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e Consider 3 methods of acoustic localisation
 Through these, learn about concepts in acoustics

propagation of sound
diffraction

reflection

scattering
attenuation

e Link back to diagnostic ultrasound throughout
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Methods of sound localisation

1. Lightning localisation

passive

(light as reference)

2. Binaural hearing

passive

(difference in arrival times)

3. Echolocation
active
(pulse-echo)
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1. Lightning localisation

343 m/s
G —————————————————————————

=1 kmevery3s

« Passive method (with light as reference)

e Time of arrival (ToA), speed of sound (SeS)localisation
e Analogy with diagnostic ultrasound?

 Where does speed of sound come from?

« What about propagation in tissue?
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Analogy with diagnostic ultrasound:

localising “flashes of lightning™— photoacoustics
Transmit laser pulse at known time

Optically “dark” tissue absorbs laser preferentially
Localised heating due to laser pulse creates shock wave
Time of arrival depends on location of emission site

http://www.ucl.ac.uk/cabi/Photoacustics/Photoacustics.html
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Propagation of sound

 Mechanical vibrations cause travelling waves

 Wave can be sustained by normal stress, shear stress, anc
volumetric compressions

 E—ow orp—0: c—wo (block moves as one)

elastic modulus

.
propagation speed C
\ o
undisturbed density
6 zsting in your fiure P
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Types of elastic moduli

* Young’s [E): axial propagation along laterally unconstrained rot
 P-wave M): longitudal propagation, no lateral motion

* shear G): motion transverse to direction of propagation

* bulk (K): volumetric propagation (pressure waves)

o K=M-4G/3: without shear, equivalent to P-wave

« K=-VoploV :inverse of compressibility

7 lnsting in your fiture m
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axial propagation C=
« C=E (Young’s Modulus)
e E=olc (stress/strain)

¢ Cy aee= V(216x10°%7800)~ 5300m/s
e E—w or p—0: c—wo (block moves as one)

8 lnvpeting bn your fiture m

’ & * F
New Huu;a,y Developwient Plan



| Medical diagnostic systems — Fundamental concepts atoustics

mwﬁ

’7 o

€5 ef 1
375

—>

longitudal propagation in bulk medium C —

D | 0]

* gXX = SXX: O

 no diffraction (high frequency)

e C=M (P-wave modulus)
e M=og,/e,, (stress/strain)

* Cst.steeI: 5980m/s
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transverse propagation C —

D | 0]

e C=0G (shear modulus)
e G=1ly (shear stress/shear strain)
Cor stee= V(84x10%/7800)~ 3300 m/s

10 lnsting in your fiture m
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C— \
e C=K=1/k (bulk modulus=1/compressibility)
o K=-VoploV
e K= M-4G/3

e Kuaer 2-05 GPa at 1 atr® 3.88 GPa at 300 atm
¢ Cuue=V(K/p) = V(2€6)= 1400 m/s
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Propagation of pressure waves

Assuming small pressure and density fluctuations

P =p, + p wherep<<p

R=po +p wherep<<p,
« a waveform retains its shape as it travels (lipeapagation)
e propagation can be described by the linear wavatexru

10°p _
c® ot°
Solutions of linear wave equation:

e planar wave propagating in z-directigoxA g(z-t/c)
« spherical wavep=A/|r-r,| g(z-t/c)

0%p-

1 2 lnvpeting bn your fiture m
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Energetics of pressure wavesssios 2005]

A wave causes flow of energy without net flow ofsma
* Flow of powerP through ared\ is the acoustic intensitgP/A (W m?)

* Pressur® and particle velocity are related by impedanZe and intensity
IS given by product of two:

p(r,) =2Z(r) v(r.y
Instantaneous intensity (r,t) = p(r,t) v(r,t)
acoustic intensity(r) = p,dr) Vimdr) = Pl)?ma/2Z(r) = &c.
(cf. voltage and current in electronics!)
» Using phasors to represgntv, Z may be complex (againf. electronics)!
* For planar waves only:
acoustic impedance = characteristic impedance of mediym
* Intensityl=P/A flows at speed@. Hence energy densify = I/c (J m?3)

13 lnsting in your fiture m
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Propagation in tissue

e Is tissue a solid or a liquid?

e Can it support shear waves?

