4. THE ACOUSTICS OF THE BODY

4.4. DIAGNOSTICS WITH SOUND AND ULTRASOUND
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THE STETHOSCOPE

The stethoscope is the standard instrument to amplify and analyze

characteristic body sounds like heart beat and blood flow (see section 3).

(For a history of the stethoscope see Cameron, Skofronick and Grant,
'Physics of the Body’.)

The use of the stethoscope is based on the principle of sound
transmission through a tube with both ends closed.

Earpieces

Tubing

Thin —~  XClosed

diaphram bell

The bell is attached to the body to pick up sounds. The open bell relies
on the skin as vibrating diaphragm. The closed bell has its own
diaphragm.

The bell serves as impedance matcher between body matter and the air
in the tube. This requires that the frequency of the sounds must
resonate in the bell membrane. The natural resonant frequency fres of
the bell depends on bell diameter d and tension 7' of the diaphragm with
the area density o [kg/m?],

1 T
fres & 'é__d\j;

1 T 1 P 1
fres = ﬂ'\‘;'ﬁ - ﬂ'\l;"f(dﬂ)zﬁ =31 \7; 7P

with (3 as vibrational parameter 8 ~0.76.

&S
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To selectiveley pick up certain frequency ranges (low frequency heart
murmur, high frequency lung sounds) the appropriate bell size and
diaphragm tension must be choosen. For the open bell the tension is
modified by changing the pressure of the bell against the skin. With
increasing tension the sensitivity for high frequency sounds improves. To
select a low frequency range a large diameter bell must be used.

For open bells the frequency range can be selected by the right choice of
pressure against the skin
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Typical sounds associated with the heart beat due to blood turbulences
are in the 20 to 200 Hz range, sounds associated with the operation of
the lung (air turbulences during inhaling and exhaling) are in the
frequency range between 200 - 2000 Hz.
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EXAMPLE

Calculate the tension necessary for an open bell stethoscope with a bell
diameter of 2 cm to pick up a 15 Hz heart murmur. What is the pressure
on the skin? Adopt a areal density of o ~0.5 [kg/m?|

1 IT
fres == ﬂ Eﬂ

4-d* f2, 0 4-4107%m? 152 [1/5%] 0.5 [kg/m?]

"= B - 0.76

~ 0.24 [N]

T 3 0.24 [N]
m-(d/2)?  3.14-1 10~ [m?]

P = = 764 [Pa]

What pressure is necessary to hear with the same stethoscope lung
sounds of 500 Hz?

T 4B fro
m-(df2) ~ Pr-(d/2)?

P =

4-4 1074[m? 500% [1/s?] 0.5 [kg/m?]

&= 0.76 - 3.14- 1 104 [m?]

~ 840000 [Pa]

This corresponds to a pressure of about 8 bar.
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The dimensions of the stethoscope tube must be optimized for good
sound transmission without significant intensity losses due to friction of
the pressure wave on the tube walls. The volume must be small to
maximize the pressure changes along the tube. Impedance matching
between diaphragm and pipe is necessary to guarantee optimal
transmission of sound.

The acoustic impedance Z of a pipe is the ratio of pressure P to volume
velocity U which is the amount of air flowing through a cross sectional
area S in [m?] per [s] due to the sound wave. The acoustic impedance is:

400

= £°F o
S ~

P
Z‘ﬁ‘ S

p is the density of the transmitting medium, v is speed of sound.
Impedance increase with decreasing pipe radius and changes only above
100 Hz with pipe length.

Matching the impedances of the skin, the eardrum and the pipe requires
a pipe radius of:

S 57U 400
T—\l;— ﬂ.z'“\Jﬁ"*gmm

This is too large because at reasonable tube length of L ~ 30 cm it
would cause intensity losses due to attenuation of the large volume
involved. A reasonable diameter is 3 mm.
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ULTRASOUND AS DIAGNOSTICAL TOOL

The reflection of acoustical waves at body tissue layers due to impedance
mismatch can be used for ultrasound imaging by monitoring the
ultrasound echo.

Biological tissues, with the exception of bone and air (lungs) have
similar impedances for the transmission of sound, they act like fluids and
the speed of sound is given by the density p and the elastic modulus K,

Y= E = 1540 + 92 [m/s]

Speed of Sound (ms™)
0 1000 2000 3000 4000 5000 6000

bone ‘ glcss/-i
tooth brass Steel

velocity of sound is frequency independent. This constancy warrants
good timing conditions between emission of the ultrasound signal and
the detection of the echo signal. This timing allows to probe echos from
various depths of body tissue. The spatial resolution As depends on the
speed and the timing resolution At =~ 10 ns of the electronics.

