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Ultrasound interaction in 
matter

• As US waves travel through tissues, they are partly transmitted to deeper 
structures, partly reflected back to the transducer as echoes, partly 
scattered, and partly transformed to heat

• For imaging purposes, we are mostly interested in the echoes reflected 
back to the transducer

• The amount of echo returned after hitting a tissue interface is determined 
by the acoustic impedance

• The intensity of a reflected echo is proportional to the difference (or 
mismatch) in acoustic impedances between two mediums. If two tissues 
have identical acoustic impedance, no echo is generated 

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
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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



4

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 l/2

Th e PZT slab vibrates most strongly at the frequency for which its thickness is half a 

wavelength, giving rise to the term ‘half-wave resonance’

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 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
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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

Typically weak 
focusing in 
elevation plane 
from lens, while 
electronic focusing 
in scan plane
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Transducer Array

Linear Phased

Palmeri  Ultrasound Beamforming and Image formation, RSNA 2007

Linear Array
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Linear scanners typically consist 
of 64 to 128 piezoelements, which 
are linearly arranged one next to 
the other, producing a typical 
rectangular image

Leber mit rechter NiereAnregung von Elementgruppen

Linear Array

US Transducer

scanning line

In order to interrogate a particular scan 
line, an „active group“ of adjacent 
transducer elements, centered on the 
required scan line, is used

Linear Array
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Bradley Treeby (UCL) – Modelling Biomedical Ultrasound

Diagnostic Ultrasound Imaging

21

Scan plane focusing in 
transmission

In order to form a large-amplitude pulse at the focus, pulses 
from all elements must arrive there at the same time



12

Scan plane focusing in 
reception 

Focusing in reception means that, for each scan line, the 
scanner is made particularly sensitive to echoes generated 
at a specific depth. Proper electronic delays are introduced 
before summing up the signals together.

Curved Array

• Elements arranged on a arc 
• Emission always perpendicular to the elements
• Same kind of excitation as for linear array
• Disadvantage: divergent image in depth
• Advantage: large contact area, good image close to the probe, far view

Leber mit rechter NiereDivergenz des Curved Arrays
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Phased Array

Phased Array transducer

Leber mit rechter Niere

• The scan lines emanate in a fan-like formation form a point in the center of 
the transducer face

• Unlike the linear array, all elements are used to form the transmit and 
receive beams for each scan line
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Scan plane focusing in 
transmission

Similar principle as for 
linear arrays, but all units 
firing

Scan plane focusing 
in reception 

• Similar principle as for linear 
arrays, but all units receiving

• Better imaging performances 
in the center of field of view 
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2D matrix-array transducer

Volume rates up to 
20 Hz

Special transducers

There are many types of transducers, which have been 
developed and optimised for special organs

• Intraoperative transducers
• Biopsy- and pucture transducers
• Intra-vaginal transducer
• Endorectal transducer
• Transesophageal transducer
• Intraluminal transducer
• 3D transducer
• ...
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Image formation and 
signal chain

Amplification and Time-
gain compensation

• Echo signals generated at the transducer elements are generally too small 
in amplitude to be manipulated and displayed directly

 Amplification

• Amplifying the returning echoes rather then increasing the transmitted 
power is desirable for reduction of biological hazard

• Increasing the overall gain cannot lift the signal above the noise level as 
the noise will be amplified with the signal

• A global amplification does not account for the problem of attenuation, for 
which echoes generated at larger depth are more strongly attenuated than 
echoes generated at similar interfaces closer to the transducer

 Time-gain compensation
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Time gain control

• Amplification (gain) which compensates
the rate of attenuation of ultrasound in 
depth (making assumption on frequency
and type of tissue)

• Additional adjustments can be added
manually to compensate deviations of
actual attenuation from assumption

Set of slide 
controls which 
affect the gain 

at a different 
depth

Time gain control
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Demodulation, Envelope
detection

• The envelope of the signal is described by a pair of curves passing through
the peaks above and below the baseline

• The strength of reflection at interfaces determines the heigth or the
amplitude of the envelope of the pulse (after TGC) => info for B mode display

