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Overview
The topic has four modules, each covers a Physical 
process used to image the human body:

• Sound / mechanical waves (ultrasound)

• Electromagnetic waves (X-ray & CAT)

• Radioactive emission (PET & Gamma cameras)

• Magnet fields of nuclear particles (MRI)

2



Context
• Advances in the understanding of Physics have had 

positive implications for medicine through the 
development of complementary imaging techniques.

• The imaging techniques in this topic allow us to see 
inside the human body without surgery, and greatly 
expand both the practice of medicine and the 
knowledge of the practitioner.
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Ultrasound
Ultrasound refers to ‘sound’ which is too high to 
be heard by humans. Typically above 20kHz.
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Ultrasound cont...
• The general idea is that a pulse of ultrasound is 

transmitted into the body where it bounces off 
various internal structures. The reflections are 
detected and analysed to determine the structures.

• We use ultrasound to image the body instead of 
audible sound because it has a more convenient 
wavelength (ie. similar to the size of the things being 
imaged).

• If sound moves in water at 1430ms-1, calculate the 
wavelength of a 20kHz and 3.5MHz wave.
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Ultrasound cont...
• The resolution (ability to distinguish smaller 

objects) is going to be far better on the 3.5MHz 
wave. This is why we use such high frequencies.

• Unfortunately a compromise is necessary as higher 
wavelengths are more easily absorbed by the body. 
Generally ultrasound uses between 3-50MHz 
(depending on what is being imaged).

• We keep the intensity of the ultrasound less than 
20 W/cm2 because it dissipates as heat.
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Acoustic Impedance
Acoustic impedance (Z) is a measure of how easily 
sound can pass through a material. It is given by:

Z = ⇢�

Where ⍴ is the density of the medium (kgm-3) and 
v is the velocity of sound in the medium (ms-1). 
The acoustic impedance has units of (kgm-2s-1).
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Table 18.2 Properties of selected body materials

Ultrasound travelling through fat

An ultrasound wave of 2.0 MHz is travelling through fat. Calculate:
(a) the wavelength of the ultrasound 
(b) the acoustic impedance of the fat.

(a) Using the wave equation,

v = f l

1450 = 2.0 ¥ 10
6
 l

 l = 7.25 ¥ 10
-4

The wavelength of the ultrasound in fat is 7.25 ¥ 10
-4

 m (0.725 mm).
(b) Using the acoustic impedance formula,

Z = rv

Z = 952 ¥ 1450

 = 1.38 ¥ 10
6

 The acoustic impedance of fat is 1.38 ¥ 10
6
 kg m

-2
 s

-1
.

Reflection of ultrasound
The acoustic impedances of two adjoining tissues are used to calculate
the intensity of the reflected pulse compared with the incoming one. The
following formula enables us to determine the fraction of the intensity
reflected at a surface between two media, such as bone and muscle:

 = 

where
Ir is the intensity of the pulse reflected back (W m

-2
)

I0 is the intensity of the pulse incident on the surface (W m
-2

)
Z1 and Z2 are the acoustic impedances of media 1 and 2 (kg m

-2
 s

-1
).

MEDIUM

DENSITY (r) 

(kg m
-3

)

VELOCITY (v)

 (m s
-1

)

Air 1.3 330

Water 1000 1430

Eye

 aqueous humour

 vitreous humour

 lens

1000
1000
1140

1500
1520
1620

Soft tissue such as nerves (average) 1060 1540

Muscle (average) 1075 1590

Fat 952 1450

Liver 1050 1570

Brain 1025 1540

Blood 1060 1570

Bone 1400–1908 4080

SAMPLE PROBLEM 18.1

SOLUTION

Ir

I0

----
Z2 Z1 )

2
–(

Z2 Z1 )
2

+(
-------------------------
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Calculate the acoustic impedance of the following 
body materials (put your answers in a table):
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Acoustic reflection
When a sound wave encounters a boundary, some is 
reflected and some isn’t. The amount reflected 
depends on how easily the sound can move in the 
second medium compared to the first:

Ir
I0

=
(Z2 � Z1)2

(Z2 + Z1)2

Where Ir and I0 are the intensities of the reflected 
and incoming waves respectively (Wm-2), Z1 and Z2 
are acoustic impedances of the first and second 
medium respectively (wave coming from 1 to 2).
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Calculations
1. If the intensity of ultrasound signal striking a fat-

muscle interface is 80mWcm-2, what is the intensity 
of the reflected signal?

