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Suggested activities
1. Experiment with compound scanning in several dif-

ferent application areas. 
2. Acquire simple and compound scans of the same 

anatomy and compare them. Note any improve-
ments in the images and any changes in artifacts.

Harmonics
In chapters 2 and 3 you were introduced to the concept of 
“frequency analysis”.  It was explained that a single-frequency 
wave, by de!nition, is a perfect sine wave which continues 
for all time. 

Any other wave – whether it has a di"erent shape than 
a perfect sine wave or whether it exists for only a !nite 
time – can be built up by adding together a number of sine 
waves of di"erent frequencies and amplitudes. #is is called 
“frequency analysis” of the wave. 

In particular, chapter 2 showed that a wave with frequency 
f but with a triangular shape is made up of the sum of sine 
waves with frequencies of f, 2f, 3f etc (see Figure 12.8). 

#us, frequency analysis of the triangular wave has revealed 
that it is made up of a “fundamental” component (a sine 
wave with frequency f), a second harmonic component (a 
sine wave with frequency 2f), a third harmonic component 
(a sine wave with frequency 3f), …. etc.
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Figure 12.8 A triangular wave is the sum of the funda-
mental frequency and its harmonics. 

In fact it can be shown that any repetitive wave that is not a 
perfect sine wave is the sum of a fundamental component 
(equal to its repetition frequency) and a series of harmonics.

How is this relevant to ultrasound? 

If the echo signal received by the ultrasound machine is 
“distorted” for any reason then it will no longer be purely 
sinusoidal and some of its energy will be at harmonic 
frequencies. 

#is concept is the basis for both Tissue Harmonic Imag-
ing (THI) and Contrast Harmonics (the use of harmonic 
imaging with ultrasound contrast agents).

Figure 12.8 relates to a continuous wave. In reality the 
transmitted signal is generally a short pulse of ultrasound, 
so we need to know what happens when a pulse is distorted. 

In chapter 3 it was explained that frequency analysis of a 
pulse shows it to be the sum of an in!nite number of sine 
waves over a de!ned range of frequencies (see Figure 12.9).

�����


������


������


�����


�����


	

��	����


Figure 12.9 (a) A 4 MHz pulse with a duration of 1 μsec 
is the sum of an in"nite number of frequencies ranging 

from 3.5 MHz to 4.5 MHz. 
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Figure 12.9 (b) A more convenient way to display the 
frequency content of the pulse is as a frequency spectrum.   

When a pulse is distorted, harmonics will be generated, 
just as with a continuous wave. However all the frequencies 
present in the pulse will be a"ected and so we !nd that the 
entire pulse spectrum is repeated at harmonic intervals, as 
shown in Figure 12.10.
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Figure 12.10 When an ultrasound pulse becomes distort-
ed its entire spectrum is repeated at harmonic intervals. 
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Our main interest is to understand the implications of the 
above for the echoes received by the ultrasound machine. 

Since we know that each echo is a replica of the transmit 
pulse, it follows that: 

 Echoes will be distorted whenever the transmit pulse 
is distorted. !ey will then have a signi"cant component 

of energy at the second harmonic frequency.

Tissue Harmonic Imaging (THI)
When and how does the transmit pulse become distorted? 
As ultrasound passes through tissue it increases and de-
creases the pressure in the tissue, as described in chapter 2. 

If the ultrasound intensity is relatively low then this has little 
e!ect on the physical properties of the tissue. However, if the 
intensity is high then the pressure changes are su"cient to 
cause signi#cant physical changes. In particular, when the 
pressure is increased the tissue becomes sti!er, and when 
the pressure is reduced the tissue becomes more elastic.

What e!ect does this have on the ultrasound wave? 

$e most important e!ect is that as the tissue sti!ness 
increases, so does the ultrasound propagation speed. Con-
versely, when the tissue becomes more elastic, the propaga-
tion speed is reduced (see Figure 12.11). 
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Figure 12.11 When the ultrasound intensity is high the 
pressure variations that it causes will a!ect the propaga-
tion speed as shown here. "e di!erences in propagation 
speed will cause progressive distortion of the pulse as it 

propagates through the tissues.

$e consequence of these propagation speed changes is that 
the peaks will travel slightly more quickly than the troughs, 
causing the pulse to gradually become distorted as it travels 
through the tissue (see Figure 12.12).

$is looks very similar to what happens when ocean waves 
approach a beach. 

Large waves lose their sinusoidal shape (which they had in 
the open sea) and they become steeper. Smaller waves and 
ripples don’t do this, they remain essentially unchanged 
until they hit the shore.

Figure 12.12 "us, as a high intensity pulse travels 
through tissue the peaks move to the right and the troughs 

to the le#, causing the waveform shape to “steepen” like 
an ocean wave that is approaching the shore.

