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Wave physics: basics



Ultrasound waves

Mechanical waves: they need a medium to be propagated
Sound waves: Pressure field (compression and rarefaction)

Longitudinal wave: oscillations of particles along the propagation direction

L. Perera

Energy transfer without transferring matter



Ultrasound waves

Mechanical waves: they need a medium to be propagated

Sound waves: Pressure field (compression and rarefaction)
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Frequency, speed, and wavelength

Frequency (f): oscillation cycles per second (property of the source) [Hertz, Hz = 1/s]

Speed (c): The speed of propagation of sound waves (property of the medium) [m/s]
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Some numbers

INFRASOUND AUDIBLE ULTRASOUND

Most common in medical: 2—-15 MHz

[El-Baba et al., 2020]



Some numbers

INFRASOUND AUDIBLE ULTRASOUND

Most common in medical: 2—-15 MHz

[El-Baba et al., 2020, Hoskins et al., 2010]

Material

Liver

Kidney
Amniotic fluid
Fat

Average tissue
Water

Bone

Air

3190-3406

333

[Hoskins etal., 2010]



Some numbers

Material c(ms)
9 Liver 1578
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Some numbers

NNNANNNANNNN

/\ A/\ ANANANANA 3? " ," WANA

. ! ,‘H]"M],‘H,’HM}

| : 'Hll“"pllh.‘llfr
\/ BT SVAVAVAVAVAVRVAVRY
\J \/ J VU\VVVVVVVUVYV

INFRASOUND AUDIBLE ULTRASOUND

Material c(ms™)
Liver 1578
Kidney 1560
Amniotic fluid 1534

Fat 1430
Average tissue 1540
Water 1480

Bone 3190-3406
Air 333

Most common in medical: 2—15 MHz

[El-Baba et al., 2020, Hoskins etal., 2010]
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Wavelength:0.1 — 0.8 mm

Ability to distinguish two closely
spaced targets




Tissue interaction

Reflection

< = pC
[density x speed]

[https://icurevisited.com/lus/]



Tissue interaction

Reflection Refraction

Z = pcC \

[density x speed]

[https://icurevisited.com/lus/]



Tissue interaction

Reflection Refraction Scattering
( ) ( ) (
Change in acoustic impedance
< = pC \
[density x speed]

Structures of size <A
(blood vessels)

[https://icurevisited.com/lus/]



Tissue interaction

Reflection Refraction Scattering Attenuation

Absorption
(energy into heat)

Change in acoustic impedance
< = pC \
[density x speed]

8 8
Structures of size <A
(blood vessels)

[https://icurevisited.com/lus/]



Trade-off: resolution - penetration depth

Attenuationlinear with frequency.
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Trade-off: resolution - penetration depth
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Image formation



Source of ultrasound waves

>> Transducers: Piezoelectric crystals [electrical voltage €5 mechanical pressure]

>> US-probe: Typically, 128 transducer elements

Acoustic Matching Lays(\

Acoustic Lens—

>> Finite size transducer element - rectangularbeam

Backing Element

- Piezoelectric Elements
(Transducer)

Elevation
plane focus

Scan plane
focus

[Hoskins etal., 2010, https://onscale.com]



B-mode image formation

G Ultrasound waves propagate through the
tissue. Echoes occur with heterogeneities
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B-mode image formation

G Ultrasound waves propagate through the
tissue. Echoes occur with heterogeneities
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We assume constant velocity (c= 1540 m/s)
and transform each time to a position in space.




B-mode image formation

o l{ltrasound waves proPagate through-tl.'\e e The image is built up line by line
tissue. Echoes occur with heterogeneities
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Image artifacts

Underlying assumptions:
Uniform attenuation
Constantvelocity
Single scattering



Attenuation and reflection artifacts

Increased through transmission Acoustic shadowing

E.g., Cysts or veins E.g., tumors, calcifications, or foreign
bodies

[Baad et al., 2017]



Reverberation artifact: comet tail

Structure with

high impedance e geeemnnimmmtennemmneeeey

contrast

Structure with

high impedance
contrast

1% reflection

2™ reflection

n'" reflection

[Moshavegh et al., 2016]
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Mirror image artifact

[Baad et al., 2017]



Refraction artifact

Refraction effect:

Boundary between direction change

different media

Existing object

Refraction artifact

Duplicated [Baad et al., 2017]



Speed of sound artifact

True Structure with
continuous lower velocity

structure .
True object

E— osition

—

Artifact: deeper position

[Baad et al., 2017]



Doppler Ultrasound

It is primarily used to study blood flow
and myocardial motion



Doppler effect

Used to detect the motion of blood and tissue

Doppler effect: change in observed frequency compared to the
emitted frequency due to the relative motion between the

observer and the source.

The Doppler Effect

T Traveling towards US probe: increased frequency

Moving away from US probe: decreased frequency [Kaproth-Joslin, 2015]



Doppler Shift frequency (f,)

Transducer

Skin surface

ft transmitted beam

received echo f,

("o . o°‘\°oo©

= beam-flow angle; 6‘
v (m/s) Direction and speed of blood flow

[Turns, 2011]

Angle between US beam
and direction blood flow

Velocity of blood flow \

~.

fa= fy — fo = 0

‘. ?

Received frequency

Tissue speed of sound
(1540 m/s)
Transmitted frequency



Sample volume for

Presence of blood flow spectral Doppler

within a large area of
the tissue.

Changes in velocity over
time within a single
small area.
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Source of ultrasound waves



Spatial resolution: Focusing

Adjusting the focusing point to improve lateral resolution

Focusing in transmission

Earlier | Extra path length
transmission || / Large pulse at focus
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CHS-2
Abdomen
30 dB
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Edge 1
Persist 3
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Map D
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[Amo-Wiafe and Badu-Peprah, 2018]



Transducer arrays — field of view

Linear Array Convex curvilinear array
Rectangular Field of View trapezoidal field of view
A

\ /f

~15 to 20 adjacentelements simultaneously activated

Phased array

Beam stee(iq_g

N\

Time

Transmit / Receive Timing Delay
&

5 Composite beam area

All transducer elements simultaneously activated

[Hoskins etal., 2010]



Resolution versus depth

Axial resolution Lateral resolution

Axial resolution
is constant along
the beam. It

Dense beam region,
high lateral resolution

depends on the
frequecy of the
ultrasound wave

Beams diverge and
lateral resolution
decreases

[2D] G39/
FA2 |

[https://www.cirsinc.com/]



M-mode B-mode
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