8 Detailed acoustic properties of soft tissues

acoustic properties of tissues have not proven very useful
in clinical diagnostic applications. Ultrasound imaging
methods have not been able to differentiate tissue types
in spite of a half century of efforts. The identification of
disease with ultrasound imaging uses the shapes of large
structures as the primary diagnostic tool.

21.3.1 Reflection of Normal-Angle-Incident
Ultrasound

When ultrasound intersects an interface between two
materials with differing acoustic impedances (Z; and
Z,), perpendicular to the interface, then the amplitude of
the reflection of ultrasound at the interface can be com-
puted from the requirement that the pressure change and
molecular velocity of the incident wave (pj, vi) must
equal sum of the pressure changes and molecular ve-
locities of the transmitted and reflected waves (py, pr,
vy, vr). The impedances of the materials relate the pres-
sures and molecular velocities (Z1 = pi/vi = —pr/ vy,
Z> = pi/vy). The pressure reflection and transmission
coefficients are

Zr— 7
Pr_p_22721 (21.6)
Di Zr+ 7
z
Ly ) - (21.7)
Di Zr+ 27,

Note that if the acoustic impedance of the second ma-
terial is lower than the acoustic impedance of the first
material, then the reflected wave is inverted. The sum of
the transmitted and reflected power equals the incident
power.

21.3.2 Acute-Angle Reflection of Ultrasound

If the ultrasound is incident on the interface at an acute
angle, the ultrasound that passes into the second tis-
sue is tilted to a new direction according to Snell’s law
(Fig.21.9).

Ci Cy

- = - . (21.8)
sinf;  sin6;

Because the component of molecular velocity normal to
the surface must be preserved:

z  z
Pr —R= cosh,  cosh (21.9)
pi Ly L

cos 6 cos 01

In this case, not all of the ultrasound power is found in
the sum of the reflected wave and the transmitted wave.
The remaining portion of the power appears as a sur-
face capillary wave propagating along the surface of
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M=ci/ fus

/12=Cz/fus

Ay /sin 6y =21, /sin 0, ¢i/sin 0 =c, /sin 0,

Fig.21.9 Refraction of ultrasound as it passes from one
material to another. Dark brown: incident compressional
wavefronts and wave vector incident at angle 6. Light
brown: reflected compressional wavefronts and wave vec-
tor reflecting at angle 0. Gray: transmitted compressional
wave. The interfacial shear wave increases in intensity as
the ultrasound beam cross section coherently contributes
to the wave; attenuation of the shear wave causes a rapid
decrease in amplitude outside the beam

the interface. This capillary wave is subject to high at-
tenuation. Because tissue has an interface on every cell
boundary and every tissue boundary, this mechanism is
responsible for some of the conversion of incident ul-
trasound power into heat as ultrasound propagates into
tissue. It is important to notice that the propagation speed
of the capillary wave is not the same as that of the com-
ponent of the compressional wave directed along the
interface, so the capillary wave is out of phase with the
ultrasound wave, contributing to the transfer of energy
into the capillary wave. Outside the ultrasound beam,
the capillary wave takes on its conventional wavelength
(cs/ f), where f is the ultrasound frequency. The prop-
agation speed of the capillary wave (cs) is proportional
to the interfacial tension.

21.3.3 Diagnostic Ultrasound Propagation
in Tissue

Diagnostic ultrasound uses ultrasound frequencies of
1-30 MHz. (MHz = cycles per pus). The speed of ul-
trasound in most tissues is near 1.5 mm/ps (1500 m/s).
There are some notable exceptions. In bone the speed is
between 3.5 mm/ps and 4 mm/ s, and in air the speed is
0.3 mm/ps. In cartilage the speed is 1.75 mm/ps which
of course varies with composition. In fat the speed is

1.45 mm/ps (Table 21.3). In muscle, the speed of ultra-
sound varies by about 1.5%, depending on the angle of
propagation to fiber orientation.

Although most authors focus attention on ultrasound
frequency, ultrasound wavelength may be more conve-
nient for understanding the important issues. There are
three issues of importance:

e Ultrasound cannot resolve structures smaller than
the wavelength.

® Scattering and attenuation [21.42] both depend on
ultrasound wavelength and its relationship to the size
of the scatterers.
The focusing properties of ultrasound beam patterns
and the formation of side-lobes depend on the ra-
tio between the wavelength and the width of the
transducer.

21.3.4 Amplitude of Ultrasound Echoes

Red blood cells (erythrocytes) are 0.007 mm in diam-
eter and about 0.001 mm thick. The largest cells in the
body, nerve axons, may be 1 m long, but their diameter is
about 0.001 mm. A liver cell is about 0.04 mm in diam-
eter. The smallest structures imaged by ultrasound in
clinical practice are layers less than 1 mm thick, such
as the media lining major arteries (the intima-media
thickness, IMT) [21.43], corneal layers (with 30 MHz
ultrasound) and skin surfaces. However, these struc-
tures can only be observed in the range (depth) direction
because resolution is best in that direction. Lateral res-
olution is dependent on the numeric aperture of the
ultrasound beam pattern and the relationship between
the object of interest and the focus as well as the ul-
trasound wavelength. Only the ultrasound wavelength
affects depth resolution. The result is that ultrasound
images are anisotropic, with much better resolution in
the depth direction than in the lateral direction. The im-
age is delivered to the examiner as a pictorial map in
two dimensions. In our optical experience, resolution is
equal in the two dimensions. Therefore, we expect that,
if we can see detail in one dimension, we can also see the
detail in the other, even when we cannot. This gives the
impression that ultrasound has higher resolving power
in the lateral direction than it in fact does. This is partic-
ularly important in measurements such as the IMT and
measuring the thickness of the atherosclerotic cap. Such
structures can only be visualized when the ultrasound
beam is oriented perpendicular to the structure.

To identify tissues and organs, the lateral dimen-
sions must by at least 10 wavelengths wide. This
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Table 21.3 Ultrasound wavelength versus tissue thickness. To resolve the thickness of these structures, the ultrasound
frequency must be much higher than listed in this table. Much lower-frequency ultrasound passes through with little
interaction. For particles or cells, lower-frequency ultrasound is subject to Rayleigh scattering

Tissue Property Dimension (mm) Ultrasound

Speed (mm/s) Frequency (MHz)
Trachea Lumen diameter 25 0.32 0.013
Aorta Lumen diameter 30 1.57 0.063
Fat layer Subcutaneous 20 1.45 0.080
Myocardium Thickness 10 1.6 0.16
Skull Thickness 10 4 0.4
Brain Cortex 3 1.5 0.5
Artery Wall 0.8 1.6 2
Trachea Wall 0.6 1.75 2.9
Bone Cortex 1 4 4
Eye Cornea 0.6 1.64 2.73
Skin Dermis 0.3 1.73 5.76
Fat Cell 0.1 1.45 14.5
Brain Cell, large 0.1 1.5 15
Skin Epidermis 0.05 1.73 35
Erythrocyte Cell 0.007 1.57 225
Bacteria Cell, large 0.005 1.5 300
Brain Cell, small 0.004 1.5 375
Notes:

1. Trachea lumen: for phonation below 13 kHz, the trachea diameter is smaller than the wavelength so that the trachea acts like
a waveguide, bounded by cartilage with acoustic velocity and impedance higher than the luminal air.

2. Bone cortex and thin skull have thicknesses near the wavelength of transcranial ultrasound and a much higher ultrasound
impedance, so the skull can act as an interference filter reflecting some wavelengths and passing others.

3. As the upper limit of most medical ultrasound systems is 15 MHz, small animal research instruments image at frequencies as high
as 70 MHz, high enough to resolve the epidermis and large brain cells, but not high enough to image most cells.

number varies depending on the numeric aperture of
the imaging system and on the acoustic contrast with
the surrounding material. Small round structures such
as tendons can be imaged using tricks, such as watch-
ing for motion, but most objects successfully imaged
by ultrasound are larger. It is important to remember

that it is possible to see an object that you can-
not resolve. For instance, you are able see stars or
lights at night, even though you cannot resolve closely
spaced pairs of stars. When the signal from a target
is strong, the target can be detected and located, even
though a pair of targets cannot be resolved as two. If
Doppler demodulation is used, rather than amplitude
demodulation (used for B-mode), small vessels with

Fig.21.10 Near-field versus far-field difference in ultra-
sound image. This is an image taken with a diagnostic
scanner using a 5 MHz ultrasound transducer (wavelength
= 0.3 mm) with a concavity radius of 16 mm and a trans-
ducer diameter of 6.4 mm. The computed transition zone
is d? /4. = 34 mm. The focus must be less than the 34 mm
distance to the transition zone to be effective. With a fixed-
focus fixed-aperture ultrasound transducer, the transition
from the near field to the far field is marked by lateral
spreading of the speckle in the far field. There is no effect
on the range (depth) speckle dimension
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blood flow can be resolved if the signals are strong
enough.

Ultrasound imaging is a coherent process that gen-
erates speckle in the image. This is often called tissue
texture, but the spacing of the speckle is about equal to
the burst length of the ultrasound pulse, which is up to
several wavelengths, and this is much greater than the
fine cellular structure of the tissues under observation.
Our visual processing is so good that we integrate prior
knowledge, and outline shape seamlessly into our recog-
nition process, while believing that we are recognizing
texture.

Ultrasound imaging and aeronautical radar imaging
are electronically identical. However, in aeronautics, the
space between aircraft is very large compared to the size
of the aircraft and to the wavelength of the radar wave. In
medical ultrasound imaging, the cells are tight packed
together, and the cell size (10 um) is smaller than the
wavelength of ultrasound (500 um) so that the scattering
is complex. In addition, ultrasound medical imaging sys-
tems often generate images from the complex near field
(Fresnel zone) of the ultrasound transducer (Fig. 21.10).
This becomes particularly confusing when tissues are
moving laterally through an array of ultrasound beams.
Because of the Moire effect of this system, tissue mo-
tions from left to right can cause speckle patterns to
move right to left.

) 2

Matching
layer

21.3.5 Fresnel Zone (Near Field),
Transition Zone,
and Fraunhofer Zone (Far Field)

The transition between the Fresnel and Fraunhofer
zones can be computed from geometric considerations
(Fig.21.11). As in the computation of the basic wave
equations, we assume that ultrasound propagation is
a linear process and that superposition holds (pressure
fluctuations and molecular velocity fluctuations can be
added). Although some authors use Huygens’ princi-
ple [21.44], dividing the transducer into tiny segments
and adding the contribution of each to the wave, the
computation is simplified if reciprocity is used (the
transmitted ultrasound beam pattern and the received
ultrasound beam pattern are the same), and the wave is
assumed to be emitted from a test point in the ultrasound
beam and received by the transducer.

A wave propagating from a stationary point will ex-
pand as a series of concentric spherical surfaces, spaced
by the ultrasound wavelength with the source at the cen-
ter. If the source is close to a planar transducer face,
then at every time point some compressional spher-
ical regions and some rarefactional spherical regions
will simultaneously be present on the transducer face
plane. This provides a mixed signal to the transducer,
the compressions and rarefactions destructively inter-

Fig. 21.11a=c Geometry of transition zone between near field (Fresnel zone) and far field (Fraunhofer zone) (a) A trans-
ducer consists of a piezoelectric element (PZT) with electrodes on the face with an impedance matching layer and on the
back with a backing material. For computation, only the wave intersection with the matching layer face needs to be con-
sidered. (b) By geometry, the distance to the transition zone (¥) between the Fresnel zone and the Fraunhofer zone for
a flat transducer can be estimated. The transition zone is located at the furthest distance from the transducer that the origin
of a compression half-cycle of a wave can completely envelope the transducer face. r = transducer radius, ¥ = distance to
transition zone, A/2 = half wavelength, H = hypotenuse of transition radius. H 2_yly 2 H—w =) /2. I /4 KW,
then ¥ = r2/A = d* /4., the accepted formula for the transition zone. A wave originating from a closer location (Fresnel
zone), will always produce a combination of compressions and decompressions at the transducer surface. (c) Drawings
can be made for focused transducers whether concave, lens or phased focus array, but the algebra is more complex. The
equivalent concave curvature is shown by the dotted circle. F = transducer focal radius, J = hypotenuse of focal radius
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fering. There are some locations of the source point that
result in equal areas of compression and decompression
of the transducer surface at all times. These are loca-
tions where the transducer has no sensitivity, and are
called null points. By reciprocity, if the transducer emit-
ted a wave, a null point will have no sound intensity
from the transducer. Ultrasound transducer beam plots
often show these null locations along the axis of the
ultrasound beam. There may be several of these null
points along the beam axis, and at other points in the
beam pattern. The near field or Fresnel zone is the re-
gion of the ultrasound beam pattern where these null
points are present. In the Fresnel zone, there is always
some destructive interference of the ultrasound wave.
The Fresnel zone is the region where beam focusing can
be achieved.

=

Focus

b) Apodization amplification

+ Focus
time
— delay

Backing
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PZT
Electrode
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When the source point is at a greater distance
from the transducer plane, these regions of compression
and rarefaction become nearly planar. There are times
when the planar transducer surface can be completely
contained in either a compression zone or a decompres-
sion zone. At this range, at least near the axis of the
ultrasound beam pattern, there are no regions of de-
structive interference. This is the far field or Fraunhofer
zone.

There is a transition between the Fresnel and Fraun-
hofer zones along the ultrasound beam axis, where it
is first possible for the ultrasound transducer to be just
barely completely contained in a compression half-wave
region at some time within the ultrasound wave period.
Half a period later, the transducer will be completely
contained in a decompression half wave. This location
is easily diagrammed geometrically (Fig.21.11b) and
the distance to the transition zone computed. Although
the geometry for a similar computation for a concave
transducer can be easily drawn (Fig.21.11c), the alge-
braic solution for the focused transition, which is now
retracted toward the transducer, is more difficult.

In addition to using a concave transducer, focusing
of the ultrasound beam pattern can also be achieved
by the use of a lens on the front of the transducer
(Fig.21.12a). The lens is often made of silicone rub-
ber because of the low ultrasound propagation speed.
Currently, most ultrasound scan heads consist of a lin-
ear array of 128 transducer elements; each element is
2 cm long and 0.5 mm wide arranged in a side-by-side
row with a footprint of 2cm by 6.4 cm. Focus is pro-

Fig. 21.12a,b Mechanical lens focusing and electronic de-
lay focussing. (a) A low acoustic velocity in the lens allows
the ultrasound traveling along the shorter central path to be
delayed so that the ultrasound along the longer marginal
paths can catch up, aligning the compressions and decom-
pressions to provide the highest voltage excursions in the
piezoelectric transducer element for ultrasound waves orig-
inating from the focal region. (b) Electronic delay lines in
the signal path after the piezoelectric elements provide the
same focusing function as the lens. Apodization shading of
the sensitivity of the transducers at the edge of the aper-
ture suppresses aperture diffraction side-lobes in the beam.
The mechanical focus depth is determined at the time that
the ultrasound transducer is manufactured; it cannot be al-
tered by the examiner. The electronic focus depth can be
adjusted to a different depth in a microsecond, the time that
ultrasound travels 1.5 mm, so that the electronic focus can
be adjusted to each depth during the time that the ultrasound
is traversing the tissue
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vided in the image thickness direction by a cylindrical
silicone rubber lens and in the lateral image direction by
adjusting the relative phase of the adjacent transducers
(Fig.21.12b).

21.3.6 Measurement
of Ultrasound Wavelength

Modern diagnostic ultrasound systems use sophisticated
transducers and filters to improve resolution by shift-
ing and broadening the ultrasound frequency band used
for imaging, Doppler and other methods. It is possible,

a)

N I

0

d)

o — —=|— —-— —_ —

however, to use basic wave physics to measure the effec-
tive ultrasound wavelength of the system. In addition to
refraction, ultrasound waves are also subject to diffrac-
tion. By placing a diffraction grating in the ultrasound
image path in water, and imaging a point reflector, the
diffraction pattern of the wave can be imaged and the
wavelengths computed (Figs. 21.13, 21.14).

21.3.7 Attenuation of Ultrasound

As an ultrasound passes through tissue as a pulse or as
a continuous wave along the beam pattern, some of the
ultrasound energy is converted to heat in the tissue and
some is reflected or scattered out of the beam pattern.
In addition, nonlinear propagation converts some of the
energy to higher harmonics (2 f, 3 f ... ) of the funda-
mental frequency ( f) of the wave. Attenuation increases
with frequency, and the harmonic frequencies also may
be outside the bandwidth of the detection system. These
factors contribute both to actual and apparent attenua-
tion of the ultrasound energy in the pulse and the average
power passing through a cross section of the ultrasound
beam as a function of depth. Changes in intensity are
related to these changes in power, but the intensity is
power divided by the cross-sectional area of the beam,
so changes in beam cross-sectional area cause intensity
changes that are not related to attenuation. Focusing the
beam pattern can decrease the area, increasing intensity;
diffraction and refraction increase the area, decreasing
intensity.

Ultrasound attenuation is usually expressed as a ra-
tio of the output power divided by the input power. In
linear systems, this ratio is constant for all ultrasound in-
tensities. In nonlinear systems, the relationship is more
complicated. The attenuation rate of ultrasound in tissue

Fig. 21.13a—-d Grating diffraction. Like any wave, an ul-
trasound beam can be tilted by a diffraction grating. The
angle of tilt can be computed using Huygens’ principle. If
the pitch spacing of the grating is P, and the wavelength
is A, then the angle of deflection of the wave is expressed
as sing = P/X\. An ultrasound transducer array can act as
a diffraction grating. This should be avoided. A diffraction
grating in a water tank can be used to measure the wave-
length of ultrasound. An image of a reflector deeper than
the grating appears three times in the image, once at the
true location and once for each of the diffraction orders.
(a) Plane wave diffracted by grating. (b) Computaion of
diffraction angle. (c) Ultrasound scanhead, diffraction grat-
ing and target. (d) Expected ultrasound image for a single
frequency transducer
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A=(1.30/1.74) x (25.4 mm/32) = 0.593 mm
F=(1.5mm/us)/(0.593 mm) =2.53 MHz

TIs 1.0
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Diffraction
grating

+1 Diffraction image

Zeroth order image

Fig. 21.14 Measuring ultrasound frequency and bandwidth by view-
ing a reflecting rod through a diffraction grating. The cross section
of a rod forms the zeroth-order spot in the image. In addition to
passing the ultrasound beam pattern directly (the zeroth image) the
diffraction grating forms a +1 branch of the beam pattern (shown
in yellow), which makes an image of the rod to the left (4-1 diffrac-
tion image) and a symmetrical —1 image on the right. By measuring
the geometric sine of the deflection angle, (1.30/1.74), the ultra-
sound wavelength can be computed using the spacing of the grating.
The grating is made of monofilament fishing line wound on a frame
made of 10—-32 threaded screws (32 threads per inch, pitch spacing
= 0.8 mm)

can be computed using base 10 (dB/cm, for engineers),
base “e” (Np/cm, for scientists), compound percentage
(% per cm, for physical therapists) or base 2 (half-value
layers, for systems designers). The decibel, derived from
the bel can be traced to Alexander Graham Bell, and
the neper to John Napier. The bel is a factor of 10

in power, the neper is a factor of e (2.718) in ampli-
tude. Ultrasound attenuation in soft tissue is between
3dB/(MHzcm) and 0.3 dB/(MHz cm). Using intensity
as the dependent variable in attenuation computations
is complicated by changes in beam area. Some authors
apply the bel to intensity. In acoustics the pressure am-
plitude of the wave, which is proportional to the square
root of intensity (assuming constant impedance) is often
used. The base 2 system is used to identify the thickness
of tissue that attenuates the power by half, the intensity
by half or the amplitude by half. The thickness is called
the half-value layer, often without qualifying whether
it is half power, half intensity or half amplitude. Inten-
sity is proportional to the square of the amplitude, which
is a multiplier of 2 in logarithms. If the cross-sectional
area of the ultrasound beam is constant

0.7 nepers = 6 dB
= 1 half-amplitude layer

= 2 half-power layers . (21.10)

Often the attenuation rate is nearly proportional
to frequency, and frequency is inversely proportional
to wavelength, so the attenuation can be most easily
expressed in wavelength (Table 21.4). The use of half-
value layers has the advantage that it can be related
directly to the number of bits in a digitizer, simplifying
computation.

Because of the high instantaneous intensities used
in pulse-echo diagnostic ultrasound, all of the ultra-
sound propagation is nonlinear. The commonly used
linear equations do not apply. The beam patterns are

Table 21.4 Ultrasound attenuation

Tissue Half 60 dB Attenuation
type amplitude pulse-echo dB/(cm MHz)
(quarter attenuation
power) depth in
thicknessin  wavelengths
wavelengths (10 bits
dynamic
range)
Bone 1 5 30
Cartilage 8 40 10
Tendon 8 40 10
Skin 25 125 3
Muscle 25 125 3
Fat 80 400 1
Liver 80 400 1
Blood 300 1500 0.25
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not as predicted, because the wave propagation speed in
the higher-pressure regions is faster than in the lower-
pressure regions. The waves convert from sinusoidal to
sawtooth, introducing a series of harmonic frequencies
into the wave. The change in frequency (wavelength)
affects the ultrasound beam pattern. The conversion of
ultrasound energy into harmonic frequencies also in-
creases the attenuation because the attenuation increases
with frequency.

A significant development was the use of tissue-
generated harmonic signals for diagnostic imaging. The
utility of these harmonics was discovered by accident
when investigators were searching for better methods
of detecting ultrasound contrast agents. Ultrasound con-
trast agents consist of microbubbles that have natural

oscillation frequencies near diagnostic frequencies. The
bubbles therefore oscillate in response to incident ul-
trasound. The bubble oscillation stores some energy,
which is reradiated at the original ultrasound frequency
as well as at harmonics of that frequency. Older ultra-
sound systems were, by nature, insensitive to the second
harmonic of the natural transducer frequency. By using
a transducer with an increased bandwidth (3 MHz center
frequency transducer manufactured with the quality fac-
tor reduced spreading the bandwidth to 1.9-4.1 MHz)
then lowering the transmit frequency (2 MHz) and rais-
ing the receive frequency (4 MHz), a system sensitive to
the harmonic emissions from the contrast bubbles can be
achieved. Surprisingly, harmonic echoes are generated
by tissues even when contrast bubbles are not present.

21.4 Methods of Medical Ultrasound Examination

Over the half century of ultrasonic medical examina-
tion, a variety of examination methods have been tried,
discarded, with some to be resurrected and honed for
use.

A passive method was evaluated to detect local
ultrasound emissions above background due to local
temperature elevations of cancerous tumors. The emis-
sions of about 10™!13 W/cm? (1 nW/m?) are present in
all warm tissues and provide a minimum intensity for
the operation of active ultrasound systems. Transmis-
sion ultrasound systems have been developed using an
ultrasound transmitter on one side of a body part and
areceiver on the other side to detect differences in atten-
uation (like X-ray imaging). These systems determine
ultrasound attenuation and ultrasound speed through the
intervening tissues. One version of this system used an
acousto-optical holographic system to form the image.
Several systems have been explored to insonify tissue
from one direction and gather the scattered ultrasound
from another direction. Such systems usually require an
array of receiving transducers.

The only ultrasound systems that have gained wide
acceptance in clinical use are: (1) the continuous-wave
(CW) backscatter Doppler system, and (2) common-axis
pulse-echo backscatter imaging and Doppler systems.
The reason for the failure of the other systems is due to
two features of medical ultrasound examination: refrac-
tion of ultrasound in tissue and the cost of receiving and
processing data from array receivers. The CW methods
are used only for Doppler measurements. The first of
these systems was constructed before 1960 [21.45,46];
their application in medical diagnosis was well estab-

lished by 1970 [21.47-52]. Pulse-echo methods have
been under continuous development since 1950. The
majority of medical diagnostic imaging examinations in
the world are performed with pulse-echo instruments.

