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Hello and welcome all to today's session. Today we will be discussing certain numericals
on the ultrasound. So, let us get started. So, before starting with the numericals, | would
like to discuss certain aspects about what is ultrasound. So, as the name suggest there are
two parts ultra and sound. And first if we define sound they are basically longitudinal
waves that travel through various media.

The point to be noted here is that a medium is required. Now, this media can be a solid, a
liquid or a gas and in the absence of media these sound waves cannot travel. And another
thing to notice is that these are longitudinal waves. Means, the vibration of the particles
are in the direction of propagation. There are other kind of waves. We have transverse
waves where the motion of particles is perpendicular to the direction of propagation.

So, all the humans can perceive sound in a specific frequency range. To be precise an
average human can hear any sound between 20 hertz to 20 kilohertz. Now any sound
which is above 20 kilohertz we call it as ultrasound. Now, like any waves even
ultrasound has certain characteristics such as frequency, wavelength and speed.
Frequency is the number of cycles per unit time, and if you have any two specific
identical points basically let us say we have peaks and the distance between any of these
two peaks would give you the wavelength.

Basic Physics of Ultrasound

+ Sound waves are|longitudinal waves that travel through various{soligs, liguids, gases) by @eéﬂﬁ?ating
particles in the direetior of the wave propagation.
+ Ultrasound uses sound waves with frequencies above the audible range for humans (typically above 20 kHz).

Frequency and Wavelength:
Frequency: Number of cycles per second (Hertz). Higher frequencies yield better resolution but lower penetration.
Wavelength: Distance between wave peaks. Inversely related to frequency.

Propagation of Sound Waves:
* Sound waves travel differently through tissues based on acoustic impedance.
* Acoustic impedance differences create contrast in ultrasound images.

Reflection and Echoes:
« Ultrasound imaging is based on the reflection (echo) of sound waves from tissue interfaces.
* Echoreturn time helps calculate the distance of structures, forming an image.

Image Formation:
* Echoes processed to produce real-time images on a monitor.
+ B-mode ultrasound uses echo intensity for images in shades of gray.



Let us talk about the propagation. Depending upon the medium the sound waves
propagate differently. For example, in air the sound has a different speed. In an other
media such as water or a solid say such as wood iron sound waves have a different speed.

And, then there is something called as reflection. So, when you say reflection the first
thing that comes to your mind might be reflection of light by a mirror. Similarly, we can
also have reflective surfaces for ultrasound. So, if we have a boundary which separates
two different medium then there will be some reflection of this these ultrasounds. Today
we will be diving a little deeper into how this reflection takes place based upon some
numericals.

And when we talk about ultrasound the first thing that comes to our mind is imaging, to
be precise, medical imaging. Ultrasound imaging is also called as a sonogram or
sonography. If you visit any hospital there might be certain signs which will direct you to
a sonography room or an x-ray room and there you might see some certain terms such as
Doppler, 3D Doppler, sonogram etc. So, basically it is a diagnostic technique and most
importantly it is a non-invasive and a painless technique which makes use of ultrasound
travelling through your body to image the internal organs.

What is Ultrasound Imaging?

An ultrasound exam (or “"sonogram”) is a painless diagnostic technique that
makes use of how sound waves travel through the body.

*  When sound waves pass through the body, they bounce off tissues and organs in
certain ways. The reflected waves can be used to make images of the organs
inside.

* In most cases, very little needs to be done before an ultrasound exam. The
patient lies on the exam table. A clear, water-based gel is put on the skin over the
part to be checked.

* This gel helps the sound waves go through the body. A hand-held probe

("transducer”) is then moved over that part. For prostate ultrasound exams, a
specially designed probe is inserted into the rectum.
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So, what happens is suppose this is your body or a part of your body and inside there is
an organ. So, what would happen is some ultrasound will be directed towards your body
and at the boundary, some ultrasound will be reflected back and some will be allowed to
penetrate into the body. The incident wave and the output signal is marked in the image.
Now, using this output signal you can form some images which would give you an idea
of what is the condition of your organ.



ltrasound exams, a

In the image you can see a sample of an ultrasound image, and the transducer used to get
this image.

Now if you have been through an ultrasound scan, you would see that the technician
takes a transducer and put some gel on it and then performs the process on your specified
body part. Now what this gel does is, it reduces the acoustic impedance or it matches the
impedance between the transducer and your body and today we will be looking into that.

Lets look at the first numerical, here we have the problem says to calculate the distance
of the object if an acoustic burst is sent in the air and received after 1.5 seconds. So, that
is the first part of the problem.

Problem: Calculate the distance of the object if an acoustic burst is sent in the air and received after 1.5 seg:(‘mqg‘_.
Also, what would be the propagation delay if the medium was water and the distance was the same? Assume the
speed of sound in air and water is 340 m/s and 1480 m/s, respectively.