* \What is propagation speedn tissue?

14
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Longitudal speeds of soumneklis 1999

« Hard tissue (bones, teeth); c~ 4000 m/s

« Soft tissue (muscle, fat); c~ 1540 m/s

e Liquid tissue (blood, lymph); c~ 1570 m/s

Gas pockets (lungs, oesophagus); ¢~ 330 m/s
compare with steel, water and air — at@GF

Soft tissue

Agueous solution with suspension of cells and matfiextracellular
scaffolding (collagen, elastin)

Modelled as aiscoelastic gel

Solid-like elasticity and liquid-like viscosity dotontribute to presence of
shear waves (~3 mfsicLaughlin and Renzi 200§]

15
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2. Binaural hearingexuier and siake 19041

1000 Hz< 1 ms<& ~34 cm
frequency, attenuation coefficiernt

o <2000 Hz low a, high diffraction: interaural time difference
« >4000 Hz higha, low diffraction: interaural level difference
e Passive method without temporal reference

« Time differences of arrival (TDoA) in diagnostic ultrasound?
 What are diffraction and attenuation?

* Role of attenuation and diffraction in diagnostic ultrasond?

1 6 lnsting in your fiture m
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TDoA In medical ultrasound:

The received data are used to form

Tracklng popplng bUbeeS _ passive maps of microbubble activity.
passive cavitation mapping  thatare

. o then detected
« Cavitation (bubble activity) often by an array of
. . . Therapeutic ultrasound
involved in ultrasound therapies LtrasoUng receivers.

e Cavitation may occur at any time ; """ L.
(no temporal reference)

_ _ ] --"'1"-'— The oscillations
 Time differences of arrival of £, ;i cause pressure
. . : SRR - waves 10
shockwaves allows localisation of ot Ui ¢ propagate from
bubbles microbubbles. W0} the bubbles ...
[Gybngy 2010]
1 7 fnbﬂ_’;‘-‘l‘mF in your fizture ﬁ*
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<2000 Hz
@ £>4000 Hz
C—)
Diffraction

e Point source spreads spherically
o Set of point sourcasterferewith each other

Continuous source regiahffracts
- analogous to interference of infinite point sources

Level of diffraction decreases with frequency

18
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Diffraction

e Consider single frequendy

« Pressure fielgh(r) expressed as complex scalar field of phasors
« Small distances||(near-field: p(r) = complex interference pattern
« Large distances||(far-field): |p| = H(8)/]r|

e Transition on longitudal axis atjD4f/4c [Olympus 2006]

« Transition depends on apertideas well as frequency!

1 9 lnvpeting bn your fiture m

’ & * F
New Huu;a,y Developwient Plan



20

Medical diagnostic systems — Fundamental concepts atoustics
il

Ditiraction in diagnostic S e

ultrasound i
o Typical abdominal 1D array: the ., ||||||II i il
L10-5 from Zonare medical systen
e Focusing in imaging plane using
acoustic lens

e« z=17.5 mm elevational focus

o 7z=60—-100mm: roughly constant,
~10 mm sensitivity in elevational
direction

e scattering object 5 mm out of

T—acoustic lens
(elevation focussing)

elevation y (mm)

-20 -10 0 10 20

Imaglng plane may be Seenl transverse distance x (mm)

[GyOngy 2010]

20
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Attenuation

e Consider a planar wave travelling in the z-direction

Without any attenuation, the wave will maintain its amplitude
p=A g(t-Z/c)

 In reality, some of wave redirected in other direction

(scattering) and some is converted to microscopic random
motion — heat (absorption)

 |f attenuation is uniform over distance:
P=A exp(wz) g(t-z/c)
wherea IS attenuation coefficient in Nepers
 What if attenuation is caused by a single object?

