Physical basis of medical ultrasound
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Sound as a mechanical wave

Frequency ranges - ultrasound

Generation of ultrasound

Ultrasound transducers — technical questions
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Doppler method

Medical imaging



Transversal wave — such as light, or sound in some cases in solids

L .l.f.l ™ .. .-n . .n. s o® oo “.- .
CEBR e I
Qo g D ML sem it dopt Ty lloie £ -‘? k :."= 2] '.r:-_l:-.'. s

Transversal: wave propagation is perpendicular to the “motion”
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Longitudinal waves:

propagation direction is parallel to the “motion”

@2011. Dan Russell
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Moving surface (wave “source”)



Compression: pressure increase, density increase
Rarefaction: pressure drop, density drop

©2015, Dan Russell



Longitudinal wave

transversal wave
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Surface wave Rayleigh wave
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hydrostatic  pressure change,
pressure sound pressure

Protal = phydrostat + Ap

pressure. DC +AC amplitude  phase

ApP(t, X) = APrax sin{Zn(_ltT — %ﬂ

c-T=4 c=f-4

(see elecrical analogy:
DC=direct current,
AC=alternating current)

Usually py, gr0stat >> AP

amplit
|




Frequency ranges — Fourier theorem

Signal(t) «<— ) ;A; - sin(w;t) + B;cos(w;t)

The more sin/cos signals we add, the better the accuracy
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. +°°f(t)eiwtdt If the signal is non-periodic, we have an integral

F(w) = ) .
instead of the summation
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broader range!
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Propagation of sound waves

t X

AP(t, X) = APpay SIN 272(? — ZJ

c-T=4 c=f-4
. \F 1
P JKp

E is called the elastic (or Young’s) modulus of the
material and is a measure of the stiffness of the
material. (See Hooke’s law!)




Some important equations — the role of the elastic medium

_AV compressibility
= V relative volume decrease
Ap over pressure
1

C=——== speed of sound
\ PK

v P Pnhax  acoustic impedance
(definition)

Here v is the volume flow, not the speed!

acoustic impedance
(useful form)
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Speed of ultrasound in various materials.
The soft tissue median is 1540 m/s

Dry Air

¥ Lung Gallstone Bone Glass Steel
I E——— S : : : m
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1 2 intensity = energy-current densit
J== Apeﬁ y gy y

Z

Intensity obeys the absorption law, such as any wave

attenuation: o = 1O-IgJJ—O dB
a=10-u-x-lge dB

J=J,e™ | |
1 1S proportional to
frequency In the
diagnostic range!
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4 1S proportional u~alx |
to frequency in (dBicm) 1
the diagnostic
range

100F

p~ 1 k~1(?)
log 12 ~ klogf

double-log graph: if the graph
Is a linear, the power function
approximation is valid

specific attenuation
for soft tissues
(homogeneous tissue model):

o dB .
~1 specific

f x cm MHz _
attenuation:




Reflection and refraction — again at the boundaries (as with light)

Snellius-Descartes

Frequency remains constant!



Ultrasound “beams” will change direction by refraction — just as light does

A
CS
Cq c
C
CS
real position in
position the image
Cx
Cn
Cx

We need to take this into account in the imaging!



Reflection of ultrasound (normal incindence)

J, J;
Y >
»”
Jr
Jo= Jg +J;

reflection and transmission
(penetration)

reflectivity:
R — ‘Jreflected _ Zl B ZZ
‘]incident Zl T ZZ

Analogy to light: Z stands here
instead of refractive index




boundary surface R
muscle/blood 0.001
fat/liver 0.006
fat/muscle 0.01
bone/muscle 0.41
bone/fat 0.48
soft tissue/air 0.99
— —
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“full” reflection:
Z,<<Z,, R=1

optimal coupling:

Zconnecting ~ \/Zsourcezskin

Coupling medium is required for medical
ultrasound imaging!



Generation of ultrasound - Piezoelectric effect

source of electric signal voltage

(sine wave oscillator)

+
transducer (piezo-crystal)

force

(a) Center of charge of positive and
negative charges coincides.

