
1

Prof. Dr. Katia Parodi

Chair of Experimental Physics – Medical Physics

Imaging in 
Medical Physics
SS 2020

Suggested literature

Diagnostic Ultrasound, Physics and Equipment (Edited by P. Hoskins, K. 

Martin and A. Thrush)

Diagnostic Ultrasound, 4th edition, Volume 1 (Edited by C.M. Rumack, 

S.R. Wilson, J.W. Charboneau, D. Levine) 



2

Examination

Will be online and details will be communicated soon

 Sound is a pressure wave which propagates through an elastic medium

Sound
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 Acoustic is the science dealing with all manifestations of sound, from its 
production to its propagation and detection

 Similar to the EM spectrum, acoustic is subdivided into several 
frequency intervals (with respect to human earing)

 The term "ultrasound" applies to all sound waves with a frequency 
above the audible range of normal human hearing, about 20 kHz. 

The sound frequency range

Diagnostic range: 
1-40 MHz

 Frequence range 

Infrasound 0 Hz – 20 Hz 

Audible 16 Hz – 20 kHz 

Ultrasound 20 kHz – 1 GHz 

Hypersound > 1 GHz 
 

 

Nach Delorme ‘98

Therapie

The applications of sound
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An historical perspective 
of Ultrasound

 1912: the sinking of the Titanic was the 
impetus for the development of echolocating 
devices for nautical purposes

 During WWI and II: Military research, SONAR 
(Sound Navigation And Ranging)

 Mid-century use for non-destructive testing of 
materials

 Since 1939 therapeutic use (heat treatment 
for several physical conditions)

 Since 1942 diagnostic use (starting with 
localization of brain tumours by Dr. Dussik )

 1950‘s 2D gray scale images

 1958 first report of muscoloskeletal ultrasonography

 Mid 1960‘s real-time imaging

 Since 1987 3D imaging (until today 4D imaging)

An historical perspective 
by post stamps...

1794: Spallanzani‘s 
investigations on bats

1850: Doppler 
develops the  
Doppler theory

1880: P. Curie discovers the 
piezoelectric effect 

1950: Development 
of the medical US 
devices
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 Most commonly used imaging method in diagnostic for non invasive 
examination of human body (muscles, tendons, many internal organs 
[structure, size, pathological lesions], blood flow) in real time 

 No radiation exposure 

 Small, mobile and cheap equipment

US imaging

The imaging principle

 Application of US pulses

 Propagation of waves in heterogeneous 
medium

 Reflection at tissue boundaries and 
scattering from small irregularities

 Conversion of returning echos in images

For an isotropic medium, the volume elements undergo linear and 
elastic deformations (Hook‘s law)

For small deformation of the particles with respect to the wavelenght, 
higher order terms can be neglected

Equation of state: Total pressure pg

Total density g

Temperature T
adiabatic

 Tpp ggg ,

 ggg pp 

Equation to be solved in terms of pressure and density modifications  
with respect to values at rest 

0ppp g  0  g

The wave equation
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A: Bulk modulus, proportional to stiffness or equivalently inversely 
proportional to compressibility of the medium (k = 1/A)

B: Non linear modulus of volume elasticity

In case of small variations, higher order terms of dp/d can be neglected

2cp
000

2 1
:c

k


A

d

dp

d

dp

From Taylor expansion

The wave equation

K stiffness

k stiffness Stiffness K, k is inversely proportional 
to compressibility of the medium k
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Wave equation

The compressibility k and density  of a material, combined
with the laws of conservation of mass and momentum, imply
the existence of acoustic waves

The wave equation

Plane and spherical waves

Special case plane waves:
Points of same phase lie on a plane

F, G: arbitrary functions

(twice differentiable)

     ctxGtxFtxp  c,

Simple example of solution:

   txktxp ccos, 

With frequency Leading to 
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Plane and spherical waves

Special case Spherical wave:
Points of the same phase lie on a 
spherical shell

 
 

r

rtQ
trp




4

c/
, 0






Q: Volume velocity

Harmonic waves:    xktptxp  ieˆ,

fk  2=c

Waveforms

Longitudinal wave

Angelsen ´00

Gas and liquids
(e.g. soft tissue): 
only longitudinal 
waves, i.e., 
alternating 
pressure deviation 
from equilibrium
pressure, causing 
local regions of
compression and
rarefaction
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Transversal wave
Solid state (e.g. bone) may also accommodate particle 
displacement perpendicular to the wave propagation

