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Waves: light and sound

https://ecgwaves.com/topic/ultrasound-physics/

Light waves: 
can propagate through vacuum

https://www.zmescience.com/science/physics/speed-of-light-fluctuates-vacuum-0432432/

Sound waves: can only propagate through a 
physical medium, which may consist of any 
matter, e.g air, water, metal, or tissue and fluids in 
the human body



Sound
Sound is a vibration that propagates as an acoustic wave, through a transmission 

medium in which the vibrating molecules are creating pressure waves with 
areas of compression and rarefaction

Particles of the medium do not travel with the sound wave, they merely vibrate and transmit 
the vibrations to neighboring particles in the medium

Important quantities for describing acoustic waves:
acoustic pressure, itensity, particle velocity, particle displacement

Acoustic waves travel with a characteristic acoustic velocity that depends on 
the medium they're passing through https://ecgwaves.com/topic/ultrasound-physics/



Sound wave characteristic features
Wavelength (λ): distance between two points (along the sound wave) with equal 

amplitude (i.e pressure) (easiest to measure: distance between two areas of maximal 
compression (or rarefaction)

Frequency (f):the number of wavelengths that pass per unit time
measured as cycles (or wavelengths) per second, unit is hertz (Hz)

Amplitude: the magnitude of pressure change (strength of the sound waves)
expressed in decibels (dB) on a logarithmic scale
high amplitude equals loud sound

http://www.bats.ac.nz/detail-basic_theory_of_ultrasound-29



https://ecgwaves.com/topic/ultrasound-physics/



The speed of sound
• describes how fast sound waves propagate through the medium
• depends on the density of the medium
• sound waves propagate faster in high-density media (the higher the density, the higher the speed)
• in air: approximately 300 m/s, and 1540 m/s in the human body (which consists mostly of water)
• denoted by the letter c, indicated by the unit m/s

https://ecgwaves.com/topic/ultrasound-physics/

c = f • λ ultrasound diagnostics (in 3 MHz): 
λ =1540 / 3000000 = 0,000513 meter (0.513 mm (millimeter) 
short wavelength- detailed visualisation (high resolution)



Hearing
In human physiology sound is the reception of acoustic waves and their perception by the brain
Audio frequency: waves that elicit an auditory percept in humans

frequencies lying between about 20 Hz and 20 kHz
In air at atmospheric pressure, these represent sound waves with wavelengths of 17 meters (56 ft) to 1.7 centimetres (0.67 in)

Sound waves below 20 Hz are known as infrasound
Sound waves above 20 kHz are known as ultrasound - not audible to humans
sounds with frequencies above 100 kHz do not occur naturally; only human-developed devices 

can both generate and detect these frequencies
Different animal species have varying hearing ranges



A: Elephants can generate and detect the 
sound of frequencies less than 20 Hz for 
long-distance communication. 

B: Bats and dolphins produce sounds in the 
range of 20–100 kHz for navigation and 
spatial orientation

https://www.nysora.com/



Ultrasound (US)
• Ultrasound: is sound waves with frequencies higher than the upper 

audible limit of human hearing
• Ultrasound is not different from "normal" (audible) sound in its physical 

properties, except that humans cannot hear it. This limit varies from 
person to person and is approximately 20 kilohertz (20,000 hertz) in 
healthy young adults 

• Ultrasound is used in many different fields
• Ultrasonic devices:
• operate with frequencies from 20 kHz up to several gigahertz
• used to detect objects, measure distances
• industrially:for cleaning, mixing, accelerating chemical processes 
• ultrasound imaging or sonography in medicine



But how to generate ultrasound pulses? 
• Ultrasound transducers (probes) contain multiple piezoelectric crystals which 

are interconnected electronically and vibrate in response to an applied electric 
current

• These vibrating mechanical sound waves create alternating areas of 
compression and rarefaction when propagating through body tissues

• This phenomenon called the piezoelectric effect 

https://ecgwaves.com/topic/ultrasound-physics/



The piezoelectric effect 
• piezoelectric effect: 
an applied mechanical force results in internal 
generation of electrical charge 

• materials exhibiting the piezoelectric effect also 
exhibit the reverse piezoelectric effect: an applied 
electrical field generates an internal mechanical 
strain

• the inverse piezoelectric effect is used in the 
production of ultrasonic sound waves

For example, lead zirconate titanate crystals will generate measurable piezoelectricity when their static structure is deformed by 
about 0.1% of the original dimension. 
Conversely, those same crystals will change about 0.1% of their static dimension when an external electric field is applied 
to the material. 

Stress:
Mechanical force

Special structures
mainly crystals



History

Pierre Curie 
and his elder brother, Paul-Jacques Curie

Curie, Jaques (1889)
"Recherches sur le pouvoir inducteur spécifique et sur 
la conductibilité des corps cristallisés„
Annales de Chimie et de Physique. 17: 384–434.