2 l lnsting in your fiture m

’ & * F
New Hun;a,y Developwient Plan



22

| Medical diagnostic systems — Fundamental concepts atoustics

Vx}'fﬂ
’7 A
375

Attenuation In diagnostic ultrasound
 For plane wave travelling imdirection, attenuation

coefficienta describes “weakening” of pressure with distance:
pP=A exp{j(kz-wt)}exp(-a2)
Ip|=A exp(ez)
wherea is In Nepers (Np for short).
e Fortissueg s = 1 dB/cm/MHz[Brunner 2002]

e Therefore, at 6 MHz

- pressure amplitude halves for every cm travelled
- pressure received from perfectly reflecting taff@tm deep (consider
two-way propagation)?

« Exercise: show that 1 dB0.115 Np
 What is origin of attenuation?

2 2 lnsting in your fiture m
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3. Echolocatiomu et a. 2007

* Active method: time of transmission acts as reference
e Two-way travel time, speed of sound (Se$)ocalization
e Analogy with diagnostic ultrasound?

« How accurate is the localization?

 How do echoes form from the fish (scattering)?

lnvesting in your fidure 3
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Diagnostic echolocation: 38 mm
array

pulse-echo B-mode imaging for

 Most widespread form of
diagnostic ultrasound imaging

« \ery simple conceptually:
1. transmit pulse along

different lines A % ;
2. convert timeline of recorded
echoes to distance%t/2c) e aan emelone onvelopes

beamforming amplitude create B-mode

3. convert amplitude of echoesaengtinine’  (aine) image

] (here, porcine

to brightness on a screen liver in water
imaged using

Terason t2000)

24
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Localisation accuracy
Determined by width of transmit pulse autocorrelation

Medical diagnostic systems — Fundamental concepts atoustics

pulse trace frequency spectrum autocorrelatlon
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Localisation accuracy
At Af =1; 2.355%0.375=0.883

#osclillations= f At = f/Af = Q (=1/0.375=2.667)
Approximation better for Q>>1 (underdamping)

1

1

0.5 0.75

0.5

-0.5 0.25

26
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Scattering

« Caused by inhomogeneities =
of the medium (variations in F =
compressibilityx and o
densityp)

e Total pressure field
modelled as sum of incident

- } scatteri'ng -
and scattered field: cource
p(r,t) = p,(r,t) + py(r 1) |
e Hence, scattering creates RS
“virtual sources” Surface wave scattered in bath tub by 27 mm object

27
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Regimes of echo formation (scattering):

sub-wavelength scattering resoniascattering  reflective scattering
“diffusive” “diffractive” “specular” ( speculum, mirror)
< >
- 94 @
ka<<l ka~1 ka>>1

k = 27/4: angular wavenumber

a. characteristic size of scatterer (for sphere, equals radius)
ka number (dimensionless): characterises scattering behavi
reflection a limiting case of scattering

28
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Sub-wavelength scatteringa << 1) (Lignthil 2001;

 Changes in compressibilityand density has different effects:

- Ax causes angle-independent (monopolar) scattering
- Ap causes dipolar scattering equivalent to two oppsionopoles

p.(r.t)a s Ko 3(p; = Po) cosé ={fixed,incomprestle} —1+§co&9

N 0

- 0. direction relative to direction of propagation
monopolar scattering dipolar scattering dipole ~

A volumetric changes A momentum changes 2 anti-phase mpoles

 Amplitude of scattered pressure increases Wwahda
- how to quantify “scattering ability” of object?

29 [t <ting bn your fture m
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Resonant scatterin@gd ~ 1) (Lighthii 2001

* [ncident pressure varies over object

* Interference between scattering wavefronts at different
locations causes complicated scattered field

— backscattered wavefronts from front and back oftsier in phase
—resonance

 Mode conversion at boundary (pressure wavshear wave)
also causes resonance peaks

« By definition, in far-field of scatterer, pressure amplitude
varies reciprocally with distance for constant angle:

H(0)
" |

p(r,t)=

30 lnsting in your fiture m
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Reflective scatteringk@ >> 1) (Lignthill 2001]

o Scatterer very large: meetings of pressure wave ebfect boundary
iIndependendf each other (no phase informatiofin reality, if
transmitted pulse is long enough and attenuatio@sdwot extinguish a
wave before it hits a new boundary, standing waviése set up)

« At each boundary, mismatch @aharacteristic acoustic impedance
(=pc) creates reflection (as well as refraction)