Bilder: Wikipedia

plane

spherical

Waveforms

The acoustic wave

Ultrasound wave travels at 
a speed of sound c given by 

A fixed value of 1540 m/s 
is typically assumed for 
echo ranging (d = ct / 2)
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The velocity of sound

The acoustic wave

 Acoustic waves are three dimentional in nature and depend on time

 They are characterised by the particle displacement u(x,y,z,t) associated 
with the compession and expansion of the acoustic wave, the particle 
velocity v(x,y,z,u) [different from the speed of sound c!!] and the acoustic 
pressure p(x,y,z,t) which is zero if there is no wave

 For the longitudinal waves it is straightforward to relate the acoustic 
pressure to the underlying particle velocity 

where Z is called the characteristic impedance (analog to ohmic resistance
R=V/I)

[Z] = [rayl] = [kg/m²/s]

2cp
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The acoustic impedance

The impedance increases with the medium density and stiffness, i.e., 

Material c [m s-1]  [103 kg m-3] Z [106 kg s–1 m-2] 

Luft 340 1,3 10-3 0,44 10-3 

Wasser 1500 1,0 1,5 

Glycerin 1920 1,3 1,92 

Aluminium 5200 2,7 14 

Stahl 5000 7,7 39 

Kronglas 5660 2,5 14,1 

Polystyrol 2350 1,06 2,5 

Fett 1440 0,97 1,4 

Blut  1560  1,0 1,56 

Muskel 1575-1590 1,03 1,62-1,63 

Gehirn 1510 1,03 1,56 

Leber 1590 1,06 1,67 

Knochen 1500-3700 0,6-1,81 1,2-7,38 
 

 

Acoustic properties of tissue
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Ultrasound power and intensity

 As the sound wave passes through the medium, it transports 
energy from the source into the medium. The rate at which 
this US energy is produced by the source is given by the 
power W ( [W]=[J/s])

 Ths US produced by the source travels through the tissue 
along an US beam, and the associated power is distributed 
across the beam

z

p
p

2

     IvI

 The intensity I [W/m2] is a 
measure of the amount of power 
flowing through a unit area at 90°
to the direction of propagation

Propagation of waves through interfaces follow the laws of classical optic

Ultrasound interaction in 
matter
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Reflection, Transmission 
and Refraction

Snell‘s Law


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


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c

c
C arcsin Critical angle for total reflection

Special case: Perpendicular incidence at boundary =0

Reflection, Transmission 
and Refraction

1) Continuity of pressure at interface z=0 

2) Continuity of velocity at interface z=0 

‚
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Special case: Perpendicular incidence at boundary =0

Reflection, Transmission 
and Refraction

‚

Setting 

and resolving for Rp yields

fk  2=c

‘c‘ (1- Rp) = c (1 + Rp)

Rp(‘c‘ + c ) = ‘c‘ - c 

Transmission Reflection (amplitude and intensity)
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Special case: Perpendicular incidence at boundary =0

Reflection, Transmission 
and Refraction

At the interface the wave pressure in two media must be the same, i.e., 
pi+pr=pt , and v continuity. For conservation of energy, Ii=It+Ir

Amplitude reflection coeff. RA

(determining amplitude of echos at interfaces)

2

AI

i

r RR
I

I
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Tissue/Tissue Tissue/Bone Tissue/Gas

Reflection

Transmission 




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transmittierte

Welle

Z0c Z0c

Reflection

High impedance

Low impedance
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R = 1

R = -1  Phase inversion 180°

00 ZZ  R = < 0  Phase inversion 180°

Reflection, Transmission 
and Refraction

cos ‘c‘ (1- Rp) = cos‘ c (1 + Rp)
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Scattering

Reflection from very small targets do not follow the laws of 
reflection from large interfaces, as such small scattering 
targets act as sources of spherical waves

In general the scattering properties are determined by the 
diameter a of the scattering center relative to the sound 
wavelength: 

„geometrical“ region (für a » ) large scattering (including 
total reflection), e.g. vessels 

„stochastic“ range (a ≈ ) moderate directional scattering, 
e.g. In liver ca. 20 % of total absorption

„Rayleigh“ region (a « ) uniform scattering in all directions  
with weak scattering cross section, scattered power 
proportional to a6/4, e.g., blood. 