Discovered piezoelectric effect in certain crystals
demonstrated the effect using crystals

of tourmaline, quartz, topaz, cane sugar, 
Rochelle salt (sodium potassium tartrate tetrahydrate)

Quartz and Rochelle salt exhibited the most piezoelectricity



Pioneers in the development and application of 
piezoelectric transducers for the goal of submarine 

detection 

developed piezoelectric materials:
generate and receive mechanical vibrations 

with high frequency (ultrasound)

Cross-sectional view of a form of 
quartz transducer designed by 
Boyle in 1917, as recorded in the 
BIR (Board of Invention and 
Research) document 38164/17

In the late 1920s, Paul Langevin discovered that high-power 
ultrasound could generate heat in bone and disrupt animal 
tissues. As a result, throughout the early 1950s ultrasound was 
used to treat patients with Ménière disease, Parkinson disease, 
and rheumatic arthritis.



Medical ultrasound imaging history:
Hyperphonography
1942, Karl Dussik (neuropsychiatrist) and his brother, Friederich Dussik (physicist), described 
ultrasound as a medical diagnostic tool to visualize neoplastic tissues in the brain and 
the cerebral ventricles
the first physician to apply ultrasound as a diagnostic method in human 
Dussik was exploring the possibility of visualizing intracranial structures and making ventricular 
measurements with ultrasound waves, basing on 2-dimensional representation of 
intensity attenuation of the ultrasound waves through human tissues and fluids

https://www.ob-ultrasound.net/dussikbio.html

T1 -- ultrasonic generator, Q1-- transmitter, Q2 -- receiver, T2 --
converter amplifier, W -- waterbath,

L -- light, P -- photographic/ heat-sensitive paper *

through-transmission
technique



The strory goes on…
• 1952: W Güttner (Siemens Laboratories, Erlangen, Germany) published data 

which demonstrated that Dussik's images were the result of imaging artifacts 
and it was quite impossible to image the ventricles and intracranial tumors 
satisfactorily by such a through-transmission technique on account of the great 
absorption and reflection of ultrasonic waves by the skull bone

• Due to its ineffectiveness, the transmission technique in ultrasound diagnosis 
was almost completely abandoned after the mid-1950s from medical ultrasound 
research worldwide, being replaced by the reflection technique which was 
deployed in nearly all of the pioneering centers in the United States, Europe, and 
Japan

https://www.ob-ultrasound.net/history-realtime.html



Real-time scanners (B-scanners)
• 1965: the first real-time scanner (fast B-scanners) was 

developed by Walter Krause and Richard Soldner (with J 
Paetzold and and Otto Kresse) and manufactured as 
the Vidoson® by Siemens Medical Systems in Germany

• 1966: the first paper in the medical literature describing 
formally the diagnosis of a fetal malformation using 
ultrasound (D Hofmann, H Holländer, P Weiser: "Intrauterine 
diagnosis of hydrops fetus universalis using ultrasound„)

https://www.ob-ultrasound.net/history-realtime.html

The Vidoson
• used 3 rotating transducers housed in front of a parabolic mirror in a water coupling system 
• produced 15 images per second
• image was made up of 120 lines 
• basic gray-scaling was present
• use of fixed focus large face transducers produced a narrow beam to ensure good resolutions and image
• fetal life and motions could clearly be demonstrated



• Many of the early models typically had very large 
probes housing an array of some 64 transducer (crystal) 
elements arranged in a linear row, operating 
with sequential electronic switching or dynamic 
focusing

• Early1980s: probe size had gotten smaller and image 
resolution significantly improved

The strory goes on…

1979

Further Improvement in performance was acheived through
• focusing the ultrasound beam
• increase in the number of transducer crystals (from 64 to 128)
• improvements in transducer crystal technology (going into broad-
band and high dynamic range)
• increasing array aperture (more crystals firing in a single time-frame)
• faster computational capabilities
• improving technical agorithms for focusing on receive (increasing 
the number of focal zones along the beam)
• incoporating automatic time-gain controls 
• progressively replacing analog portions of the signal path to digital..
https://www.ob-ultrasound.net/history-realtime.html



The strory goes on…
• 1975: Marco Brandestini,University of Washington:
2D color flow imaging
• obtained blood-flow images using a 128-point multi-gated 

pulsed doppler system, where velocity waveforms and 
flow images were encoded in color and superimposed on 
M-mode and gray scale 2-D anatomical images

• early 1990’s: the modality found it's way into the 
assessment of gynecological and early 
pregnancy abnormalities

• "Power doppler" or "Color power imaging" continued 
to develop in the 1990s

• "Tissue doppler imaging" developed further from a 
revived concept with the arrival of better computational 
electronics.

https://www.ob-ultrasound.net/history-realtime.html

These developments had important clinical impact on the diagnosis of malignant 
conditions where tissue vascularity is increased and on moving structures other 
then blood flow



Ultrasound machines now



https://ecgwaves.com/topic/ultrasound-physics/

High frequency sound of 2-50 (1-20) MHz is used 
It is a specific feature of the crystal used
Ultrasound waves are generated in pulses (intermittent trains of pressure) 

commonly consist of two or three sound cycles of the same frequency 
Pulse repetition frequency (PRF) is the number of pulses emitted by the transducer per unit of time 
Ultrasound waves must be emitted in pulses with sufficient time in between to allow the signal to reach the target 

of interest and be reflected back to the transducer as echo before the next pulse is generated
The PRF for medical imaging devices ranges from 1 to 10 kHz

