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Safety first!

Look after your scanners and do 
regular checks to make sure your 
equipment is working properly

If in doubt call Medical Physics and 
ask for an ultrasound Quality 
Assurance (QA) check 

When scanning keep an eye on the 
TI and MI, and follow the BMUS 
safety guidelines to keep within 
recommended scan times

- Safety and quality are your 
responsibility!



How do I get good 

resolution and 

improve the 

accuracy of my 

measurements?

What generates 

image contrast?

What you see is not always what you get!?

How can I visualise 

boundaries in the 

image?

Ultrasound physics

How can I identify and 

reduce artefacts?



What is ultrasound?

Medical ultrasound wavelengths () are between 

~1 mm and 0.1 mm. Perfect for receiving echoes 

from structures in the body!

fc =

Ultrasound is high frequency ‘mini’ sound. 

Typical medical ultrasound frequencies (f) are between 

2 and 20 MHz (well above the range of human hearing).

Ultrasound over 100 kHz 

can be created using tiny 

tuning forks and whistles 

as sources

Compression Rarefaction

Sound is a pressure wave (a ‘push’) 

• It needs a medium to propagate. 

• The speed of sound depends on the density and 

stiffness of the tissue

• In soft tissue, sound moves at a speed (c) of 

approximately 1540 m/s.





Using echolocation to visualise our surroundings

Daniel Kish – ‘bat boy’

Daniel and his students are able 

to recognise many aspects of 

their surroundings by clicking 

their tongues and analysing the 

resultant echoes.



Pulse-echo ultrasound

In pulse-echo systems, the transducer emits a short pulse of ultrasound and is then 

used to ‘listen’ for echoes reflected back to the transducer. 

scatterer
ultrasound 

transducer distance

time/2

time/2

depth = time/2 x Speed of Sound

If you know the Speed of Sound this makes it possible to plot echo intensity as a 

function of depth to build up an image of the echoes.

The frequency with which pulses are emitted and received is called the Pulse 

Repetition Frequency (PRF) – the PRF can be higher for shallower depths.



Speed of sound in biological materials, c
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Material c (m/s) Density,

(kg/m3)

Air 343 1.2

Fat 1450 952

Liver 1550 1060

Kidney 1560 1038

Muscle 1580 1080

Blood 1575 1057

Bone 3500 1912

Soft 

tissue 

average 

1540 m/s

The relative closeness of the 

values of velocity within the 

body is crucial for ultrasound 

imaging. 

Ultrasound scanners 

assume an average speed 

of sound for soft tissue of 

c =1540 m/s

fc =



Objects with speed of sound significantly 
different from  c=1540 m/s will cause 
distortion of axial distances causing:  

→Misregistration of targets

→Distortion of interfaces

→Errors in sizing

→Defocusing of the ultrasound beam

The fat get fatter on ultrasound!? The lower 
speed of sound of fat mean that axial distances 
are displayed slightly further from the 
transducer than they actually are.

Fat       c = 1420 ms-1

Tissue  c = 1540 ms-1 

Target         is displayed at 

Speed of sound artefacts



To create a 2D image using ultrasound we need 3 key pieces of 
information:

1. The axial distance of the target from transducer (range/depth)

→ given by the time of arrival of the pulse (assuming 1540 m/s)

2. Lateral position of target 

→ given by the location/direction of the beam

3. Brightness of the target (greyscale value)

→ given by the echo amplitude

Ultrasound Imaging



Amplitude-mode (A-mode) scanning

In A-mode scanning you simply emit a pulse and plot echo intensities from 

a single beam with depth. 

There are various ways to build-up an ultrasound image:. A-mode, B-mode, 

M-mode...

A-Mode scanning in Japan in the late 1950s



Brightness-mode (B-mode) and Motion-mode (M-mode):

People quickly realised that you could ‘join’ these echoes together to create a 2D 

image, where echo amplitude is displayed as the brightness of the image (B-mode)

Alternatively, you could record 

how the amplitude of the echoes 

varies with time: M-mode

(Motion-mode) imaging.
M-mode.

B-mode image.



Early B-mode scanning

The Somascope was a water-

immersion motorised B-mode 

scanner developed by Howry, Bliss, 

Posakony and Cushman - and 

appearing in Life Magazine in 1954. 

In early B-mode scanners, the subject 

often had to sit in a bath and the 

transducer was moved or rotated 

mechanically to build up the image 

line by line.



Transducer elements are fired in groups.