21.4.1 Continuous-Wave Doppler Systems

Continuous-wave Doppler was used in one of the earli-
est ultrasound systems to be commercialized. Developed

Ultrasound
contact gel

Receiver

| Ultrasound

Ultrasound as(
transmitting receiving
transducer transducer

vessel

Patient

Fig. 21.15 Nondirectional continuous-wave Doppler. In
a typical CW 5 MHz nondirectional Doppler, the incident
ultrasound beam is scattered by stationary tissue forming
a 5 MHz echo and by moving blood forming a 5.0004 MHz
echo. The two echoes arrive at the receiving transducer si-
multaneously. By constructive and destructive interference
between these waves, the received 5 MHz signal is ampli-
tude modulated by the 5.0004 MHz echo. The frequency
of the amplitude modulation is the difference frequency
5.0004 — 5 MHz or 400 Hz, which is amplitude demodu-
lated, providing a 400 Hz audio signal to the speaker
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Fig.21.16a,b Interference between echoes to produce au-
dio frequencies. Constructive interference between the
Doppler frequency-shifted echo and the original frequency
wave increases the resultant amplitude; destructive inter-
ference reduces the amplitude. This occurs whether the
Doppler shift is downward (a) due to reflections from blood
cells receding from the transducer, or is upward (b) due to
reflections from blood cells advancing toward the trans-
ducer. By amplitude demodulating the result, an audio
frequency signal results. Amplitude demodulation can be
done by multiplying the two ultrasound frequency signals
together and low-pass filtering the result or by squaring (rec-
tifying) the sum of the two ultrasound signals and low-pass
filtering the result

independently in Japan in 1957 (Satamura and Koneko),
and in the US in 1959 (Baker et al.), a system can be
constructed from an RF transmitter, transmitting piezo-
electric transducer, receiving piezoelectric transducer
and amplitude demodulating receiver (Fig.21.15). In
the region of tissue where the transmitting beam pattern
overlaps with the receiving beam pattern, the reflected
wave from moving tissue will combine to interfere
with the reflected wave from stationary tissue. The re-
flected wave from moving tissue has a Doppler shift.
The Doppler-shifted frequency will interfere with the
reflected wave from stationary tissue to cause an ampli-
tude modulation in the combined wave. The frequency
of that modulation is within the hearing range.
Ultrasonic Doppler examination produced an audi-
ble frequency by chance. The best ultrasound frequency
to reflect by Rayleigh scattering from blood at a depth
of 2cm is 5 MHz. This frequency is shifted by the ratio
of twice the blood speed (2x0.75m/s = 1.5m/s) to the
ultrasound speed 1500 m/s (1.5/1500 = 0.001) to cause
a downshift in the ultrasound frequency of 5kHz. The

interference between the unshifted and shifted waves
causes a 5 kHz modulation in the amplitude of the 5 MHz
wave. This modulation is converted to sound by common
amplitude modulation (AM) radio circuitry.

The introduction of the transistor in 1960 allowed
this simple circuit to be produced in a palm-size pack-
age so that convenient clinical examination could be
done. Whether the blood is approaching the transducer
or receding from the transducer (Fig.21.16), the audio
signal is the same, with audio frequency proportional to
the blood velocity.

These CW Doppler systems allowed the detec-
tion of narrow arterial stenosis by the high velocities
present in the stenotic lumen. Normal velocities are
below 125cm/s, causing a Doppler shift of 4kHz
if the Doppler angle is 60°. The blood velocity in
a stenosis is limited by the blood pressure via the
Bernoulli effect; the velocity can be no greater than
500cm/s for a systolic blood pressure of 100 mmHg.
A blood velocity of 500cm/s causes a Doppler
shift of 16kHz. These CW Doppler systems also al-
low the detection of venous obstruction by the loss
of variations in venous velocity synchronized with
respiration, and the testing of venous valve incom-
petence by the detection of reverse flow resulting
from distal compression release or sudden proxi-
mal compression. An examiner with one year of

I Quadrature reference

Q Quadrature reference

Ultrasound contact gel
Transmitter Receiver
Ultrasound | Ultrasound
transmitting = receiving
=
transducer = \\\ transducer
=
Blood
vessel

Patient

Fig. 21.17 Directional continuous-wave Doppler. By using
a pair of reference waves at the transmitted ultrasound fre-
quency, but phase shifted with respect to each other, the
receiver Doppler demodulation can be performed against
each of the reference waves. This allows the instrument
to differentiate Doppler shifted echoes with increased fre-
quency due to blood cells approaching the transducer from
those with decreased frequency due to blood cells receding
from the transducer
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Fig.21.18a,b Quadrature Doppler demodulation. (a) De-
modulation of the of a Doppler down shifted echo against
an-I reference and Q reference produces a quarter-wave
advanced signal (shifted to the right) on the I product com-
pared to the Q product. (b) Demodulation of the of a Doppler
upshifted echo against an I reference and Q reference pro-
duces a quarter wave delayed signal (shifted to the left) on
the I product compared to the Q product

training and experience can diagnose all superficial
arterial obstructions and venous obstructions and re-
flux with accuracies exceeding 95% against any gold
standard.

The addition of directional detection by Fran
McLeod in 1968 simplified the separation of mixed
arterial and venous flow, and allowed more-objective
evaluation of velocities (Fig.21.17). Directional detec-
tion was accomplished by providing a pair of quadrature
signals derived from the transmitted frequency directly
to the demodulator in the receiver. Quadrature sig-
nals differ only in phase by a quarter cycle. When
the Doppler-shifted ultrasound echo is demodulated
against each of the quadrature reference signals, the
pair of difference waves produced are phase shifted
by 90° (Fig.21.18). If the reflecting blood is advanc-
ing toward the transducer then audio frequency (AF)
I wave is advanced compared to the AF Q wave, if
the reflecting blood is receding, then the AF I wave is
delayed with respect to the Q wave. By further delay-
ing the AF Q wave by a quarter cycle (the shift time
is dependent on frequency), and adding or subtract-
ing the resultant AF I and AF Q delayed, the sound
channels can be separated (Fig.21.19). After separa-
tion, the Doppler signal representing advancing flow
can be delivered to one ear and the Doppler signal rep-
resenting receding flow can be delivered to the other
ear. Although these continuous-wave Doppler systems
are simple and have not changed substantially since
1970, they still have tremendous clinical utility and
are used by angiologists and vascular surgeons in daily
practice. A CW Doppler transducer is provided with
modern echo-cardiology systems (Fig.21.20) for the

Fig.21.19a,b Audio direction separation. By retarding the
I quadrature channel by 1/4 of the period of the audio
frequency, and then adding or subtracting the resultant pairs,
the directions of flow can be separated. (a) The added pair
results in sound for only the downshifted Doppler signals
representing receding flow. (b) The subtracted pair results
in sound for only the upshifted Doppler signals representing
advancing flow

-
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measurement of cardiac output and for accurate velocity
measurements of blood flow jets associated with valve
disease.

During 1970-1985, several arterial mapping
angiographs (Fig.21.21) were developed to as-
sociate high-velocity Doppler signals, indicating
stenoses with arterial landmarks such as bifurca-
tions. These angiographs used mechanical or other
methods to track the location of the ultrasound
beam and display the results on an image that
could be compared with an X-ray angiogram.
Modern, large-field-of-view three-dimensional ultra-
sound imaging systems use extensions of this
method.
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Fig.21.20 Dual-element continuous-wave Doppler trans-
ducer for cardiac output measurements. This transducer is
designed to fit in the supersternal notch between the clavi-
cles at the base of the neck. From this location, the Doppler
ultrasound beam patterns can be nearly aligned with the
axes of the cardiac valves. The ultrasound avoids the lungs
by passing directly down through the mediastinum

2 dimensional surface-map
Doppler static scan
and image

Caudad cephalad

Ultrasound
contact gel

Ultrasound
transducer

Position encoders Right Left
Fig. 21.21 Doppler arteriography. By monitoring the posi-
tion of a Doppler ultrasound transducer, transferring the
position on a storage image screen, and marking the dis-
play screen only when the Doppler detects blood flow, an
image of the flow can be generated. Most of these systems
used continuous-wave Doppler; the Hokanson system used
pulsed Doppler

21.4.2 Pulse-Echo Backscatter Systems

Pulse-echo ultrasound consists of sending a pulse of
ultrasound into tissue and receiving the echoes from var-
ious depths. The length of the transmitted pulse may be
as short as 0.5 ps (for B-mode imaging) or as long as 5 s
(for trans-cranial Doppler). Usually the same transducer
or transducer aperture is used for both transmitting and
receiving. The depth of each reflector is determined by
the time of flight between the transmitted pulse and the
received echo: a reflector 3 cm deep returns an echo at

Table 21.5 Ultrasound examination parameters

Maximum Ultra-  Ultra- Pulse repetition
Examin- sound  sound Period  Frequency
ation wave- frequency (s) (kHz)
depth length (MHz)
(cm) (mm)

3 0.075 20 40 25

5 0.125 12 67 15

6 0.15 10 80 12.5
10 0.250 6 133 7.5
12 0.3 5 160 6.25
15 0.375 4 200 5
20 0.5 3 266 3.75

40 ps; a reflector 15 cm deep returns an echo at 200 ps.
If the system is examining to a depth of 18 cm, then
anew pulse can be transmitted after 240 ps. In that case,
an echo returning at 40 ps after the later transmit pulse
might come from 21 cm deep (280 jus) rather than 3 cm.
Tissue attenuation will suppress the echo from deep tis-
sue by about 54 dB (3 MHz ultrasound) compared to the
echo from 3 cm.

To perform a pulse-echo examination, an ultrasound
transducer (or array of transducers) is positioned to
form a beam pattern along an axis, which is assumed
to penetrate tissue in a single straight line. A short
ultrasound burst is launched along that line. After al-
lowing for the round-trip travel time to the depth of
interest (Table 21.5), the ultrasound echo from a segment
of tissue in the beam pattern is received, demodulated
and prepared for display (Fig.21.22). The ultrasound
transmit pulse can be adjusted for frequency, duration
(Fig. 21.23), energy, and aperture size and shape to fine-
tune the examination if needed. The ultrasound echo
can be demodulated to yield the amplitude (Fig.21.24)
and/or the phase. The results of multiple pulse-echo cy-
cles along a single beam pattern can be combined. The
echo is usually amplified with a fast-slew programmed
amplifier to increase the gain of later echoes coming
from deeper tissues, because they will be attenuated
more than shallow echoes. If tissue visualization is de-
sired, the echo strength is displayed in an image along
a line representing the direction of the ultrasound beam,
with the location along the line (representing depth) de-
termined by the time after transmission that the echo
returns. If a measurement of tissue motion is desired,
then additional identical pulses are transmitted along
the same beam pattern to obtain a series of nearly identi-
cal echoes from each depth of interest. These echoes are
examined for changes in phase, which is the most sen-
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Fig. 21.22a-d Time gain compensation (TGC). (a) A new
ultrasound pulse is transmitted each pulse repetition period
(200 ps in this case). (b) Echoes from shallow and deep
depths return at known times because of the speed of ul-
trasound and the expected round-trip travel time. The later
echoes received from deeper tissues are weaker than the
echoes received from shallow tissues because the echoes
from deeper tissues have passed through more-attenuating
tissue. (c) An amplifier programmed to increase the gain
for deep echoes more than for shallow echoes is used to
compensate for attenuation. This depth gain compensation
(DGC) or time gain compensation (TGC) amplifier is un-
der operator control. (d) The echoes, after TGC are ready
for demodulation by analog or digital methods

sitive indicator of displacement of the tissue reflecting
the ultrasound.

This simple model places constraints on the ultra-
sound examination. First, at any depth, the strongest
echoes from a bone or air interface perpendicular to the
beam are 10° (60 dB) stronger than the weakest echoes
from cells in liquid (blood). So, a 10bit digital echo-
processing system is the minimum to handle the range
of echo strengths expected in an image. Second, because
the speed of ultrasound is about 1.5 mm/s in most tis-
sues, echoes returning from 15cm deep arrive 200 ps
after ultrasound pulse transmission. A new pulse can-
not be sent into the tissue along the same line or along

15 cm depth PRF = 5kHz

100
ol L1 1 1 [ ]

200 us 200 ps ‘ 200 us 200 pus 200 ps
Imaging
(broad band)
Doppler
(narrow band)
Transcranial doppler
(high energy, low MI)

+—>
2 us

Fig. 21.23 Different ultrasound transmit bursts for imaging
and Doppler applications. Short broadband transmit bursts
are used for B-mode imaging; long narrow-band transmit
bursts are used for Doppler applications. A longer trans-
mit burst contains more energy if the maximum acoustic
negative pressure (mechanical index) are limiting factors.
A short transmit burst allows better depth resolution and
also spreads the diffraction side-lobes of the beam pat-
tern, suppressing lateral ambiguity. A longer transmit burst
is preferable for Doppler applications where echoes from
blood are weak and coherence length is important for
demodulation

another line until all of the echoes from the first pulse
have returned. So, the maximum pulse repetition fre-
quency (PRF) for an examination to a depth of 15cm
is SkHz (1/200 ps). Ultrasound energy is attenuated to
1/4 of the incident energy in most body tissues after
passing through a depth of 80 wavelengths. So after
passing through a depth of 400 wavelengths and return-
ing through 400 wavelengths, the echo strength is only
0.25'9 or 107° of the strength of a similar echo from the
shallowest tissue. To compensate for this attenuation,
an amplifier must amplify the deep echoes 60 dB more
than the shallow echoes (Fig.21.22). An alternative is
to digitize the echoes with a 20 bit digitizer, 10 bits for
the dynamic range of the echoes from different tissues
and 10bits to account for attenuation. In either case,
the maximum depth of an examination is limited to 400
wavelengths of ultrasound. An ultrasound depth resolu-
tion cell (a pixel) is equal to about twice the wavelength
of ultrasound. So, an ultrasound image can contain 200
pixels in the depth direction (Table 21.5). These con-
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Fig. 21.24 Preparing the amplitude demodulated brightness
mode echo for display. The amplitude of the amplified
echo can be converted into brightness values by a digitizer.
In early B-mode scanners, the display could show bright
(echo) or dark (no echo) based on a one bit threshold detec-
tor (dark line). A two-bit digitizer allows four levels of gray
scale (scale on right), making the result less sensitive to the
setting of the TGC amplifier. Modern ultrasound B-mode
imaging systems use an eight-bit digitizer to display 256
levels of gray. Depending on the method of presentation,
the eye can distinguish no more than 64 stepped levels of
gray or 16 isolated levels of gray

siderations provide a practical relationship between the
ultrasound frequency and the PRF, based on the atten-
uation of tissue. The PRF is 1/800 of the ultrasound
frequency in most applications.

21.4.3 B-mode Imaging Instruments

A series of B-mode (brightness mode) ultrasound imag-
ing methods have been developed over the last 40 years.
The methods have used the latest electronic technolo-
gies to improve the speed, convenience, capability and
utility of the systems. The original imaging systems
were based on radar technology and analog electronic

Position encoder

Ultrasound

contact gel Position encoders

Ultrasound
transducer

Electronics
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Fig. 21.25 B-mode static scanner. The traditional B-scanner
restricted the transducer position and direction to move-
ments in one plane that would form a cross-sectional image
through the patient. The position of the transducer was lo-
cated on the image display, and a line projected from the
origin along the display in the direction of sound beam
propagation. During the scan a marker was moved along
the ultrasound beam direction at a speed of 0.75 mm/ps,
representing the time that an echo would return after a round
trip to each depth when traveling at 1.5 mm/ps. If a strong
echo was detected, then a mark was stored on the screen to
contribute to the image. The transducer was scanned across
the skin to form an ultrasound scan cross-sectional image
of the tissue

parts. Today, ultrasound systems are personal comput-
ers using standard operating systems with specialized
display software coupled to custom ultrasound circuitry
on the front end. A review of the history is useful be-
cause the modern instruments keep incorporating older
methods.

Two-Dimensional Static B-mode
The original B-scanners (Figs. 21.25, 21.26) consisted
of a single ultrasound transducer element coupled to
a mechanical system to track the origin and direction
of the ultrasound beam. The systems had the advan-
tage that large fields of view could be scanned, such
as a plane through a full-term fetus, and the sonog-
rapher could return to portions of the image to paint
in anatomical features by approaching each of the re-
flecting interfaces from a perpendicular direction. As
the image display system showed the brightest echo for
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Fig. 21.26 B-mode calibration phantom. Analog electron-
ics were not stable at the time that static B-scanners were
constructed. Calibration phantoms were used to assure that
a target would appear in the same location when viewed
from different locations. Adjustments were provided to
align the electronics

each anatomic location, compound scanning was used
to obtain echoes from a variety of directions at each
tissue location to render a useful image. Since a scan
might take 5 min, movement of the patient during the
scanning period was a problem, rendering the image
useless. Because these systems used analog electronic

Ultrasound
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Ultrasound
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Fig. 21.27 Real-time two-dimensional ultrasound images.
Motor-driven ultrasound transducers were able to rapidly
tilt to a series of angles obtaining data from a series of lines
in a plane of tissue to form a new two-dimensional image
10 times or 30 times per second
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Fig. 21.28 Two-dimensional B-mode (brightness mode) common
carotid artery image. The lumen of the common carotid artery in
longitudinal section appears as a darker streak (wide arrow) bounded
by the superficial and deep walls separated by 6 mm. The walls
appear brighter where the ultrasound scan lines are perpendicular to
the walls (narrow arrow) because of the specular backscatter.

devices, which were subject to deterioration over time,
the stability and alignment of the instruments was im-
portant. In addition, since the same tissue was examined
from multiple locations, the co-registered alignment of
the tissue voxels (small volumes of tissue) on the image

AYMC

DOynAg 30dE
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Fig.21.29 Duplication of aorta [21.53] in the image. Refrac-
tive tissues composed of fat (¢ =1.45mm/us) and muscle
(c = 1.58 mm/ps) at the midline of the abdomen form two prisms.
Each prism allows the aorta to be viewed resulting in two images
of the aorta. This effect has also caused double viewing of a single
pregnancy
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Fig. 21.30 Mechanical scan head. Three transducers are
mounted around a rotating wheel encased in a cover filled
with oil. Two of the 3 transducers can be seen in the image.
Between the transducers is an air bubble in the oil; the air
bubble must be removed through the oil filling port before
scanning. Under the bubble is a rectangular shape that is the
housing for a switch. Each of the transducers has a switch
mounted opposite the transducer on the wheel which is ac-
tivated magnetically to connect the transducer when the
transducer is pointed toward the patient. The transducer
wheel is driven by a motor in the white housing through
a belt. A control knob on a joystick allows adjustment of
the Doppler ultrasound beam, when needed; swinging the
arm tilts the beam, rotating the knob advances the sample
volume along the line. Electrical coupling to the transducer
was accomplished by using a transformer aligned on the
axle of the wheel with one coil stationary and one rotating.
The magnet-activated switches mentioned above selected
the proper transducer that was pointing at the patient

was critical. Regular testing of the instrument on align-
ment phantoms was required. The speed of ultrasound
in the phantoms was controlled by the chemical compo-
sition of the phantom at the time of fabrication and the
temperature of the phantom at the time of use. Of course,
because the speed of ultrasound is not the same in dif-
ferent tissues, the success of the phantom in controlling
image distortions in the depth direction during actual
examination was limited. In addition, because the ultra-
sound beam can bend due to refraction as it passes from
tissue to tissue, a factor ignored in the phantom, prevent-
ing lateral image distortions was impossible. However

Fig. 21.31 Mechanically steered annular array scan head.
The circular transducer is divided into concentric circles
with each segment having the same area. By delaying by
different amounts, the signals to the more central trans-
ducers, the depth of focus can be adjusted. A 10ns delay
between the transducer rings with the central transducer
operating last will retract the focus a centimeter. The oil
between the transducer and the dome shaped cap provides
refractive focus in addition to the focus provided by the de-
lays to the transducer. To point the ultrasound beam along
different lines, the transducer wobbled back and forth rather
than rotated. A rotating motion was not possible because
the four coaxial cables could not cross the rotating axis.
The arrow is pointing at the transducer along its axis

the phantoms did serve to prevent huge errors. Mod-
ern real-time ultrasound scanners that complete a scan
in 30 ms (Fig.21.27) form each image without overlap-
ping beams so object co-registration is not tested. Thus,
the value of phantoms has diminished. They still retain
educational value.

Two-Dimensional Real-Time B-mode

Mechanical Scanning
The earliest real-time systems scanned the ultrasound
beam by tilting the ultrasound transducer, tracking the
position and direction of the ultrasound beam with tim-
ing or an optical encoding system. The images had
tremendous utility (Fig. 21.28) in spite of the poor lateral
resolution compared to the depth resolution. Unfor-
tunately, neither phantoms nor digital tracking of the
ultrasound beam direction avoid image distortions due to
refraction of the ultrasound beam in tissue (Fig.21.29).
These distortions, which are still a problem in the lateral
direction, are ignored.

The ultrasound scan heads were convenient, er-
gonomic and compact (Fig.21.30), located at the end
of a cable attached to the ultrasound scanner. A variety
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Fig. 21.32a-c Intracavity scan heads. (a) Intracavity wob-
bler scan head for transvaginal or transrectal examination.
To provide acoustic coupling between the transducer and
the housing, the scan head is filled with liquid. The trans-
ducer, at the left end of the image, is pointing out of the
page. (b) Trans-esophageal (TEE) ultrasound scan head.
The patient swallows the end with the transducer array (up-
per right in the picture) mounted in the end of the flexible
esophageal probe. Marks every 10cm (arrows) allow the
cardiologist to monitor the location of the transducer array
from the patient’s teeth. (c) The trans-esophageal ultrasound
transducer 5 MHz linear phased array has a circular boarder
so that the array can be rotated to rotate the scan plane once
the transducer is in the esophagus. A pair of control handles
((b) at bottom) allows the cardiologist to rotate the trans-
ducer array and to tilt the tip housing the array to examine
the heart in different planes. Some patients tolerate this
procedure well with little anesthesia, others require more
sedation

of scan heads were developed including some with elec-
tronic focusing (Fig.21.31) and specialized shapes for
placement in the esophagus, rectum, vagina (Fig. 21.32),
and some 1 mm in diameter for insertion inside blood
vessels.
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Fig. 21.33 M-mode (motion-mode) examination. For the
study of cardiovascular wall motion, a single ultrasound
beam is directed through the heart or other tissue. A hor-
izontal mark showing the depth of each reflecting tissue
in the vertical direction is shown on each vertical image
line. By transmitting a new ultrasound pulse every mil-
lisecond, the echoes from tissue interfaces can be plotted
for each pulse with time on the horizontal axis. By placing
the lines side by side, the trajectories of tissue motion along
the ultrasound beam are displayed. Speed of the reflecting
tissue interface along the direction of the ultrasound beam
is shown as a tilt or slope of an interface displayed on the
image

M-mode Ultrasound

Among the early applications of ultrasound was the
study of the motions of the heart using M-mode (motion
mode) imaging [21.54,55] (Fig.21.33). By holding the
ultrasound beam stationary and plotting the image width
as a function of time, motions of the heart and other vas-
cular structures could be documented. The velocity of
a valve could be determined (Fig. 21.34) by measuring
the slope of the trajectory on the M-mode tracing.