We are now ready to discuss how the machine operates in 
Tissue Harmonic Imaging (THI). $e machine transmits 
a normal transmit pulse. Due to the mechanism described 
above, the pulse becomes progressively distorted as it travels 
into the patient’s tissues. Most importantly:

!e transmitted ultrasound pulse is distorted only 
in those areas where the intensity is relatively high, i.e. 

along the central axis of the main beam.

$is means that the echoes coming from these tissues will 
be distorted, and so they will contain signi#cant energy at 
the harmonic frequencies. Echoes from other areas will 
not be distorted and they will have no harmonic energy. 
$us, by good fortune we have a situation that allows us to 
di!erentiate between echoes coming from the central zone 
of the main beam and other echoes. 
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Figure 12.13 "e transmit pulse will be distorted as it 
travels in the high intensity part of the beam (dark blue). 
In other parts of the main beam and in the sidelobes the 

intensity is lower and little distortion will occur. 
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We can exploit this di!erence in the echoes by making an 
image that ignores the fundamental frequency and uses only 
the harmonics. We will then see only the echoes coming 
from the central zone of the beam. 

In practice the machine uses just the second harmonic to 
make the image, since the higher harmonics are too low in 
amplitude and attenuate too quickly to be usable. 

For example, if the machine is transmitting at 4 MHz the 
image will be created using the second harmonic echo 
information at 8 MHz.

Figure 12.14 A conventional image (top) and a harmonic 
image (bottom) of the bladder in a paediatric patient. !e 
harmonic image shows a dramatic reduction in reverber-
ation and other artifacts (arrows). Beamwidth e"ects are 

also reduced, giving cleaner boundaries between tissue 
and #uid. However, note the reduced penetration depth.

Figure 12.15 Harmonic imaging (bottom) substantially 
reduces the artifacts o$en seen within the heart cham-

bers. Many echocardiographers therefore use harmonics 
as their standard imaging mode.

Tissue Harmonic images are better than conventional im-
ages. Why is this? "ere are two main reasons.

1. As discussed above, harmonic echoes will only 
come from structures near the axis of the main 
beam. Since the sidelobes have considerably lower 
intensity than the main beam, no harmonic ech-
oes should be received from the tissues within the 
sidelobes. Similarly the outer fringes of the main 
beam, and of the slice thickness of the beam, have 
relatively low intensity and so harmonic echoes will 
not come from these regions either. "us the image 
will contain echoes only from the central part of the 
main beam. Beamwidth, sidelobe and slice thick-
ness artifacts will all be dramatically reduced.

2. As explained above, the transmit pulse gradually 
becomes distorted as it travels into the patient’s 
tissues. In the #rst centimetre or two of the tissue it 
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will therefore be relatively undistorted. !is means 
that echoes from super"cial tissues will be relatively 
weak when imaged using THI. !e importance of 
this is that much of the reverberation seen in im-
ages is caused by multiple re#ection of the ultra-
sound within the super"cial tissues. Because the 
transmit pulse is relatively undistorted at this depth, 
the reverberation echoes contain little energy at 
the harmonic frequencies. Reverberation artifact is 
therefore signi"cantly reduced.

Tissue Harmonic Imaging therefore improves image qual-
ity by reducing beamwidth, sidelobe, slice thickness and 
reverberation artifacts. Are there any negatives associated 
with it? Yes, performance is reduced in two important ways:

1. Being at a higher frequency the second harmonic 
attenuates far more rapidly than the fundamental, 
so the depth of penetration is signi"cantly reduced.

2. !e processing used to remove the fundamental fre-
quency generally requires that two transmit pulses 
are used for each line of sight in the image. !is 
reduces the frame rate by a factor of two.

Tissue Harmonic Imaging therefore improves image quality 
(as shown in Figures 12.14, 12.15 and 12.16). However this 
is achieved at the cost of a reduced depth of penetration 
and lower frame rate.

Summary
1. As it travels into the patient’s tissues the trans-

mitted ultrasound pulse is progressively distort-
ed. However, this occurs only in the central zone 
of the main beam where the intensity is high.

2. A distorted transmit pulse will give rise to dis-
torted echoes and these have signi!cant energy at 
harmonic frequencies.

3. In Tissue Harmonic Imaging the image is made 
using the second harmonic component of the 
echo signals, with the fundamental frequency 
excluded.

4. Undistorted echoes coming from lower inten-
sity areas (e.g. the fringes of the main beam, 
sidelobes, super!cial tissues) will not be seen in 
the image.

5. "e result is that the image has far less beam-
width, slice thickness, sidelobe and reverberation 
artifacts than conventional images.

6. Unfortunately the frame rate is lower and the 
depth of penetration is reduced.

Figure 12.16 !e same popliteal artery as shown in Fig-
ure 12.5. !e conventional image (top) shows signi"cant 
artifact echoes within the vessel lumen and a very granu-

lar speckle pattern. Harmonic imaging (centre) largely 
eliminates the artifacts and de"nes the vessel walls more 

clearly. Using a combination of harmonics and compound 
imaging (bottom) substantially smooths the speckle and 

displays the tissue boundaries more clearly.