By firing groups of (e.g. 5) elements together, this forms a larger aperture

which generates a parallel beam. After the pulse is transmitted, the same 

group can be used to receive the returned echoes.

The active groups is then stepped along the array by dropping an element 

from one side of the group and adding an element to the other side.

A conventional imaging probe...

The linear 

stepped array 

transducer



A matching layer between the 

transducer elements and the 

cylindrical lens helps to improve 

transmission of ultrasound into the 

tissue.

A cylindrical lens is attached to the 

front face of the transducer to focus 

ultrasound into the imaging plane 

(this defines the ‘slice thickness’).

The linear array transducer

A traditional linear array 

transducer has128 elements, 

each controlled by a separate 

electrical connection.

The elements have a backing 

layer to damp vibrations; this 

allows short pulses to be 

produced.



The cylindrical lens limits elevation and defines the slice thickness.

Lateral localisation depends on pulse timing, lateral resolution depends 

on beam geometry (which varies with depth)

Axial localisation depends on echo time and axial resolution depends on 

pulse length

Courtesy T A Whittingham

Slice thickness
With the use of linear arrays, US beams 

can be focussed and steered electronically 

to build up images in real-time.

Lateral resolution.

Axial 

resolution
Beam width



Image from http://prosono.ieasysite.com/03_sono_interp_mar_09.pdf

Slice thickness artefact



Axial resolution is the ability to 
separate two objects lying along the 
line of the US beam

Determined by pulse duration 

→ (‘pulse duration’/2)

Diagnostic Ultrasound – Hoskins, Martin, Thrush

Axial resolution



Lateral resolution is determined by beam 
width. This usually varies with depth.

For a focused transducer, the best lateral 
resolution will be at the focal region.

Lateral resolution tends to be worse than 
axial resolution!

Diagnostic Ultrasound – Hoskins, Martin, Thrush

Lateral resolution

In a curvilinear array transducer 
the line density decreases with 
depth, which reduces the lateral 
resolution.

Curvilinear



Rather than firing the elements in groups ALL elements are fired together for each 
transmission. 

This transducer enables us to ‘peek’ between structures such as the ribs – perfect 
for echocardiography! Courtesy T A Whittingham

Variations: the phased array transducer

The phased array transducer is similar to the 
linear array transducer, however, the 
elements are very narrow (/2) and the 
transducer face is approximately square.



Choice of probe and scanner assumptions

Transducers come in lots of 
shapes and sizes with frequencies 
and transducer arrays tailored to 
suit particular imaging 
applications.

1. The speed of sound is constant at 1540 ms-1.

2. The attenuation varies consistently with depth.

3. The ultrasound beam and echoes always travel in a straight 
line (and don’t bounce around before coming back to the 
probe!)

General scanner assumptions:

If these assumptions are not met this gives rise to artefacts. 



cZ =

When ultrasound moves through a 
boundary between materials with 
very different acoustic 
impedances this generates a 
strong reflection.

The acoustic impedance tells us 
about how ultrasound waves are 
moving through the tissue. It is 
related to the density and stiffness 
of the tissue. 

Biological materials that are stiff and dense have the highest acoustic impedances

Material Z (Rayls)

Air 0.0004 x 106

Blood 1.62 x 106

Bone 3.75-7.38 x 106

Brain 1.55-1.66 x 106

Fat 1.35 x 106

Kidney 1.62 x 106

Liver 1.64 x 106

Lung 0.26 x 106

Muscle 1.65-1.74 x 106

Soft tissue (average) 1.63 x 106

Water 1.48 x 106

Reflections

The US wave and tissue



What happens when ultrasound encounters a smooth boundary between 
materials with very different density and speed of sound?

Source

incident wave

Z1 Z2

transmitted wave

reflected wave

Contrast in the image – reflection and scattering



This patient has a pacemaker in the chest wall.

From: Artifacts. W. K. Chooi, Valdair Muglia, and Peter L. Cooperberg. In Diagnostic Ultrasound by McGahan and Goldberg (2008).

In the presence of two parallel boundaries a reverberation artefact can be 
observed at multiple equally spaced depths in the image

Sound bounces back and forth between tissue boundaries and then returning to 
the probe. (multiple scattering)

Reflection artefacts - reverberation



A reflection off of the diaphragm (short 
arrow) can be seen at an angle of 
reflection equal to the angle of incidence 
back to the hemangioma within the liver.

The US machine does not know that the 
beam was deflected and displays the 
image of the lesion as though it were in 
the base of the lung.

From: Artifacts. W. K. Chooi, Valdair Muglia, and Peter L. Cooperberg. In Diagnostic Ultrasound by McGahan and Goldberg (2008).