Scattering
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If the interface has (as it is 
usually the case) a rough 
surface, then we have 
diffuse reflection

(influencing the direction 
and dimension of the 
radiation cone)
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Reflection, Transmission 
and Refraction

Refraction
When a wave passes from one 
medium to another, the 
frequency is constant, and 
since c changes then so must 
the wavelength

Reflection, Transmission 
and Refraction
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What happens to the transmitted signal in the body?

Ultrasound-tissue-interaction

• Reflection on interfaces (Z/Z´)  Echo

• Scattering on small structures (~ )  Echo

• Refraction (c/c´)

• Diffraction

• Absorption

 The reflected and the back scattered 

ultrasound wave generates the echo 

(backscattered signal)! 

Ultrasound absorption

 The propagation of sound waves is dependent on medium 
and so is always connected to losses as ultrasound energy 
is continuosly transformed into heating

 At low frequencies, the particles are able to move in step 
with the passing pressure wave and energy associated 
with the motion of the particles is effectively passed back 
to the wave as it moves on

 For high frequency the particles may be unable to pass 
back all of the energy associated with their movements, 
so that some energy is retained by the medium as heat

 Absorption is likely to be strongest at frequencies which 
excite natural modes of vibration of the particular 
molecules of the medium
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Ultrasound absorption

In biological tissue between 1-10 MHz
m

0)( ff  

with m = 1 – 1,3 (experimentally determined)

0,01

Frequenz [MHz]

A
b

so
rp

ti
o

n
 [

N
p

/c
m

]

D
ä
m

p
fu

n
g

 [
N

p
/c

m
]

Frequenz [MHz]

Sehne

Leber
Hirn
Herz
Niere

Hoden

Sehne

Leber
Hirn
Herz
Niere

0,1

1 10

1

1 10

0,01

0,1

1

Absorption coefficient:

Attenuation in biological tissue

Attenuation = sum of all loss factors in the passage through a medium

: Attenuation coeff.
: Absorption coeff.
: all other losses

• Reflection at discontinuities of acoustic impedance

• Refraction at places of varying speed of sound

• Diffraction of the wave in acoustic inhomogeneities

• Scattering in small structures or particles within the range 

of the wavelength

  x

0e
 pxp   x-2

0e


II x  or with
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Units of attenuation and absorption

The absorption and attenuation are determined in

•Neper (Np)
•Decibel (dB)

Both units are proportional to the logaritmus of the ratio of 
the quantities p and I of the sound wave in the passage 
trhough the attenuating medium from point a to point b

   
a

b

0a

0b

I

I

2
1

p

p
lnlnNpin 

   
a

b

a

b

I

I

p

p
log10log20dBin

0

0 

dB686,8Np1 

Units of attenuation and absorption

When assuming a linear dependence of the attenuation with the US 
frequency, it is very convenient to calculate the total attenuation 
from the knowledge of an US attenuation in dB/ cm /MHz

Note that attenuation is experienced both by the transmitted pulse 
as it travels into the tissue, as well as by the echoes as they return 
to the detector
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Acoustic tissue parameters

Gewebeart Geschw. 

c [m/s] 

Dichte 

 [kg/m
3
] 

Impedanz 

Z [10
6
 kg/m

2
/s] 

Dämpfung 

 [Np/m] 

Absorption 

0 [Np/m] 

Exponent 

m 

Brust  1450-1570
a
 

1430-1520 

1020 1,49 6-13 - 1,5 

Fett 1400 - 1490 921 1,29 - 1,37 5 - 9  -  0,4-1,4 

Haut 1498
b
 1200 1,80 14 - 66  -  - 

Hirn 1516 - 1575 1030 1,56 - 1,62 4 - 29 1.2
c
 - 6.4

d
 1,3 

Hoden 1595 1044 1,66 1,5 - 3,8 1,5 1,7 

Knochen 1500 - 3700 1380 - 1810 3,75 - 7,38 150 - 350  -  - 

Leber 1540 - 1640 1060 1,70 - 1,74 9,2 - 16,2 2,3 - 3,2 1,05-1,3 

Lunge 470 - 658 400 0,188 - 0,263 430 - 480 7 1 

Muskel 1508 - 1630 1070 - 1270 1,61 - 2,07 12,4 - 12,8 2 - 11 1 

Niere 1564 - 1640 1040 1,62 - 1,71 3 - 10 3,3 - 

Sehne 1750 1110, 1220 1,9, 2,1 30 - 70 14 - 

Wasser 1483 998 1,48  -  2,5 10
-6

 2 

 