« Laws of geometric acoustics used ffay tracing(cf. optics)

* Rays describe direction of high-frequency acousti@ms that undergo
negligible diffraction or interference

medium 2 (“scatterer”) refracted ray

medium 1
incident ray reflected ray

3 l lnsting in your fiture m
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Fish as (resonant) scatterers

A=3 cm L L L
- //\// @ \\\ a=10 cm
Eiﬁ,,,,ﬁj ka=20
/‘\ //
[Ye and Farmer 1996] Water Swimbladder Fish
Mass density (kg m3) 1026 1.24 1560
Bulk modulus (MPa) 2200 0.15 2600

32
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Echolocation of airborne objects

o Air-water boundary creates great impedance mismatch
 Most sound is reflected from boundary
e Quantify this?

~ =l

lnmsting in your fidure
33 T
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How does a fish school scatter?
« Multiple scattering inside fish school: diffusion of sound
e School fish as bulk inhomogeneous material: reflection

» As fish (parts) made smaller
- diffusion (causing attenuation) decreases (eventually)
- fish school becomes homogeneous medium

34
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Acoustic concepts covered so far...

and their relevance to diagnostic ultrasoun
e propagation of sound:1540 m/s in soft tissue
 diffraction: focussing of mathick beams
 reflection and refraction: organ boundaries
o scattering: cells, collagen, elastin
e attenuation=l1l dB/cm/MHz

Let us review these concepts again...
and provide some additional notes

3 5 lsting i your fieture m
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Propagation of pressure wav&sssios 2005

« Derivation of wave equation from the governing daure of acoustics:
Eqgn. of state(pressure function of densityg(R)
Continuity egn.: (mass rate of change iV d& flux infout dv): oR/ot =-V-(Rv)
Momentum egn.(Newton’s second law of motion)VP = p ov/ct

» Assuming small pressure and density fluctuations

P =p, + pwherep<<p; R =p,+ p wherep<<p,

Linearised eqn. of statep = (kpy)p (compressibilityx = 1/(-V op/oV) )
Linearised continuity eqn.: dp/ot = -pyV-v
Linearised momentum eqn: -Vp = p, ov/ot

* Linear wave equation hence derived

V2p=V- (Vp) = - po V- (0VIot) = 0 (-poV-V)/ot = 0%plot? = c2 6°plot? wherec = (kpg) /2
» Derivations in linear acoustics follow from thes®s/grning equations (e.g.
formula on wave speed, acoustic impedance of eeplaave)

3 6 lnsting in your fiture m
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Non-linear propagatiQtubbold, pp. 228-237; Hiét al. 2004, pp. 34-35,*115]

* Non-linearity arises from two effects
1. Medium non-linearityp = A(p/py) + B/2(p/pg)? + ... (p non-linear function op)
2. Convective non-linearity: wave transported by particle motion
* For typical materialsB/A>1), both effects cause an increase with p:
1. Medium non-linearity: medium less dense than expected
2. Convective non-linearity: particle with forward motion carriesguee quicker
C=Cy+ PV =c,+ (1+B/2A)V
wherep is the coefficient of non-linearity (water:5.0 blood:6.3 liver:7.8 piglfl.1*)
* Pressure dependent wave speed causes distortiaveform with distance

 As a result, waveform accumulates harmonics aavets

i
[ (think of a loudspeaker
) placed in castor oil... what
would happen as you
I increased the frequency?)

original waveform shocked waveform  why does this not happen?

3 7 lnsting in your fiture ﬁ*
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Non-linear processes In diagnostic ultrasound

* Non-linear propagation of ultrasound introducesraamcs into the wave as it
propagates towards reflector/scatterer and backrt®rarray, the degree of non-
linear propagation being highest at the highestiardp (focus)

* Pulse-echo imaging of such harmonics is calleddissrmonic imaging

» Air bubbles are highly non-linear scatterers, sdgatj sound at harmonics of the
Incident wave (for high enough amplitudes, they sahtter sound at the
subharmonics, ultraharmonics and even in the besabftequency rangieppiras
1980)

