Paul Nolan, University Hospital Galway

Physics of Ultrasound




Nature of Ultrasound

Ultrasound

Mechanical energy
propagated through a
medium by vibration of
molecules

Longitudinal waves
Sound waves are
propagated
OPOOEEIT Co6 1114
one another
Compression

Elastic properties mean that
when molecules move back Iin
the opposite direction they
move away from one another
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Figure 1.1 Ultrasound wave. Representation in terms of alter-
nating molecular compressions and rarefactions. Corresponding
2D plot of density as a function of distance along the propagation
direction. The wavelength (A) is the distance corresponding to

one cycle of the longitudinal wave.



Properties of Sound Waves

Amplitude (A)
Maximum variation in particle
displacement, density or acoustic

pressure of a sound wave p
Wavelength ¥) /T\ Amplitude

Distance of one complete cycle \ / ‘L ' /
Period {) \ \

Time taken for one complete wave / ;"r
cycle .

Frequency (f) "\ Y7 Wavelength
Number of cycles per second
1Hz = 1 cycle per second Trough Trough

Inversely related to period f=%/
and obviouslyz=1/f

Human hearing 40HA5kHz
EchoardiographyiMHz10MHz

Peaak




Speed of Ultrasound

Rate at which waves
propagate through a

Determined by density and ~ \Water XYed | AO
compressibility of medium Soft tissue 1540
# BX AL+ Liver 1550
K=compressibility of medium  Muscle 1580
1 =density of medium Fat 1459
Generally as density Blood 1575
Increases speed increases Bone 4080

Due to the fact that
compressibility decreases
significantly



Wave equation

FSpeed of sound in

medium is independent 'i

of frequency

EThe shorter the
wavelength the higher \
the frequency .




Intensity

Intensity of ultrasound beam refers to the amount
of power that passes through a specified area

B I=intensity (\W/cm2)
Z W=power (W)

£ Area=cross sectional area of beam




Attenuation

transducers |

\ / ;“r‘_‘ 1I
EMeasured In dB scattering \ /
reflection

from moving
blood cells

Y »
‘ | . specular
s reflector
refraction
F attenuation




Attenuation — worked example
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Attenuation coefficient

Attenuation is directly J
related to  a=attenuationcoeff
Freq F D= distance travelled into the

Distance travelled medium

Properties of medium
Attenuation coefficient

Describes the Attenuation increases at

attenuation properties increasing depth

of a medium Attenuation increases
Soft tissue with increasing

J frequency




Calculating maximum imaging

depth

.
Ea=1/2(5)=2.5

J




Reflection

Echo images are created by
reflections

Created at interface between

Incident pulse

Reflected pulse

two tissue boundaries £
_Depende_nt_on relative changes Transmitted pulse 2,
in acoustic impedance

v

% which is not reflected is
transmitted

Small changes in impedance reﬂectedintensiW(W/sz)_(Zz —ZIJZ

- IRC = =
Produce smqll r.eflectlons but incident int ensity(W/cmz) 22 +Z;
allow transmission

Large changes in impedance

Produce large reflections but
negate transmission




Types of reflectors

SPECULAR SCATTERERS

) J

J Z Less than one wavelength in size

) ‘
w ;

 Higher freq, more backscatter from these
J reflectors

 If parallel, echo drogout can occur



Ultrasound transducers

Piezoelectric crystal
Alternating current applied

Crystal expands and contracts
When pressure Is applied

Crystal generates an electrical current
Transducer freq depends on

Speed of sound within the crystal
Thickness of the crystal




Ultrasound transducers

BaC k| ng (d am p | ng) |ayer Figure 2a: Cross-section of a typical phased array transducer