The generation and 
detection of sound

Piezoelectric effect:
When certain solid materials 
(notably crystals and some 
ceramics) are deformed, charges 
get displaced and result in the 
production of an electric field

Inverse piezoelectric effect:
With application of external fields, 
some solid materials get 
mechanically deformed

Schematic represenation 
for a quartz model

Piezoelectricity: „electricity resulting from pressure“ 
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Piezoceramic Materials:

•Quartz

•Lead zirconium titanate (Pb(Zr,Ti)O3), PZT-ceramic

(acoustic Z ~ 20 times larger than tissue)

•Barium titanate (BaTiO2) 

•Polyvinylidenfluorid PVDF or PVF2 -(Foil!) 

The generation and 
detection of sound

Principle: diagnostic transducer

~ 1 / d

a

(to be minimised)

Typically 

a ~ 20-30 
to keep small
divergence 
in far field

Ideal case of 
CW beam 
from a plane 
disc-shaped 
source with 
only one 
frequency
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Principle: diagnostic transducer

~ 1 / d

a

(to be minimised)

Typically 

a ~ 20-30 
to keep small
divergence 
in far field

Ideal case of 
CW beam 
from a plane 
disc-shaped 
source with 
only one 
frequency

Principle of pulsed signal

transmit pulse transmit pulse

TS 1µs

tE  200 µs (~15cm)
f = 3000-5000 Impulse/s

Pulse repetition period

-3dB Bandwidth
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Visualization methods

Depending on the requirements, different visualization possibilities:
A-Mode, B-Mode, 1D B-Mode, 2D-realtime, M-Mode

re
fe

lc
te

d
 s

ig
n

a
l

time, depth                         

A-Mode-Scan (A refers to amplitude modulation) :

The principle of the A scan

„Amplitude“ Mode:
The reflected echos are
displayed in one time axis



26

B-Mode

„Brightness“ mode:
1) Echo signal amplitudes plotted as gray scale pixel in a line 

A-mode

Grey value line

B-Mode

„Brightness“ mode:
1) Echo signal amplitudes plotted as 

gray scale pixel in a line 
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B-Scan

„Brightness“ mode:
1) Echo signal amplitudes plotted as gray scale pixel in a line 
2) Combination of an array of adjacent lines to an 2D- image 

Compound scan

B-Scan

Example of an old B-mode image, 
clearly showing the white stripes 
between the different lines

Modern scanners work after the 
same principle, but the sampling is 
performed via the US transducer 
(mechanically or electrically)

Nowdays the trend is to scan at once 
the whole zone / image (real-time, 
i.e. 15-60 frames per s)
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Diagnostic transducer

El. signal

Grnd.

Backing

Piezo 

crystalMatching

Efficiency and bandwidth are critical parameters of the transducer
Short pulse (large bandwidth) gives precise time resolution (hence distance 
resolution) and echoes contain information at a wide range of frequencies

Thickness /2

Transducers 
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Focused US-Field

Mechanical Sectorscanner, 
Rotorscanner

Early US scanners used single, fixed focus piezoelectric elements, requiring 
mechanical linear or circular motion for for real-time imaging

• Rotor with e.g. 3 mono-crystals, 120° separation
• Advantage: compact, small ‚acoustic window‘
• Large field of view in depth

Leber mit rechter Niere



30

Transducer Array

Current technology uses separate transducer elements in a row or 
plane. All units have their own electrodes for independent firing

Palmeri  Ultrasound Beamforming and Image formation, RSNA 2007

Transducer Array

Linear Phased

Palmeri  Ultrasound Beamforming and Image formation, RSNA 2007
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...to be continued...

Thank you for your attention

And thanks to Dr. Jürgen Jenne from  Mediri GmbH

for providing material and useful discussions