* By introducing stabilised bubbles (ultrasound casttagents) into bloodstream,
perfusion can be imaged (contrast agent imaging)

e Harmonics can be recovered in several ways:
» send one pulse and extract harmonic componenhof ec
» send two pulses, one inverse of other, and cordiifierence between two echoes (pulse inversion)

38 lnsting in your fiture m
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Diffraction

 Huygen’s principle: each point
as wavefront) is itself a su

g .
ey
LR L
e on

.
3“‘- '0‘0-
22
3’ L P
o
o onfn
n®ee a
CH S
-
a®, ot
FEL] L9
e *q
3,
Iz"‘ "0‘_
ne VapsUe

. . >
direction of

propagation

e But: consider a single planar s

of non-zero pressure field (such

perposition of point sources

slit
soft baffle

B

CHEL

rring
it

transducer

ource. As it spreads in two

directions, the source won'’t keep splitting in two!

 Modified Huygen’s principle: point sources have directivity
given byobliquity factor(maximum at propagation direction)

« Application to ultrasound transducers: pressure field result of
sum of (directional) point sources across transducer surface

39
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Reflection and refraction

» Reflection and refraction governed by change in characteris
acoustic impedancé=pc across boundary.

» Ratio of pressure reflectedZ£Z,)/(Z,+Z,)
e Z has units of Rayls
« For planar wavegy/|v| = Z, wherev is velocity field

[Kaye&lLaby] Air Water Blood Bone
Z (MRayl) 4e-4 1.5 1.1 3.5-4.6

e Over 99.9% of pressure is reflected at air-water boundary!
Refraction governed by Snell’s law: 8{fsinf, = c,/c,

4 0 lnsting in your fiture m
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Attenuation in simple conceptual terms

» Ordered vibrations of a wave gradually
* re-transmitted in other directions (scattering)
» turned into unordered, random mechanical (i.e. thermal) fluctuatibasr(zion)

« Simple model of wave propagation: particles hetyetber by springs

« Wave propagation due to reaction force of springkiaertia of particles

« Scattering caused by variations in particle masissaning stiffness

» Absorption: addition (series or parallel) of dasisgo spring$Gaoet al. 1996]

scattering by
stiffer springs

T

,,,,,,,,

.......

scattering by %

larger mass T Maxwell model Voigt model

41 Sl e
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Attenuation In tiSSUthgal and Greenleaf 1984]

« Scattering from density and compressibility changésnass-spring model)

» Classical thermoviscous model: absorption arisa® fophase difference
betweem, p [Lighthill 2001 pp. 78-79]

P = % + 80p/ot; leading tadp/ot — c? dplot + 6¢20%p/(02%0t)=0

» Such phase difference may arise fri@uabbold 2007, pp. 84-86]

* heat conduction

e VISCOSIty

 molecular (thermal and structural) relaxation
« Scattering: diffuse to diffractive single particsiiga<l) o~ f 24 predicted
« Absorption: thermoviscous model prediats- f % (sim. to Kelvin-Voigt model)
In contrast, a, a,both ~f 1-1-1-2in tissue! Modify models:

e o : spatial auto-correlation f@yp,Ax [Sehgal and Greenleaf 1984]
* a, [Szabo 2004, pp. 77-83prge mass-spring-dashpot arrangemghim et al. 1996]

42
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Attenuation by single objeciSonold 2007, pp. 270-271]

« Consider intensity plane wave impinging on object with cross-sectms.jA
 If object removes all incident intensity (“full attuator”) \P,.oved 1A

« Object with c.sAremoves e.g. half dfacts like full attenuator of c.8/2

» Define acoustic c.s. as equivalent c.s. of fuémator

e Total acoustic c.s. (area) sum of attenuationand.scattering c.s.

0= Ua + O-S = Premoveé I
» Differential scattering c.s.(area/solid angle)
a440) = P(0)/l (unlike attenuation, scatterifigdependent)
« Differential backscattering c.s. (area /solid aihgle
O4ns— 044d0=[r O]) (arises in pulse-echo ultrasonics)
« Backscattering coefficient (area/solid angle/voluimebbold 2007, p. 308]
ogsc= 04d0=[n O])/V (gives “density” of scattering

43 lnvpeting bn your fiture m
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