Matching

PZT high acoustic impedanc \ . Layer
PZT

80% reflection at interface plate

%BAAOOEOA ET (

Backing layer reduces this Elfgg(ijcsalj
Matching layer Y\

Improves transmission of U_ RRak SEIHEEISERRS

pulse by up to 100%

Thickness=1/4 of wavelength

Modern transducers use
multiple matching layers to
Increase bandwidth

Backing Layer




Characteristics of US pulses

Echo uses pulsed
ultrasound
Transducer emits a pulse

Then waits for returning ="
signals

Other terms related to
US
Pulse duration
Pulse repetition period
Pulse repetition freq

Listening Time

finf
1/



Characteristics of US pulses

Pulse duration

Time from the
beginning of a pulse to
the end of a pulse

Pulse repetition period
Time from the — |
beginning of one pulse

to the beginning Of neXt PPPPPP tition Per iod (Pulse Duratio n + Listening T ime)
)T Al OAAO O1I EOOAT ET co OEIT A




Characteristics of US pulses

Pulse repetition freq
Number of pulses

emitted per second ) ]
PRF= 1 e |
pulse rep period

Duty factor < o

Fraction of time that the
US pulse is being
emitted

DF= pulse duration
pulse rep period




Resolution

Resolution

Ability to detect
structures that are
anatomically separate

Display them separately
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Resolution

Axial resolution

Detect two closely
spaced echoes at

different depths

Dependent on N
AJCIC]l separak stuchires

Wavelength Resolution Eﬁ,ffulrﬁ t;m

Shorter wavelength,
better resolution

] BAT £




Resolution

Lateral resolution
Ability to detect two

closely spaced echoes

side by side off o minosis

Lateral e
- - Lateral e s P

resolutionheamwidth Racoliion [ e

Beamwidthincreased e

with lower freq cd-— LT

Focal zone will display
Improved lateral
resolution



Fresnel and Fraunhoffer zones

Fresnel zone
Near field

Due to interaction of ey

multiple wavefronts . [

Slightly narrowing beam []U B U U
Fraunhofferzone bl oo B b L

Point past focal zone -

Beam diverges Focuses Z N

Loss of resolution A R NEENE] U [] U
Point between zones L oo ] -

Area of greatest intensity
Area of greatest resolution



Resolution

Contrast resolution Harmonic Imaging
Differentiate subtle Utilizes harmonic
differences in frequencies of the
echogenicity emitted freq
Improved by optimising Caused by notlinear
machine settings propagation of the wave

Gain — o~

Dynamic range T
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Resolution

Contrast resolution Harmonic Imaging
Differentiate subtle Utilizes harmonic
differences in frequencies of the
echogenicity emitted freq
Improved by optimising Caused by notlinear
machine settings propagation of the wave

Gain *

Dynamic range
ATO



Resolution

Contrast resolution Harmonic Imaging
Differentiate subtle Utilizes harmonic
differences in frequencies of the
echogenicity emitted freq
Improved by optimising Caused by nottinear
machine settings propagation of the wave

Gain

Dynamic range
ATO




Resolution

Temporal Resolution

Ability to show moving
structures at a particular
Instance in time

All dependent on frame
rate

Each image is
constructed of scan lines
Regularity at which the

frames are refreshed is
the frame rate




Single scan line
Higher temporal
resolution

10002000 pulses per
sec

Better information re
fast moving structures

Provides excellent
Interface definition

11/12/1985 0302281 UCHG ECHO LAB S5-1/UCHG
FR 17Hz

13cm

0.8 cm

EDV (MM-Teich) 102 ml
IVSILVPW (MM) 0.8
IVS % (MM) 75%
ESV (MM-Teich) 35 ml
FS(MM-Teich)  36%
EF (MM-Teich) 66 %
LVPW 9% (MM) 50 %,



Doppler principle
Assumed change in

frequency that occurs due
to motion of source

Police siren
Used during echo to
measure blood velocity
2" #60 AAO AO OAZE AAOI OO
Higher the velocity of RBC,
greater thedopplershift

Moving away negative shift

Moving towards positive
shift