As = v - At ~ (1540 £ 92 [m/s])- 1078 [s] ~ 20 [um)]
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However spatial resolution is not only limited by timing, but also by
wavelength of sound

v
As =~ A ==
f
For low frequencies in the audible range 10 kHz,
A = 1540 [m/s]/10* [1/s] = 20 [cm]
for frequencies in the ultrasound range 10 MHz,
A = 0.154 [mm]

The choice of frequency determines the limits of spatial resolution.

The quality of ultrasound imaging is determined by the
interaction of the acoustic wave with the body tissue:

e attenuation depends on absorption and scattering of acoustic waves;
e reflection and transmission depend on the impedances;

e refraction depends on axial direction of acoustic radiation field.

The quality of the image depends on the:

e shape and intensity distribution of the acoustic field of the ultrasound
signal

e quality of image generation through data processing
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ATTENUATION OF ULTRASOUND

All media attenuate ultrasound due to absorption and scattering effects.
The attenuation is exponentially in the direction of the traveling wave
and depends on the attenuation coefficient

B = HMabs t+ Hscat

Only total attenuation coefficient can be measured and depends on
tissue characteristics (density) and on frequency.
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Absorption is due to energy transfer from acoustic wave to vibration of
molecules and cells (heating of body tissue).
Scatter of ultrasound takes place on cells or boundaries between different
body tissues. Scatter changes the direction of the acvoustical waves.
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The attenuation for the initial wave intensity Iy to the intensity I at a
depth z is:

Iz — O-G:I:p("'#'&") = K = —%ln(%)
0

The attenuation coefficient u [1/cm] is often expressed in terms of
decibels ([db/cm]):

1 [dbfem] = —%-10!0910 (i—u) - —%-ln (%)-10!09106 — 4.343-u[1/cm]

EXAMPLE

The typical ultrasound signal has an intensity of 2-105 W/m? and a
frequency of 10 M Hz. This indicates a fat attenuation coefficient of
Lfat = 50 db/cm after traveling through a 5 cm fat layer the intensity of

the acoustical signal is only:

I, = I,-exp(—p-z) = 2-10°-exp (—50'%5) = 1.1-10° [W/m?]
4.343

About 50% of the intensity is absorbed, echo would be mostly absorbed.

Probe depth is limited by attenuation, choice of lower frequencies would

allow deeper penetration of ultrasound, but would reduce resolution. A

frequency of 3 M Hz would reduce the attenuation to e ~ 2 [db/cm)]

204005
—4 . 5. — — . . 5 2
I, =2-10 e:cp( 4_343) 1.95-10° [W/m?]

The attenuation loss is reduced to 2% only, but the resolution decreases
to As ~ 0.5 mm.
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REFLECTION AND REFRACTION

The reflection of a perpendicular acoustic wave is determined by the
acoustic impedances of the body tissues.

_ Ly (Za—2y\?
= Ly (Z2+Zl)

Perpendicular reflection originates the echo signal.
If the wave enters boundary between two body layers at an angle ©;,
reflection and refraction occurs. The direction of the reflected ©,.; and
refracted signal ©,; is determined by ’Snells law’,

sin@,-n _ Vi _ Zi‘po

51Oyt Vo Zo* pi

the reflection angle is equal to the incident angle.

ein = eref

This yields an intensity ratio for nonperpendicular reflection:

B ) - Zy - cosO, + Z - cosO;



(dB)

1010G,0 R/ Rogrtect)

The intensity loss due to nonperpendicular reflection can be
approximated by the coefficient:

Fonp

Ry

10 - !Ogm

0=-Air/solid or liquid
= Brass/soft tissue orwater
~ Bone / soft tissue or water

3 Specular boundary:
. —_— « smooth surface
- 10-1-Perspex/soft tissue or water ——@g « 2> boundary variations
=— « very little scatter
Tendon/fat
__é_ens /vitreous or aqueous humour

=~ Fat/non-fatty soft tissues
[~ Water/muscle

Water /soft tissues

-30 Fat/water

- Muscle / blood « "rough" surface
« A< boundary variations

- Muscle/liver « diffuse scatter

~heL, Kidney /liver, spleen/ blood

~50-*Liver/spleen,blocd / brain

The calculated reflection coefficients (in db relative to a perpendicular
reflector) for a variety of boundaries between biological and
nonbiological tissues range between -10 db and -50 db. This corresponds
to enormous intensity losses due to insufficient reflection of sound wave.

On the other hand, insufficient reflection means good transmission,
deeper layers of the body can be reached. Limitations are layers with
large reflection (air-filled cavities) which cannot be probed due to the

nearly 100 % reflection of the sound wave at the boundary.
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EXAMPLE

What is the approximate intensity loss of a 5 MHz ultrasound wave of
traveling to a depth of 4 cm in liver and reflecting on an encapsulated
blood clot.