Now, like I said sound waves require a medium to propagate and here this medium is air
and it is given that the speed of sound in air is 340 meters per second. And it is told that
the acoustic burst which is sent is received after 1.5 seconds. So, here this 1.5 seconds
becomes the propagation delay and the since the medium is air the speed of sound let us
say v = 340 m/s.

propagation delay,t, = 1.5s

In this case, let us take a transducer which is giving some acoustic signal. The signal
comes and hit the object and gets reflected back. Now, this whole time the sound is
taking to go to the object and return back is your propagation delay or the time of
propagation and which is a sum of the time it takes to go to the object and time it takes to
come back. Now, since the medium is same for the same distance, the time taken to go to
the object and come back would be same. So, let us say it is 2 times t1.

Now the total propagation of time is 1.5 seconds therefore,
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Also we know that the distance is equal to speed into time.
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Now, since we know the speed that is 340 meters per second and we know the time that
is 0.75 seconds, the answer comes out to be 255 meters. So, the first part is distance is
equal to 255 meters.

Now the second part of the problem says that what would be the propagation delay if the
medium was water and the distance was same. So, here using the same formula we will
rewrite it to calculate t,

Time = distance/speed
Here, the speed is the speed in water, which is 1480 meters per second .
So, the distance is same as 255 and the speed is 1480 which gives us 0.172 seconds.

Now, you might make a mistake here that this actual 0.172 second is the actual
propagation delay or the time of propagation, This is the time it takes for the sound to
travel from the transducer to the object that is half of the propagation delay.

So the actual propagation delay in water would be 2 times 0.172 second which comes out
to be 0.344 seconds that is the second part of your answer.

- $2 ¢
K dist . __2_‘,5_2/— = 01 :
t= T = M8
= 344 gec
{’F _02%0 \72 0 st
w

So, now let us move to numerical number 2. So, the problem here says that the in the
transmitted acoustic signal the frequency is given as 2. 5 MHz and it is given that the beat



frequency that you receive is 650 hertz. Now, we are told to calculate the blood flow
velocity.
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Problem: The transmitted acoustic signal is 2.5 MHz (assume significance up to 7 digits). If the beat frequen;;;ygﬁi
650 Hz, calculate the blood flow velocity (assuming blood flows away from the transducer).

Transmitter

Receiver

So let us see the diagram where we see a transmitting transducer and the sound waves are
travelling at 2.5 MHz and from the blood particles the sound is reflected and there will
be some frequency.

So, let us see the concept which we will be using right now in this case is Doppler effect.
The Doppler effect is defined as a shift in the observed frequency of sound due to motion
of either the observer or the source. In this case let us divide this problem into two parts.
So, the first case would be where it is transmitted. The frequency is 2.5 megahertz and
some frequency will be received or seen by the blood So what happens in this case?

So,the transducer is the source in this case and the blood is the observer. So let us say the
blood is in this case moving away from the transducer and we have some velocity of
sound here. So, let us assume that the velocity of sound is here 1480 meters per second
which is same as the velocity of sound in water.



Doppler effect: The shift in the observed frequency of sound due to the motion of either the source or the ot;;§
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Now we have the velocity of the observer. In this case that is blood and this we need to
calculate we do not know this. And, then we have the velocity of source. Now, source is
your transducer which is stationary. So, this becomes 0. So, in this case what we would
have is the frequency observed by the blood is equal to this is 2.5 megahertz. Since we
assumed that the blood is moving away, the sign will be negative for the velocity of
observer. Here we have Vw and this is the velocity of blood.
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So, this becomes your first case. Now going to the second case, the sound is reflected
back from the blood. So, now the receiver becomes the new observer and blood becomes
the new source. So, let us see what happens in this case. So, in this case the receiver is
stationary. So Vobs becomes 0 and the source, which is your blood is moving away. So,

here in this case we will use a plus sign.
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Now, if you see these two equations carefully we can see that
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So, this is your final equation. Now, in the problem it was said that the beat frequency
was 650 hertz. Now, what is beat frequency? It is the difference between the two
frequencies that you are having. So, in this case the source frequency is 2.5 MHz and
another was the observed frequency. So, the difference between the frequency that is
transmitted and the frequency that is received is your beat frequency and in this case that
it is 650 hertz ok.

So, in this case what would happen is your
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but in this case what would what might happen is that the fogs might be lower than fs and
the beat frequency cannot have a negative value because when it is measured it is just a
magnitude. So, we will put this mod sign. So, if you see your final equation that we have
boxed have a negative value ok. So, let us not have a negative value here we will make it
positive.
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So, we have
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So, what you want to calculate here is Vg and we know this is the beat frequency, which
is 650 Hz So, your foss becomes 2.5 MHz. After substituting, you will get f ogs to have a



value of 2499350 Hertz. In the problem it was told that we can assume that the significant
digits are up to 7 digits. Now, if you put substitute this value in this equation we would
have the velocity of blood that you are imaging is 0.192 meters per second.
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Now, let us move to numerical number 3. So, here it says that calculate the ratio of
intensities reflected back to the transducer using the tables for calculation.