Two-Dimensional Real-Time B-mode

Electronic Scanning
An alternative to moving the ultrasound transducer to
point in different directions, is to have an array of trans-
ducers [21.56]. By switching to each transducer in turn
to acquire echoes from the corresponding beam pattern,
a two-dimensional (2-D) image is formed (Fig.21.35).
Several ultrasound scanners developed between 1970
and 1980 used low-density arrays like this. A scan-
head with more transducer elements, spaced closely
together (Fig.21.36), could use groups of transducers
to form an aperture. These high-density arrays permit
phase focusing to a series of depths (Figs. 21.36-21.38),
phase tilting of the ultrasound beam patterns (Fig. 21.39)
and apodization of the aperture to smooth the ultra-
sound beam pattern (Fig.21.40). The transducer array
is usually formed from a single rectangular piezoelec-
tric crystal, cut into a row of thin rectangles to form
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Fig. 21.34 M-mode (motion mode). Motion of a tissue interface along the ultrasound beam line is shown as depth (vertical)
versus time (horizontal). The speed of the heart structure can be computed from the slope of the tracing. In this example,
the speed is 158 — 16 mm/0.4 s = 355 mm/s. The green line across the bottom of the image is the Electrocardiograph

(ECG, EKGQG) timing signal

an array in one direction. Because of the cuts, the ar-
ray becomes flexible in the long dimension and can be
curved (Fig.21.41) to form a sector scan. Each of the
128 elements is connected via an electrical impedance-
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Fig.21.35 Low-density linear-array two-dimensional B-
mode. If the tissue does not move very much during the
acquisition of an image, and the ultrasound beam pat-
tern is moved across the tissue by successively activating
different transducers and plotting the echoes with depth
along the lines of the corresponding beam patterns, a two-
dimensional image is formed. By convention in radiologic
images, the images are usually displayed as if the patient is
facing the physician. There is disagreement between clinics
about how images should be oriented

matching network to a coaxial cable, which forms part
of the scan-head cable running back to the scanner. The
plug connecting the 128 coaxial connectors to the ultra-
sound scanner has separate contacts for all 128 cables.
Behind the plug in the scanner are separate ultrasound
transmitters and receivers for each transducer element.
Often each of the receivers will have a separate digitizer
to convert the TGC-amplified signal into digital form.

Ultrasound
= transducer
-

Posterior Anterior

__ Patient__" Right Left

Fig. 21.36 High-density linear-array scan head. The trans-
ducers can be spaced more closely than the width of the
ultrasound beam. Then each ultrasound aperture is formed
by multiple transducers at the scan head face. The beam
patterns overlap. The use of multiple transducers in the
aperture allows the shaping of the aperture and electronic
focusing of the ultrasound beam pattern
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Fig.21.37a,b Echoes received by each transducer in an array. By imaging highly reflective pins in a phantom, the effect
of distance on travel time from a reflector to each transducer element in an array can be appreciated. By applying an
appropriate delay on each of the transducer signals so that the echoes from the target align in time, and then adding the
transducer signals together, a receiver beam pattern is formed, which is focused on the target. The time delays can be
adjusted in 6 ns steps. (a) The transmit pulse was launched along the red ultrasound line. The echoes are displayed for
data gathered from within the green box. (b) Radio-frequency echoes from each of 32 transducers are displayed for the
echoes returning from a single transmit pulse (Courtesy Ultrasonix Medical Corp., Burnaby, www.ultrasonix.com)

The receivers and digitizers together form the ultrasound
beam former for receive mode. Early array transducers
had 32 elements, and the electronics were located in
the scan head. Current instruments have 128 elements,
a number limited by the costly cable containing 128
coaxial leads that connects the array to the receivers and
transmitters in the console. The number of transducers
will increase in the future as higher-capacity cables be-
come available or, alternatively as it becomes possible

Ultra-
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S Patient Right Left

Fig.21.38 Adjustable focus with large aperture. Using
a high-density linear array to generate a large aperture and
focus at a deep depth

to house the transmitting and receiving electronics in the
ultrasound scan head.

A linear array transducer allows for adjustment of
the transmit focus and aperture separate from the re-
ceive focus and aperture (Fig.21.42). Because during
the receiving period the relationship between depth and
time is 0.75 mm/ps, a system can change receive focus
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Fig. 21.39 Steering of the ultrasound beam pattern. Multi-
ple transducers in the aperture allows the ultrasound beam
to be steered at an angle for either imaging or Doppler
by introducing phase delays in the signals to and from the
transducers progressively along the transducer array
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every 20 ps, advancing the focus 15 mm each time along
with the corresponding aperture. This focal adjustment
is called dynamic focusing and is similar in concept to
time-gain compensation. It is also possible to acquire
data along the ultrasound line using several pulse-echo
cycles, each with a transmit burst that is focused at a dif-

a)

Fig. 21.40 Apodized aperture. Apodization is used to limit
the side-lobes of the ultrasound beam pattern. Transducers
near the edge of the aperture are excited with a low voltage
during transmit compared to the central transducers and
are amplified with a lower gain compared to the central
transducers during receive. The drawing on the right shows
the image line corresponding to the beam pattern with the
superficial and deep echoes plus the mark on the right,
indicating the focal depth

ferent depth. Although dynamic receive focusing takes
no more time than static focusing, using double trans-
mit focusing to further improve the lateral resolution of
the image at a greater range of depths does reduce the
frame rate by half. The location of the transmit focus is
indicated by a carrot on the right of the image.

Fig. 21.41a—f Scan head details. This curved linear-array scan head consists of an array of 128 transducer elements cut
from a single block of PZT piezoelectric ceramic. The array block is 64 mm long and 5 mm wide, cut into elements 0.4 mm
long and 5 mm wide with a 0.1 mm kerf between. The block is curved to form a curved linear array. (a) Transducer in
housing with cable; (b) Transducer housing removed showing the copper foil shielding over the internal electronics;
(c) Shielding removed to show the 64 electronic matching circuits on this side of the circuit board; (d) 128 individual
coaxial cables housed in the ultrasound scan head cable; (e) Scan head plug showing the connector electrodes for the 128
coaxial cables; (f) Front panel of the ultrasound scanner showing the sockets for the scan head connections. The front
panel also shows connectors for other instruments including: electrocardiograph, plethysmograph, phonocardiograph

microphone and computer disk drive for data exchange
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Fig.21.42 Adjustable focus with large aperture. Using
a high = density linear array to generate a large aperture
allows electronic adjustment of the focal depth by adjust-
ing the electronic delay of the transmit and receive signals
so that the signal at the center transducers is delayed more
than the signal at the edge transducers in both transmit and
receive. Dual transmit focal depths, indicated by the pair
of arrows on the right of the image, require that separate
transmit pulses be sent into tissue for each of the two fo-
cal depths. On receive, the focus can be changed between
the time that shallow echoes are received and the time that
deep echoes are received

Because a linear array can steer the ultrasound beam,
it is possible to form an image of each voxel in the
tissue plane from different views, combining the results
into a compound image (Fig.21.43). The algorithm for
combining the data from different angles is important in
creating a pleasing image.

Phased Array Transducers. By applying a selected time
delay to each transducer in an array, the ultrasound beam
can be focused or tilted as desired (Fig.21.39). Phased
array transducers (Fig. 21.44) form the ultrasound image
by tilting the ultrasound beam using selected delays on
each transducer on transmit and receive to achieve the
desired tilt. A scanhead with a transducer array of width
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Fig.21.43 Compound real-time imaging. By tilting the
beam patterns to cross during acquisition of the image
plane, system can take advantage of the specular backscatter
of planar reflectors in the tissue
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Fig. 21.44 Phased-array scan head. A phased-array scan
head is able to use the same aperture for all ultrasound
scan line beam patterns, directing the beam along different
lines by adjusting the relative phase of the signals to the
transducers
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0.075 mm in tissue depth

Fig. 21.45 Amplitude demodulation. To create a B-mode
image of tissue anatomy, the strength or amplitude of the re-
ceived ultrasound echo is determined as a function of depth.
The RF echo is rectified (converting 5 MHz to 10 MHz)
and low-pass-filtered with a 1 MHz cutoff to yield a depth
resolution of 0.75 mm. That is effective if the ultrasound
transmit burst is shorter than 1 ps. Amplitude demodula-
tion requires one pulse-echo cycle along each ultrasound
beam pattern line
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D can tilt an ultrasound beam to an angle 6 in tissue
with an ultrasound velocity of ¢ by applying a time
delay gradient along the transducer of

fc .

— =sinf . (21.11)
D

The time ¢ is often represented as a function of the phase
of the ultrasound ¢ for the ultrasound frequency fys

¢
27
Jus
To allow the ultrasound beam to tilt to 6 degrees, the
width of each transducer element must be less than A /2

t = (21.12)

First series
of echoes
t=0

Second series
of echoes
t=0.1 ms

Phase
difference

0.1 s Hs

0.075 mm in tissue depth

Fig.21.46 Phase demodulation. To measure blood veloc-
ity, or tissue displacement or strain, the change in phase
(or echo displacement) between successive pulse-echo cy-
cles at a particular depth must be determined. In this case,
a phase change of 7 /4 of 5 MHz ultrasound represents an
echo time shift of 0.05 ps/8 = 0.006 25 ps, which is equiva-
lent to a displacement of the scatterers toward the transducer
of 0.006 25 s x0.75 mm/pus = 0.0047 mm in the time be-
tween pulse-echo cycles or 0.1 ms, yielding a velocity of
0.047 mm/ms or 0.047 m/s. The Doppler equation, time-
domain velocimetry and strain imaging are all based on
this computation. In Doppler demodulation, the phase and
amplitude of the echo at any depth can be represented as
a vector on a phase diagram. These vectors can be rep-
resented as complex numbers if the vertical direction is
represented as the “imaginary” (v/—1) direction and the
horizontal direction represents the “real” direction

but the pitch (w = center to center spacing of the el-
ements) must be 1/4 in order that, at the maximum
deflection angle, a single beam pattern is defined when
ultrasound intersects the array at angle 6

A c
W< ———= — .
4sinf 4 fyssinf
A 3 MHz scan head tilting the ultrasound beam 30°

to the left and to the right requires a transducer element
pitch of 0.3 mm.

(21.13)

Pulsed Doppler [21.57]
The series of echoes from a single ultrasound transmit
pulse provides information about the echogenicity of
the tissue along the ultrasound beam pattern at various
depths. The echogenicity of the tissue at each depth is de-
termined by amplitude demodulation (Fig.21.45). The
measurement of the velocity of blood or tissue requires
pairs of echoes from two (or more) ultrasound transmit
pulses along the same beam pattern line, separated by
a short time (0.1 ms). By comparing a second echo se-
ries from the same transducer beam pattern from a later
time to the echo series from the first pulse, motion of the
echogenic tissue along the beam pattern can be detected
and measured. If the second echo series is identical to the
first echo series, then none of the tissue along the ultra-
sound beam pattern has moved or changed during the pe-
riod. However, if the second echo series is different, then
the tissue has moved or changed. Motion in the direction
of ultrasound propagation causes a simple time shift in
the echo series, lateral motion or a change in tissue prop-
erties results in a loss of coherence between the echoes.

If the tissue has moved toward the ultrasound trans-
ducer, then the second echo pattern will arrive earlier
after the transmit pulse compared to the first (Fig. 21.46).
If the difference is detected by Doppler processing, then
the echoes from each region of tissue are characterized
by a vector in a complex plane (Fig.21.46). One rota-
tion of the vector is equivalent to the reflector moving
toward the transducer to shorten the round-trip path by
one wavelength of the ultrasound. If the ultrasound is
5 MHz, then the wavelength is 320 um so one rotation
represents a shortening of the round trip ultrasound travel
distance of 320 um, or 160 um each way. A phase rota-
tion of one quarter of a cycle (v /2 rad) represents 40 pum
of motion. Doppler processing cannot tell the difference
between 20 and 180 um of motion because the vector
is pointed in the same direction after the 160 pm dis-
placement. This is called aliasing and is responsible for
a waveform with the highest forward velocities incor-
rectly shown as reverse velocities (Fig.21.47). Doppler
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systems cannot tell the difference between displace-
ments of 100 wm toward the transducer and 60 um away
from the transducer, because both are represented by
the same phase shift. A motion of 20 wm will result
in a rotation of the phase vector by 45° (v /4 rad). Of-
ten the interval between the first echo and the second
echo is 0.1 ms. The velocity of the tissue in this case is
20/0.1 pm/ms = 200 mm/s =20cm/s = 0.2 m/s.

The Doppler frequency is the phase change of
the echo in cycles during the pulse interval di-
vided by the pulse interval. In this case the phase
change is 1/8 cycle, so the Doppler frequency is
0.125/0.1 ms = 1250cy/s = 1.25kHz.

Usually, pulsed Doppler systems are used to mea-
sure blood velocity. Unfortunately, it is rarely convenient
to align the ultrasound beam pattern along the axis of
a blood vessel so typically the angle between the ul-
trasound beam pattern and the vessel axis is 60°. This
is called the Doppler angle. The ultrasound system can
only measure the projection of the blood velocity vector
along the ultrasound beam. That projection is the cosine
of the angle between the velocity vector and the ultra-
sound beam. The Doppler equation relating velocity to
the ultrasound echo is:

' S
20f fys COS O Jus
po2ufuscosth e (3114)
c 2 cosbp

where f is the Doppler frequency that you hear, the
factor of 2 accounts for the round-trip of the ultrasound,
vt is the velocity of the blood, f,s is the ultrasound
frequency, Op is the angle between the blood velocity
and the ultrasound beam, and c is the speed of ultrasound
in tissue. The form

ya
v Je

— (21.15)
c 2 cosbp

emphasizes the relationship between the ratio of the
blood velocity to the ultrasound velocity and the Doppler
frequency to the ultrasound frequency. Since the ultra-
sound wavelength A = ¢/ fus,

A

= . (21.16)
2 cosbp

To provide a measurement of blood velocity, ul-
trasound instruments have a cursor on the screen to
align with the axis of the vessel under examination
(Fig.21.48). The associated Doppler data, here repre-
sented as a spectral waveform, is provided with a scale
showing the angle-adjusted velocity based on the pro-
jection of the measured velocity onto the vessel axis.
Although this adjustment is theoretically justified by the

A——— e —— e~ .

T T O O T O O T O |
Fig. 21.47 Ahasmg Blood velocities that cause high phase shlfts
(greater than 180° or & radians) between pairs of pulsed Doppler
echoes cause the Doppler system to mistake high-velocity forward
flow for reverse flow. Continuity in blood flow allows the examiner
to detect this error

geometry, unfortunately, it does not provide a useful ve-
locity value. If a Doppler angle of zero degrees is used,
then the value is correct, however, if other angles be-
tween the ultrasound beam and the presumed velocity
vector are used, then the value of the velocity is not cor-
rect. The reason is that blood velocity vectors are rarely
aligned with the axis of the artery. Instead, blood veloc-
ities form helical patterns along the artery [21.58—60].
Angle-adjusted Doppler velocity measurements are sys-
tematically higher as the Doppler angle increases from
zero to 70 degrees or more. Although at a Doppler angle
of zero, velocities are accurately used to determine both
the volume flow rate and the Bernoulli pressure drop,
neither result is correct when Doppler angles other than
zero are used [21.61-63].

Pulsed Doppler Range of Measurement. The high-
est Doppler frequency shift that can be measured with
pulsed Doppler occurs when the phase change of the
echoes during the interval between echo acquisitions
[pulse repetition interval (PRI)] is 180° (half a cycle).
The Doppler frequency at that condition is half of the
pulse repetition frequency (PRF, the Doppler sampling
frequency). This is called the Nyquist limit, after Harry
Nyquist. This establishes the highest velocity that the
Doppler can detect, although since the signal is ana-
lyzed as a complex number with twice the data (half
as a “real” number and half as an “imaginary” number)
Doppler frequencies between + 0.5 PRF and — 0.5 PRF
are reported. As long as there is no reverse flow the range
of Doppler frequencies available is equal to the PRF. If
the phase vector is characterized by a 2bit complex
number into four values, then the smallest phase change
that can be classified is 1/4 cycle. So, a 5 MHz Doppler
system with the data recorded as 2 bits, and a PRF of
10kHz, can only report four Doppler frequency ranges,
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Fig. 21.48 Duplex Doppler image and waveform of a carotid artery. The axis of the ultrasound beam pattern used for
Doppler is shown crossing the artery at an angle of 60° to the vessel axis. A cursor is aligned parallel to the vessel axis
to provide 6p for the Doppler equation. The Doppler frequency, which is produced by the speakers of the instrument, is
shown by a scale drawn on the /eft. The scale showing the speed at which the blood is approaching the transducer is drawn
adjacent to the frequency scale. The instrument computes the scale on the screen by dividing the cosine of the Doppler
angle into the approach speed. Along the lower edge of the image is the electrocardiograph tracing (ECG) showing the
“QRS complex” (small up and down) indicating the onset of ventricular contraction in each cardiac cycle. The lump in
the trace 200 ms later is the T wave indication the end of ventricular contraction. The fourth beat is too early and the QRS
has an odd shape. This is a premature ventricular contraction (PVC) originating from an abnormal spot on the ventricle.
The PVC causes the ventricle to contract before filling is complete, producing a low-volume contraction, and low systolic

blood velocities. The ventricle overfills before the next normal contraction, causing elevated systolic velocities

—1.25to +1.25kHz, +1.25to +3.75kHz, +3.75 to
+6.25kHz, and +6.25 to +8.75kHz. —1.25kHz is
equal to +8.75 kHz. Such a Doppler system would prob-
ably classify —1.25 to + 1.25kHz as no motion. By
increasing the number of bits in the digitizers represent-
ing the phase vector, the resolution of the phase shift is
increased, and the number of possible measured veloci-
ties is increased. This does not increase the Nyquist limit.

Another way to increase the number of velocities that
can be measured is to increase the number of pulse-echo
cycles or Doppler phase samples that are gathered. The
number of samples used to resolve the velocity is called
the ensemble length or packet length. In a typical spectral
waveform pulsed Doppler system, Doppler samples will
be gathered from a voxel at a PRF of 12.8 kHz for 10 ms
to provide 128 Doppler samples for frequency analysis.
The Nyquist limit (upper frequency limit) is 6.4 kHz.
The lowest frequency that can be detected is 100 Hz,
one full Doppler cycle in the 10 ms acquisition period.
If the signals are digitized into 2 bit complex numbers,

then each of the 128 possible frequencies can be tested to
see whether each is present or absent, but no information
is available about the strength of each frequency signal.
To determine the strength of each frequency, the signals
must be digitized into numbers with more binary bits.
Spectral waveform analysis assumes that there are many
Doppler frequencies present in the Doppler signal from
the voxel of interest.

Pulsed Doppler Pulse-Pair analysis. The Doppler fre-
quency shift can be measured from just two echo samples
separated by a known time. The assumption is that
only a single Doppler frequency is present in the sig-
nal. The phase change divided by the sample interval
time provides the Doppler frequency. The upper limit
of the Doppler frequency is the Nyquist limit. To re-
solve the Doppler frequency, the phase angle change
must be resolved. Representing the phase angle by a two
bit complex number only resolves the phase angle into
four divisions. For 5 MHz ultrasound, displacements of
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40 um can be resolved. For a 10kHz PRF sample fre-
quency, this allows a velocity of £40cm/s (£0.4 m/s)
to be detected. However, if the phases are represented
by 10bit complex numbers, the phase angles can be
resolved into 1000 divisions and the displacement and
velocities can also be resolved. With 10 bit quadrature
digitizers, velocities between plus and minus 80 cm/s
can be measured with a resolution of 0.8 cm/s, equiva-
lent to displacements of 80 nm during the pulse interval.

Pulsed Doppler Wall/Clutter Filtering. The measure-
ment of blood velocity with ultrasound is complicated
by the containment in vascular walls. The echogenicity
of the blood is 60 dB less than the echogenicity of the
walls at 5 MHz. The blood cells are Rayleigh scatter-
ers because they are smaller (7 um) than the wavelength
of ultrasound (300 pm for 5 MHz). The strength of the
echo from blood increases with the fourth power of
the frequency. However, frequency-dependent attenu-
ation of the ultrasound by overlying tissues limits most
Doppler ultrasound studies to frequencies of 2—6 MHz.
5MHz produces the strongest echoes for vessels un-
der 2 cm of tissue, deeper vessels, and those behind the
skull require 2 MHz ultrasound waves to penetrate these
tissues [21.64-66].

In many examinations, Doppler measurements from
blood adjacent to the wall are desired, so Doppler echoes
from the voxel next to the wall will include strong wall
echoes as well as weak echoes from the adjacent blood.
Unfortunately, vascular walls move with velocities near
2mm/10ms or 0.2m/s (20cm/s). The strong echoes
from these moving walls must be rejected to reveal
the adjacent blood velocity, which may be only slightly
higher than 20 cm/s. The strong echoes from the wall
are called clutter. 10 bits of the system dynamic range
are required to handle the clutter and the blood echoes
must be resolved above that, so most ultrasound sys-
tems now utilize a 14—16bit dynamic range, which is
achieved by combining the outputs of separate digitiz-
ers (one for each transducer) and digitizing faster than
the required four times the ultrasound center frequency,
then filtering the result for processing.

Pulsed Doppler Spectral Analysis. To measure the
Doppler frequency shift, any method of frequency
analysis can be used. Zero-crossing rate meters and
zero-crossing time interval histograms have been re-
placed with real-time spectrum analyzers. Although the
time-compression analyzer produces identical results,
the popular fast Fourier transform (FFT) analyzer is
used to produce spectral waveforms of Doppler signals
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Fig. 21.49a-d Autocorrelation clutter (high-pass) filter. By
representing each pulse-echo from a particular depth as
apoint on a phase diagram, the trajectory of the echo phase
in time can be plotted. (a) The Doppler echo comes from
two types of reflectors, strong reflecting stationary struc-
tures (clutter) and weak reflecting moving blood cells. In
each of the five pulse-echo cycles (ensemble or packet of
5), the contribution from the strong reflectors is the same.
The moving blood cells reflect the same amplitude (vector
length) but a different phase during each pulse-echo cycle.
(b) The ultrasound receiver cannot differentiate the clutter
contributed by the stationary structures from the signal con-
tributed by the moving blood cells. High-pass filter. (c) By
taking the difference between successive results, the effect
of the clutter is eliminated. (d) By centering the resultant
vectors on a new phase diagram, the phase angle change
between each pulse-echo cycle can be used to compute the
blood velocity

(Figs. 21.47, 21.48). The FFT analyzer is coupled to
the pulsed Doppler so that the FFT analyzer receives
a quadrature pair of data from the depth of interest
for each pulse-echo cycle. The advantage of the spec-
tral analysis is that if the voxel contains several flow
velocities, the FFT spectrum will display the Doppler
frequency for each velocity. Unfortunately, in blood
flow, eddy oscillation frequencies up to 500 Hz occur;
the typical FFT length of 10 ms (100 spectra per second)
is only capable of resolving eddies of 50 Hz or lower.
When a voxel contains higher-frequency eddies, the re-
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sult appears as spectral broadening or as harmonics on
the spectral waveform.

Pulsed Doppler Autocorrelation. Autocorrelation is
a frequency analysis method which is an extension of
pulse-pair analysis. Autocorrelation analysis assumes
that there is only one valid Doppler frequency in the
blood flow. Autocorrelation analysis identifies that fre-
quency. However, to reject the stationary and slow
moving strong echoes of the wall, a clutter filter must
be applied. Clutter is a stationary echo superimposed on
the changing Doppler echo. The analysis is based on an
ensemble of N echoes, usually eight echoes. The dif-
ference between adjacent pairs of echoes n and n — 1
(for n =2, N) creates a new group of N —1 vectors
(Fig. 21.49). By taking the average of the change in an-
gles, a Doppler velocity can be obtained. Sometimes
two filtering steps are required rather than one. Such fil-
ters are called finite impulse response (FIR) and infinite
impulse response (IIR) filters.