The ultrasound transducer: 
the speaker and the receiver



Modern ultrasound machines include advanced software that 
handles the activation of thousands of piezoelectric crystals

https://ecgwaves.com/topic/ultrasound-physics/

The ultrasound transducer: 
the speaker and the receiver



The ultrasound machine can vary the sequence of activation of the piezoelectric 
crystals, which adjusts the direction of the wavefront and the focus of the ultrasound 
beam

If the activation starts at the ends and 
proceeds towards the center, the US beam 
will be focused

activating all crystals 
simultaneously
sound wave travels in a 
straight direction 



Commercially available transducers

https://www.indiamart.com/proddetail/ge-ultrasound-transducers-20646782891.html
https://www.startradiology.com/the-basics/ultrasound-technique/



Medical ultrasound transducers contain more than one operating
frequency

Guide to frequencies typically used for ultrasound examination:
• 2.5 MHz: deep abdomen, obstetric and gynecological imaging
• 3.5 MHz: general abdomen, obstetric and gynecological imaging
• 5.0 MHz: vascular, breast, pelvic imaging
• 7.5 MHz: breast, thyroid
• 10.0 MHz: breast, thyroid, superficial veins, superficial masses, 

musculoskeletal
• 15.0 MHz: superficial structures, musculoskeletal imaging

Commercially available transducers



Medical ultrasound systems
The wavelength and frequency of US are inversely related:

ultrasound of high frequency has a short wavelength and vice versa

The penetration of the US wave is proportional to wavelength 
but image resolution is no more than 1-2 wavelengths

– the higher the frequency, the better the resolution but the lower the penetration

https://ecgwaves.com/topic/ultrasound-physics/



Generating the ultrasound image
• The ultrasound transducer generates short bursts (pulses) of ultrasound waves. 
• Reflected ultrasound waves are analyzed by the machine during the brief pauses 

between the pulses
• Thus, the machine analyzes (“listens to”) reflected sound waves immediately after it 

emits sound waves

https://ecgwaves.com/topic/ultrasound-physics/



What happens to the US waves? 
They can be
• Transmitted
• Reflected
primarily in the interface between media of different density
the greater the difference in density, the more US waves are reflected

• Refracted
• Attenuated (weakened) or absorbed
as they travel through the body (due to the reflection of sound waves 
and the transformation of mechanical energy into heat- absorbed by 
the tissues)

• Enhanced
• Scattered

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. 



https://ecgwaves.com/topic/the-ultrasound-transmitter-probe/

All structures in a medium can reflect US waves

For US wave to be reflected
at an unchanged angle 
(compared to the angle of 
incidence), the object 
reflecting the ultrasound 
wave (i.e the reflector) must 
have a smooth surface, 
perpendicular to the 
direction of the sound waves

Human tissues consist of more or less 
irregular structures, which results in 
sound waves always being reflected at 
a slightly altered angle

The US waves that are not reflected at 
the interface between two media will 
continue through the second medium 
with slightly altered angle, a 
phenomenon called refraction

If the ultrasound pulse 
encounters reflectors whose 
dimensions are smaller than 
the ultrasound wavelength, or 
when the pulse encounters a 
rough, irregular tissue interface

The more irregular the 
structure of the tissue, the 
more scattered the reflections

Erythrocytes are particularly good at 
spreading the ultrasound waves



Ultrasound waves on the image…
• Reflected by Solid and Gas: Bright
• Transmitted (not reflected) by Fluid: Dark
• This reflection or transmission causes an additional effect distal to it:
• Distal to a bright object: dark acoustic shadowing
• Distal to a dark object: bright acoustic enhancement



• All ultrasound equipment intrinsically compensates for an expected average 
degree of attenuation by automatically increasing the gain (overall 
brightness or intensity of signals) in deeper areas of the screen

• This is the cause for a very common artifact known as “posterior acoustic 
enhancement” that describes a relatively hyperechoic area posterior to large 
blood vessels or cysts 

• Fluid-containing structures attenuate sound much less than solid structures 
so that the strength of the sound pulse is greater after passing through fluid 
than through an equivalent amount of solid tissue.



Reflection and refraction of ultrasound waves

https://ecgwaves.com/topic/ultrasound-physics/

Attenuation coefficients of various tissues

The intensity of a reflected echo is proportional to the 
difference (or mismatch) in acoustic impedances between two 
mediums 



To create a reliable real-time image of the tissue
1. The ultrasound machine must know which sound waves are reflected and 
from where they are reflected
Since the sound waves are sent out in pulses and the velocity in the tissue is constant (1540 m/s), the 
machine can calculate where the sound waves were reflected (i.e the machine can calculate 
the reflection point) by analyzing the time it takes for the sound to return to the transducer and 
thus calculating the distance to the structure that reflected the wave

2. Ultrasound waves reflected from the same structure can reach the different 
crystals at different time points
dynamic focusing - calculates which ultrasound waves originate from the same reflection point

3. Reflected ultrasound waves have altered properties (e.g altered amplitude)
The vibrations in the piezoelectric crystals, and thus the electric current they send back to the machine, 
vary with the amplitude of the reflected sound different nuances on the ultrasound image - drawn with 
varying shades of one color (the stronger the reflections, the higher the amplitude and the whiter 
the color of the tissue on the ultrasound image)