• One half of this envelope or amplitude signal is extracted from the high
frequency signal by a process called amplitude demodulation

• The signal is first rectified (b) so 
that all half cycles are aligned on 
the same side of the baseline

• The  rectified signal is then
smoothed by passing it through a 
low-pass filter, which removes the
high frequency oscillations and
retains the slowly varying envelope

Envelope detection

RF-Image Envelope
Detected
Signal

Palmeri  Ultrasound Beamforming and Image formation, RSNA 2007
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Dynamic range and
Compression

• High dynamic range in envelope detected signals, as echoes due to

reflections at interfaces are larger than due to scattering within tissues

• Large range of possible amplitudes of diagnostically relevant echoes

Compression

• Bright targets drown out low signals of important structures

• Compression (via non-linear amplifier) and gray scale image mapping 

to reduce dynamic range
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Lateral resolution
(in scan plane)

US- beam with small, sharp focus will enhance lateral resolution!

Beam size  l (see last lecture for disk case)

Depth resolution

US- beam with short pulse (high 
frequency) will enhance depth 
resolution!
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Spatial resolution

Axial resolution Lateral resolution

Dynamic Beamforming

Axiale Auflösung:
With active „beam forming“ several focuses can 
be selected (drawback: reduced image rate)
Elevation plane: focusing with lenses („slice 
thickness“)

Danke an K.V. Jenderka
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Spatial resolution 

Depth gain  control

Aus: M.Kachelrieß: Ultrasound Imaging, http://www.imp.uni-erlangen.de/lehre/Ultrasound%20Imaging.pdf

Dependence of resolution with frequency

Penetration depth / frequency

Dependence of penetration depth with frequency

http://www.imp.uni-erlangen.de/lehre/Ultrasound Imaging.pdf
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Penetration depth / frequency

Palmeri  Ultrasound Beamforming and Image formation, RSNA 2007

Penetration depth / frequency
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Postema: Fundamentals of medical ultrasound

Typical frequency range

Image contrast: 
Depth compensation

subkostaler Schrägschnitt der Leber

Without depth compensation With depth compensation

• Both regions poor and reach in echoes are no longer visible with 
inappropriate depth compensation
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Image contrast: 
Echo threshold

Without echo threshold With echo threshold:
The weak echoes are 
no longer displayed

Image noise: speckle

Speckes are random fluctuations in brightness 
in the displayed image 

Speckle results from the constructive and 
destructive interaction of the acoustic
fields generated by the scattering of 
ultrasound from small tissue reflectors

The typical speckle pattern is generated by 
random scattering centers smaller than the 
system resolution

They reduce contrast and make the 
identification of subtle features more difficult.

 Spatial and Frequency compounding
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Speckle, Compounding

Spatial compounding averages multiple images 
of the same target in order to reduce the noise 

• Each image must contain uncorrelated speckle patterns

• Different ways to obtain uncorrelated speckle patterns:

• Divide the transducer in sub-apertures

• Change the steering angle of the beam

• Physically translate the transducer

Frequency compounding uses multiple transmit / receive frequencies

Speckle, spatial compounding
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Image artifacts

When forming a B-mode image, the imaging system makes a number of 
assumptions about US propagation in tissue:

• the speed of sound is constant

• the beam axis is straight

• the attenuation in tissue is constant

• the pulse travels only to targets that are on the beam axis and back 
to the transducer

Significant variations from these conditions in the target tissues are 
likely to give rise to visible image artefacts, mostly grouped into

• Speed-of-sound artefacts (cf. previous lecture)

• Attenuation artefacts (shadowing and enhancement)

• Reflection artefacts (reverberation)

• Refraction artefacts (cf. previous lecture)

Image artifacts

Enhancement artefact

A 7 dB lower attenuation of the cyst with respect to normal tissue, together 
with the usage of the standard TCG, results in over-amplifications of the 
signals deep to the cyst with consequent enhancement of these tissues
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Image artifacts

Doppler Sonography

Doppler effect:

Sound reflected from moving reflectors/scatterers is shifted in frequency 

Stationary source Moving source

 cos2 0 
c

v
ffD

With  angle between the axis of flow 
and incident ultrasound beam

Detected Doppler shift frequency
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Doppler Ultraschall

B-mode imaging displays grey values proportional to the amplitude of the 
returning echoes

In Doppler imaging additional parameters such as frequency shift and 
known Doppler angle (cos  slowly varying for  < 60 can provide 
measurement of blood flow velocity in vessels

Scatterers in blood vessels are 
erythrocytes Ø = 8μm

￫ Rayleigh-Scattering 

￫ backscattered power ~ a6 / l4

Doppler Ultrasound

CW-Doppler (fixed depth) Pulse Wave Doppler

High pulse 
repetition 
frequency
PW-Doppler

Postema: Fundamentals of medical ultrasound
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Color Doppler

• Flow direction: red     to transducer
blue   from transducer

• Velocity: brighter colour for larger velocity

 Visualization of blood flow with colour coding of the average blood velocity

stenosis of the carotid
breast lesion

Power Doppler Imaging

 Blood flow imaging, vascular structure



31

Ultrasound contrast agents 

• US contrast agents have to be 

- Easily introducible in the vascular system

- Stable for the duration of the diagnostic examination

- Low toxic and modifiers of measurable acoustic properties of tissue

• They are typically encapsulated bubbles of gas smaller than red blood cells

• Intravenous application, typically resulting in:

 Increased backscattering

 Enhanced Doppler signal 

 Harmonic Imaging (Non linear response)

 Stimulated acoustic emission (SAE)

Mechanical Index
Pneg peak negative US pressure in MPa
f US frequency in Mhz

Reflects the normalised negative pressure to which a target is exposed
Is defined for the focus of the US beam (but different estimation for different systems)

Ultrasound contrast agent

Sono Vue® micro bubbles (white arrows) compared to 
red blood cells (black arrows).

Emilio Quaia, Contrast media in ultrasonography: 

basic principles and clinical applications
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US contrast agent

Gas filled micro bubbles  contrast enhancement
B-mode, Doppler mode, harmonic imaging

Native color Doppler color Doppler with CM

Micro bubbles 
behaviour

Kollermann EJR 2007 

Perfusion imaging
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The need of contrast agents

Harmonic Imaging

Linear backscattering properties:

Medium with absorption leads to a echo spectrum shifted to lower 
frequencies, as higher frequencies are more stronlgy absorbed

Non linear backscattering properties:

For high pressures, non linear effects in tissue and especially in the 
resonating contrast agents produce harmonic components in the echo 
spectrum, which can be analysed in B-mode imaging (high bandwidth!) 
and Doppler sonography

B/A: Non-linear parameter
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Harmonic Imaging

Harmonic imaging operates by transmitting a fundamental beam of high 
pressure but relatively low frequency  

Non linear propagation of US generates harmonics (i.e., multiples) of 
transmitted frequency

Several techniques employed to detect harmonics and eliminate the 
unwanted fundamental echoes: 

- Filtration techniques 

- Cancellation techniques of 
fundamental echoes 
(e.g, pulse inversion)

Harmonic Imaging
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Harmonic Imaging

Towards molecular imaging
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Biological effects of sound

Physical effects of sound can be considered thermal and non-thermal

Thermal effects mainly due to absorption

Non-thermal effects include 

- Radiation forces (pressure, torques, …)

- Motion of fluids (streaming)

- Acoustic cavitation

Cavitation describes action of acoustic fields within a fluid forming bubbles, 
which can collapse with generation of heat and free radicals, besides 
microstreaming, radiation forces and mechanical actions

Although no significant effects have been so far reported for typical 
controlled operation conditions, also for US imaging ALARA  principle

Scanner evolution

Gun-turret-scanner
D. Howry, 1952 

ACUSON Sequoia
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3D-Bildgebung

Thank you for your attention

And thanks to Dr. Jürgen Jenne from  Mediri GmbH

for providing material and useful discussions