Mirror image artefact

Reflection artefacts – mirror artefact



c1 c2

Refraction has potential to change both the 
apparent angular position and distance of a target 
in an ultrasound image.

c1 > c2

Actual target position

Apparent target position

Even though the beam has changed direction the ultrasound scanner will 
assume the ultrasound has traveled in a straight line at a speed of sound 
of 1540 m/s. This artefact is also angle dependent.

I II
Source

Refraction artefact



How will a refracting surface affect 

the appearance of the rectangle 

and circle in the ultrasound image?

The scanner assumes ultrasound 

travels in a straight line, so the 

position of the circle will be 

misrepresented as lying along the 

beam axis.

Refraction artefact



Edge shadowing artefact

Edge shadowing from 
cystic regions e.g. gall 
bladder

Beam refracts as it enters 
the cystic region

The beam is stepped to 
consecutive positions 
along the array, so the 
angle of incidence on 
upper surface of cyst 
increases .

→ refraction is most rapid 
at the cyst edge

Refraction artefact



Most reflectors within the body are 
not perfect specular reflectors and 
possess a degree of roughness of the 
scale of a wavelength. This means 
they will reflect an incident wave over 
a range of angles (diffuse scattering).

Specular reflection only occurs when 
the target is very much larger than the 
wavelength of the ultrasound, and is 
strongly angle dependent. The greatest 
reflected intensity will be observed 
when the beam is at 90 to the 
scattering surface. 
- You can effectively reflect ultrasound 
‘out of the beam’ by angling the probe.

Diagnostic Ultrasound – Hoskins, Martin, Thrush

Specular and diffuse reflection



An inherent characteristic of 
ultrasound imaging is the ‘speckle’ 
appearance of tissue. 

Within tissue, there are many 
small scale variations in acoustic 
properties - these scatter diffusely 
in all directions, combining to give 
rise to a speckle pattern.

Ultrasound speckle

The speckle appearance of tissues 
tends not to change significantly 
with beam angle.



50%

25%
12.5%

As the beam travels through the tissue it loses energy through various processes 
such as reflection (from boundaries), scattering (e.g. speckle) and absorption
(conversion to HEAT). The intensity of the ultrasound beam decreases 
exponentially as it passes through tissue (which is linear on the dB scale!)

I0 and I are the initial and final intensity of the beam and d is the distance from 
the transducer. ‘’ is an attenuation coefficient.

)exp(0 dII −=

d (cm)

Attenuation and absorption



All scanners apply a ‘time-gain’ compensation function to compensate 

for attenuation – this makes the drop-off in intensity of the image with 

depth less noticeable.

Time-gain compensation



ARTEFACTS???

How will an object with strong 

attenuation compared to the 

surrounding tissue affect the 

appearance of the ultrasound 

image?

The intensity of the beam will be 

reduced beyond the bright object, 

casting  an ‘acoustic shadow’ over the 

tissue beyond.



ARTEFACTS???

How will an object with weak 

attenuation compared to the 

surrounding tissue affect the 

appearance of the ultrasound 

image?

Regions beyond the object experience a 

more intense ultrasound beam than the 

surrounding tissue causing ‘acoustic 

enhancement’



Attenuation increases linearly with 
US frequency!

Therefore the attenuation co-efficient is 
more generally expressed as =0.5 dB cm-1

MHz-1

Material  (dB cm-1 MHz-1)

Liver 0.399

Brain 0.435

Muscle 0.57

Blood 0.15

Water 0.02

Bone 22

Diagnostic Ultrasound – Hoskins, Martin, Thrush

Penetration depth

Each material has its own attenuation 
coefficient ‘’ measured in dB/cm.



35

Lower frequencies are typically used for deeper tissue 
penetration or imaging through bone. 
Higher frequencies are typically used to maximise 
resolution for visualising superficial structures.

Lower US frequencies have worse resolution but can see further!

In any imaging technique we wish to use the shortest wavelengths possible to 
improve resolution (remember that the fundamental limit of resolution is 
approximately one wavelength)

BUT….because attenuation increases rapidly with 
increasing frequency this limits penetration depth.

Trade-off between penetration and resolution
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Thank you!

Harness your inner physicist to become a better 

Sonographer!

That’s why we use 

different frequency 

probes for deep an 

superficial imaging!

…but, it is your handling of the probe and understanding of US settings (and 

physics) to dynamically optimise the US image that sets ultrasound 

sonographers apart from other imaging modalities.