4. Moving structures (myocardium, blood flow) will alter the characteristics 
of ultrasound waves (e.g. frequency)

https://ecgwaves.com/topic/the-ultrasound-transmitter-probe/



Basic principles of B-mode US
• Modern medical US is performed primarily using a pulse-echo approach with a brightness-

mode (B-mode) display
• The basic principles of B-mode imaging are much the same today as they were several decades 

ago
• This involves transmitting small pulses of ultrasound echo from a transducer into the body
• The ultrasound pulse is in fact quite short, but since it traverses in a straight path, it is often 

referred to as an ultrasound beam
• As the ultrasound waves penetrate body tissues of different acoustic impedances along the 

path of transmission, some are reflected back to the transducer (echo signals) and some 
continue to penetrate deeper (usually only a small fraction of the ultrasound pulse returns as a 
reflected echo after reaching a body tissue interface, while the remainder of the pulse 
continues along the beam line to greater tissue depths)

• The echo signals returned from many sequential coplanar pulses are processed and 
combined to generate an image

• The direction of ultrasound propagation along the beam line is called the axial direction, and 
the direction in the image plane perpendicular to axial is called the lateral direction



Obtaining high-resolution ultrasound images is 
essential for diagnostic accuracy

• The image resolution can be defined as the possibility to distinguish two 
adjacent objects

• Studying small structures, requires high-resolution images
• The image resolution depends mainly on the wavelength of the US waves
• The shorter the wavelength, the smaller structures will be able to reflect the 

sound wave and thus become visible on the ultrasound image
• The higher the frequency, the higher the resolution
• But high-frequency waves have poorer penetration
• Visualization of deeper objects, therefore, requires waves with lower 

frequency

https://ecgwaves.com/topic/the-ultrasound-transmitter-probe/



Axial and lateral resolution

The axial resolution
• is the ability to distinguish two objects located parallel to the 

ultrasound wave
• This resolution is constant along the ultrasound wave
• The axial resolution is fundamentally dependent on the frequency of 

the sound waves
• The higher the frequency the greater the axial resolution
The lateral resolution
• describes the ability to distinguish two objects that are 

perpendicular to the ultrasound waves
• This resolution decreases with the distance from the transducer because 

the ultrasound waves diverge as the distance increases

https://ecgwaves.com/topic/ultrasound-physics/



Axial and lateral resolution of the ultrasound image

https://ecgwaves.com/topic/ultrasound-physics/



Temporal resolution
• is the ability to describe the movement of objects over time
• Ultrasound imaging in general, and echocardiography in particular, 

requires continuous analysis of reflected ultrasound waves to 
create a 2D or 3D film (based on individual ultrasound images that 
appear one after another)

• In order to generate a film with high temporal resolution, it is critical to 
produce individual images rapidly

• The time it takes to create one image determines the temporal 
resolution

• The more images that can be produced and presented per unit of 
time, the greater the temporal resolution

https://ecgwaves.com/topic/ultrasound-physics/



Innovations in B-mode ultrasound
• Two good examples of these are tissue harmonic imaging and spatial 

compound imaging, US contrast materials
• Modern ultrasound units use not only a fundamental frequency but also its second 

harmonic component. 
• Harmonic: frequencies that are integral multiples of the frequency of the transmitted 

pulse (which is also called the fundamental frequency or first harmonic,the second 
harmonic has a frequency of twice the fundamental)

• As an ultrasound pulse travels through tissues, the shape of the original wave is 
distorted from a perfect sinusoid to a “sharper,” more peaked, sawtooth shape. 

• This distorted wave in turn generates reflected echoes of several different frequencies, 
of many higher order harmonics.

• This often results in the reduction of artifacts and clutter in the near surface tissues
• Harmonic imaging is considered to be most useful in “technically difficult” patients 

with thick and complicated body wall structures



Fundamental and harmonic imaging
• The ultrasound transducer generates sound waves with a specific 

frequency- this frequency is called the base note
• When the sound waves pass through the tissues, the sound waves 

are deformed (distorted) which creates harmonics
• When the high-pressure portion of the sound wave (the highest point of the sine curve) 

encounters tissue with higher density, the tissue will be compressed and the speed of the 
sound wave is increased 

• When the low-pressure part of the sound wave (the lowest point of the sine curve) passes 
through the tissue, the opposite will occur: the tissue expands, tissue density decreases and 
the speed of the sound wave also decreases

• These harmonics are also reflected back to the transmitter
• It is possible to create an ultrasound image using only reflected 

harmonics - results in images with improved resolution
• Modern ultrasound machines are programmed to primarily analyze 

reflected harmonics (mostly the first harmonics)
https://ecgwaves.com/topic/ultrasound-physics/



Harmonic imaging

• The ultrasound image is created by listening to one harmonic and 
filtering out all other frequencies (both the base note and all other 
harmonics)

• Harmonic imaging is standard in ultrasound diagnostics and 
echocardiography

• The method makes it possible to send out sound waves of low 
frequency (allowing deeper penetration of the tissues), but listen to 
sound waves of high frequency (yielding higher resolution)