Problem: Calculate the ratio of intensities reflected back to the transducer. Use the table for calculations. =

Medium Density (kg/m?) Speed of sound (m/s)
Soft tissue 925 1450
Muscle 1075 1590
Bone 1600 4080
Bone

Tissue

So, here in this case suppose the transducer was at the left extreme, and you will have
some incident beam into the tissue medium. Now some of the incident energy would get
reflected at the transducer-tissue interface, but we are not considering that.

Now from the ultrasound wave passing through the tissue, some would go to the tissue-
bone interface and some would go to the tissue and muscle interface.

Let us say the incident intensity is l1. At the tissue-bone interface, some intensity will be
reflected, say I, and the transmitted part to be I Similarly let us say from tissue and



muscle interface also there will be some reflection let us call it I3 and the reflected part
would be I3,

The transducer is on the left most edge, and there will be some matching layers with
some gel in between. It will reduce the acoustic impedance mismatch between the
transducer and the tissue interface. We need to calculate the ratio of intensities reflected
back to the transducer.

So, to solve this problem what we need to know is a concept called as acoustic
impedance. So, what it actually means is that it governs the reflection of sound at the
boundaries of two different surfaces. Now, we saw there is a boundary of soft tissue and
bone then there is a boundary of soft tissue and muscles. So, in this case we should know
their respective acoustic impedances.

A CERY ]
Acoustic impedance: The characteristic that governs the reflection of sound at the boundaries of two differ,gmji
media. Itis defined as:

a — pU.
Acoustic / \ Speed of sound

impedance inthe media

Density of
media

Intensity reflection coefficient: The ratio of intensity of the reflected wave to the intensity of the incident wave.
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Acoustic impedance is denoted by Z,and



Z = pv

where v is the speed of sound in the given media and p is the density of the media. So, in
the previous table we are given the density as well as the speed of sound in that particular
media and Z can be calculated.

Now another thing that we need to know before approaching this problem is intensity
reflection coefficient or the coefficient of reflection. So, this is the formula that gives you
the ratio of the intensity. So, this coefficient defines the ratio of intensity of the reflected
wave to the intensity of the incident wave.

So, let us suppose at a boundary, the intensity of incident beam was |1 and the reflected
beam intensity is I2. So, this ratio of intensity would be given by I2 /11,

.. . _ (Z2-7;)\?
coef ficient of reflection, a = (_Zz+Zl)
Z1 is the acoustic impedance of the first media and Z2 is the acoustic impedance of the
second media. With this, we can start approaching the problem. Since we know what is
the density and speed of sound we can use the formula to start calculating the acoustic
impedance of the soft tissue.

For soft tissue it would be 1.341 *10°. Let us not worry about the units right now, but it is
calculated in Rayls and for the muscle we have Z= 1075 * 1590 which would give Z2 as
1.709 *105 For the Bone, we have Z3 = 6.528 *10°
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Now, since we have these values, we could start calculating the intensity coefficient of
reflection. So, for the first interface that we have the tissue and muscle interface, let us
say it is aa. Here we have Z2 and Z1 that is 1.709 *10° and 1.341 *108. Now, if we
calculate this the answer comes out to be 0.0146.

Similarly if we calculate for the tissue and bone interface ag comes out to be. 0.4345.



— i 2 ( IrLosA lj:))

2 - - ! 1)
= - - '7030 )2
a'A (le’l[
(9,%L) » ool
2.08 ”

So, here what is happening is we have these two values. Let us say the intensity 11 was
100% So, let us talk about the tissue and muscle interface first. So, in this case
I3

2 =g, =0.0146
I

Similarly,

I
2 = qy = 0.4345
L

Now, we are told that we need to calculate the ratio of intensities reflected back to the
transducers transducer that is I2 /I3,

I

—=29.76
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So, that is pretty much everything we had to discuss today and | am hope that by these
three numericals we learnt something new. The first numerical we understood how can
we calculate the distance by knowing the propagation delay of the ultrasound. In the
second numerical we learnt something about the Doppler effect and how we can calculate
the speed of the object we are trying to image. And in the third one we learned the
importance of the acoustic impedance and how it plays an important role in the quality of
image. If there is a very good impedance matching that means the acoustic impedance
differences between the media is very low and hence the ultrasound waves would
transmit with minimum losses, but if the acoustic impedance mismatch is very high, then
only a small fraction of the incident wave will be allowed to transmit from the first
medium to the second.