The attenuation coefficient is ~5 [db/cm]. After 4 [cm] the intensity is:

Iz “
o = 8 (_4.343) = L

Only 1% of the intensity reaches the blood clot. The reflection depends
on the impedance;
the reflection for liver/blood boundary yields:

Ly (22— Z1\P
i Bals s (zg+zl) =

Techo _ I; I

10 B IO . Iref

= 0.01-0.01-0.01 = 1078

Only 1% of the incoming wave is reflected, and only 1% of the reflected
wave travels back to the receiver. This means that only 1/1000000 of the
initial intensity returns. This requires extremely sensitive detection
systems.

If a echo signal originates at a blood clot at only 2 cm depth the
intensity reduction is:

L 5:2
Ty = °F (_4.343) = 01
The total loss is due to the attenuation and the reflection probability:

Jrer:h»:: _ Is: Iz

w2 B = 0.1-0.01.0.1 = 107*
Iy Iy Iiet

The echo intensity decreases rapidly with depth!
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CHARACTERISTICS OF THE ACOUSTIC RADIATION FIELD

The ultrasound signal is generated and detected by the transducer. An
electrical pulse causes a change of the thickness ¢ in a piezoelectric
element (PZT lead zirconate titanate) which initiates a pressure wave of
high frequency f:

2

t [mm]

fIMHz] ~

For example, a 0.4 mm thick crystal resonantes at a frequency of 5 MHz.
+

Transducer i
P housing

Acoustic absorber
Backing block
Piezoelectric crystal

Matching layer

1. 209
On the other hand, a received high frequency acoustic wave triggers an
electrical signal in the two attached electrodes which can be processed.

The sound wave is emitted from the transducer as an overlay of a
multitude of single wavelets which form a wave front.

Constructive and destructive interference
patterns confine beam in the near field

Direction of beam
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The acoustic beam profile is characterized by the near field and the far
field. The pulse in the near zone is characterized by large amplitude
variations but the energy is confined within the transducer radius along
the axis. In the far zone the field is uniform but spherically divergent.

5 o
01,15 i Qb\'\“"

3 o2
0 A (‘@\f?“,\é?oﬁ .
- P

1.01

0.5

Pl 2pgcUy)

PIP,

r L L] 1
-2 1 0 1 2
Loteral distance, yfa

The length of the near field L depends on the frequency and the
diameter of the transducer,

d2 B f . T2
4.0 v
large radius and frequency cause an extended near zone.
The divergence in the far field is given by the divergence angle ©

L

; A
sin®© = 1.22—
d
Transducer Near field Far field
element , /
%
Radius, r Length of near field Angle of beam divergence:
Diameter, d =pr/h = d*/4A sin8=1.221/d

6 =arcsin (1.221/d)
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EXAMPLE

A typical PZT-5A piezo-crystal of 2 cm diameter is used to produce an
ultrasound frequency of 5 MHz. This allows to calculate the length of
the near region:

fer?  510°[1/s] - 10~* [m?

“hals e 1540 [m/s]

= 0.325 [m]

The near range covers nearly the body thickness.

Scan direction
,,,,,,,,,,,,,,,,,, -
r\( - / T e
- ~ .
Point . Beam
targets direction

_—

The diverging angle of the far field of the ultrasound beam is:

.,

e -

4
558 = 1970 = AL 20 [mya]

= 0.002 — 0.11°
Fd 5106 [1/s] - 0.1 [m] ¥ @ =0

Only small divergence takes place in the far region.

Low frequency signals reduce the size of the near range and increase the
divergence of the beam in the far range.
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PULSE-ECHO-TECHNIQUES

The simple pulse-emission echo-detection technique is the most common
application for ultrasound. It relies on the ability of detection of weak
echo signals which originate from relatively low intensity pulses
(intensity loss causes unnecessary heating of the body organs).

The quality of the signal is determined by its resolution! For pulse echo
systems both axial resolution (along the beam axis) and lateral
resolution (perpendicular to beam axis) have to be considered. The axial
resolution Rysiq is defined in terms of the half-width §tpwmas of the

ultrasound pulse:

narrow bandwidth

I i wide bandwidth
fo fo

Riuziat = OtrpwaM -V

For micro-second pulses ( MHZ) the typical half widths of the pulse
range from 2 mm to 7 mm depending on the kind of body tissue.

The lateral resolution is determined by the size of the acoustic beam,
which depends on the diameter of the transducer element d, the length
of the near region and the divergence of the far range.

Rigteral = O0drwuM

Typically the lateral resolution ranges from 1.0 to 2.0 cm.
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The choice of the ultrasound frequency is determined by a compromise
between good resolution and deep penetration. The attenuation of high
frequency acoustic waves limits the penetration depth, low frequency
waves decrease both axial and lateral resolution.