• Harmonic imaging also reduces artifacts in the ultrasound image
• The disadvantage of harmonic imaging is that some texture is lost 

https://ecgwaves.com/topic/ultrasound-physics/



Fundamental imaging

• the opposite of harmonic imaging 
• the machine listens for sound waves at the same frequency as it 

itself generated
• This gives poorer resolution and lower penetration 
• There are situations in which fundamental imaging is useful

https://ecgwaves.com/topic/ultrasound-physics/



Spatial compound imaging (or multibeam imaging) 

• refers to the electronic steering of ultrasound beams from an array 
transducer to image the same tissue multiple times by using parallel beams 
oriented along different directions

• The echoes from these different directions are then averaged together 
(compounded) into a single composite image

• The use of multiple beams results in an averaging out of speckles, making the 
image look less “grainy” and increasing the lateral resolution

• Spatial compound images often show reduced levels of “noise” and “clutter” 
as well as improved contrast and margin definition

• Because multiple ultrasound beams are used to interrogate the same tissue 
region, more time is required for data acquisition and the compound 
imaging frame rate is generally reduced compared with that of conventional 
B-mode imaging



M-mode (motion mode) 
echocardiography

• M-mode was previously the dominating 
modality in echocardiography

• Although it has now largely been replaced 
by 2D echocardiography, it is still used in 
clinical practice

• M-mode provides a one-dimensional 
view of all reflectors (i.e structures 
reflecting ultrasound waves) along one 
ultrasound line

• M-mode image displays all structures 
along one

• M-mode is useful for quantifying the 
mobility of structures and measuring 
dimensions

• M-mode can be combined with Doppler 
techniques (Color Doppler, Tissue 
Doppler)

https://ecgwaves.com/topic/ultrasound-physics/



When the sound source moves away from 
the observer, the sound waves are stretched 
out, which results in increased wavelength 
and decreased frequency

The Doppler effect

https://ecgwaves.com/topic/ultrasound-physics/

If the reflector (i.e the object reflecting the 
sound waves) is stationary, then the reflected 
sound waves will have the same frequency 
as the sound waves emitted by the sound 
source

When the sound source moves towards the 
observer, the sound waves are compressed, 
which leads to a shortening of the wavelength 
and thus increased frequency

The same principles can be applied to blood flow and tissue motions

first described in 1843 by the Austrian astronomer Christian Doppler



https://ecgwaves.com/topic/ultrasound-physics/

The Doppler effect is utilized to 
calculate velocity and 
direction of moving objects 



Doppler shift

• Doppler shift: the frequency difference between emitted and 
reflected ultrasound waves 

• The Doppler shift depends on 
• the velocity of blood flow (v), 
• the frequency of the emitted ultrasound (fu), 
• the frequency of the reflected ultrasound (fr), 
• the ultrasound velocity in the tissue (c) 
• the cosine of the angle between the direction of blood flow and the reflected 

ultrasound wave (cos θ)
• the Doppler equation follows:

• v = [c·(fr-fu)] / [2·fu·cos ϴ]

https://ecgwaves.com/topic/ultrasound-physics/



Significance of the angle of insonation
Doppler calculations are highly 
dependent on the angle of insonation

It is crucial that the ultrasound waves are directed 
parallel to the direction of blood flow or tissue 
motion
Ideally, there should be no angle (0°) between 
the ultrasound beam and the direction of blood 
flow or tissue motion
When the ultrasound waves and the direction of movement are 
parallel, the angle is 0° and cosine 0° is equal to 1.

If the angle increases, then the cosine of the 
angle will be less than 1, which will lead to an 
underestimation of the velocity

All angel errors lead underestimation of 
velocities



• In clinical practice, it is frequently difficult to obtain an ideal angle 
• However, small angle errors are without significance

For example, cosine 10° is equal to 0.98, and cosine 20° is 0.94 
• The 2D image is used to correctly align the ultrasound beam along the 

direction of movement
• There may be a discrepancy between the 2D image and the optimal 

Doppler signal
• The best 2D image may offer a poor angle of insonation for 

Doppler measurements and vice versa
• In such situations, one should prioritize the quality of the Doppler signal 

(i.e the amplitude of the signal and the angle of insonation)

Significance of the angle of insonation

https://ecgwaves.com/topic/ultrasound-physics/



• Blood flow is laminar throughout the circulatory system 
• This implies that blood flows in concentric layers with varying velocities 
• The highest velocity (vmax) is found in the center of the vessel
• The lowest velocity (vmin) is found along the vessel wall
• Laminar flow is most pronounced in long, straight blood vessels, under steady 

flow conditions
. https://ecgwaves.com/topic/ultrasound-physics/

Laminar blood flow
the advantage of laminar flow is its preservation of 

kinetic energy
The concentric layers and the parabolic flow profile 

reduces the energy losses by minimizing 
viscous interactions between the adjacent 
layers and the wall of the vessel 

Disruption of laminar flow leads to turbulence and 
increased energy losses



Doppler spectrum
Spectral Doppler analysis

• Due to the laminar flow, erythrocytes passing any section of a vessel have 
different velocities

• Blood flow is pulsatile, peaking during systole and reaching a minimum during 
diastole

• Laminar flow and pulsatility result in reflected waves displaying large 
variations in Doppler shifts: Doppler spectrum

• On the echocardiogram, the Doppler signal is presented with a colored band or 
area 

• The stronger the Doppler signal, the denser the spectral curve on the 
echocardiogram