Time-Domain Velocimetry. The Doppler equation con-
tains the Doppler frequency and the phase angle.
Doppler signals are subject to aliasing when the
between-pulse phase angle change (A¢, a circular vari-
able) has a value greater than 7. In addition, echoes from
deep tissues have a lower center frequency than echoes
from shallow tissues, causing confusion about the cor-
rect value of the ultrasound frequency f,s to use in the
equation.
X

u_ fs

¢ 2cosbp

Of course, the center frequency of deep echoes
is still within the bandwidth of the transmitted ultra-
sound; the center frequency is depressed because of the
greater attenuation of the higher-frequency portions of
the transmitted bandwidth.

Since bandwidth is inversely proportional to pulse
duration and pulse duration is related to spatial resolu-
tion, it is desirable to have a short pulse duration so that
spatial resolution is as small as possible. This means
broadband pulses, permitting depression of the center
frequency of the echo. The desire for improved resolu-
tion and the desire to avoid aliasing combine in the use
of time-domain velocimetry as an alternative to Doppler.

At
vi_ _Ar

¢ 2cosfp
In time-domain velocimetry, two successive ultra-
sound echoes are compared to see if a time shift (A7)

(21.17)

(21.18)

Echo
comparison

Echo 2 Echo 1

Echo 2
minus
Echo 1

t

Fig. 21.50 Time-domain demodulation removing clutter.
To remove clutter in time-domain demodulation, the RF
echo signal from each pulse-echo cycle is subtracted from
the preceding RF echo signal to yield the residual due to
tissue motion

has occurred in the echo in the intervening time (Az),
which indicates tissue motion. By measuring the time
shift, the velocity can be calculated. Of course, clutter
from solid tissue in the voxel may provide a substantial
stationary echo superimposed on the small shifted echo.
To remove the clutter echo, subtraction of adjacent pairs

Echo
comparison

Echo 2
minus
Echo 1
and
Echo 3
minus

Eehek Time shift

At

t

Fig. 21.51 Time-domain demodulation measuring the ve-
locity component. By measuring the time shift between
successive echo pairs, multiplying by half the ultrasound
velocity and dividing by the pulse repetition interval time,
the velocity of the tissue along the ultrasound beam results
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Fig.21.52a-d Ultrasound images from a conventional
carotid artery Doppler examination in the neck [21.67].
Orientation: a linear array transducer located at the top of
each image acquires the 128 vertical scan lines in sequence
across the 35 mm-wide image. Two of the monochrome
B-mode images (c) and (d) were acquired in 24 ms (42
frames per second) so the scan lines progress across the
image at a speed of (35/24) 1.46m/s, a speed similar to
blood velocity. The color flow image (a) was acquired at
12 fps; the other monochrome image (b) was acquired at
23 fps. Anatomy: (a) ECA external carotid artery supplying
the face, ICA internal carotid artery supplying the brain,
CCA common carotid artery from the heart via the Bra-
chiocephalic trunk. (a) Color Doppler image of the carotid
bifurcation. The color scale on the left of the image shows
that forward flow is shown as red and reverse flow is shown
as blue. The flow directions are with respect to the trans-
ducer array at the top of the image rather than with respect
to the heart to the right of the image. The blue region at
the origin of the external carotid artery shows that the verti-
cal component of the velocity vector is pointing toward the
ultrasound transducer rather than showing that flow is re-
versed toward the heart. Notice that this region is bounded
by black bands indicating zero velocity toward the trans-
ducer. The blue spots in the lumen of the internal carotid
artery are aliasing (Fig.21.47). Notice that each of those
regions is surrounded by an orange color indicating high
blood velocity components with respect to the transducer.
Doppler waveform orientation: each of the three Doppler
waveforms is acquired from an ultrasound beam pattern that
is tilted at an angle with respect to the transducer, selected
by the examiner to form an angle of 60° with respect to the
artery axis. (b) lower Normal Doppler spectral waveform
from the internal carotid artery with high diastolic flow. Be-
cause the brain continuously requires 10% (10 ml/s) of the
cardiac output (100 ml/s), the peripheral resistance is low
so blood flows to the brain during systole and diastole. (c)
lower Normal Doppler spectral waveform from the exter-
nal carotid artery with low diastolic flow. Because the face
at rest requires little blood flow but when active (chewing,
blushing) requires more blood flow, at rest the arteriolar
sphincters are constricted, only accepting blood flow dur-
ing systole. When the arteriolar resistance decreases, the
external carotid also has flow during diastole. (d) lower Nor-
mal Doppler spectral waveform from the common carotid
artery which has the combined internal and external flow
waveform. A pulsatility index showing the ratio between
the diastolic and systolic velocities is sometimes used to
classify waveforms

Amazon
EX1010 Page 880

875

#°TC |4 Hed



876 PartF

Biological and Medical Acoustics

#°TC |4 Hed

FR 18Hz 60
P1

Fig.21.53 Stenotic internal carotid artery. Even after 25 years of exploring the meaning of carotid artery spectral
waveforms, there is no agreement on how the data should be interpreted. Although this color Doppler image shows an
interruption in the color flow image of the lumen, the interruption is not due to an arterial occlusion, but to a local region
of high ultrasound attenuation which causes the color Doppler signal to drop out. Thus, the diameter of the color Doppler
streak cannot be used to assess the lumen. In this case, the vessel walls cannot be easily seen. A stenosis is present at
the Doppler sample volume as indicated by the high velocity. The spectral waveform is confusing. The highest Doppler
frequency shift which was measured by the examiner 220 ms after the onset of systole at 497.3 cm/s is probably not
accurate because the measurement is at the time of greatest spectral broadening (SB), indicating eddies in the flow. Use
of the Doppler equation is not appropriate for these eddy velocities because the heading of the vectors is not known.
The true peak systolic (PS) velocity probably occurs 100 ms after the onset of systole where the measurement is near
4 m/s and the Doppler equation is probably accurate if the velocity vector is assumed to be parallel to the artery axis. An
appreciating of the difference between the believed accuracy of 497.3 cm/s versus ‘about 4 m/s’ is important because of
the clinical decisions that result. The PSV is used to decide whether a patient with symptoms of mini-stroke should have
surgery. In this case, the end diastolic velocity (EDV) is measured at 135.2 cm/s. An EDV value exceeding 140 cm/s in
a single measurement would cause a vascular surgeon to schedule the patient for carotid endarterectomy surgery even if
the patient has no symptoms

of echoes (Fig.21.50) provides the difference wave-
form containing the motion information. Then the time
shift between difference waveforms can be measured
(Fig.21.51).

A comparison between the time-domain equation
and the Doppler equation shows that AT = A¢/ fys. This
indicates that it is the demodulator frequency, not the
frequency of the echo, that is relevant for the Doppler
equation; the former must be close (and is usually equal)
to the transmitted center frequency, i. e., the frequency
required in the Doppler equation. There are substan-
tial differences between the Doppler and time-domain
systems. First the time-domain system usually transmits
a broadband, short ultrasound pulse. The signal-to-noise
ratio of the echo is determined by the transmit pulse en-
ergy. To achieve the same energy in a short pulse, the

temporal peak power must be high, leading to a high
acoustic pressure. When analyzing the time shift be-
tween the echoes, it is easiest to test for the time-lagged
correlation by stepping one digitizing interval at a time.
So, if the echo is digitized at a rate of 20 MHz, the
digitizing interval is 50 ns (A7), equivalent to a tissue
displacement of 0.0375 mm. If the pulse repetition fre-
quency is 10kHz, so the inter-pulse interval is 100 s
(At), the velocity resolution is 38 cm/s (0.4 m/s). Time-
domain systems usually digitize at a higher frequency
and usually interpolate the wave between the measure-
ments to improve velocity resolution. For large time
shifts, when noise is present, the time domain system
usually has trouble with peak hopping, associating the
wrong cycles in the wave when determining the time
shift. This results in a measurement error identical to
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Fig. 21.54 Doppler spectral waveform signals from the in-
ferior vena cava showing augmented flow. Doppler spectral
waveforms show velocity (vertical axis) versus time (hori-
zontal axis). In addition to the difference in flow direction,
venous flow is differentiated from cardiac flow because the
venous flow varies with respiration and with manual com-
pressions of the tissues. Here the sudden increase in venous
flow in the distal inferior vena cava was created by releas-
ing an occlusion of the venous outflow from the legs. ECG
tracing (green) shows cardiac timing. The heart beat to the
right of center is due to a premature ventricular contraction,
an abnormal heart rhythm which does not affect the venous
flow

aliasing. So, the advantages of time-domain process-
ing over Doppler processing, while promising, have not
been fulfilled.

Clinical Applications of Ultrasound Velocimetry
The most common application of pulse Doppler ultra-
sound spectral waveform analysis is the examination
of the carotid arteries [21.68] for stenoses that might

lead to stroke (Figs.21.52, 21.53). The measurement
of high systolic (> 125cm/s) carotid blood veloc-
ity is associated with a 20% chance of stroke in
two years in a patient reporting stroke-like symptoms

Fig. 21.55 Duplex echocardiogram of a heart with an atrial septal defect. The jet of blood from the left atrium to the
right atrium can easily be seen on the color flow image. The Doppler spectral waveform taken at the center of the jet
orifice at a Doppler angle of 25° to the jet shows velocities as high as 1.4 m/s when the inter-atrial pressure difference
is the greatest. Correcting the velocity for the Doppler angle (cos 25 = 0.906) increases the velocity value to 1.54 m/s.
Cardiologists usually attempt to orient the Doppler transducer to align the jet with the Doppler ultrasound beam to achieve
a zero Doppler angle. The pressure difference between the chambers can be computed using the Bernoulli equation
for blood velocity Ap[mmHg] = 4 [mmHg/(m/s)*] V2. The pressure difference here is near 9 mmHg (courtesy Frances

DeRook and Keith Comess)
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Fig. 21.56 Vibration from the mitral valve. Signals from blood flow are mixed with signals from solid tissue motion. Here,
the signal of solid tissue motion is suppressed by the wall filter, which suppresses clutter at frequencies below 400 Hz.
However, in this case with the Doppler sample volume in the mitral orifice, as the mitral valve closes for the fourth time,
the valve vibrates at a frequency of 2kHz for a period of 8 ms causing the harmonic (Bessel function) spectral pattern
with seven harmonic terms, indicating that the amplitude of the vibration is high (courtesy Frances DeRook and Keith

Comess)

(TIA = transient ischemic attack, RIND = reversible
ischemic neurological deficit). The measurement of
a high-end diastolic velocity (> 140cm/s) in any pa-
tient is associated with a 20% chance of stroke in two
years from emboli released from the carotid stenosis.

011142005 02:36:19 PRI

Such findings, by themselves, can direct a patient to
treatment that will prevent devastating disability.
Examination of the veins of the legs with Doppler
for the detection of deep venous thrombosis (DVT) is
another popular examination that can lead to life sav-

Fig. 21.57 Duplex echocardiogram tissue Doppler of myocardium. Like velocity measurements from blood flow, velocities
of solid tissues can also be measured. Low velocities of the intra-ventricular septum of the heart indicates abnormal muscle

contraction (courtesy Frances DeRook and Keith Comess)
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Fig.21.58 Tissue strain in calf muscles. During tissue perfusion, different strain waveforms indicate resting perfusion
(red) with high peripheral (arteriolar) resistance or hyperemic perfusion (blue) with low peripheral resistance. In this case,
the calf muscle was imaged at rest, and then at intervals for a period of 5 min following a toe stand exercise. Immediately

after exercise, the peripheral resistance is low to make up

for the metabolic oxygen deficit after exercise. Five minutes

after exercise, most of the muscle tissue has returned to the resting state (Courtesy John Kucewicz)

ing therapy. Because venous pressures are near 5 mmHg
in the supine patient, normal venous flow is associated
with respiration and minor local compression rather
than pulsatile with the cardiac cycle (Fig.21.54). Pul-
monary embolus from venous emboli released from
a DVT may account for one-third of sudden cardiac
death cases [21.69]. A venous Doppler examination
failing to show spontaneous venous flow with respira-
tion indicates a venous obstruction that may be a DVT
that could progress to threaten life if not treated with
anticoagulation.

Cardiac Doppler examinations for blood flow are
perfectly suited to characterize narrow holes between
the cardiovascular structures in the chest (Fig.21.55).
By measuring the velocity of blood flow jets and apply-
ing the Bernoulli equation, the instantaneous pressure
difference between the associated chambers of the heart
can be measured. This works for all heart valves and wall
defects so the method can be used to identify pulmonary
artery hypertension as well as cardiac valve failure.

Although blood velocity through valves can be meas-
ured (Fig. 21.56), the dynamics of solid structures such
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Fig.21.59 Tissue pulsations in brain measured with ultrasonic phase gradient demodulation. Using ultrasound to measure tissue
displacement over time with a resolution of 0.05 um and differentiating motion with depth to measure strain, perfusion waveforms
can be obtained. Independent component analysis of the brain perfusion signal reveals the cardiac and respiration contributions to
the natural tissue strain (Courtesy Lingyun Huang)

as valve vibration, can also be characterized. By mea-
suring the velocity of the cardiac wall, regions of poor
myocardial function can be identified (Fig.21.57).

Tissue Strain Imaging
A number of laboratories are exploring the ultrasound
measurement of tissue strain [21.70] for diagnos-
tic purposes. The most popular examinations involve
the measurement of tissue response to externally ap-
plied vibration or pressure. These methods are called
elastography or elastometry. During ultrasound exam-
ination, the ultrasound scan head or a nearby device

is pressed on the tissue to induce a strain of sev-
eral percent, either static or vibrating. By monitoring
the relative motions of the tissues in response to the
applied strain using Doppler or time-domain meth-
ods, the relative elastic properties of the tissues can
be determined. The computation simply takes the
derivative of the motion as a function of depth. To
achieve 10% resolution on a 1% applied strain in
I mm voxels requires that the ultrasound motion de-
tection system resolve 1 pum tissue displacements. This
requires a 1 GHz digitizing rate for a time-domain sys-
tem without interpolation. A Doppler system with 6 bits
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Fig.21.60 Tissue vibrations of a punctured artery. Flow through any small orifice which results in a pressure drop can
cause vibrations. Arterial bleeding can be detected by searching Doppler signals for such vibrations. (Courtesy M. Paun,

M. Plett)

of dynamic range can achieve a 1 pum displacement
resolution.

60 — 70% focal stenosis in top third of RCA
Apical view

300Hz , ~4.5um

10 cm

0 um

Center frequency: 2 MHz; PRF = 1 kHz; ensemble = 10

Image Computing Systems Laboratory, Electrical Engineering

More challenging is to examine the natural tissue
strain that occurs as the tissue fills and empties of blood
each cardiac contraction and each respiratory cycle.
Normal tissue strain for arteriolar filling is 0.1%. To
resolve 0.1% strain with 10% resolution in 1 mm voxels
requires the resolution of 0.1 wm displacements. This
requires Doppler demodulation of a 5 MHz echo with
at least 9bits of dynamic range. Ultrasound pulsatil-
Fig. 21.61 Vibration of a coronary artery stenosis. Flow
through any small orifice which results in a pressure drop
can cause vibrations. Flow though a stenosis causes a bruit
(Fig. 21.2), or murmur which can be detected and measured
with ultrasound. These 4.5 pm-amplitude 300 Hz vibrations
on the surface of the heart at the location of a stenosis in
the right coronary artery occur only in diastole when the
coronary flow rates are the highest. (Courtesy S. Sikdar,
T. Zwink, S. Goldberg)
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ity images can be made of most body tissues including
muscle (Fig.21.58) showing physiological responses
to stresses, and brain [21.71] (Fig.21.59) showing the
separate effects of pulse and respiration.

Tissue Vibration Imaging

Several pathological conditions are associated with the
presence of tissue vibrations. These were discussed at
the beginning of the chapter where the detection of the
vibrations with a stethoscope was described. Of particu-
lar interest are vibrations associated with arterial stenosis
and vibrations and motions associated with internal
bleeding [21.72]. Using the same Doppler demodula-
tion methods, but filtering for the cyclic motions of the
highly echogenic solid tissues rather than the continuous
motions of the poorly echogenic blood, vibrations can
be detected and rendered as an image showing patholo-
gies such as arterial bleeding (Fig. 21.60). The amplitude
and frequency of the vibrations are characteristic of the
rate of bleeding. Arterial stenoses including stenoses of
the coronary arteries (Fig.21.61) can be demonstrated
in vibration images.

Modern Ultrasound Scanners
Real-time diagnostic ultrasound scanners changed little
on the outside between 1975 and 2000; they are nar-
row enough to fit through a doorway (Fig.21.62) and
draw less than 1.5kW of electrical power from a stan-
dard power outlet in the hospital wall. However, inside
the systems have evolved from analogue devices to dig-
ital devices (Fig.21.63), with the conversion to digital
processing determined by cutting-edge computer tech-
nology. Now an ultrasound scanner with a full array of

21.5 Medical Contrast Agents

Contrast agents are used in medical imaging to make
invisible structures visible. Contrast agents can be clas-
sified by anatomic/application: intraluminal /intracavity,
excretory, diffusional, and chemotactic. Contrast mech-
anisms include reflection, absorption, fluorescence,
emission and nuclear resonance frequency shift.
Intraluminal /intracavity agents are used to visualize
the cardiovascular system, gastrointestinal system, re-
productive system, body cavities, and other spaces. The
contrast agent is injected into the space, where it spreads
throughout the structure of interest. Excretory systems
are used to visualize the renal system [excretory uro-
gram or intravenous pyelogram (IVP)] or gall bladder

1A [

Fig. 21.62 Modern ultrasound imaging system. During the
quarter century between 1975 and 2000, ultrasound systems
retained the same exterior design, mounted on wheels, nar-
row enough to fit through a doorway, light enough that
a sonographer could push the system, short enough so
that a sonographer could see over the top and powered
by a 1.5kW outlet. To the right is the key to good ul-
trasound diagnosis, the well-trained, certified, experienced
ultrasound examiner

functions is constructed from software, using a Windows
laptop computer (Fig.21.64) or a custom box. Ultra-
sound systems can be produced inexpensively and can
obtain the diagnostic results automatically, so that a pa-
tient can use the system for self-management of some
conditions (Fig. 21.64).

and bile duct (cholangiopancreaticogram). The contrast
agent is injected into the venous system and is excreted
in concentrated form by the target organ. Because of the
concentrating action of the kidney, a contrast agent in the
urine will be 100 times more concentrated than in the
blood. Diffusional agents are injected into the venous
system and diffuse into the interstitial space through
leaky capillaries. Newly formed capillaries are leaky,
and such diffusion may mark local angiogenic factors
secreted by tumors or retinopathy. Contrast magnetic
resonance imaging (MRI) for breast tumor detection and
fluorescene angiography of the retina are examples of
diffusional agents. Chemotactic agents are injected into
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the veins and diffuse into the interstitial space through
normal capillaries, where they bind to tissues of inter-
est such as tumor cells. The time between the injection
of a chemotactic contrast agent and the imaging study
is several hours. This method is common in nuclear
medicine imaging.

Ultrasound contrast agents cause increased backscat-
ter of ultrasound and often cause the generation
of harmonics. X-ray contrast agents contain heavy
nuclei which absorb X-rays to provide contrast. Fluo-
rescene, indocyanine green and other dyes are activated
by high-energy (short-wavelength) photons and emit
longer-wavelength photons, which are detected by op-
tical camera systems. Chemotactic chemicals prepared
with short-half-life (hours) nuclear isotopes are prepared
and injected within a few hours. After allowing time for
the agents to accumulate in the tissues of interest, the
sources of radiation are imaged with pinhole or colli-
mation nuclear radiation cameras. Gadolinium is used
as a contrast agent in nuclear magnetic resonance imag-
ing. The paramagnetism of gadolinium decreases the T;
and T, relaxation times, which are displayed in the MR
image.

21.5.1 Ultrasound Contrast Agents

The first intravenous ultrasound contrast agents [21.73]
were large bubbles generated by intravenous injection
of indocyanine green [21.74], other injectable liquids
including saline and blood [21.75-77], and finally agi-
tated saline [21.78]. These bubbles were so large that
they would not pass through capillaries, so appear-
ance in the left heart or arteries was proof of a shunt
bypassing the lungs. These bubbles were generated inad-
vertently or deliberately by flow-induced cavitation. The
bubbles contained air that was dissolved in the blood.
These bubbles generated strong ultrasound reflections
because of the large difference in ultrasound impedance
between the body (water) and the air in the bubbles.
Small bubbles were not stable, so only large bubbles
survived.

Currently, most commercial ultrasound contrast
agents are small bubbles or particles, which are able
to pass through the capillaries of the lungs but are
confined to the vascular system. Some ultrasound con-
trast agents are solid particles smaller than a micron
in diameter. These are Rayleigh scatters of ultrasound
at the fundamental frequency. Most ultrasound contrast
agents are bubbles about 3 wm in diameter (Fig.21.65)
so that they will pass through pulmonary capillaries
and recirculate in the cardiovascular system. They are
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Fig.21.63 Diagnostic ultrasound signal processing history. The
amount of data transferred between the stages of the ultrasound
signal-processing chain is a minimum around the display, the dis-
play systems were converted to digital processing during the early
years of digital technology development. Beam forming occurs in
two directions: in the plane of the image, where the evolution from
mechanical to analog to digital proceeded with time, and perpen-
dicular to the plane of the image, where mechanical focusing was
replaced by digital electronic focusing and then steering with the ad-
vent of transducers segmented into two-dimensional arrays. Pointing
of the ultrasound beam between 1980 and 1990 was done digitally
in linear array raster scans by switching on selected transducers in
the array, but in phased-array sector scans the direction of the beam
was determined by adjusting the phase delay with nanosecond reso-
lution on each transducer. Because analog signals have a continuum
of possible signal levels, small differences in analog signals can be
extracted as long as the differences are greater than the noise in the
signal. Once a signal is digitized, no noise is added to the signal by
processing. The 10 GBit/s data rate on the receiving path is based
on the assumption that the transducer is divided into an array

also Rayleigh scatters, but because they oscillate, they
convert the fundamental ultrasound frequency into har-
monics because of the nonlinear properties of their
oscillation.

21.5.2 Stability of Large Bubbles

The size of stable bubbles can be estimated from phys-
ical principles. The gas inside a stable bubble of radius
r (Fig.21.65) is under a pressure equal to the sum of
the ambient atmospheric pressure plus the fluid pressure
(1 atm = 10 m of water), and the pressure generated by
the surface tension of the interface between the con-
tained gas and the external fluid (water). In the body
and in carbonated beverages, the depth of the bubbles is
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small compared to 10 m of water, so the pressure added
because of the depth of the fluid can be ignored com-
pared to atmospheric pressure. A force balance on the
equator of the bubble equates the pressure force Pmr?
to the surface tension force o2xr. Thus the pressure

Fig.21.64a-c Two small ultrasound imaging systems,
based on the request of the Defense Advanced Research
Project Administration for general-purpose handheld
systems with full function (a) and (b) and an application-
specific imaging system. (a) Terason scanner using a laptop
computer; (b) SonoSite scanner using custom electronics;
(c) Application-specific ultrasound scanners (BladderScan)
are palm-sized and fully automatic. This instrument shows
no image, but displays the volume of urine in the bladder
as a number or an alarm, depending on the application

in the bubble above the ambient pressure is P = 20 /r.
In the absence of a surfactant, the surface tension of
water is 70d/cm. When r = 1.4 um, P =1 atm; this
is a huge chemical potential to drive the contained
gas into solution. If a bubble is 0.14mm in diam-
eter, too large to pass through a capillary (red blood
cells are 8 wm in diameter), then the pressure eleva-
tion in the bubble caused by surface tension is 0.01 atm
and the gas contained in the bubble has a low driv-
ing force to diffuse into solution. So, large bubbles
are more stable than small bubbles. If the surface ten-
sion is reduced by applying a surfactant (shell) to the
bubble, then small bubbles become stable. If the gas
contained in the bubble is less soluble in blood and/or
has a low diffusion constant, then the bubble has a longer
life.