Frequencies in the 3 - 5 MHz range are used for liver, heart and
abdominal organs, higher frequencies in the 4 - 10 MHz range with
better resolution are used to probe smaller structures, like thyroid,

arteries infant organs etc.
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The loss of intensity of the acoustic signal and the returning echo signal
might reduce the echo to intensities below the 'noise’ level. The noise
originates from scattered sounds and from the electronics.
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The transducer emits short acoustic signals of ~ 3 cycles length (for
5 MHz, signal length would be 6t ~ 3/5 105 = 0.6 us) with a certain
frequency (pulse repetition rate PRR).

?ﬂu" é‘u“v" i i Wﬂt*“

: : Pl Pulse
e - - Durati
Pulse TR dration
Repetition
Period
pulse. . ... listen forechoes., i wmwwmumm e mm s samapeim sw@mwwn s o - || R pulse
| | | I |
I I l I l I
50 100 150 200 250 i 500 Time, psec
3.85 7.7 11.55 15.4 18.25 38.5 Range, cm

--------------------------

The period between the acoustic pulses is determined by the time the
echo needs to return from the maximimum distance Dy, to the
transducer. The maximum repetition rate PRR,,,, would be:

1540 [m/s]

Fltfmes = 5 Drpes [m]

If the repetition rate is exceeded the echo signals become ambiguous
because echos from deep layers triggered by the first pulse overlap with
echos from surface layers initiated by the following pulse.

Probing organs at a depth of &~ 20 cm requires a repetition rate of
~ 600 Hz, typically the repetition rate is in the order of 1 KHz.
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SIGNAL-PROCESSING

For producing an image the acoustical signal has to be emitted with a
constant PRR at a constant db level (100 mW), the returning weak
echo system has to be amplified to a constant db level and electronically

processed.

< Position-direction-or time ~
indicating signals
- Excitation pulse
_| Clock pulse > Transmitter
generator (pulser)
‘L } Transducer VAL
Patient (with cyst and
Delay RF reflecting structures)
(sometimes) e any re_echo signal
| .
Time-gain Voltage-controlled
f‘épg{:% " > attenuator _
amp) (160 RF signal after t6c . 40-50
Variable attenuation
(systemgain)
Y Compression
Tiebiase amplifier After‘mc and compr_essrfgo_ao
ioop M-t — ge
generators
Demodulation »
Envelope (orA-scan) 120_30
—— - AL
\
[ Y Pre-processing
{e.g.differenﬁaﬁqn
> Display
Y A

Post-processing

After standard amplification of echo, the most important part is the

time gain control (TGC).
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The TGC selectively amplifies echo signals which return weak from a
deeper depth at a later time to the level of earlier echo signals from less
deep layers which have experienced less attenuation.

Equally reflective acoustic impedance boundaries

Before ' 'ug’
TGC =
Q.

E

<

TGC .g
Amplification o
5

After 3
TGC =
=

<

Time—»

Overall signal intensity is then ~ 40-50 db.
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The signals will be digitized by Analog to Digital Converter (ADC)
systems and processed in the computer. The data can be displayed in a
one dimensional way as intensity versus time (A-scan), which
corresponds to a simple axial scan.

Stationary
Transducer

B mode A mode

Valve Leaflets

The most common display is the B-scan, where A-scan is coupled with
x-y movement of the transducer.
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The intensity of the echo signals is translated into brightness of display
for different x-y positions, this is used to create the two-dimensional
image from the intensity as function of x,y-position g(z, y.

Compound B-scan

Image display

The construction of the actual image (in the computer) is a complex
mathematical process which takes into account the pulse shape
characteristics and the density distribution of the body tissue as reflected
by the interaction processes between acoustic wave and body material.
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THE GENERATION AND CONSTRUCTION OF IMAGES

The structure of the reflected echo signal is a convolution of the

pulse-echo wave and the response of the body through signal scattering.

For a two-dimensional description image function g(z,y) can be
expressed in terms of the

e axial pulse-echo response hj(z) (pulse shape of signal),
e the lateral pulse-echo response hy(y) (beam profile),

e the scattering response f(z,y) of the system

9(z,y) = h(z)- ha(y) - f(z,v)

Very simplified form, neglecting noise, multiple scattering, differences in
speed of sound ...

The scattering response depends on the density of material p(z,y) and
the elastic modulus K (z,y which determines speed of sound and
impedance. The response can be formulated in terms of fluctuations in
density and elasticity in the direction of the pulse z

1 8 (bp(z,y) , 6K(z,y)
f(z,y) = ZB:{F( P + K, )

(b)

(c) (d)

The simulated image of a point scatterer convoluted with the time
structure of the pulse echo signal andthe extension of the acoustic beam.