(A) Doppler signals are recorded in one point and (B) displays the resulting spectral 
Doppler, which shows all velocities recorded in the measuring point

https://ecgwaves.com/topic/ultrasound-physics/

Doppler recording in the left ventricular outflow tract (LVOT)



https://ecgwaves.com/topic/ultrasound-physics/

Presentation and interpretation of Doppler signals

x-axis displays time
y-axis displays velocity (m/s) 

It is necessary to manually direct 
the Doppler line
This is done using the 2D image to 
align the Doppler cursor



PW Doppler sends short pulses of ultrasound and analyzes reflected sound waves
between the pulses

CW Doppler sends and analyses ultrasound continuously

The difference between pulsed wave (PW) and 
continuous wave (CW) Doppler

https://ecgwaves.com/topic/ultrasound-physics/



Pulsed wave Doppler (PWD)
• sends short pulses of ultrasound and analyzes reflected sound waves between 

the pulses
• This is accomplished by using the same piezoelectric crystals to send and analyze 

sound waves- crystals alternate rapidly between sending and analyzing 
ultrasound

• Therefore, emitted sound waves can be associated with reflected sound waves, 
making it possible to determine the distance of the reflector (i.e the structure reflecting 
the sound wave)

• The main advantage is the ability to determine the location of the measured 
velocities

• However, the pulsed wave Doppler requires time to analyze reflected sound waves.
• This reduces the maximum velocity that can be measured - generally, velocities 

above 1.5 m/s to 1.7 m/s cannot be measured correctly

https://ecgwaves.com/topic/ultrasound-physics/



https://ecgwaves.com/topic/ultrasound-physics/

Location of sample volume (SV) and the 
resulting spectral curve (pulsed wave Doppler)

The major advantage of pulsed wave Doppler is 
the ability to specify where (along the 
Doppler line) to measure velocities 

The ultrasound machine is programmed to ignore 
all signals, except those reflected from a 
certain depth 

The depth can be determined since the speed of 
ultrasound is constant in the body

The investigator specifies where the measurement 
should be performed by moving the sample 
volume (SV) along the Doppler line

The sample volume is depicted with two lines 
perpendicular to the Doppler line



Pulse repetition frequency (PRF)
• The number of ultrasound pulses sent per second
• Since the speed of sound in the human body is constant (1540 m/s), the PRF 

only depends on the distance the sound waves must travel
• The longer the distance, the more time required for sound waves to travel back and 

forth, which results in lower pulse repetition frequency (fewer ultrasound pulses can 
be sent per second)

• Pulse repetition frequency is inversely related to the distance the sound waves 
must travel

• Visualizing distant structures result in lower pulse repetition frequency and 
consequently lower resolution

• Visualizing proximally located structures enables the use of greater pulse repetition 
frequency, which results in greater resolution

• PRF must be high in order to assess the velocity and direction of blood flow, 
otherwise, the calculations will be uncertain

• This is explained by the fact that each ultrasound pulse generates a snapshot of 
blood flow

• The greater the number of snapshots per unit of time, the more accurate the 
description of blood flow

https://ecgwaves.com/topic/ultrasound-physics/



Nyquist’s theorem

it is possible to determine with 
certainty the direction of the 
rotation with 5 observations 
per cycle

Using 3 observations per 
cycle, it is not possible to 
determine the direction of 
the rotation 

With 2 observations per 
cycle, it appears that there is 
no rotationillustrates the significance of high pulse repetition 

frequency in order to obtain accurate assessments of 
blood flow and myocardial movement

https://ecgwaves.com/topic/ultrasound-physics/



Nyquist’s theorem and Nyquist limit
• The importance of high PRF is explained mathematically by Nyquist’s 

theorem (Harry Nyquist), which demonstrates that a wave must be 
sampled (i.e recorded) at least twice per cycle in order to be 
reliably measured

• For pulsed wave Doppler, this implies that PRF must be at least twice 
the Doppler shift

• Doppler shift is directly related to the velocity of blood flow; the greater 
the velocity, the greater the Doppler shift. 

• Thus, the maximum velocity that can be determined is half the PRF 
and this limit is called the Nyquist limit.

https://ecgwaves.com/topic/ultrasound-physics/



Aliasing phenomenon
• Aliasing occurs if the velocity of blood flow exceeds the Nyquist limit
• This implies that the ultrasound machine cannot determine the velocity and 

direction of the flow
• On the ultrasound image, the velocities exceeding the Nyquist limit will be 

presented on the opposite side of the baseline 
• Positive velocities (i.e velocities normally shown above the baseline) exceeding 

the Nyquist limit will be shown as negative velocities and vice versa

https://ecgwaves.com/topic/ultrasound-physics/
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Extended range doppler (High PRF Doppler)
• Pulsed wave Doppler analyzes reflections from a specific location (i.e the sample 

volume) along the Doppler line
• The maximum velocity that can be calculated is determined by the pulse repetition 

frequency (PRF), which is determined by the distance between the sample volume 
and the transducer 

• By using multiple sample volumes, the pulse repetition frequency is increased (the 
pulses from different sample volumes are added) and thus the aliasing speed is 
increased - referred to as high PRF Doppler or extended range Doppler. 