Pressure
MPa 4 P <.

02|

Fig.21.65 Contrast agent bubble. An ultrasound contrast
bubble is a system consisting of a gas inside the bubble,
a surfactant, a surrounding liquid, and solutes including
gases and surfactants in the liquid solvent. Thermodynam-
ics and the transport of heat and of the dissolved gasses and
dissolved surfactant materials all contribute to the response
of a bubble to ultrasound exposure. Interactions between
bubbles are also important factors in contrast agent dy-
namics. Here are the expected sizes for a bubble based on
an isothermal ideal gas model without considering surface
tension for an ultrasound intensity of 87.5 kPa
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21.5.3 Agitated Saline
and Patent Foramen Ovale (PFQ)

Agitated saline contrast bubbles are generated by forcing
fluid rapidly through a small orifice, such as an injection
needle. They have an important diagnostic application:
to determine whether there is a shunt from the right heart
to the left heart, bypassing the lungs. The most common
of these shunts is the patent foramen ovale (PFO). PFO
may be a cardiovascular defect of considerable medical
importance. If a person under the age of 50 has a stroke
due to occluded vessels in the brain (ischemic stroke),
the most likely cause is a PFO. One affected group is
divers, who return from great depths with large amounts
of gas dissolved in their body tissues, especially in fat.
Bubbles which form in the low-pressure venous system
as the gas is transported toward the lungs, might pass
through a PFO during a cough, releasing these large bub-
bles into the arterial system where they cause occlusion
of arteries and ischemia of the tissues that were supplied
by the arteries. Ischemia of some tissues might be unno-
ticed. Ischemia of other tissues might cause pain that is
ignored. Ischemia of some portions of the brain might
result in undetected changes in personality or memory.
Only ischemia of the motor and sensory cortices of the
brain causes loss of sensory and motor function that are
recognized as stroke symptoms. In divers, these symp-
toms are called neurological symptoms of the bends, in
others they are called transient ischemic attacks (TIA)

or stroke, depending on whether the symptoms last less
than 24 h or longer than 24 h, respectively.

The foramen ovale is a normal structure before birth,
along with the ductus arteriosus, allowing the blood to
circulate in parallel through the fetal body, lungs and
placenta. At birth, with the muscular constriction of
the ductus arteriosus to obliterate the lumen, pressure
shifts cause the flap valve of the foramen ovale to close
and over time it will seal in most people. However, in
some people the foramen ovale does not seal, opening
occasionally when the person coughs or strains. The
prevalence of PFO in the general population is 30% at
age 20 and 10% at age 70. The reason for the decline in
prevalence is either because in some people the foramen
seals after age 20 or because these people suffer repeated
embolic events from the venous to the arterial circula-
tion, which progressively damage body organs leading
to failure and death. In the absence of PFO, such venous
emboli pass to the lungs where they temporarily occlude
portions of the lung, but resolve over time.

The importance of the diagnosis of PFO is currently
disputed, but two factors may make testing for PFO
a part of every physical examination:

1. the cost of the contrast agent is only the 2 min that it
takes to handle off-the-shelf saline and

2. recently catheter methods of sealing a PFO have
been released for testing, avoiding the need for open-
chest heart surgery to seal the defect. If 2/3 of the

Fig. 21.66 Two-dimensional B-mode real-time echocardiogram of the left ventricle. Left: left ventricle without ultrasound
contrast agent. Right: left ventricle with intravenously infused Optison ultrasound contrast agent (courtesy Frances DeRook
and Keith Comess)
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people with PFO at age 20 die before the age of
70, this diagnosis would be an issue of considerable
importance.

21.5.4 Ultrasound Contrast Agent
Motivation

The case for the development of stable ultrasound
contrast bubbles small enough to pass through the
capillaries of the lungs and appear in the systemic
arteries is based on the wide use of ultrasound in
medical imaging. Over half of all medical imaging
is done with ultrasound, so there are many potential
applications for contrast agents. Because these mechan-
ical agents are confined to the vascular space, they
cannot provide contrast in excretory, diffusional or ex-
travascular chemotactic applications. Blood is a poor
reflector of ultrasound, generating echoes 60dB be-
low the echoes from vascular walls. Contrast agents
increase the backscatter. In most cases, the detection
of blood flow is easy by Doppler methods which can
reject the high-intensity stationary echoes from vas-
cular walls and detect the moving echoes of blood
using Doppler methods. However, in cases where the
blood is moving slowly, these methods are more diffi-
cult and there is an advantage from the increased echo
signals produced by contrast agents. Thus, in identi-
fying the exact location of endocardium (Fig.21.66),
in regions deep within strong attenuators (such as
skull) and for blood flow in capillaries, contrast agents
promise to provide important additional diagnostic
information.

21.5.5 Ultrasound Contrast Agent
Development

Ultrasound microbubble contrast agents have been un-
der development for a quarter century [21.79]. The first
task in the development of microbubble contrast agents
was to make stable bubbles small enough so that they
could pass through the capillaries of the lungs (about
3 wm in diameter) after injection into the venous system,
and stable enough to survive long enough to be useful
(more than 1 min, preferably 30 min). Three strategies
are available to stabilize the microbubbles:

1. lower the surface tension,

2. form bubbles of a gas with low solubility or diffu-
sivity in water/blood and

3. produce a gas-impermeable barrier at the gas—liquid
interface.

Surfactants lower surface tension; fluorocarbons have
low solubility in water/blood; polymeric shells can be
impermeable to gas diffusion. A series of contrast agents
have been developed based on various combinations of
surfactant, contained gas and method of formation.

The behavior of ultrasound contrast agent microbub-
bles is complicated and can easily consume an entire
career. Only a few factors will be mentioned here. A mi-
crobubble consists of three phases: the contained gas,
the surfactant, and the surrounding fluid. The size dis-
tribution of the bubbles is determined by the method
of formation. Air-filled albumin-coated microspheres
can be formed by whipping a mixture of albumin and
water in a blender. This forms a broad distribution
of microspheres. The desired size can be selected by
centrifugation or flotation. A more nearly uniform mi-
crobubble size can be achieved by metering the relative
volume of surfactant and gas through a calibrated noz-
zle orifice. The relative amounts of gas and surfactant
are determined by the desired surface to volume ratio.
The speed of bubble extrusion is crucial to the forma-
tion of bubbles of stable size. If prepared for medical
use, in addition to a sterile preparation, formed using
Food and Drug Administration (FDA)-approved good
manufacturing practice, the agent must have sufficient
stability and shelf life to permit distribution, storage and
timely preparation for use.

When released into blood, the contained gas is usu-
ally not at equilibrium with the dissolved gases in the
blood. A microbubble filled with fluorocarbon will take
up nitrogen, oxygen and carbon dioxide without releas-
ing much fluorocarbon, so the microbubble will swell
after injection. The amount of swelling will depend, in
part, on the amount and properties of the surfactant. If
the bubble swells so that the surface area begins to ex-
ceed the available surfactant, the surface tension rises.
This may favor bubble coalescence. As the microbubble
passes through the lungs, some of the contained fluo-
rocarbon will be released. Gas exchange between the
microbubble and the dissolved gas in the blood is con-
tinuous during the life of the bubble. Some surfactants
and some contained gases have chemical or physical
affinities for the interior surfaces of the cardiovascular
system of the lungs, arteries, capillaries or veins. The
bubbles may become specifically adsorbed to the endo-
luminal surfaces of these vessels. This can be accidental
or deliberate, and can become part of the functionality of
the contrast agent. When specifically adsorbed, the sur-
factant may migrate to the vascular surface or may take
on molecules from the vascular surface or surroundings.
Of course, the contrast agent might be taken up by cells,
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transported by those cells and/or retained in particular
tissues or organs.

21.5.6 Interactions Between Ultrasound
and Microbubbles

When exposed to ultrasound at diagnostic frequen-
cies (1-20 MHz), the contrast bubbles will oscillate at
the driving frequency of the ultrasound, emitting the
fundamental frequency as well as harmonics of the
fundamental frequency. Microbubbles have a natural
resonance frequency, primarily determined by their size,
surface tension, shell rigidity (if any) and the density of
surrounding material. If stimulated at a frequency near
the resonant frequency, the amplitude of oscillations will
be greater. The pressure of the interior gas varies with
volume according to the rules of adiabatic compression
and expansion, at least to the extent that the process
is too fast for heat transfer. Although the waveform of
the oscillation is primarily determined by the waveform
of the driving ultrasound, the surfactant forces also play
a great role in this process. When the ultrasound pressure
is high (for 0.3 ps) the gas compresses, the temperature
raises, the water vapor pressure increases as does the
pressure of other gases. The gas pressures rise above the
surrounding partial pressures of gas, providing a driving
force to move gas out of the bubble into solution. Be-
cause the bubble is small, the surface area available for
heat and mass transfer is small, and the amount of loss of
heat and gas is small. Alternatively, when the ultrasound
pressure is low (the subsequent 0.3 ps), the pressures
and temperature drops, providing driving forces for heat
and gas to enter the bubble. Now the surface area is
large and it is easy for transport into the bubble, leading
to rectified diffusion of gas and heat into the bubble.

At the body temperature of 37 °C, the vapor pres-
sure of water is 6.2kPa, 6% of atmospheric pressure.
An acoustic wave of 285 mW/cm? SPTP (spatial peak
temporal peak) intensity drops the pressure in a bubble
below the vapor pressure of water (ignoring surface ten-
sion) which will cause the water to vaporize, filling the
bubble with water vapor in addition to the other con-
tained gasses. The latent heat of evaporation lowers the
temperature of the bubble. On compression, the recon-
densing of the water adds heat to the bubble. When the
ultrasound is compressing the bubble, the surfactant acts
as a stable skin. The skin may even exhibit negative sur-
face tension. Like the hull of a submarine deep in the
ocean, the surfactant may hold the bubble gas pressure
lower than the surrounding pressure. Similarly, when the
ultrasound pressure has dropped below ambient, and the

bubble expands to form a larger surface area, the sur-
factant, which is often a monolayer of molecules on the
surface, will change in configuration, become patchy and
result in increased surface tension, holding the internal
gas pressure higher than expected from the surround-
ing pressure. As there is a driving force for the gaseous
contents of the microbubble to experience rectified dif-
fusion, there is also a driving force for the surface phase
to experience rectified diffusion, changing the compo-
sition of the surface. A stable molecular monolayer on
the surface of the bubble at one bubble volume will
become compressed when the bubble becomes small,
providing a driving chemical potential to both change
the phase of the monolayer to a multilayer and to drive
some of the surfactant into solution. The monolayer will
be expanded when the bubble becomes large, provid-
ing a driving chemical potential to draw surfactant from
solution. The solution my provide surfactant materials
that are similar to or different from the original surfac-
tant on the microbubble. Unless the concentration of
potential surfactants in solution is high, this process is
too slow to affect bubble behavior. In experimental solu-
tions, such concentrations may be low, but the complex
mixture of complex molecules in blood may favor such
a process.

21.5.7 Bubble Destruction

The first experiments with microbubble contrast agents
were disappointing. Contrast agents did not produce re-
flections as bright as expected. Increasing the transmit
intensity did not improve the strength of the echoes com-
ing from the agents. In an effort to improve the signal
strength, broadband ultrasound transducers were used to
form harmonic images. An ultrasound transducer oscil-
lates at a resonant fundamental frequency determined by
the thickness. The transducer has no efficiency or sen-
sitivity at double the frequency, although it does have
one-third the efficiency and sensitivity at triple the fre-
quency. By damping the transducer, a transducer with
a center resonant frequency of 3MHz can be made
to operate at frequenciesof 1.9—4.1 MHz. In harmonic
imaging to detect contrast bubbles, a 2 MHz transmit
burst is applied to this broadband transducer and the
receiver is tuned to 4 MHz. Echoes from tissue are ex-
pected at 2 MHz, echoes from contrast microbubbles
are expected at 2 MHz and 4 MHz. By selecting only
echoes at 4 MHz, clear visualization of the contrast bub-
bles was expected. Unfortunately, for this application,
because ultrasound transmit intensities are so high, ul-
trasound transmission in tissue is nonlinear, generating
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Fig. 21.67 Ultrasound therapy system

harmonics in the transmit beam on the way to the re-
flectors. So even without contrast microbubbles, tissue
echoes contain 4 MHz, 6 MHz and 8 MHz components
when exposed to 2 MHz transmit pulses. Even more
disturbing, real-time B-mode images still did not show
brighter echoes from contrast-filled blood spaces than
from the same spaces before the introduction of the con-
trast agent. The reason for this puzzling result is that
the transmitted ultrasound pulse destroys the echogenic
bubbles, bleaching the contrast effect. Only bubbles of
a particular size are bleached by the particular incident
ultrasound frequency used, some becoming larger by co-

Fig.21.68 Combined ultrasound diathermy and elec-
trotherapy system. Deep heating of tissue can be achieved
by using ultrasound or by using radio-frequency electric
currents. This system is capable of delivering both kinds
of heating. The two transducers shown are for ultrasound,
but since the metallic surface is in contact with the pa-
tient, either can also apply RF diathermy when used with
a counter-electrode

alescence and some dividing into smaller sizes, so they
are not strongly echogenic at the incident frequency.
The process of bubble destruction takes several millisec-
onds after exposure to a single ultrasound transmit burst.
This provided the basis for two new methods of imag-
ing with ultrasound contrast microbubbles: interrupted
imaging and color Doppler imaging. If 2-D real-time
B-mode imaging is used at a typical frame rate of 30
images per second, the interval between one pulse-echo
cycle along an image line and the next is 33 ms, so the
echogenic bubbles are gone after the first frame, and
any new echogenic bubbles that enter the image field
are destroyed as the imaging continues. This led to in-
terrupted imaging of the heart muscle. In interrupted
imaging, a series of ECG-triggered images is recorded
for later analysis. Each image is acquired at the same
time during the cardiac cycle so that successive images
are separated by at least one cycle. During the sequence
of ECG-triggered acquisition of images from a single
plane, an initial image is obtained (i0), after an interval
of five cardiac cycles a second image is obtained (i5),
after the next interval of four cardiac cycles the next im-
age is obtained (i4), then after three cycles (i3) and after
two cycles (i2) and finally after an interval of one cy-
cle the final image is obtained (il). In theory, the prior
image bleaches all of the contrast while acquiring the
image. For contrast to appear in the next image, per-
fusion must carry the contrast bubbles into the image.
By subtracting i5 from i0, all regions with significant
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perfusion are dark. By subtracting il from i2, only the
regions that are filled with contrast within a second are
dark, those that fill during the time between 1 and 2s
are bright. By subtracting i4 from i5, the bright regions
showing contrast bubbles in the image i5 that are not
present in i4 show the regions that are filling slowly
with blood.

During a color Doppler or color power angiography
ultrasound examination, the ultrasound system sends
an ensemble of eight transmit bursts at intervals of
0.2ms along the ultrasound beam pattern to measure
the changes in phase of the ultrasound echoes. In that

Fig.21.69 5MHz ultrasound is attenuated more in a short
distance than 2 MHz ultrasound (upper lines). At shal-
low depths 5 MHz ultrasound delivers more heat because
of greater absorption (lower interrupted line), but at the
deepest depths, 2 MHz ultrasound provides greater heat-
ing (lower solid line). Because of the low absorption of
ultrasound by fat, little heating occurs in fat

1.6 ms period, the contrast bubbles will begin and com-
plete the process of vanishing. Thus there will be a large
change in the echoes received from each depth during
the period of the ensemble. This will be interpreted by
the ultrasound system as a Doppler signal and displayed
as color in the image.

The exact role of ultrasound contrast agents in med-
ical diagnosis remains to be developed. However, there
are a number of efforts to develop nanoparticles for use-
ful applications. These nanoparticles are the same size
as ultrasound contrast agents and may contain gas as
well as liquid. The National Cancer Institute Uncon-
ventional Innovations Program supports some of this
work for the diagnosis, treatment and monitoring of
cancer. Nanoparticles can act as machines, using ultra-
sound energy as the supply to do useful work. This can
be achieved using protein mechanics. Protein folding
confirmations can change in nanoseconds, the molecu-
lar volume is different for each conformation and the
energy states of folding change under high and low pres-
sure, so ultrasound can be used to drive proteins from
one conformational state to another. Nanoparticles can
be used to deliver drugs [21.80] to target tissues, with
ultrasound serving to trigger the release of the drug at
desired times.

21.6 Ultrasound Hyperthermia in Physical Therapy

One of the earliest medical applications of ultrasound
was the therapeutic heating of deep tissue because ab-
sorption of ultrasound by tissue results in the conversion
of ultrasound energy into heat. In common practice,
an ultrasound transducer 3 cm in diameter transmitting
20W at a frequency of 3MHz is applied to the skin
(Figs. 21.67, 21.68).

As arule, the size of the treatment area should be less
than twice the surface area of the transducer. Because
of diffraction effects, the ultrasound field has a com-
plex pattern of peaks and valleys. The best transducers
have a beam nonuniformity ratio (BNR) of 2: 1 in in-
tensity. A BNR of 6 : 1 is clinically acceptable. Some
instruments have a BNR of 8 : 1.

The ultrasound passes through skin and subcu-
taneous fat to the muscles and connective tissues
below. Because the attenuation of ultrasound in ten-
don is 10 times the attenuation in fat, the majority of
the heating is in the tendon (Fig.21.69). Heating is
more superficial when a higher ultrasound frequency
is used.

The attenuation in muscle and tendon is higher than
in fat, favoring the heating of these tissues even when
they are covered by fat. However, the attenuation of skin
is quite variable; some reports show skin attenuation
higher than tendon. The variability of the attenuation
in skin results from two factors, the thin and nonuni-
form character of skin, and the variable air content of
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the stratum corneum, the outermost layer of skin. With
careful application of ultrasonic gel, the air can be re-
moved from the stratum corneum layer, lowering the
attenuation.

Although ultrasound diathermy as well as other
diathermy methods are often used in physical therapy,
the effectiveness of the treatments beyond the placebo
effect is questioned by some.

21.7 High-Intensity Focused Ultrasound (HIFU) in Surgery

Starting in 1950, WilliamJ. Fry and colleagues at the
University of Illinois, Urbana, developed an ultrasound
method to heat small volumes of deep tissue to high tem-
peratures. Using a 10 cm-diameter transducer operating
at 2 MHz focused at a depth of 10 cm, tissue the size of
a grain of rice can be heated at 25 °C per second, caus-
ing the tissue to boil in 2.5 s. This method allowed Fry
to create thermal lesions in the brain for the treatment of
brain tumors and other neurological conditions.

The technology is still in evolution, but holds
promise of allowing the cautery of deep tissue without
damaging the overlying superficial tissue. A 35 mm-
diameter 5 MHz concave ultrasound transducer focused
at a depth of 35mm (Fig.21.70) delivering 30 W of
acoustic power to a treatment volume 1 mm in diameter
and 10mm long can deliver an intensity of 3 kW /cm?
(30MW/m?) to form a lesion (Fig.21.71). At such
intensities the nonlinearity of the tissue causes much

Fig.21.70 3.5MHz HIFU transducer used in abdominal
surgery research. Notice that the black transducer face is
concave (the reflection of the fluorescent light fixture is
curved). The transducer is fitted with a signal cable (black),
a pair of tubes to deliver and return cooling water (clear),
and a thermocouple cable (thin) to monitor the temperature
of the transducer. A plastic cone filled with water fits on the
front of the transducer to conduct the sound to the tissue

of the ultrasound to be converted to higher harmon-
ics (Fig.21.72), increasing the fraction of the incident
power absorbed in the treatment volume. During HIFU
treatment, ultrasound images of the treatment volume
show a spot of increased echogenicity caused by bub-
bles filled with water vapor (boiling) or with gas coming
out of solution. When the HIFU treatment stops, the
hyper-echogenic zone quickly becomes anechoic. Dur-
ing treatment, the bubbles may act as a shield, restricting
the delivery of ultrasound to deeper tissues (Figs. 21.73,
21.74).

HIFU treatment can coagulate blood to stop bleed-
ing or to render tissue ischemic, causing necrosis. The
method holds promise for:

e |
lwmm

?

{1 mm

Fig. 21.71 Histology of a HIFU lesion overlaid onto the
ultrasound image. 5s high-intensity focused ultrasound
cautry at a depth of 5 cm under tissue in porcine spleen. Typ-
ical lesions are 10 mm long (in depth from the transducer)
and 1 mm in diameter
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High intensity focused ultrasound harmonic
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Fig. 21.72 Computed central beam instantaneous pressures
from a HIFU transducer. The high acoustic pressures in the
focal zone create nonlinear effects that generate harmonics
in the transmitted ultrasound beam (courtesy F. Curra)

1. stopping internal bleeding of the liver or spleen,
stopping bleeding due to catheter procedures,

3. reducing the size of tissues such as uterine fibroids
and prostate hypertrophy,

4. destroying cancer cells and tumors,

5. birth-control procedures such as vasectomy and
tubal ligation,

6. tissue welding, and

7. pushing tissues using radiation force to stretch or
compress them.

Thermal dose is one way to summarize hyperther-
mia treatment conditions. Thermal dose implies that
tissue changes occur above 43 °C, and that the effect
is increased with increasing time and increasing temper-
ature. One empirical formula for thermal dose has been
given [21.81] as:

5]
D:/n(T)<T—43>dz,

4l

21.8 Lithotripsy of Kidney Stones

Explosive ultrasound can be used to fracture kidney
stones in the renal pelvis where the urine is collected
from the kidney and directed down the ureter to the
bladder. Stones which form in the renal pelvis from
solutes in the urine are very painful. The pain occurs
because urine is moved down the ureter by peristaltic ac-
tion, and the peristalsis cannot handle a bolus the size of

—

1 MPa 25 W/cm?
1.2 MPa 40 W/cm?
1.6 MPa 80 W/em?
2.6 MPa 200 W/cm?

8 MPa 2000 W/cm?

Fig.21.73 Typical HIFU ultrasound beam profile. High-
intensity focused ultrasound beam profile showing increase
in beam intensity, not accounting for attenuation. The small
circles post focus represent bubbles formed by a combina-
tion of mechanical-index-induced cavitation boiling. They
are pushed into the post-focus zone by radiation pressure.
As the exposure continues, more bubbles will be formed at
shallower depths. Post-focal bubbles may provide a safety
shield, preventing HIFU exposure of deeper, healthy tissue

where t; and 7, are the initial and final times of the heat-
ing profile, respectively, and n(T) is 4 for T < 43°C
and 2 for T > 43 °C. The temperature is determined by
the rate of heat delivery per tissue volume, which is
the product of the intensity times the attenuation mi-
nus the rate at which heat is removed from the tissue
by conduction through tissues, and convection via the
blood.