2. What percentage of an ultrasound signal will be 
reflected at a fat-bone interface?

3. Where does the rest of the signal go?

4. The greater the difference in acoustic impedance 
between two materials, the greater the reflection 
of ultrasound waves at their boundary. True/False
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Revision questions
1. Define acoustic impedance.

2. Calculate the velocity of sound in fat tissue if it has an 
acoustic impedance of 1.38x106 kgm-2s-1 and a density of 
9.25x102 kgm-3.

3. Calculate the percentage of ultrasound reflected at an air-
soft tissue interface.

4. Ultrasound gel has an acoustic impedance of 1.54x106 
kgm-2s-1. Calculate the percentage reflected from a gel-soft 
tissue interface. (Why do we use gel? Compare with Q3)

5. Prove that the same fraction of sound will be reflected off a 
boundary regardless of the direction from which it strikes 
the boundary (ie. Z1 to Z2 or Z2 to Z1).
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(ultra)Sound waves
They are longitudinal, mechanical waves, but we 
usually represent them using a transverse wave 
(peak = compression, trough = rarefaction).

http://hyperphysics.phy-astr.gsu.edu/hbase/sound/imgsou/lwav2.gif
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The piezoelectric effect

• The piezoelectric effect is when a material 
(usually a crystal) generates an electric potential 
in response to an applied force.

• The effect was first demonstrated in 1880, but did 
not become commercially significant until WW1 
when it was used to invent sonar (in France).

• The converse is also true: an 
applied potential difference will 
create a force.

http://upload.wikimedia.org/wikipedia/commons/c/c4/SchemaPiezo.gif
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The effect is due to deformed crystal symmetry, 
which changes the charge distribution. It is 
important to note that significant current does 
not flow through the crystal (don’t say AC).

http://www.creationscience.com/onlinebook/webpictures/radioactivity-piezoelectric_effect.jpg
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Piezoelectric & ultrasound
• The piezoelectric effect is used to generate 

ultrasound waves. A varying (alternating) potential 
is applied to a crystal causing it to expand/contract. 
The frequency of the alternating voltage determines 
the frequency of the ultrasound wave.

• The piezoelectric effect is also used to detect the 
returning ultrasound waves (usually on the same 
device). The varying pressure on the crystal makes a 
variable voltage which is measured.
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Putting it together...
transducer emits ultrasound waves

some waves reflect off internal body structures

some reflected waves return to transducer

transducer detects returning waves

computer analyses data to create image

PE effect

PE effect

Z, IR/I0
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A-scans
This is the simplest (and earliest) form of ultrasound. 
A single pulse is sent into the body and the returning 
pulses are plotted against time. A one dimensional, 
structural image produced (‘a’ stands for amplitude).

http://www.myeyeinfo.com/admin/uploads/1189694-1228447-690.jpg
time

am
pl

itu
de

reflections
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A-scans are now really only used to determine internal 
dimensions of eyes (when no image is required).
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Figure 18.5 (a) The reflected ultrasound from parts of the eye displayed on an oscilloscope 

(b) Ultrasound studies of a detached retina. The A-scan trace shows an echo (s) from the front 

of the eye, an echo (r) from the retina and an echo (s) from the back of the eye. In a normal 

eye the echo from the retina would blend with the echo from the back of the eye.

B-scans

In a B-scan the intensities of the reflected ultrasound are represented as

spots of varying brightness, the brightest spot corresponding to the most

intense reflected ultrasound. By moving the transducer probe, the body is

viewed from a range of angles. A series of spots are obtained, each series

corresponding to a different line through the body. These spots can give a

2-D picture of a cross-section through the body (see figure 18.6).

Figure 18.6 Building up a B-scan image of a foetus
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B-scans
B-scans are the same as a-scans, except that a strong 
reflection is displayed as a bright spot (‘b’ stands for 
brightness). Stronger reflections have brighter spots.

A single B-scan is fairly useless, but by layering many 
angles we can make a useful image.

Heinemann AS, Medical Physics, p13.
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intense reflected ultrasound. By moving the transducer probe, the body is

viewed from a range of angles. A series of spots are obtained, each series
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Multiple b-scans used to form an image
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Sector scans
When a number of b-scans are joined together, they 
sweep out a sector shape. A computer combines the 
multiple scans to form a single image.

http://www.djo.harvard.edu/files/2622_317.jpg
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• Originally, the operator needed to manipulate the 
transducer in order to capture multiple angles. This 
was highly dependant on the skill of the operator.