• The advantage of high PRF Doppler is that greater velocities can be measured
• Unfortunately, using high PRF Doppler makes it difficult to determine the location of 

the velocities recorded
• To alleviate this problem, sample volumes are usually placed in areas known to have 

low flow velocities, making it possible to determine the location of higher velocities. 

https://ecgwaves.com/topic/ultrasound-physics/



Optimization of the ultrasound image
• In order to obtain optimal ultrasound images, it is necessary to adjust several 

parameters continuously during the examination 
• Starting in the overview image the depth is reduced as much as possible - better 

image resolution
• if possible, reduce the width of the image also
• zoom in on regions of interest- improves the resolution in a particular area 
• place the focus at the level of the region of interest
• The difference between zooming in and shifting focus is that the zoom encloses a 

specific region of the image, whereas shifting focus simply adjusts the location (along 
the ultrasound beam) with the best resolution

• If the ultrasound image is too dark - increase the gain (amplifies the incoming 
(reflected) ultrasound waves such that each object appears whiter on the image)

• Increasing gain excessively results in lower resolution and difficulties discerning 
tissue borders
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Overall gain
Time gain compensation / control (TGC)

Gain control
regulates the global (overall) gain
Increasing the overall gain will increase the gain for all 

reflected sound waves, making all objects in the image 
whiter. 
This may clarify some tissue borders but excessive use of 

gain results in deterioration of image quality.
Time-gain control / compensation (TGC)
adjusts the gain at specific levels along the ultrasound field
The purpose of TGC is to gradually increase the amount of gain 

as the depth increases; this compensates for the 
attenuation that occurs with increasing depth

TGC is adjusted using multiple controls that each represent a 
specific depth in the image 

TGC is generally increased at the bottom of the image since the 
ultrasound lines have the lowest density there (and thus 
the lowest image resolution).

TGC at the top of the image is usually kept at low levels



Frequency of ultrasound waves
• Low ultrasound wave frequency provides high tissue penetration and low 

image resolution
• High-frequency waves provide good image resolution but worse 

penetration
• Visualizing objects located in close proximity to the transducer, is done 

using high-frequency waves
• The frequency of the ultrasound wave must generally be reduced in order 

to visualize objects located far away from the transducer 
• using low-frequency waves to visualize distant objects is motivated by the 

advantages of greater tissue penetration of such waves
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Image focus

• the focus is placed at the level where the one examines is located. 
• One can choose to place one or more focus (multiple focus lowers the 

image update rate)
• The direction and focus of ultrasound waves can be adjusted by 

varying the sequence of activation of the piezoelectric crystals
• If the activation starts at the lateral crystals and proceeds towards the 

center, then the ultrasound beam will be focused 
• The focus can be placed anywhere along the ultrasound field.
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Frame rate

• Temporal image resolution is the ability to describe the movement of objects 
over time

• Echocardiography requires high temporal resolution to study the detailed 
movements of relatively small objects

• In order to produce recordings with high temporal resolution, it is critical to 
produce images rapidly

• The more images that can be produced and presented per unit of time 
(i.e frame rate), the greater the temporal resolution

• It is possible to manually increase the frame rate (of any obtained image) to a 
certain extent

• Frame rate is always increased when reducing the width and depth of the 
ultrasound image
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The thyroid is amenable to ultrasound study because 
of its superficial location, vascularity, size, and 
echogenicity. 

Thyroid has a very high incidence of nodular disease, 
the vast majority benign. 
Most structural abnormalities of the thyroid need 
evaluation and monitoring but may not require 
intervention. 

Between 1965 and 1970, there were seven articles 
published specific to thyroid ultrasound. 
In the last 5 years, there have been over 10,000 
articles published. 

Levine R.A., Sistrunk J.W. (2018) History of Thyroid Ultrasound. In: Duick D., Levine R., Lupo M. (eds) Thyroid and Parathyroid Ultrasound and Ultrasound-Guided FNA. Springer, Cham. https://doi.org/10.1007/978-3-319-67238-0_1



Ultrasound of Thyroid Nodules
• cancer risk assessment of thyroid nodules
• several features in a thyroid nodule that together will either increase or 

decrease suspicion for malignancy. 
• major grayscale sonographic features exhibited by thyroid nodules: 

echogenicity, composition, calcifications, margins, shape, and 
vascularity, as well as the spectrum of nodule appearances within each 
category

• Since 2009, several groups from individual institutions have proposed pattern 
classification systems, all termed TIRADS (Thyroid Imaging Reporting and 
Data System). 

• Currently, three main versions of TIRADS exist, with some differences in 
pattern nomenclature and classification. 

• Both the American Thyroid Association (ATA) and the American Association 
of Clinical Endocrinologists have recently presented alternative pattern 
recognition systems based upon atlases of images. 