(b) and (c) As a result of pressure , the
charge centers are separated, i.e. a
potential difference arises (direct ~).
The crystal is deformed when voltage is
applied (inverse ~).

at home:
gas igniter

tweeter



active cable
acoustic insulator \

amping unit

active electrode
N\ piezoelectric crystal, 4/2

grounded
cable

: grounded electrode
plastic

housing couplant layer, A/4

It acts as both reciever and transmitter of ultrasound pulses

e
v



Principle of ultrasound imaging:
We detect the reflections from various surfaces

VL

Original wave

Receiver

Sender



time sharing mode: pulses instead of continuous wave ultrasound

This enables the usage of the same transducer, and improves resolution

speed of
propagation of US
(in soft tissue):
1540 m/s

pulse repetition time: 1 ms

pulse repetition frequency:
1000/s = 1 kHz

transducer _»l ,<_

pulse duration: 1 us

frequency of US: 1-10 MHz



relative pulse amplitude (dB)

Fluid

Muscle

Muscle{ Bone

We need to deal with absorption:
the deeper the reflection comes from,
the weaker it will be

! ti vh
-40- ' ' P
S ’
| P S T 4
-504 'h;',:""’ P <
-60{ 9 .9
o TGC: time gain compensation
-80. DGC: depth gain control
: 4 6 8 10 2
Distance (cm)
boundary surface R |10IlgR (dB) T [10IgT (dB)
fat/muscle 0.01 -20.0{ 0.990 -0.044
muscle/blood 0.001 -30.0| 0.999 -0.004
muscle/bone 0.41 -3.9] 0.590 -2.291




Technical details — beam shape, resolution, etc.
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Fundamental, dB scale




Resolving limit is the distance between two object detalls
which can be just resolved as distinct objects

(the smaller the better).

Resolution (resolving power): the reciprocal of the resolving
limit (the greater the better)

Axial resolving limit Lateral resolving limit is the
depends on the pulse minimum separation of two
length. Pulse length is Interfaces aligned along a direction
iInversly proportional to perpendicular to the ultrasound
the frequency. beam. It depends on the beam width
frequency (MHz): 2 15

Typical wavelength (in muscle) (mm): 0.78 0.1
values penetration depth (cm): 12 1.6

lateral resolving limit (mm): 3.0 0.4

axial resolving limit (mm): 0.8 0.15



Axial resolving limit — depends on the pulse shape

7. pulse duration

c,r=Cy,r =Ccz  pulse length

d
CtT ax
)
)
— 1,
¢ ' >
< : ,
< o
< o
o
o

—d=-" resolving limit

The axial resolving limit is the half of the
pulse length. The echoes from the

adjacent surfaces in this case just hit each
other.

T~T =

— | =



Lateral resolution — depend on the beam profile, or beam shape

lateral scanning direction >
’ 2R »
’/" A 'I /""‘\
B F
5Iat ~— A
2R
beam
T diameter ® F: focal length
resolved points "o resolution 2R: diameter of the

transducer
A. wavelength

beam direction



unfocused ‘
transducer noar fiekd far field

|

|
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1

focus zone

focused
transducer near field

S =

acoustic lens

far field

Focusing increases the divergence of the beam in the
far field regime and reduces the depth sharpness.
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Point sources and Huygens’ principle

Any wave propagates so, that each point on a primary wavefront serves as the source of spherical secondary wavelets
that advance with a speed and frequency equal to those of the primary wave. The primary wavefront at some later time
is the envelope of these wavelets. .



Electronic focusing — using Huygens

delay units

the time of emission
Yoy Y iy < >

<«— transducers —>

bl T T B elementary
b g o, el T 1/~ W NS
wave front -7 10
e ek gl NENGZ 18 T v focal
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cf. Textbook Fig. on p.507



Scannig, moving the beam direction

multi unit linear array multi unit curved array
direction
1.9.8. 4. 5,86 of scanning
e group of wafers

size of the wafer

S 1" 'distance between
H ‘<7 image lines

1.2.3.0¢¢ lines

37

cf. Textbook Fig. VII. 36-37
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Doppler-effect : how to measure velocity of targets

Standing source

frequency is constant
f

If the target, which reflects ultrasound is moving, then it also acts as a moving source...