The most difficult issue with HIFU is the small treat-
ment volume versus the relatively large access window.
Under ideal conditions, the treatment of a single volume
of tissue 10 mm? takes about 2 s. A cubic region 50 mm

on a side has a volume of 125000mm?> and requires
nearly 4h to treat. These long treatment times present
a considerable economic problem for the adoption of the
technology.

a stone. One type of ultrasound lithotripter uses a 10 cm-
diameter concave reflector with a spark gap at the source
focus. The elliptical curvature forms a target focus 12 cm
from the face of the reflector. Equally intense ultrasound
pulses can be formed using focused piezoelectric trans-
ducers or electromagnetically driven membranes with
the ultrasound focused using an acoustic lens.
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A water path is used to couple the reflector to the
skin nearest the affected kidney so that the target fo-
cus can be positioned on the kidney stone. By firing
the spark gap in the water at the source focus, pres-
sures of +100 MPa followed by —10 MPa are achieved
at the target focus. Treatment of a kidney stone may
require 3000 shocks delivered over an hour. The ob-
ject of the treatment is to break a large stone (> 1cm
in diameter) into smaller pieces (< 2 mm diameter) that

21.9 Thrombolysis

A new therapeutic application of ultrasound is the
destruction of blood clots occluding vessels. Two
mechanical methods may contribute to clot destruc-
tion [21.83-85]: the formation of microbubbles in
the clot (cavitation) and differential radiation force
on the clot squeezing and expanding the clot like
a sponge to take up thrombolytic drugs. There are

21.10 Lower-Frequency Therapies

Lower-frequency ultrasound is used for tissue disrup-
tion and cleaning purposes. To remove an opacified lens
(cataract) from the eye through a small incision, a nee-
dle oscillating at 25-60kHz is used to emulsify the
lens (phacoemulsification), which is then removed by
aspiration (suction).

21.11 Ultrasound Safety

Undoubtedly, ultrasound is safe. In over a half century
of widespread use of diagnostic ultrasound, there are
no currently accepted reports of harm to patients or
examiners from the use of diagnostic ultrasound. How-
ever, in 1950, unamplified X-ray fluoroscopic imaging
was considered so safe that it was used for shoe fitting
in nearly all shoe stores, and for the entertainment of
children waiting to be served. In 1950, smoking was
considered to be so beneficial to health that nearly all
doctors smoked. Although there are reports that ul-
trasound examination in pregnancy is associated with
increased birth complications in retrospective studies
where ultrasound was applied to high-risk pregnancies,
a causative effect is unlikely. Fewer complications were

the ureter can carry to the bladder. The mechanism of
stone destruction includes erosion, spallation, fatigue,
shear and circumferential compression associated with
the primary shock wave or resulting cavitation. Erosion
is caused by cavitation. Spallation is the ejection of the
distal portion of the stone, resulting from a decompres-
sion wave reflected from the distal portion of the stone.
Unfortunately, lithotripsy is often associated with injury
to the kidney parenchyma [21.82].

research reports of successful thrombolysis in coro-
nary arteries [21.86], intracranial arteries [21.87, 88]
and vascular access shunts for dialysis. The ultra-
sound intensities required for thrombolysis are similar
to those used in diagnostic ultrasound. The mech-
anisms include streaming and disaggregation of the
clot [21.89].

Dental scaling is performed with a similar instru-
ment operating at frequencies of 18—30kHz and applied
power of 30 W. Cavitation is an important mechanism in
the cleaning process. Chemical additives such as tooth-
paste can suppress cavitation and degrade the cleaning
efficiency.

found in pregnancies randomized to ultrasound exami-
nation compared to those with conventional care [21.90]
because of the increased knowledge of physicians about
the expected date of delivery. In one discussion of
the safety of Doppler ultrasound examination of the
ophthalmic artery through the eye, an experienced in-
vestigator stated “If the patient doesn’t see flashes
of light, I figure that the exam is safe”. Still today,
diagnostic ultrasound is considered so safe that, al-
though there are occasional disclaimers such as “to be
used only under the supervision of a physician”, ul-
trasound examinations are performed for educational
purposes on students, demonstrated on hired actors at
trade shows, available for home use, and advertised
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Fig. 21.74a-c B-mode imaging of high-intensity focused
ultrasound lesion formation. Focal intensity 1000 W/cm2.
(a) B-mode image of tissue before HIFU  therapy.
(b) Echogenic region at HIFU treatment zone after 15
of exposure. (c) Echogenicity vanishes with time after
cessation of HIFU exposure

for entertainment purposes. One prominent ultrasound
safety expert warned that driving to the examination car-
ried more risk than the risk associated with ultrasound
examination.

In 1976, the United States congress passed the Med-
ical Device Amendments providing that the Food and
Drug Administration should have authority over med-
ical devices [21.91]. At that time, any medical device
in clinical use, in the absence of evidence of hazard,
was considered safe. Any new medical device that was

substantially equivalent to a pre-enactment device could
be approved for distribution in interstate commerce and
use by filing a 510k application showing equivalence.
Devices that were not substantially equivalent required
pre-market approval (PMA) as an investigational device.
This started a search for existing ultrasound systems that
had been sold across state lines so that the ultrasound
output levels could be measured. These old systems are
called pre-enactment systems. New ultrasound devices
that had similar or lower acoustic outputs were consid-
ered equivalent and could be approved by the FDA under
a 510k application, which was simpler and far less costly
than the PMA process.

In 1976, continuous-wave (CW) Doppler systems
were in use, pulsed Doppler systems were in use,
M-mode, 2-D static B-mode and 2-D real-time B-mode
systems were also in use. One CW Doppler system at
the time caused red spots on the skin that were called
Doppler hickies, but were still considered safe because
there were no complaints.

The task was to characterize the equivalent acoustic
output. Over the quarter century since enactment, vari-
ous methods have been developed to describe the effect
of ultrasound on tissue, to establish equivalence. Be-
cause of the common use of therapeutic ultrasound to
create tissue hyperthermia, the first consideration was
the heating effect of the ultrasound; later mechanical
effects were included in the analysis.

The heating of tissue is governed by the bioheat
equation. This equation relates the increase in tissue
temperature to the rate of heat deposit minus the rate
of heat removal divided by the heat capacity of the
tissue. The rate of heat deposit is proportional to the
incoming ultrasound power minus the outgoing ultra-
sound power, per unit mass. In a simple computation,
the heat capacity of tissue is the same as water, 1 cal/gm
or 42J/gm°C=4.2J/cm’>°C=4.2Ws/cm3°C. So,
if ultrasound at an intensity of 4.2 W/cm? is completely
absorbed by a layer of tissue (water) that is 1 cm thick,
the temperature will rise 1 °C per second, if no heat is
carried away. 42mW /cm? (420 W/m?) will raise the
temperature by only 0.01 °C per second, allowing 100 s
of exposure to raise the temperature from the normal
body temperature of 37 °C to 38 °C, well below fever
temperature considered safe by most people. Since at
4 MHz, only half of the ultrasound power is converted
to heat in one cm, the heating rate is half of the values
above.

Until 1985, ultrasound exposure levels were quoted
in terms of W/cm? related to tissue heating. Based on
pre-enactment levels, diagnostic ultrasound systems had
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a temporal average (TA) acoustic intensity at the trans-
ducer focal zone measured in a water-filled test tank
of 100mW /cm? (1kW/m?) or less. The major excep-
tion was ultrasound systems for the examination of the
eye, which had pre-enactment intensities of 7 mW /cm?
(70 W/m?). So, the generally accepted temporal average
allowable intensities became: 7 mW /cm? (70 W/m?) for
the eye and 100 mW /cm? (1 kW /m?) for all other diag-
nostic applications. The maximum intensity of sunlight
is about 50 mW/cm? (500 W/m?), but the attenuation
of sunlight at the skin is near 100%. Acceptable phys-
ical therapy ultrasound intensities were about 30 times
higher: 3W/cm? (30 kW /m?).

Ultrasound beam patterns are not uniform, especially
in the Fresnel zone (near field). The intensities at the
focus in diagnostic ultrasound beams are often three
times higher than the average intensities. Because of this,
ultrasound intensities were reported as spatial peak (SP)
intensities, to indicate the variations, or spatial average
(SA) intensities.

With pulsed-echo ultrasound imaging, the transmit-
ted ultrasound is on for less than 0.5 s every millisecond
along the same ultrasound beam pattern in M-mode ex-
amination; thus the ultrasound was on only 1/2000 of
the time (duty factor or duty cycle of 0.05%). For a spa-
tial peak temporal average intensity of 100 mW /cm?,
(1kW/m?) the pulse average (PA) was 2000 times as
great or 200 W/cm? (2kW/m?) (SP PA) and the tem-
poral peak (TP) intensity was twice that value (SPTP,
Fig.21.23, broadband pulse). A conventional pulsed
Doppler examination with a 1 s transmit burst every
50 s has a duty factor of 2% and an SPTP intensity
of 5W/cm? (50 kW /m?). In both M-mode and Doppler
examinations, the ultrasound beam pattern is held sta-
tionary for several seconds. But in real-time 2-D B-mode
imaging, each successive beam axis is along a different
line. Typically, the ultrasound is directed along the same
line at the frame rate, about 30 times per second.

Over the next decade, the guidelines for ultrasound
intensities in different applications became more so-
phisticated, separating application-specific output levels
into four categories: general, cardiac, vascular, and
ophthalmic. The motivation was to allow higher in-
tensity levels to be used for Doppler blood velocity
measurements because the echoes returned by blood
were 0.000001 (60dB) lower than those from tissue.
Rather than accepting the intensities measured at the
focal zone in a water tank, the intensities were der-
ated by computing the expected intensity if the water
were replaced by attenuating tissue with an attenuation
rate of 0.3 dB/(MHz cm). Derating allows a 3 MHz car-

diac Doppler system focused at a depth of 11cm to
derate the intensity by 10 dB, thus allowing a tenfold in-
crease in transmit power. The derated SPTA limits were:
fetal, neonatal and other general-purpose applications
—94mW /cm?; cardiac —430 mW /cm?; peripheral vas-
cular —720mW/cm?; ophthalmic —17 mW/cm?; the
SPPA limits were 190 W/cm? for the first three cate-
gories and 28 W/cm? for ophthalmic exams.

Working together, the US Food and Drug Ad-
ministration (FDA), National Electronic Manufacturers
Association (NEMA) and the American Institute of Ul-
trasound in Medicine (AIUM) began to agreed on output
display standards (ODS) for ultrasound instruments, in-
cluding the thermal index (TI, the intensity required to
raise the temperature of tissue by 1 °C) predictive of tis-
sue heating, and the mechanical index (MI) predictive
of cavitation and interactions with ultrasound contrast
agents. The TI was further divided into subcategories
for soft tissue (TIS), bone near the focus (TIB) and cra-
nial bone near the skin (TIC) based on the expected
absorption of ultrasound in the tissue. These values also
include the fact that the ultrasound beam is scanning
across the tissue in 2-D imaging. The computation of
MI is based on the SPTP intensity values, includes at-
tenuation derating but not the scanning of the ultrasound
beam.

To better understand the MI values, refer to
Fig. 21.5 which indicates that the amplitude of the pres-
sure fluctuation for a 0.3 W/cm? wave is 1atm, or
100kPa = 100kN/m?. The pressure increases by the
square root of intensity, for a linear system (which
this cannot be). So, for the M-mode SPTP intensity
of 200W/cm?, (2MW/m?) the pressure amplitude
is 26 atm, making the peak positive pressure 27 atm
(2.7 MPa) and the peak negative pressure (below zero)
—25 atm (—2.5 MPa). The MI is defined as the negative
pressure amplitude [MPa] divided by the square root of
the ultrasound frequency [MHz]. This provides a basis
for the estimation of the chance of an adverse nonther-
mal event. At 3 MHz, the MI for this case is 1.5. An MI
less than 1.9 is acceptable for obstetrical examinations
in the absence of ultrasound contrast agents our other
sources of gas bubbles.

In 1991, the FDA released its 510k guidance [21.92],
establishing a new track for approval of non-PMA
devices, regulatory track 3. This permitted increased
outputs for devices implementing the output dis-
play standard developed jointly by the AIUM and
NEMA [21.93]. This standard recognized two general
classes of mechanisms by ultrasound could adversely
affect biological tissue, thermal and mechanical, and
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provided simple metrics for the likelihood of such ef-
fects, the thermal index (TI) and mechanical index (MI).

Similar standards have been addressed in other
countries by organizations and agencies including
Health Canada, the European Committee for Medi-
cal Ultrasound Safety (ECMUS), the British Medical
Ultrasound Society (BMUS), the European Federa-
tion of Societies for Ultrasound in Medicine and
Biology (EFSUMB), the Australasian Society for Ultra-
sound in Medicine (ASUM), the Asian Federation for
Societies of Ultrasound in Medicine and Biology (AF-
SUMB), the Latin American Federation of Ultrasound in
Medicine and Biology (FLAUS), the Mediterranean and
African Society of Ultrasound (MASU), and the World
Federation for Ultrasound in Medicine and Biology
(WFUMB).

In spite of the confidence that ultrasound is ab-
solutely safe, all ultrasound agencies subscribe to the
policy of using ultrasound exposure levels that are as
low as reasonably achievable (ALARA) for diagnostic
ultrasound examinations.

In the presence of ultrasound contrast agents or gas in
the lungs or gut, there is a risk of damaging capillaries
and creating interstitial hemorrhaging in tissues when
high-MI examinations are performed.

However, there are some other considerations. In
addition to heating tissue and the compression/decom-
pression mechanical factors related to mechanical index,
an ultrasound wave exerts radiation pressure on tissue as
it passes through. The radiation pressure is proportional
to intensity. Radiation force is used in the measurement
of acoustic output. The body force is equal to the [power
entering a region minus the power transmitted through
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and exiting the region] divided by the speed of sound.
At a pulsed Doppler focus in the examination of the fe-
tus, a temporal peak radiation pressure of 1700 Pa can
be generated at a frequency equal to the pulse repeti-
tion frequency (PRF) of 5kHz, which is well within
the hearing range. If the ultrasound beam pattern is
directed to intersect the ear, the radiation pressure os-
cillation can be heard by the fetus and cause increased
fetal activity [21.94].

Of more serious concern is the increase in perme-
ability in cell membranes and other biologic barriers to
small and large molecules that can be induced by ultra-
sound [21.95]. This may prove useful for the delivery of
therapeutic drugs through the skin (sonoporation) and
genes across membranes including the placental barrier
and the blood-brain barrier, but it might also allow the
inadvertent transfer of pathogens. The effect is enhanced
in the presence of gas and ultrasound contrast agents. It
is possible that such effects have escaped detection by
current monitoring methods.

The conceptual simplicity of the pulse-echo system
has allowed instrument engineers to devote all efforts
toward lowering the cost and improving the diagnostic
utility of these instruments. Unlike most other medical
imaging methods, ultrasound is low-cost, portable, real-
time, and considered safe in most applications.

Further Reading
Please find a complete compilation of citations from
Ultrasound in Medicine and Biology which list the thou-
sands of articles on medical acoustics written prior to
1987: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?
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22. Structural Acoustics and Vibrations

This chapter is devoted to vibrations of structures
and to their coupling with the acoustic field.
Depending on the context, the radiated sound can
be judged as desirable, as is mostly the case for
musical instruments, or undesirable, like noise
generated by machinery. In architectural acoustics,
one main goal is to limit the transmission of sound
through walls. In the automobile industry, the
engineers have to control the noise generated
inside and outside the passenger compartment.
This can be achieved by means of passive or
active damping. In general, there is a strong
need for quieter products and better sound
quality generated by the structures in our daily
environment.

Structural acoustics and vibration is an
interdisciplinary area, with many different
potential applications. Depending on the specific
problem under investigation, one has to deal
with material properties, structural modifications,
signal processing and measurements, active
control, modal analysis, identification and
localization of sources or nonlinear vibrations,
among other hot topics.

In this chapter, the fundamental methods for
the analysis of vibrations and sound radiation
of structures are presented. It mainly focuses
on general physical concepts rather than on
specific applications such as those encountered
in ships, planes, automobiles or buildings. The
fluid—structure coupling is restricted to the case
of light compressible fluids (such as air). Practical
examples are given at the end of each section.

After a brief presentation of the properties
of the basic linear single-degree-of-freedom
oscillator, the linear vibrations of strings, beams,
membranes, plates and shells are reviewed.
Then, the structural-acoustic coupling of some
elementary systems is presented, followed
by a presentation of the main dissipation
mechanisms in structures. The last section is
devoted to nonlinear vibrations. In conclusion,
a brief overview of some advanced topics in
structural acoustics and vibrations is given.
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In this chapter, the fundamental methods for the anal-
ysis of vibrations and sound radiation of structures are
presented. It mainly focuses on general physical con-
cepts rather than on specific applications such as those
encountered in ships, planes, automobiles or buildings.
The fluid—structure coupling is restricted to the case of
light compressible fluid (such as air). The case of strong
coupling with heavy fluid (water) is not treated.

If the magnitude of the vibratory and acoustical
quantities of interest can be considered as sufficiently
small, then the equations that govern the structural—
acoustics phenomena can be linearized. The linear
theory of vibrations applied to simple continuous elastic
structures, such as bars, membranes, shells and plates,
forms a reference framework for numerous studies in-
volving more-complex geometries. In some practical
situations, it is not necessary to know the exact vibratory
shape at each point of a given system: to take advantage
of this, a continuous structure can often be represented
as a discrete system built with rigid masses connected
to springs and dampers. The main results of the linear
theory for the vibration of discrete and continuous sys-
tems are presented in Sects. 22.1-22.4. Section 22.1 is
devoted to the linear single-degree-of-freedom (DOF)
oscillator for which the fundamental results are derived
with the help of the Laplace transform. In Sect.22.2,
the case of discrete systems with multiple DOFs is
used to introduce the concepts of eigenmodes, eigen-
frequencies, the admittance and modal analysis. As an
illustration, one example of coupled oscillators is solved
in detail. Also the fundamental energy equation of statis-
tical energy analysis (SEA) that governs the mean power
flow between coupled oscillators is summarized. Sec-
tion 22.3 deals with the transverse vibrations of strings
and membranes, which can be viewed as limiting cases
of prestressed structures with negligible stiffness. In
Sect. 22.4, longitudinal and transverse vibrations of bars
are presented. The case of flexural vibrations is extended
to two-dimensional (2-D) structures such as plates and

22.7.2 Duffing Equation....................... 949

22.7.3 Coupled Nonlinear Oscillators ..... 951

22.7.4  Nonlinear Vibrations of Strings ... 955
22.7.5 Review of Nonlinear Equations
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shallow shells. In this latter case, the influence of curva-
ture is emphasized using the example of a spherical cap
for which analytical results can be obtained.

The three remaining sections focus on specific prob-
lems of great significance in structural acoustics. The
case of vibroacoustic coupling is treated in Sect.22.5
through examples of increasing complexity. Starting
from the simple case of a longitudinally vibrating bar
coupled to a semi-infinite tube, it is shown that modes
of the structure are coupled to the radiated field, and
that eigenfrequencies and modal shapes of the in vacuo
structure are modified by this coupling. An energetic
approach to the structural-acoustic coupling allows the
introduction of radiation filters and radiation efficien-
cies. A state-space formulation of the phenomena is
presented, which is of particular interest for the con-
trol of radiated sound. The example of a single-DOF
oscillator coupled to a tube illustrates the coupling be-
tween a structure and a cavity. Finally, attention is paid
to fluid—plate coupling, with the introduction of the con-
cept of the critical frequency. Section 22.6 is devoted to
the presentation of important causes of damping in struc-
tures. Also some indications are given with regard to the
validity of the modal approach for damped discrete and
continuous systems.

For structures subjected to motion with large am-
plitude, most of the concepts and methods developed
for linear vibrations no longer apply. Specific methods
must be used to account for the observed phenomena of
distortion, amplitude-dependent resonance, jump, hys-
teresis, instability and chaos. Section 22.7 introduces
the basic concepts of nonlinear vibrations with some
examples. The Duffing equation and the example of
two nonlinearly coupled oscillators are analyzed in de-
tail. These examples illustrate the use of perturbation
methods for solving nonlinear equations of motion for
vibrating systems. Finally, some equations for the vibra-
tions of nonlinear continuous systems (strings, beams,
shells and plates) are briefly reviewed.
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22.1 Dynamics of the Linear Single-Degree-of-Freedom (1-DOF) Oscillator

In the low-frequency range, the linear motion of an elec-
trodynamical loudspeaker, for example, can be described
by a single-degree-of-freedom oscillator. This is also
the case for any complex structure considered as a rigid
body for which the equivalent stiffness is represented
by a unique spring, and where all the dissipation mech-
anisms are approximated by a unique dashpot or fluid
damping constant; one can think of the rigid-body mode
of vibration of an automobile. Also the 1-DOF oscil-
lator has fundamental mathematical properties of great
interest in the field of vibrations, since linear vibrations
of discrete and continuous structures can be represented
by a set of oscillators, as will be shown in the following
sections.

The motion of a standard 1-DOF oscillator is gov-
erned by a second-order differential equation involving
an excitation force F () and the response of the structure.
Using a formulation with the velocity v(t), we get

d
F=M£+Rv+1(/vdt. (22.1)

This equation accounts for the motion of a mass M
subjected to a restoring force due to a linear spring of
stiffness K and a dashpot R which represents a linear
viscous fluid damping (Fig. 22.1).

Equation (22.1) can be written alternatively, using
the mass displacement £(¢) and the usual reduced para-
meters:

2

F=M<% +2§0w0% +a)(2)g> , (22.2)
where wp = «/M/K is the eigenfrequency of the loss-
less system and o = R/2Mwy is the nondimensional
damping coefficient.

Fig. 22.1 Single-DOF oscillator

22.1.1 General Solution

One strategy for solving a linear equation such as (22.2)
is to make use of the Laplace transform [22.1]. Using
this transform, (22.2) becomes

s2%(5) — 5E(0) — £(0) + 2¢0wo [s X (s) — £(0)]

2 _FG)
+wyX(s) = Ak (22.3)

where X (s) and £ (s) are the Laplace transforms of £(¢)
and F(¢), respectively. Using the tables and properties of
the Laplace transforms, we obtain the general solution

£(r) = % / F(0)G(t —6)d6
0
+[280008(0) + ()] G +EO)G(®)
(22.4)

where G(t) can take different forms, depending on the
value of the damping coefficient ¢:

® if {y < 1, which corresponds to the so-called under-

damped case, then
sinwo,/ 1 — 2
0 Co t
wo,/1— ;g

® if {o = 1, which corresponds to the critical case, we
obtain

G(r) = e Sowo! (22.5)

G(t)=te ™!, (22.6)

e finally, if {p > 1, which corresponds to the over-
damped case, we get

Ep— sinh wg, / ;g -1t

(22.7)
a)o,/(&—l

22.1.2 Free Vibrations

Free vibrations are characterized by the absence of an
external force. With F(t) =0 in (22.4), we get

E(D) = [200005(0) +E0)] GO +EOG(), (22.8)
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e if ¢y < 1, the displacement &(¢) is given by

(1) = e 0" L E0)coswoy /1 — ¢3¢

+ | £(0) +£(0)

%o 1
J1-¢ woy/1-¢3
xsinwoy/1—¢3 1 ¢ . (22.9)

In this case, the free regime is characterized
by a damped sinusoid with oscillation frequency

wo,/1— {3 and decay time 7 = 1/¢owp. The total
energy of the system decreases with time.
® if ¢y =1, we obtain
E(t)= e [£(0)(1 +wor) +£O0)] . (22.10)

The motion exhibits no oscillation. This critical case
corresponds to the situation where we get the fastest
non-oscillatory motion toward equilibrium;

® if ¢y > 1 the displacement &£(7) becomes

£(1) = e 00" 1 £(0) coshwo, /3 — 1t

0

Iq 1
Vi —1 w0, /45— 1
x sinhwoy /3 —11¢ . (22.11)

Here again, no oscillation exists. The decay is gov-
erned by the combination of two exponentials with

decay time 7 such that 1/7 = wo (5o +,/¢2 — 1).