Levine R.A., Sistrunk J.W. (2018) History of Thyroid Ultrasound. In: Duick D., Levine R., Lupo M. (eds) Thyroid and Parathyroid Ultrasound and Ultrasound-Guided FNA. Springer, Cham. https://doi.org/10.1007/978-3-319-67238-0_1



Ultrasound Elastography of Thyroid Nodules

• B-mode ultrasound imaging creates visualization of thyroid nodules but has a 
low sensitivity for predicting malignancy

• Elastography can be added to B-mode ultrasound examinations of thyroid 
nodules

• Strain and shear wave elastography are next-generation technologies in 
evaluating thyroid nodules

• They investigate differences in the mechanical properties of structures 
by applying an external force and monitoring the deformation response

• Recent studies have demonstrated that strain and shear wave elastography 
stratify the malignancy risk for thyroid nodules as a single variable and in 
conjunction with other B-mode ultrasound features. 

• However, more prospective studies are required to determine the precise 
value of these new technologies in specific thyroid nodule subgroups

Levine R.A., Sistrunk J.W. (2018) History of Thyroid Ultrasound. In: Duick D., Levine R., Lupo M. (eds) Thyroid and Parathyroid Ultrasound and Ultrasound-Guided FNA. Springer, Cham. https://doi.org/10.1007/978-3-319-67238-0_1



Ultrasound-Guided Fine-Needle Biopsy 
of Thyroid Nodules

• In patients with a multinodular goiter, ultrasound assures biopsy of the 
dominant nodule or the nodules most likely to be malignant—
those having microcalcifications, increased vascularity, marked 
hypoechogenicity, blurred irregular borders, or other characteristics 
associated with malignancy

• ultrasound may redirect the FNA to other areas of suspicion, such as 
an enlarged, suspicious lymph node or identify an incidental 
parathyroid adenoma. 

• Once a physician acquires the skill to perform diagnostic neck 
ultrasonography, it is a simple progression to combine the two 
procedures into an ultrasound-guided FNA (UGFNA)

Levine R.A., Sistrunk J.W. (2018) History of Thyroid Ultrasound. In: Duick D., Levine R., Lupo M. (eds) Thyroid and Parathyroid Ultrasound and Ultrasound-Guided FNA. Springer, Cham. https://doi.org/10.1007/978-3-319-67238-0_1



Laser and Radiofrequency Ablation Procedures
• The term interventional thyroidology refers to minimally invasive ultrasound-guided 

techniques to treat diseases of the endocrine neck, i.e., diseases of thyroid and 
parathyroid glands.

• Laser ablation (LA) and radiofrequency ablation (RFA) are two of these 
procedures used to destroy thyroid nodules and tumors using hyperthermia without 
surgical removal. 

• Indications of LA and RFA technique for the treatment of endocrine neck 
diseases include symptomatic benign cold thyroid nodules, symptomatic 
thyroid cysts, autonomously functioning thyroid nodules, and recurrent thyroid 
cancer. 

• Both thermal techniques have also been used for the treatment of parathyroid 
adenomas, but with several drawbacks and are no longer recommended. 

• The advantages of in situ tumor ablation are reduced costs, the possibility of 
performing procedures on outpatients, the possibility of treating patients who are poor 
candidates for surgery due to age or comorbidity, and the possibility of treating 
patients who refuse surgery. 

• LA and RFA are performed by endocrinologists, interventional radiologists, and 
surgeons.

Levine R.A., Sistrunk J.W. (2018) History of Thyroid Ultrasound. In: Duick D., Levine R., Lupo M. (eds) Thyroid and Parathyroid Ultrasound and Ultrasound-Guided FNA. Springer, Cham. https://doi.org/10.1007/978-3-319-67238-0_1



Percutaneous Ethanol Injection (PEI) for Thyroid 
Cysts and Other Neck Lesions

• Percutaneous ethanol injection (PEI), also known as ethanol, or alcohol, 
ablation, is the first-line treatment for thyroid cystic nodules 

• Immediately after its instillation into the thyroid tissue, ethanol causes 
coagulative necrosis and fibrotic changes resulting in a stable and 
durable regression of the treated cystic lesion 

• Long-term effectiveness of PEI, along with its substantial safety, has 
been consistently documented by many studies published in the last 
decades: therefore this procedure has gained a worldwide diffusion. 

• PEI application for treatment of autonomously functioning thyroid 
nodules (AFTNs) or solid cold thyroid nodules has been progressively 
abandoned due to its poor efficacy

Levine R.A., Sistrunk J.W. (2018) History of Thyroid Ultrasound. In: Duick D., Levine R., Lupo M. (eds) Thyroid and Parathyroid Ultrasound and Ultrasound-Guided FNA. Springer, Cham. https://doi.org/10.1007/978-3-319-67238-0_1



Thank you for your attention!



Take home messages
• Basic physics principles

• Ultrasound probe both emits and receives sound waves
• Medical ultrasound: 2 - 20 MHz
• Lower frequencies: better penetration, lower resolution
• Higher frequencies: lower penetration, higher resolution

• B-Mode (Brightness Mode):
• 2D black and white image in < 1mm "slice"
• Emitted waves are reflected back from the target material relative to the degree of the 

material's acoustic impedance, which is dependent on density
• Higher density materials generally "reflect" more and look brighter
• For example, bone is more "reflective" than soft tissue; thus bony structures appear brighter 

on ultrasound images in contrast to darker surrounding tissue
• Doppler mode:

• Measures direction and speed of tissue / blood motion
• M-Mode (Motion mode):

• Pulses are emitted in quick succession and each time, an image is taken; over time, this is 
analogous to recording a video in ultrasound (used for heart valves)