Moving source
frequency changes

(“observed freq.”)
fl



f’. observed frequency, f: original frequency

(a) standing source and moving observer (V) ety Vo
+: observer approches the source - -

—: observer moves away from the source

f
f'=
(b) moving source and standing observer 17 Vs
(if ve<<c, then ,same” as (a)) C
1+ Yo
(c) moving source and moving observer fr=f —F
_ Vg
1+ —
C

(d) moving reflecting object (surface),
(if ve<<c ) "= f(li _Rj




Doppler frequency = frequency change = frequency shift

If vi, vg<<c (iI= S or O)

rearranging equation (a) V.
moving source or observer: Af =fp = izf

rearranging equation (d)
moving reflecting object Af =fg = iZV_Rf
or surface: C

If v.and c are not parallel, then v cos® should be used
iInstead of v (remark: if ®=90°, fy = 0)

41
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one
constant
velocity (v*)

frequency
distribution
(Wlth Vmode)

fD~V

Vmax

<

mode

Vmin

Doppler curves

b
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velocity distribution

Y

bandwidth

Y

velocity distribution at

a certain time N

Y



Imaging surfaces by observing pulse echoes

Electric signal from transducer

Reflected pulse
from the bottom

’|//°
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Voids

Flat Bottorn Hole

Stainless Steel Block

time
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ULTRAZOMNIC TEST UNIT

TRAMNZDOUCER
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STRUCTURE UNDER TEX1




transducer pulse x.///
s —p S '

A-mode
(Amplitude)

only 1-dimensional

1-dimensional B-mode
(Brightness)




A-mode and B-mode images of the same structure
B-mode scan produces 2D images, composed of a series of 1D B-mode data

Date: Dec 29, 1993 Tise: 6332 p.a. Diagnostic

. Patient: B-scan

. Physician: SOUTHEASTERN COLLEGE OF OPTONS
. I#3ge aode: nors ' ¢ VECT: -29

. bain level: 58.9 dB

. Eyel right

. Hnnotate
. Distance
. Area

. Yolume

e A
' ')
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) 1.'%ﬁTT
9 40 8

8 19 ¢l




TM-mode

Time-Motion mode: multiple 1D lines as the time goes on.

i4cm33Hz
4SBPM




Doppler modes: calculate velocity from the freq. change.

BART: Blue Away Red Towards power Doppler

Color-code the velocity calculated from f’ or from Show the intensity of the doppler signal
the beating






In the doppler method the angle is important!

Example: 1D CW doppler with beating detection

CW: continuous wave @
source and detector are A
Separated d_iﬂerence sinusoidal
signal 1 kHz oscillator
Vi COSH
C

8000 kHz 8001 kHz

e.g. f=8000 kHz

v=12 cm/s

c=1600 m/s

e =37°

=fp=1 kHz VoI L

(beating phenomenon)

Textbook Fig. VIII.41



Doppler curves

A

Vsyst ~ fD,syst """
flow can be
represented by one Vaug™ D avg [ rommrqrm o E A e f e
velocity in each _
moment !
Vdia ~ fpdia [~777777777
flow can be represented by 4 il d (il %
a velocity distribution in l““V"‘me “"W 'l 5
each moment ,” w il MV
’ | i
4t' i |
i |
L i

velocity distribution in TM-mode
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my PIG 695

University Hospital

hdap 8

DynRg S0dB
Persist Med
Fr Rate Med
20 Opt:Res

TAM
VF

0.21cm

0.03cm?

ba.Bemfs
118.4ml/min

27 Jun 00
2 pm FR73 3.0cm

CB-5 PVasciVen

TiIs02 MID2

SV Angle -96°
Dep 1.5 em
Size 4.0 mm

Freq 3.0 MHz
WF Low

Dop 68% Map 2
FRF 10000Hz

- 120

80

cmis



Normal portal vein flow
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Safety

In the diagnostics:
10 mW/cm?= 100 W/m?

spatial average temporal
average (SATA) intensity;
spatial peak temporal peak
(SPTP) intensity;

spatial peak temporal average
(SPTA) intensity;

spatial peak pulse average
(SPPA) intensity

spatial average pulse average
(SAPA) intensity

intensity
(W/cm?)

100 4

104

0,14

0,01

[+ t< 50 Ws/cm?

safe range

(no damage)

10

100
Tmin
exposure time (s)

probably unsafe range

57



Mechanical index = peak negative pressure /
SQRT(center frequency of the US beam)

Thermalindex=W, / W,
W, : relevent (attenuated) acoustic power at the depth of
interest

W €stimated power necessary to raise the tissue
equilibirum temperature by one degree C



in the therapy: 1 W/cm?

stone
fragments

focused
shock waves