+ 150 +£(0)

22.1.3 Impulse Response
and Green's Function

Consider now the case where £(0) = £(0) = 0 and where
F(¢) is the Dirac delta function §(¢) whose fundamental
property is

o0

/ u(t)s(t —a)dr = u(a) , (22.12)

—00

where u(t) is a test function. The response &(#) can
therefore be written as

t

&)= %/S(G)G(t—e)de
0
G(1)

t
1

=u / 3(t—60)G(0)do = Tk (22.13)

0

The function G(¢) defined in Sect.22.1.1 can therefore
be defined as the impulse response of the oscillator with
mass equal to unity. This function is also referred to as
the Green’s function of the oscillator. For an oscillator
initially at rest and excited by an arbitrary time function
F(t), the response is given by the convolution integral
of F(¢) and the Green’s function G(¢). Equation (22.4)
shows, in addition, that for F(r) =0 and £(0) =0, the
displacement is given by

£ =£0)G(r) . (22.14)
Therefore, we can see that the solution obtained with
a Dirac delta force is proportional to the one obtained
with an initial velocity £(0).

22.1.4 Harmonic Excitation

For harmonic excitation, F(t) = Fy sin £2¢, of the oscil-
lator in the underdamped case, (22.4) gives

£ = Py (0} — £2%) sin 21 — 25w $2 cos 2t
M (- 22) + (200m)’
+aGM)+BG@), (22.15)

where « and B are constants that depend on the ini-
tial conditions. The Green’s function G(¢) and its time
derivative are proportional to e =00 and become negli-
gible for Zowot > 1. With this assumption, the response
to the forcing term at frequency §2 is given by the first
term on the right-hand side of (22.15). This term can be
written alternatively as

E(t) = A(2)sin [2t — D(£2)] (22.16)
with
'3 1
A(2) =

M
M- (@3- 22 + eomn2)
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Magnitude (arb. units)
A

0 05 10 15 20 25 30 35 40
Normalized frequency

Fig. 22.2 Magnitude and phase of the mass displacement
for the forced underdamped oscillator as a function of the
normalized frequency £2/wop

and

2Zowo$2
wh— 2%
Figure 22.2 shows the variations of A and @ with 2
in the underdamped case. The amplitude A reaches

tan P(2) = (22.17)

its maximum for frequency 2 = wq,/1 — 2;’3, which is
very close to wp for ¢o < 1. The maximum is equal to
Fm/2MEgwoS2.

22.1.5 Energetic Approach

The instantaneous mechanical power pp,(f) into the sys-
tem is given by the scalar product of F and v, which
yields

d it o 1.5 2

Pm = ” <2Mv +2K§‘ )—I—Rv . (22.18)
The terms on the right-hand side of (22.18) represent the
kinetic energy of the mass M, the elastic energy of the
spring K and the energy dissipated in the mechanical
resistance R, respectively. In a number of applications,
we are mostly interested in the time-averaged value of
pm(?) rather than in details of its time evolution. In audio
acoustics, for example, the human ear is sensitive to the
sound level, which is correlated to the average value of
the instantaneous acoustic power, after integration over
a duration of nearly 50 ms. Therefore, after defining an
integration duration 7, whose appropriate selection is

discussed later in this section, we can define the average
mechanical power $,(T) as

Pu(T)
1 2 2 2 2
== [Mv (T)+ KEX(T) — Mv*(0)— K& (0)]
| T
+7/Ru2(t)dt. (22.19)
0

In a conservative system, the sum of the kinetic and elas-
tic energy remains constant over time, so that the term
between the square brackets in (22.19) is equal to zero.
As a consequence, the average input power becomes:

T
(D)= f RO (1) dr = P(T) |
0

(22.20)

where P5(T) represents the mean structural power dis-
sipated in the mechanical resistance R.

22.1.6 Mechanical Power

A particular case of importance is the steady-state har-
monic motion of the mechanical oscillator with angular
frequency w. Given an excitation force F'() = Fy sin ot,
then, due to the assumed linearity of the system, the
mass velocity is written v(t) = Vi sin(wt + ¢). There-
fore, P (T) is given by

T
1
Pu(T) = T / Fyv Ve sin wt sin(wt + ¢)de . (22.21)
0

Denoting the period of motion by 7 =27 /w, we can
write T = nt + 19, where n is a positive integer. In this
case, the mean power can be rewritten

vV

4(2mn + tow)
X [sin ¢ — sinQRwty + @)] .

1
Pu(T) = EFMVM cos ¢+

(22.22)

Comment. This equation (22.22) shows that the
mean (or average) power Fn(T) is nearly equal to
1/2 FyvVm cos ¢ only if the average duration T contains
a sufficiently large number n of periods. If T is equal to
nt, then the previous result is strict. In what follows, it
will be assumed that this condition is fulfilled, so that
the dependence versus integration time 7" of the mean
power terms will be suppressed. For a given force, the
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velocity amplitude Vi1 and phase angle ¢ are given by

Fwm w

V= —2 , (22.23)
M 2
V(@ —a}) +430%}
2
cos¢p = ;“oczuow , (22.24)
V(@2 —0}) +4g302}
and the mean power becomes:
F2 4 20)2(1)2
P, =M £0% (22.25)

2R (w2 —a)%)2 +4§ga)2wé .

Equation (22.25) shows that the maximum of the dissi-
pated power, and thus the maximum of the input power,
is obtained for w = wq, i.e. when the excitation fre-
quency is equal to the eigenfrequency of the oscillator.
In this case, we obtain:
F2
Max(Pp) = =4 .
( m) 2R
Since Fyp is known, in general, (22.26) can be used for
estimating the mechanical resistance R.

(22.26)

Remark. Recall that (22.25) is only valid in the dy-
namic equilibrium, which does not correspond to many
experimental (or numerical) situations where, for ob-
vious causality reasons, the force is applied at a given
instant of time, usually taken as origin. In this more
realistic case, the force signal should be written as
F(t) = FmH(t) sin wt, where H(t) is the Heaviside func-
tion. In this case, the Laplace transform of the velocity
is

Vis)= ™M e . (2.27)
M (s2 + wz) (s2 +2Zowos + a)(z))
From which the velocity is derived
o) = —M2 L Aw) exp(—Cowor) X
M./ D(w)
sin [a)o,/l—;g t+w(w)], (22.28)

where D(o) = (? — @?)” +4¢202wR. A(w) and Y(w)
are also functions of the excitation frequency whose
exact expressions do not add significant matter to the
present discussion. The first term in the expression of
v(t) corresponds to the steady-state regime. The impor-
tant features of the second term are the following:

® [t is non-negligible as long as the time is small
compared to the decay time (Zowo)~'. For lightly
damped structural modes, the decay time can be of

the order of 0.1 ms or more. The second term can-
not then be neglected during the first 0.5-1.0s of
the sound, if one wants to estimate the mean sound
power correctly.

® When multiplying v(¢) by F(¢) and integrating over

time, terms with frequencies w + @y 1—;3 and

‘w—wo,/l— ;‘g‘ appear in the expression of Pp,.
As a consequence, the mean power fluctuates at low
frequency, which is another cause of difficulty for
estimating its value properly.

22.1.7 Single-DOF Structural—-Acoustic
System

We now investigate the simple example of a mechani-
cal oscillator acting as a piston at one end of an air-filled
semi-infinite tube presenting an additional acoustical
resistance R, = pcS. The oscillator motion is now gov-
erned by the equation
dv
F=ME+RU+/vdt+Rav. (22.29)

The instantaneous input power is given by

d/1 1
()= — (—Mvz + 51(52) +(R+ Ry)v” .

2
(22.30)
The average input power becomes
T T
! 2 1 2
Pu(T)= = [ R (t)dt+ — [ Ryv°(¢)dt
T T
0 0
= P(T)+ Pa(T) , (22.31)

where #,(T) is the acoustic mean power radiated in the
tube. The acoustical efficiency of the system is given
by .

P P Ry
1= P~ P +PuT) R+ R,
Some remarks can be formulated with regards to (22.32).

(22.32)

® The expression for the acoustical efficiency is inde-
pendent of the integration time 7.

® Though (22.32) appears simple in form, the experi-
mental (or numerical) determination of the efficiency
is generally not straightforward. R can be esti-
mated through calculation of the mechanical power
in vacuo Pno(T).

® In the simple example discussed here, the acoustical
resistance, and hence the acoustic power, is known.
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This does not include the case where the acoustic
power is not known, and has to be estimated by
measurements of the acoustic intensity in the fluid,
for example.

Link Between Sound Power

and Free-Vibration Decay Times
For a single-DOF system, an alternative method for
estimating the sound power consists of estimating the
decay times of free vibrations through experiments
or numerical calculations. Let us take the example of
the previously described oscillator loaded by the semi-
infinite tube. We consider the case F(r) =0, with the
mass initially moved from equilibrium by a quantity
£(0) = &p and released with zero velocity at = 0. The
equation of motion is written as

%Jrzgwo%w%g:o (22.33)
with
R+R,
= Doy
The Laplace transform of the displacement is given by

s+ 2¢Lwo

_— (22.34)
52 +2¢wos + &}

£(s) =&o
from which the time evolution of the mass displacement
is obtained (assuming ¢ < 1)

HOE exp(—{wol)[cos (wo,/ 1— g“zt) +
¢ . / 5 >]
sin | woy/1—¢%t )| . (22.35)
J1=2z2 (

Equation (22.35) shows that the decay factor o
(equal to the inverse of the decay time) is equal to
two = (R+ Ry)/2M. The same mathematical deriva-
tions applied to the oscillator in vacuo yields
oo = Lowo = R/2M. In conclusion, this shows that, for

22.2 Discrete Systems

In a number of applications, real structures can
be approximated by an assembly of discrete rigid
substructures, which leads to enormous computa-
tional simplifications. In fact numerical modeling
(finite elements, finite differences) is such an ex-
ample where continuous structures are replaced by

the 1-DOF system studied here, the acoustical efficiency
can be estimated in the time domain by the expression
oa—ap

n= . (22.36)
o

22.1.8 Application: Accelerometer

Accelerometers are piezoelectric transducers which are
widely used for vibration measurements. An accelerom-
eter has a base, a piezoelectric crystal and a seismic mass
(Fig. 22.3). It delivers an electric signal which is propor-
tional to the compression force applied to the crystal.
Such a device can be modeled by a 1-DOF oscillator
equation. Let us denote by k the equivalent stiffness of
the crystal, by m the seismic mass, and by wg = /k/m
the resonance frequency of the accelerometer. Internal
damping is neglected here, for simplicity. For a sinu-
soidal excitation A sin §2¢ of the base, the compression
force is [22.2]:

k22 ,
wE —
0

Therefore, we can see that if £2 < wp, then the signal
delivered by the accelerometer is proportional to the
acceleration of the base. The frequency response curve
of an accelerometer is flat below its resonance frequency,
which gives the upper limit of its valid frequency range.

Fig.22.3 Accelerometer

an equivalent set of discretely connected elements.
In experimental techniques, such as modal analy-
sis, measurements are taken at discrete positions on
the structure under study, and thus the measure-
ments are treated by methods applicable to discrete
systems.
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22.2.1 Lagrange Equations

For a discrete system with n degrees of freedom, the
kinetic energy Ex can be formulated as a function of the
generalized coordinates ¢, and velocities ¢,

-4n) = Ex(q, )
(22.38)
Thus, given virtual vectors of displacements éqg and
velocities 8¢, the variation of the kinetic energy is written
n

Ex = Ex(q1,92, .- s qn, 41,42, - -

(22.39)

Remark. Recall that 6g has to be kinematically com-
patible with the system, though not necessarily equal to
a real displacement, so that the partial derivatives of T
versus g and §q are independent.
Applying Hamilton’s principle, with g = 0 at ; and
1y, we can write the minimization integral as
n

/ (SEx — 8V +8Wac)dr =0

n

(22.40)

where V is the potential energy of the system and Wy
is the energy of the nonconservative applied external
forces. Through integration by parts, we can write

15}
oE
/ OBk e
Gk
n
15}
IE f d /ar
= [—.k&lk] —/ —(—.>561de
o] no Y dr \ 9qx

n
B /' d aEk Sands
= dr qk

Assummg that V = V(g), which corresponds to a large
class of problems in dynamics and vibrations,

n
A%
8V = —8qr -
; gk
Finally, the virtual work § Wy, can be written as the scalar
product of the vectors F of generalized forces and virtual

displacement 8¢ in the form Wne = > i_; Fxdqx, so that
(22.40) becomes

(22.41)

(22.42)

Z/[%——<%>—E+Fk:|8qkdt 0.

aqx 04 gk

(22.43)

Since the integral in (22.43) must be equal to zero for
any d¢g this implies, for each k

dEx

d [0Ex
dr \ 9qk gk

%

— =F. (22.44)
gk

The set of n differential equations (22.44) are the La-
grange equations of the discrete system. This set yields
the equations of motion in a very elegant and practical
manner.

Small Displacements. Linearization
For small perturbations from equilibrium, we can write
= QO +&Xk, where ¢ < 1. Assuming that Q is given
by the Lagrange equations and that the generalized
forces F are independent of ¢, a first-order approxi-
mation of (22.44), for each k, gives

92 Ex
941 9q

d [/ 9’E 92E, 9E )
[—<‘lf>+ 1f—.k]X
dr \ 9Gx94 0qxdq;  9qrdq;

d [ 3*Ex 2V 92Ey
— — |+ - Xy =0,
dr \ 904, Oqkdq;  9qkdq,
(22.45)

which becomes in matrix form

MX+CX+KX=0. (22.46)

1. Since the kinetic energy Ey is a positive quadratic
form of the velocity, the mass matrix M is a sym-
metric positive operator.

2. The matrix C is a generalized damping matrix made
up of three terms:

— The first, with generic

element Cyj1 =

(?t ( (f;gq ) is associated with the temporal vari-
ation of the mass matrlx,

— The two other terms d?]kf; ;;k T relate to gy-
roscopic forces. This part of the matrix C is
antisymmetric and does not lead to dissipation.

3. The stiffness matrix K also is a sum of three terms:

— The first is associated with the time variation of
the first gyroscopic term in C;

— The second is governed by the ¢ dependence
of V;

— The third is governed by the ¢ dependence of
Ex.

In what follows, we restrict our attention to conser-
vative systems where Ey is independent of ¢ and where
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the mass matrix is taken to be constant with time. In this
case, (22.46) becomes

MX+KX=0 (22.47)
with
Myj =M 82Ek
04k04; (22.48)
K= Ky = GEA%
9q10q j

22.2.2 Eigenmodes
and Eigenfrequencies

Natural modes (or eigenmodes) are the sinusoidal (or
harmonic) solutions of (22.47) with frequency w in the
absence of a driving term. As a consequence, the natural
modes are solutions of the equation

(—w2M+K>X:0 (22.49)

with roots (or eigenvalue, or eigenfrequency) w, solu-
tions of the characteristic equation

det(—w2M+K>:0. (22.50)

The eigenvector @, associated to each eigenfre-
quency wy is given by

(—a)ﬁM+K)<bn:0. (22.51)

@, is defined with an arbitrary multiplicative constant.
The natural modes are defined by the set of eigenval-
ues wj, and associated eigenvectors @,,. Spectral analysis
theory shows that the @,, form an M and K orthogonal
basis set, so that

‘¢, M®, =0
and
‘¢, K®, =0 for m#n (22.52)

The orthogonality properties of the eigenmodes mean
that the inertial (stiffness) forces developed in a given
mode do not affect the motion of the other modes. The
modes are mechanically independent. As a consequence,
it is possible to expand any motion onto the eigenmodes.
Given a force distribution F, the motion of the system
is governed by the equation

MX+KX=F. (22.53)

The modal projection is written in the form:

X:thnqn(z). (22.5)

The functions g, (¢) in (22.54) are the modal participation
factors. Inserting (22.54) into (22.53) and, after taking
the scalar product of both sides of the equation with an
eigenfunction @,,, we find

<¢na M¢n>q'n + <¢ns K¢n>‘]n = <¢n7 F> (2 2-55)

where the notation (A, B) denotes the scalar product
'A.B between vectors the A and B. Equation (22.55)
shows that the generalized displacements are uncou-
pled. Each ¢, is governed by a single-DOF oscillator
differential equation. The quantity

my = (®,, M®,,) (22.56)

is the modal mass associated with the mode n. These
coefficients are defined with an arbitrary multiplicative
constant. Similarly,

Kn=<¢n» K¢n> (22.57)

is the modal stiffness, related to the modal mass through
the relationship

Kn = Mpah . (22.58)
Finally, the quantity
Jn =Py, F) (22.59)

is the projection of the nonconservative forces onto
mode n. Each independent oscillator equation can then
be rewritten as

. J

Gnongn =5 (22.60)

n

Remark. Since the eigenvectors are defined with arbi-
trary multiplicative constants C,, (22.56) shows that the
modal mass is proportional to Cﬁ. In addition, (22.58)
shows that f, is also proportional to C,. Therefore,
through (22.60), g, is proportional to C, ! and from
(22.54), X is independent of Cj,.

Normal Modes. The normal modes ¥, correspond to the
case where the arbitrary constant is such that the modal
masses become unity. In this case, we can write

P
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Consequently, (22.57) becomes

(¥, K¥,,) = (22.62)

22.2.3 Admittances

In general, a given structure vibrates as a result of the
action of localized and distributed forces and moments.
For both numerical and experimental reasons, one often
has to work on a discrete representation of the structure.
In practice, the geometry of the structure is represented
by a mesh consisting of a number N of areas with dimen-
sions smaller than the wavelengths under consideration.
This results in having to consider the structure as an
N-DOF system. At each point of the mesh, the motion
is defined by three translation components plus three
rotation components. Similarly, the action of the exter-
nal medium on the structure can be reduced to three
force components plus three moment components, here
denoted by F;. The translational and rotational veloc-
ity components Vj at each point are thus related to the
forces and moments through a 6 x 6 admittance matrix,
such that

V=YF (22.63)
For each force component at a given point j on the struc-
ture, denoted Fj|;, a motion at another point i, denoted
by Vi, can be generated. As a consequence one can
define the transfer admittance

Vik . ..
Y,-jud:ﬁ'u with 1 <i,j<N

and 1<k, [<6.

In summary, the transfer admittance matrix is defined
by 6N x6N coefficients such as Yj; .

Notation. In what follows, the indices (k, /) are omitted,
for the sake of simplicity. The transfer admittances are
written as Y;;, which reduces to Y;; (or, even to ;) in
the case of a driving-point admittance. Attention here
is mostly focused on translation, though the formalism
remains valid for rotation.

The previous results obtained on modal decom-
position are now used to investigate the frequency
dependence of the admittances. Here, X(x;) = X; is one
component of displacement at point x; and F(x;) = F;
is one force component at point x;. The structure is
subjected to a forced motion at frequency w. We have

(K—o’M)X; = F;, (22.64)

where X; = Z D,,(x;)gn(t) and

Sn ' Pa(xj)Fj(@)
m, '

(0f —?)gn = (22.65)

my

For a structure discretized on N points, the displacement
at point x; is given by

Xi(w) = Z Dy (x7) (pn(x])F( ).

m"( %—a) ) (22.66)

n=1

The complete set of functions X;(w) given in (22.66) is
the operating deflexion shape (ODS) at frequency w. The
transfer admittance between points x; and x; is written

Vi) lwzcb () 'Du;)

a)2 —a)2) (22.67)

The dr1v1ng-p01nt admittance at point x; becomes

(@ (x)]?
My (w% — w2)

N

Yi() = iw Z

n=1

(22.68)

Remark. To include damping, (22.67) can be written

Yij(w) = le

where ¢, is a nondimensional damping factor. The phys-
ical origin of the damping terms will be presented in
more detail in Sect. 22.6.1.

Dy (x;) "Dy (x )
w2+21§na),,w wz)

, (22.69)

Frequency Analysis and Approximations
For weak damping, and low modal density, the modulus
of ¥;j(w) passes through maxima at frequencies close to
the eigenfrequencies w = w,, (Fig.22.4).

® For w ~ w,, the main term in Y;;(w) is equal to

Dy (xi) t<pn(xj)

(22.70)
my, (a),zl —w?)
® For w > w,, the admittance becomes
Dy(x;) 'Py(x) 1
Yi~i _—
Y a); —mw? iMw
with
1 D(x;) ' Py(x;
R Z M (22‘71)

my

I>n

It can be seen that the modes with a rank larger than
a given mode n play the role of a mass M.

Amazon
EX1010 Page 914



Structural Acoustics and Vibrations | 22.2 Discrete Systems 911

Magnitude (dB)

A

-10

-30

—~50 =
0 1 2 3
Frequency (kHz)

Fig. 22.4 Typical frequency dependence of an admittance
modulus for a lightly damped structure. (After Derveaux
etal. [22.3]

® Similarly, for modes with a rank smaller than n, we
find

. Di(x;) 'Py(xj) _iw
Yy~ WZ 2 ~
I<n mw; K
with
1 Dy(x;) ' Dy(x;
R Z Lzl(xj) . (22.72)
K I< miw;

Here, the contribution of the modes is equivalent to
a stiffness K.

In summary, in the vicinity of a resonance of mode n,
the transfer admittance can be written

D, (x;) l@,,(xj) iw 1
my(0t—w?) K iMo

n

Yij(a))%ia) (22.73)

22.2.4 Example:
2-DOF Plate—-Cavity Coupling

To illustrate the previous concepts, a simple example of
structural-acoustic coupling represented by a moving
plate over a cavity with a hole is considered. This cor-
responds to a crude low-frequency model for stringed
instruments or vented boxes [22.4]. V is the volume of
the cavity, Ay, is the section of the air piston of mass
my and displacement xy,, and m,, is the mass of the plate
with area Ap (Fig.22.4). It is assumed that all points
of the plate move in phase with the displacement xp;

Ay A,

Fig.22.5 Two-DOF plate—cavity coupling

kp is the equivalent stiffness of the elastic plate and
wp,0 = /kp/myp denotes its eigenfrequency in the ab-
sence of coupling to the cavity. As the plate and piston
are set in motion, the change of volume in the cavity
isequal to AV = Apx, + Apxp. Consequently, the pres-

2
sure change in the cavity is Ap = —w. F is the
vertical external force applied to the plate, R, and Ry
are fluid damping coefficients. The equations that govern

the motion of the coupled oscillators can be written

mpxy = F — kpxp — Rpxp + ApAp, -
mpXh = ApAp — Rpxy

Let us write u = c2,o/V. If the cavity is closed (A, = 0),
then the eigenfrequency of the plate is given by

wp =/ (kp + 1 A2) /my. If the stiffness k;, of the plate
tends to zero, then the eigenfrequency of the plate
coupled to the cavity becomes w, = ./ uA%/mp. Fi-
nally, if the plate is assumed to be completely rigid
(xp = 0), then the eigenfrequency of the cavity-hole
system (Helmholtz resonance) is wp = ,/ MAﬁ /mp. Solv-

ing (22.74) for a sinusoidal excitation F el with
¥p = Rp/mp and y, = Ry/my, yields for the plate ve-
locity up and air velocity uy, in the piston:

F (0} —o®+ jowm)

Up = iw— 22.75
p=io - > (22.75)
and
F A, w?
up = —iwp— L1 (22.76)
mp Ay D
with

D=( g—wz—i-iwyp)(wﬁ—wz—i-iwyh)—a)gh,

(22.77)
where
4 22
Cl)ph = Cl)hCl)a .
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Fig.22.6 Driving-point admittance of a plate loaded by
a cavity. Ap = 0.0lm%* V= 0.1m% f,= 100Hz; f, =
200Hz; yy = 1.0s7 !5 3, = 2.0s71 ; mp = 0.4kg; Admit-
tance Y (in dB) = 201log |up/ F|

The eigenfrequencies of the coupled system correspond
to the roots of the denominator D. Neglecting the influ-
ence of losses, these eigenfrequencies are solutions of
the equation

2 N(,2 2 4
(wp—w )(a)h—a) )—wph=0. (22.78)
The solutions w4 and w_ satisfy the relation
a)i—l—a)z_:wg—l—a)ﬁ, (22.79)

which shows that the difference between the eigenfre-
quencies increases due to the coupling between the plate
and the Helmholtz resonator, compared to the uncoupled
case. Figure 22.6 shows the modulus of the driving-point
admittance |uy,/ F| of the plate, showing two maxima at
w4 and w_ and a zero at wy,.