• Sector images are now obtained by having an array 
of piezoelectric crystals which fire sequentially. Little 
skill is required to obtain a good image. These are 
sometimes called phase scans because they rely 
on phase differences between adjacent waves.

continued...

22



Jacaranda Physics 2, 3rd Ed. p345

MEDICAL PHYSICS350

Sector scans and phase scans

Sector scans are scans of a fan-shaped section of the body. They are made
of a number of B-scans, which build up an image of the sector in the
body through a series of dots of varying intensities.

When this type of scanning was first used, a single transducer was
rocked back and forth manually so that the ultrasound pulses would
sweep across a sector of the body. This required skill and experience to
    achieve clear images and is now rarely used

in hospital work. However, its advantage is
that it requires a small entry ‘window’ into
the body and is still valuable in imaging
through a small space, such as the space
between the bones of an infant’s skull to
obtain an image of the infant’s brain, as
shown in figure 18.7.

Modern scanning techniques use an array
of transducers very close together in the one
probe head. This enables very clear images
to be produced and also allows the poss-
ibility of real-time scans (scans that are pro-
duced faster than 16 images per second and
displayed on the monitor at that rate). Real-
time scans allow movement to be monitored
and so are used to examine, for example,
foetal movement or heart movement.

Figure 18.8 (a) When the transducers send their signals together the signals are in phase. 

The wavefront of the signal is parallel to the transducers. (b) When the transducers fire at 

different times the signal fired first will travel furthest. The waves at the probe surface will be 

out of phase with one another. The wavefront, which is a tangent to the crests of the advancing 

waves, will have changed direction compared with (a).

There may be as many as several hundred transducers in an array.
These transducers may be fired simultaneously in which case they
produce a wavefront parallel to the transducers. If the transducers are
fired in close succession so that they are slightly out of phase with one
another, they produce a wavefront that strikes the surface at an angle
other than 90°. By changing the time between firing of the transducers,
the phase difference of the waves from the transducers and hence the
direction of the ultrasound beam can be altered. The beam can be swept

Sector scans are scans in the shape 

of a sector. They are made up 

from a series of B-scans. 

Figure 18.7 Sector scan of an infant’s brain
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(a) parallel wavefront.
(b) phase scan: by firing sequentially, a non-parallel 
wavefront is generated (without operator movement).
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http://mamaandbabylove.com/wp-content/uploads/2009/09/ultrasound.jpg
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The doppler effect
When the source and observer of sound waves are 
in relative motion, an alteration of frequency is heard:

If the movement is away, a lower frequency is 
observed, if towards it will be a higher frequency.

http://mail.colonial.net/~hkaiter/astronomyimagesB/Doppler_effect_diagrammatic.png
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Doppler ultrasound
These are used particularly to study blood flow 
through the heart. Ultrasound waves strike the blood 
(a moving reflector), causing a frequency shift. 

A computer analyses the returning waves, calculates 
the frequency shift and displays the velocity (either as 
a sound, graph or coloured sector scan).
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This apparent change in frequency of a sound when there is relative

movement between the source of a sound and the observer is called the

Doppler effect.

Doppler ultrasound in practice

In Doppler ultrasound, the change in frequency is measured and ana-

lysed to give information about rate of blood flow in the body, and par-

ticularly through the heart.

An ultrasound is directed into the body and some of this ultrasound is

reflected off blood cells moving with the blood. Due to the movement of

the blood cells, the reflected ultrasound that is received by the transducer

will have changed in frequency compared with the incoming signal.

In fact, the Doppler effect has to be taken into account twice. To illus-

trate this, imagine the blood is moving towards the transducer. The blood

cells will receive a signal at a higher frequency than that given out by the

transducer. These blood cells then act as a source when they reflect the

signal. They reflect the higher frequency wave and then move into the

wave at the same time, resulting in a further increase in frequency (see

figure 18.13). This higher frequency is received by the transducer.

(a)

Car is stationary

Sam Sarah

(b)

Car is moving

Sam Sarah

Figure 18.12 Change in frequency 

heard when source moves

Transducer
produces
signal of
frequency f.

Transducer
receives signal 
of frequency 
f2, which is 
greater than f1.

Moving blood cells 
receive signal of 
frequency f1, 
greater than f.

Blood cells reflect 
waves of frequency 
f1, then move into 
these reflected 
waves, further 
increasing their  
frequency to f2.

Total frequency change is Δf = f2 – fFigure 18.13 Double Doppler effect
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continued...
• Doppler ultrasound can use continuous waves 

with alternating transmitter and receiver crystals. 
However this can’t show location - only velocity.

• More commonly, pulses are sent and the returning 
phase difference is used to determine frequency 
shift.

• Doppler ultrasound is very useful in examining the 
flow of blood through the heart, and can identify 
leaky/constricted valves, blockages and holes.
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Scan summary:

Scan Appearance Uses

A Amplitude-time graph distance measurements 
(eye, foetal skull)

B 1-dimensional image   
(a line) of bright dots

useless but basis of 
sector scans

Sector black and white sector 
shaped image

everything else*

Doppler velocity-time graph or 
coloured sector image

blood flow

* see next slide
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Table 18.3 Medical uses for ultrasound scans

Figure 18.15 Ultrasound images can be used to identify 

diseased organs, such as in this comparison of (a) an early stage 

and (b) late stage of cancer of the liver.

MEDICAL AREA AND ORGANS 

EXAMINED HOW ULTRASOUND IS USED

Cardiology: the heart A real-time ultrasound phase scan of the beating heart allows diagnosis of abnormal 

heart wall motion or disease or fluid accumulation in the region around the heart (an 

echocardiogram). When the scan is combined with Doppler colour flow imaging, the 

valves can be checked to see if they open and shut correctly and if they leak. The 

blood flow in the vessels and heart chambers can also be checked.

Endocrinology: the thyroid gland Ultrasound phase scans are used to detect cysts, tumours or goitres.

Gynaecology: female 

reproductive organs

Ultrasound phase scans are used to detect blocked oviducts or ectopic pregnancy 

(foetus attached in the fallopian tubes, not the uterus).

Obstetrics: the foetus and uterus Ultrasound scans are used to determine the position of the foetus, placenta and 

umbilical cord before birth (see figure 18.3(c), page 344). Multiple births can be 

detected.

Ultrasound can be used during amniocentesis to guide the safe sampling of 

amniotic fluid.

Paediatrics: the infant A sector scan can be used to image an infant’s brain through the unclosed space in 

the skull.

Renal: the kidneys Pulsed ultrasound phase scans are used to detect kidney tumours, kidney stones or 

blockages of the renal tubes.

Vascular: the arteries Doppler ultrasound can be used to detect blood flow, particularly through the carotid 

artery, to assess the chance of a stroke. Blood flow through the umbilical cord can 

also be studied.

(a)

(b)

Jacaranda Physics 2, 3rd Ed. p345
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Table 18.4 Advantages and disadvantages of ultrasound for medical diagnosis

Figure 18.16 Ultrasound is safe 

for use with babies and foetuses.

ADVANTAGES DISADVANTAGES

• No damaging side-effects are known.

• It is non-invasive. As no surgery is involved, there is no risk 

of infection.

• It is more effective than conventional X-rays in producing 

images of soft tissues.

• The equipment is relatively inexpensive.

• The equipment is safe, portable and can be operated from 

a wall socket.

• Real-time imaging is possible.

• ‘Keyhole’ surgery can be carried out at sites close to the 

body surface by the use of real-time ultrasound 

imaging while operating. For example, a damaged part 

of an artery can be located using ultrasound and a 

balloon catheter can be inserted to help repair it 

through a small incision using local anaesthetic.

• As the interface between gas and soft tissue reflects 

99.9 per cent of the ultrasound energy that hits it, images 

cannot be obtained of structures that lie on, for example, 

the far side of the lungs or intestines.

• It is difficult to obtain good ultrasound images of the 

brain of an adult, as most of the ultrasound is reflected 

from the tissue/bone interface.

• Images are not as clear as those obtained by many other 

techniques.
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various transducers
http://www.sonohouse.co.kr/ge-probes.jpg
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Questions
1. Why is it difficult to image the brain with 

ultrasound? (Support answer with a calculation).

2. Would this problem also effect heart ultrasounds?

3. Ultrasound can only detect boundaries within the 
body. True / False

4. What percentage of sound is reflected off a fat-soft 
tissue interface. Would this make ultrasound difficult 
in certain situations?
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Homework:
1. Print two black and white ultrasound images. 

The images should be of different organs, and 
the organs should be labelled.

2. Find out how ultrasound can be used to 
determine bone density.

3. Find and watch a video of doppler ultrasound. 
Record (or print) the URL.
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