In stringed instruments and vented boxes, the main
effect of the open cavity is to enhance the radiated sound
in the low-frequency range, below the lowest resonance
of the moving structure (the top plate or loudspeaker
diaphragm).

22.2.5 Statistical Energy Analysis

The aim of statistical energy analysis (SEA) is to use
power flows as a means for estimating the responses of
complex systems. It is of particular interest for the anal-
ysis of coupled structures such as those encountered in

the transportation industry. It is often used for the pre-
liminary design of structures, or for identifying energy
transmission paths [22.5].

One main advantage of SEA is that it usually leads
to a substantial reduction of the number of degrees
of freedom. The price to pay is that results are only
given in terms of average and variance over frequency
and space. It is particularly suitable when structural
details are not known, or when measurements yield
uncertainty in the modal parameters. SEA techniques
focus on the analysis of energy levels in resonant modes
of dynamical systems. Its main principle is based on
the property that the average power flow between two
coupled systems (or subsystems) is proportional to the
difference in the average modal energies of each sys-
tem. In order to illustrate this basic concept of SEA,
the case of two coupled 1-DOF oscillators is sum-
marized below. Detailed developments can be found
in [22.6].

To consider a general case, it is assumed that
both oscillators are coupled by means of a coupling
spring with stiffness coefficient k1o and a gyroscopic
constant B. The equations of motion of this system are
given by

dzé'l dé dé,
— B2 +k =r,
g Trig, Tkt B tknh=F
dzéz dé g
— Ly F,
272 Trg tak q Thkesr=FhH
(22.80)

where m and m» are the masses of the oscillators, r; =
281m and rp = 28,my are the mechanical resistances,

= ki — ko and sp = kp — kq are stiffness coefficients,
and F| and F, are the magnitudes of the forces applied
to each mass. For a harmonic motion with frequency w,
the power flow between the oscillators is given by

1
P = 3 Re (F]zvz) , (22.81)
where v3 is the complex conjugate of the velocity for
the second oscillator and Fi, is the force applied by
oscillator 1 to oscillator 2. Using (22.80), the power
flow at frequency w is written [22.6]

S +w4 2
P 127 8| F1?> —m181|Fal?) .
12 = Zni2| Do )|2( ma&2| F1 1811 F21%)
(22.82)
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where

D(w) = o* 20’ (81 +82)

B2
—wz(w%+w§+45152+ )

mimy
k
+Ziw<81w%+82a)%>— 12 +w%w§.
mn
(22.83)

In (22.83), w1 and w; are the natural frequencies of the
undamped uncoupled oscillators. It can be shown that
(22.82) can be generalized to a broadband excitation
with frequency bandwidth Aw. One basic property of
SEA follows from the fact that Pj, is proportional to
the energy difference W; — W, of the oscillators. For
a broadband excitation, these energies are given by

+00

s

Wi:2A’w / [vi(w)|? dw (22.84)
—00

and the basic SEA equation becomes

Py = B(W) — Wy)
give the rate at which energy is transferred from one
subsystem to the other. The SEA theory can be used, for
example, for predicting the vibration level of coupled

22.3 Strings and Membranes

Strings and membranes belong to that category of struc-
tures where the stiffness is due to external tension. This is
sometimes called geometrical stiffness, in contrast with
the elastic stiffness of most vibrating solids. In practice,
strings and membranes also are made of elastic mater-
ials and, consequently, show more or less elastic stiffness
due to their Young’s moduli. This elastic stiffness will
be neglected in the present section. The relative contri-
butions of both stiffnesses will be discussed in Sect. 22.4
in the case of prestressed beams.

22.3.1 Equations of Motion

Consider a small element at a given point of Carte-
sian coordinates x on a stretched membrane of density
p(x). The membrane is assumed to be in equilibrium
in the plane ey, e, and subjected to a tension field
7(x) so that the resulting forces per unit length are

with
2 (8103 4 820%) B> + (81 + 82) k3,

mims (o2 —w2)” 4+2(81 +82) (8103 + 8207

(22.85)
Equation (22.85) shows that g is positive and depends
on the parameters of the oscillators and on the coupling
parameters B and k;». This equation can be generalized
to the coupling between any mode m21 of a given subsys-
tem with N1 modes and a mode m of another subsystem
with N> modes. Considering a frequency band with
central frequency w., the generalization leads to the fol-
lowing expression for the power flow from subsystem 1
to subsystem 2

P12 = wc(n2Wi —naWa) (22.86)

where 712 and 77; are the coupling loss factors obtained
through averaging of the parameters f,,,,, analogous
to that defined in (22.85)

N2 = ](Z_j<,3m1m2>]vlj\/2 and 121 = %7}12 . (22.87)
Wi = N1W,,, and W) = N, W,,, are the total modal en-
ergies in both subsystems, averaged over a frequency
band, with the assumption that both energies are equally
divided among the modes. The coupling loss factors
plates over a large frequency range, where standard nu-
merical methods, such as the finite-element method are
too costly [22.6].

(Fig. 22.7):

on both sides oriented in the e, direction:
Ty =T118x +121€y ,
on both sides oriented in the e, direction:

Ty = T2€x + 1220y,
(22.88)

where 712 = 721 to ensure the moment equilibrium (reci-
procity principle). In the general case, t;; are functions of
the coordinates x. The membrane is subjected to a small
displacement in the direction e, and released, so that
its vertical motion u(x, y, t) is governed by the balance
between inertial forces and elastic forces due to ten-
sion. Gravity is neglected. After balance of forces on the
four sides of the membrane element and projection on
the vertical axis, with the assumption of small displace-
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Fig. 22.7 Balance of forces on a membrane element

ments, one obtains the equation that governs the flexural
motion of a nonuniformly stretched membrane:

(o d ou n ou n
X)hu=—\11—+7TI20—
P e \ s 128y

d ou n ou (22.89)
—|t2—+1m22— ), .
3y 12 Py 22 3
where £ is the thickness. The tension field
r=| T 2 (22.90)
T12 722
is a symmetric tensor of order two, and
duz 2ty O (22.91)
radu = —e, + —e, . .
& ax ay Y

The previous equation can be written in the more com-
pact form
div(z. grad u) = p(x)hii , (22.92)

where this last formulation has the advantage of being
independent of the selected system of coordinates.

One-Dimensional (1-D) Approximation.

Transverse Motion of Strings
Strings can be viewed as membranes where one dimen-
sion (the length) is much larger than the other two, so that
a 1-D approximation is justified. Thus, rewriting (22.89)
after integrating mass and tension along the axis ey, one
obtains the equation of transverse motion for a string
with nonuniform tension

. 0 ou

nwxu=—|Tx)— |, (22.93)
0x 0x

where ;& = pS is the linear mass density, S is the cross-

sectional area and T is the tension.

Remark.

1. A similar equation can be obtained for the transverse
motion v(x, t) of the string in the direction e,. There-
fore, two transverse motions polarized in orthogonal
directions can exist on a string.

2. In the absence of coupling terms, # and v are inde-
pendent. However, induced motion at the ends and/or
nonlinear terms usually lead to coupling between
these motions (Sect. 22.7).

3. Strings and membranes are also subjected to longi-
tudinal motion. This motion is due to the variation
of tension resulting from the variation in strain as-
sociated with the motion.

Homogeneous and Uniformly Stretched Strings
and Membranes
For a uniformly stretched and homogeneous membrane,

(22.92) reduces to
tdiv(grad u) = tAu = phii , (22.94)

where the Laplacian is written in Cartesian coordinates
as

u  3%u
Au=—+— (22.95)
oxZ = 9y?
For a string, we get the well-known wave equation
u="T Pu (22.96)
u = —_— . .
" ox2

22.3.2 Heterogeneous String.
Modal Approach

Extending the previous results to continuous structures
shows that, in the linear regime, these structures have an
infinite number of eigenmodes with similar properties of
orthogonality with respect to mass and stiffness to those
presented in Sect. 22.2 for discrete systems. In this case,
the previously defined eigenvectors @,, become continu-
ous functions of the space coordinates @(x). To illustrate
the modal approach for continuous systems, consider the
case of an heterogeneous string (i.e., a nonuniformly
stretched string with variable density), rigidly fixed at
both ends and subjected to a force density f(x, 1):

2y 9

P(x)S(x)—

dy
atr  ox X

[T(x)a—] = f(x,t), (22.97)

@, (x) are the eigenfunctions of the string, which account
for the boundary conditions. We seek solutions of the
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form

Y=Y Bu(x)ga(t) . (22.98)

Multiplying both sides of (22.97) by the eigenfunction
®,,(x) and integrating over the length of the string yields

Zéin(t)/¢n(X)¢m(X)p(X)S(X)dx
" 0

L
d do,(x)
—;%@f%mapm M]w
0
L

= / Dy (x) f(x, t)dx (22.99)
0

which can be written in symbolic form as

(fs Pm) -

Equation (22.100) is general and can be applied to all
conservative systems. M denotes the mass operator and
K the stiffness operator.

M (5, D) + K (3, D) = (22.100)

Orthogonality Properties of the Eigenmodes
Each eigenmode @, (x) is a solution of the equation

[T( )d@ (x)i|.

(22.101)

—p p()S(X) P (x) =

These eigenfunctions are orthogonal with respect to the
mass

L

/ D, (X)Dy, (x)p(x)S(x)dx =0 (22.102)
0

and orthogonal with respect to the stiffness
L
/T( )d(p”’(x) 420 4 — 0. (22.103)
/ dx

Generalized Coordinates
Taking the orthogonality properties of the eigenmodes
into account, we can write

_d [T(x)d—d)] = &’ p(x)S(x)P(x) (22.108)
dx dx

so that (22.100) becomes:

Gn(1) + wpga(t) = f”(t) (22.105)
where the modal mass is given by:
L
my, = / @2(x)p(x)S(x) dx (22.106)
0
with
VAUES / f(x, )Pp(x)dx . (22.107)

The equations that govern the generalized displacements
are therefore formally identical to those obtained for dis-
crete systems. For continuous systems, truncation of the
theoretically infinite number of differential equations
has to be performed. The truncation criteria are often de-
termined by the frequency domain under consideration.
For a lossless string of length L with perfect boundary
conditions excited by a source term f(x, t), the general
solution can be written in the modal domain as

Y1) =Y Dyu(x)gn(t) (22.108)
where
%m+%%m—ﬁ®
with
L
S =(f(x, 1), Pp(x)) = / Dy (x) fx, t)dx .
0

Let us assume an initial shape y(0, ¢) and an initial veloc-
ity y(0, #). The initial values of the g,(¢) are thus given
by

L

1
%@=;/mmmww@mm

n

and
L

1
Gn(0) = m—/p(X)S(X)y'(O, )Py (x)dx

n
0

(22.109)
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Denoting the Laplace transform of ¢, (t) by Q,(s), we
have

1 F,
0u(s) = [ (<) +sqn(0)+qn<0)}

2 +w 2 my

(22.110)
where Fj(s) is the Laplace transform of f;,(¢). The first
term of Q,(s) is a product of two transforms which, in
the time domain, corresponds to a convolution. Using
transform tables, we obtain

(0) sin wy, (t —0)do +

1
qn (t) =
mywn

sin wyt
U (22.111)

qn(0) cos w,t + ¢, (0)

n

If f,(t) is a Dirac delta function of the form f;05(¢),
the Laplace transform reduces to F,(s) = f,0 Equation
(22.111) can then be written

an sin w;,t

n n

4n(0) cos wpt + G (0)

qn(t) =

sin wyt
L (22.112)

n

From the above impulse response for mode n of the
string, we note the following:

1. There is an equivalence between g, (¢) from the im-
pulse source term and the initial velocity term. In
other words, the motion of the string induced by an
initial velocity profile is equivalent if the string is ex-
cited by a spatial distribution of Dirac delta function
forces.

2. A source term localized at a given point x(p can
be written f(x, ) = AS(x —x0)d(¢). In this case,
fu@®) = {f(x,1), Pp(x)) = AD,(x0)8(¢). Therefore,
the mode n will not be excited if the force is applied
on a node of vibration.

3. The first term of the function g, (¢) = sin w,t/m,wy
is the Green’s function of mode 7.

String with a Finite Mass at One End
To present general results, the string is still assumed
to be heterogeneous. The purpose of this section is to
give the orthogonality properties of the modes for a het-
erogeneous string terminated by a finite mass M. The
boundary conditions are

82y
a2’
(22.113)

9
v0,)=0 and -T2 =M
ox

at x=1L.

The eigenfunctions @(x) therefore have to satisfy

do(x)

PRSX)W* B (x) = —%[m) ]=o0,
for O<x<L

with @0)=0

and T(x)d®/dx = 0> Md(x),
at x=1L.

For n # m, the orthogonality condition with respect to
mass becomes

L
f P(X)S(X)P(xX) Py (x)dx + M Py (L)Py (L) =0

0
(22.114)

and the orthogonality condition with respect to stiffness
remains

L
/T( )dcb n(x) d@y, (x)

dx=0.
dx

(22.115)

0

For a homogeneous string with uniform tension and
constant diameter, these conditions reduce to

L
/d’n(X)Cbm(X)dx = —p—A/gqbn(L)qu(L) (22.116)
0

and

dx=0. (22.117)

L
f do,(x) d<Dm(x)
0

22.3.3 Ideal String

To solve initial-boundary problems in simple cases, we
assume that the lossless string is homogeneous with den-
sity p, constant tension 7" and constant cross section S.
In this case, the vertical displacement is given by the
wave equation

1 0%u  °u (22.118)
2 a2 ax?’ ’

where ¢ = /T/pS is the transverse wave velocity.
D'Alembert's Solution in the Time Domain

In order to show the correspondence between the wave
and modal approaches, a time-domain method is used
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first to solve the wave equation (22.118) with initial
conditions [22.7]

u(x,0)= f(x) and Z—?(x,O):g(x). (22.119)

Using the change of variables § = x —ct and n = x +ct,
we have

ulx,)=U(E&, n) (22.120)
from (22.120), we obtain:
Pu L (PU U U
— = o — 4=
a2 €2 “ogdn | on?
(22.121)

?u  9*U 92U  2*U
P — 2_ 4 —
dgdn  on?

w2 9E2
Inserting (22.121) into (22.118) yields (32U)/(d&dn)
= 0 which implies

ulx,t)=F(x—ct)+ Gx+ct), (22.122)

where F and G are are two twice-differentiable func-
tions. F(x — ct) represents a travelling wave moving to
the right (direction of increasing values for x), while
G(x +ct) is a travelling wave moving to the left. Using
(22.119) implies that F and G must fulfill the conditions

F)+G0) = f) 2129
—cF'(x)+¢G'(x) = g(x)
Solving (22.123) yields
1 1
Fx) = Ef(X)— 3 [—F(O)+GO)]
1 X
% /g(s)ds
1 0 1 (22.126)
Gx) = Ef(XH— 7 [-FO)+ G(0)]
o f ¢(s)ds
0

Finally, the solution of the wave equation is written
explicitly

u(x,t) = % [f(x—c)+ flx+cr)]
x+ct

1
+ — / g(s)ds . (22.125)
2c
x—ct

Semi-infinite String. For a semi-infinite string rigidly
fixed at x =0, we have the boundary condition
u(0, t) = 0. This requires:

F(=ct)4+G(ct)=0 (22.126)

and, finally, with the appropriate change of variables

u(x,t)=—-Gx—ct)+ G(x+ct)

=F(x—ct)— F(—x—ct). (22.127)

Equation (22.127) expresses the fact that, due to the
fixed end at x =0, the left-traveling wave is reflected
with a change of sign and becomes a right-traveling
wave. The validity domain for (22.127) is 0 < x < 400
and 7 > 0.

String of Finite Length. In the case of an ideal string
fixed at both ends, the wave approach can still be used,
with the additional boundary condition u(L,t) =0,
which yields

u(L,t)=—G(L —ct)+G(L+ct)

=F(L—ct)—F(—L—ct)=0. (22.128)

Equation (22.128) can be rewritten F(z) = F(z —2L),
which shows that F (and G) are now periodic func-
tions with spatial period 2L or, equivalently, temporal
period 2L /c. The validity domain of (22.128) is now
0 <x <L and t > 0. Equations (22.126)—(22.128) can
be used for step-by-step constructions of the string shape
at successive instants of time.

String Fixed at Both Ends. Eigenmodes
Injecting a harmonic wave of the form u(x, t) = e
in (22.118), we find the dispersion equation D(w, k)
that governs the relationship between frequency @ and
wavenumber k. Here, we obtain

i(wt—kx)

D(w, k) = w* — k> =0. (22.129)

This equation shows that the ratio between the frequency
and wavenumber is constant, which is a characteris-
tic property of a nondispersive medium. If we assume
further that the string is rigidly fixed at both ends, the
eigenmodes must satisfy the equation

do(x) o?
dxz + C—2¢(x) =0

with the boundary conditions @(0) = @(L) =0 from
which we obtain

(22.130)

D, (x) =sink,x . (22.131)
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The only possible values for the wavenumber are given
by the discrete series

k, =nm/L sothat w, =nmc/L . (22.132)

Using (22.106), the modal mass is m, = pSL/2 =
M;/2, where M is the total mass of the string. Recall,
however, that the ratio m, /My = 1/2 is purely arbitrary
since the modal masses are defined with an arbitrary
multiplicative constant. The important result here is that
all modal masses are equal and do not depend on the
rank n of the mode.

Application: Plucked String. Modal Approach
The particular case where the string is released from
an initial triangular shape at the origin of time without
initial velocity is now examined. With the assumption
of no stiffness, the initial profile of the string is given by

h

2~ forO<x <xg
©,n=1" (22.133)
u(0, 1) = .

LL ) forxo <x <L

L —xp -

The modal method consists of looking for solutions of
the form

u(x, )=y @u(x)gu(1). (22.134)

At the origin of time, we can write

(0, 1) =Y @(x)gu(0). (22.135)

The unknowns of the problem are the functions g, (0).
Exploiting again the orthogonality properties of the
eigenmodes, we find

2hL?

_ (22.136)
n2m2x0(L — xp)

qn(0) = sinkpxq .

The functions g, (¢) are given by the oscillator equations

Gn+@ign =0 (22.137)

which, in the case of zero initial velocity, leads to g, () =
qn(0) cos w,t. In summary, the transverse displacement
of the string is given by

2hL?
D=y ———  x
u(x, 1) Z n2m2x0(L — xp)

n

sin ky xo Sin k, x cos wyt . (22.138)

Despite the simplicity of this example, a number of
important issues can be derived from this result:

1. The eigenfrequencies are integer multiples of the
fundamental f; =c¢/2L. The solution is periodic
and the fundamental frequency is the inverse of the
period of vibration.

2. The amplitudes of the modal components decrease
as 1/n? with the rank n of the modes.

3. Because the magnitude is proportional to sin k,xo,
a modal component n can be suppressed by select-
ing the plucking point xo = pL/n, where p is an
integer < n.

4. The excitation point xo and observation point x can
be interchanged in (22.138). This is an illustration
of the reciprocity principle.

Moving End

To a first approximation, a vibrating string radiates as
a dipole. Because of its small diameter compared to the
acoustic wavelength, it is a poor radiator. If significant
sound is to be radiated, one end of the string must be
coupled to a component with a considerable vibrating
area (plate, shell, etc.). In Sect. 22.3.2, the general prop-
erties of a heterogeneous string attached to a mass were
obtained. In this section, the simple example of an ideal
string coupled to a spring will be considered to illustrate
the influence of such coupling on the eigenmodes, eigen-
frequencies and modal masses. We consider a string
fixed at point x =0 to a spring of stiffness Kg. The
boundary condition at this end is then

ou
T(—) =Ko u(0,1).
0x x=0

The string is rigidly fixed at the other end, so
that u(L,t) =0. We look for solutions of the form
u(x, t) = @(x)cos wt. Following (22.118), the eigen-
functions @(x) must satisfy the equation
o,
2 +k°P=0
and the boundary conditions. Thus, we derive the equa-
tion for the eigenvalues k,

(22.139)

(22.140)

tan(k, L) = —

kT
"~ with k, > 0. (22.141)
Ko

The graphical representation of (22.141) shows that the

k, are no longer integer multiples of k; (Fig.22.8). As

a consequence, the free vibration of the string is no

longer periodic. Note that the spring decreases the eigen-

frequencies relative to those of a perfectly rigid end.
The eigenfunctions become

. k,T sink, (L — x)
D, (x) =sink,x + IZ—O coskyx = COnST
(22.142)
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Fig. 22.8 Graphical resolution of the eigenvalue problem
for a string attached to a spring (22.141)

from which the initial values g, (0) and the modal masses
can be derived. We obtain:

L
knT 2

mn:/,oS<sinknx+"—cosk,,x) dx
Ko

_ M [1 + (k”T>2} :
2 Ko
Equation (22.143) shows here that the modal masses
increase with the rank n of the mode. In the case of
a mass termination, a similar procedure would lead to
the eigenvalue equation
pS

MOkn '
Here, the inertial load at the end leads to an increase of
the eigenfrequencies.

(22.143)

tan(k, L) = (22.144)

Application to Stringed Instruments. In plucked and
struck strings instruments (guitar, piano, harp, etc.),
the main part of the sound is due to the free regime
of vibration, and the spectrum is composed of the
eigenfrequencies of the vibrating system. Previous con-
siderations show that the coupling between the strings
and the radiating body (top plate, soundboard) alters
the frequencies, compared to the perfect harmonic case.
Though this alteration is usually relatively small, it has
the consequence that the waveform is not perfectly peri-
odic anymore. This might have in turn some perceptual
effects on the produced sound. See the chapter on mu-
sical acoustics (Chap. 15) in this Handbook for more
details.

22.3.4 Circular Membrane in Vacuo

Membranes are used in percussion instruments, micro-
phones, loudspeakers and wall resonators. Because of
their small thickness, the influence of air loading can-
not be neglected in most applications. However, we
limit ourselves here by solving the equation for trans-
verse vibrations of a homogeneous membrane in vacuo.
Fluid-loading effects on structures are discussed in later
sections. From (22.94) the membrane equation, in cir-
cular geometry, is

92u _ 92u " lou 1 8%u
- o\ ror r2002)°

(22.145)

where o = ph. Equation (22.145) can be solved by us-

ing the method of separation of variables [22.8]. For

zero displacement at the edge, z(r =a, 6,1) =0, and

neglecting losses, the expansion of the displacement on

the eigenmodes can be expressed as

u(r 0.0=">_ [ZUnm(r, 0)x

m=1"=n=0

(Apm cos ot + By sinwt) +

i U (r, 0)x

n=1
(Aum cos i + By sin wt)] . (22.116)

In (22.146), the eigenfunctions are
Uni(r, 0) = Ju(Bumr) cos nd
and

Uy (r, 0) = Ju(Bumr) sinnf (22.147)

where J,, is the order-n Bessel function of the first
kind [22.9]. The indices n and m refer to the num-
ber of nodal lines and to the number of nodal circles,
respectively (Fig. 22.9).

The fixed edge corresponds to one nodal circle. The
symmetrical modes are those where there are no nodal
diameters. In this case, the eigenfunctions are of the
form J,,(Bon 7). All other modes can be viewed as pairs
of modes with the same eigenfrequency and the same
dependence versus r. They only differ by an angle of
1 /2n. The discrete values B,,, of the wavenumbers are
derived from the boundary condition at the edge, such
that

J.(Ba)=0. (22.148)
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