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19.1. INTRODUCTION

Ultrasonography, commonly referred to as ultrasound imaging, is a cornerstone of modern medical diagnostics,
offering a non-invasive, safe, and versatile method for visualizing the body’s internal structures. This imaging
technique utilizes high-frequency sound waves to produce detailed images, known as sonograms, of organs,
tissues, and, in many cases, a developing fetus. Unlike other imaging modalities such as X-rays or CT scans,
ultrasonography does not rely on ionizing radiation, making it a preferred choice for a wide range of patients,
including pregnant women and individuals requiring frequent imaging. Its safety, portability, and real-time
capabilities have solidified its role as an indispensable tool in clinical practice.

The fundamental principle of ultrasonography lies in the behavior of sound waves as they interact with different
tissues. A handheld device called a transducer emits high-frequency sound waves into the body. These waves
travel through tissues and reflect back when they encounter interfaces between structures of varying density, such
as between fluid and soft tissue or bone and muscle. The reflected waves, or echoes, are captured by the transducer
and processed by a computer to generate real-time images displayed on a monitor. The resulting sonograms
provide clinicians with critical information about the size, shape, and condition of internal structures, enabling
accurate diagnosis and treatment planning. Ultrasonography is employed across numerous medical specialties due
to its versatility. In obstetrics, it is widely used to monitor fetal development, assess gestational age, and detect
congenital anomalies. In cardiology, echocardiography—a specialized form of ultrasound—evaluates heart
conditions by visualizing the heart’s chambers, valves, and blood flow. Abdominal ultrasound is used to examine
organs such as the liver, kidneys, gallbladder, and pancreas for abnormalities like tumors, cysts, or stones.
Additionally, musculoskeletal ultrasound aids in diagnosing conditions affecting joints, tendons, and muscles,
while vascular ultrasound, including Doppler imaging, assesses blood flow and detects blockages or clots in blood
vessels. One of the key advantages of ultrasonography is its safety profile. The absence of radiation makes it
suitable for repeated use, particularly in sensitive populations 1. The procedure is typically painless, requires
minimal patient preparation, and can be performed quickly at the bedside or in outpatient settings.

Portable ultrasound machines have further expanded its utility, allowing for point-of-care diagnostics in
emergency rooms, remote clinics, or even during medical missions in resource-limited settings. Technological
advancements have significantly enhanced ultrasonography’s capabilities. Doppler ultrasound measures the speed
and direction of blood flow, aiding in the diagnosis of vascular conditions. Three-dimensional (3D) and four-
dimensional (4D) ultrasound provide detailed, multi-angle views and real-time motion, offering improved
visualization of complex anatomical structures. Additionally, ultrasound-guided procedures, such as biopsies or
catheter placements, have become standard in interventional medicine, improving precision and patient outcomes.
Despite its many benefits, ultrasonography has limitations. Image quality can be affected by factors such as patient
body habitus; as sound waves penetrate less effectively through dense tissue or bone. Operator skill also plays a
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critical role in obtaining accurate images and interpretations. Nevertheless, ongoing innovations in ultrasound
technology and training continue to address these challenges, ensuring its continued relevance in healthcare.

19.2. HISTORICAL DEVELOPMENT OF ULTRASONOGRAPHY

The history of ultrasonography reflects a remarkable journey from basic physics experiments to one of the most
versatile diagnostic tools in modern medicine. Its development was shaped by advances in acoustics, physics, and
electronic engineering, alongside clinical innovation that transformed sound waves into meaningful medical
images.

Early Foundations (18th-19th Century): The origins of ultrasound technology lie in the study of sound and
vibration. In 1794, Italian scientist Lazzaro Spallanzani was the first to describe echolocation in bats,
demonstrating that sound could be used for spatial navigation—an idea that laid the conceptual groundwork for
sonar and later, medical ultrasound. In the 19th century, physicists such as Pierre and Jacques Curie discovered
the piezoelectric effect (1880), which showed that certain crystals could convert electrical energy into mechanical
vibrations and vice versa. This principle later became the foundation of ultrasound transducer design.

Sonar and Military Influence (Early 20th Century): The technological basis for ultrasound imaging emerged
from SONAR (Sound Navigation and Ranging) research during World War I and 1l. Scientists used sound waves
to detect submarines underwater by analyzing the reflection of sound pulses. This demonstrated that high-
frequency sound could detect objects beyond human sight. The success of sonar inspired post-war scientists and
engineers to apply similar principles to medical imaging, aiming to detect structures within the human body.
Early Medical Applications (1940s-1950s): After the war, researchers began exploring ultrasound for clinical
use. In the 1940s, Austrian neurologist Karl Dussik is credited as one of the pioneers of medical ultrasound, using
sound waves to visualize brain ventricles—marking the first recorded attempt at medical ultrasonography. Around
the same time, American researchers George Ludwig and John Wild applied ultrasound to detect gallstones and
breast tumors, respectively. Their work demonstrated the diagnostic potential of sound reflection within soft
tissues. During the 1950s, Inge Edler and Carl Hellmuth Hertz in Sweden developed the first M-mode (motion
mode) echocardiogram, which recorded moving cardiac structures over time. This was a major breakthrough,
establishing ultrasound cardiography as a clinical tool. These early systems were often bulky, single-beam devices
that displayed echo patterns on oscilloscopes, requiring skilled interpretation.

Advancement in Real-Time Imaging (1960s-1970s): The 1960s and 1970s saw significant improvements in
technology and image quality. The introduction of B-mode (brightness mode) imaging allowed the creation of
two-dimensional grayscale images, making it easier to visualize anatomical structures. Advancements in
piezoelectric crystal technology, faster signal processing, and mechanical scanning systems led to the first real-
time imaging machines. Portable scanners became available, allowing ultrasound to be used in a wider range of
clinical settings. By the late 1970s, gray-scale imaging had become standard, replacing earlier amplitude-based
displays. This era marked the establishment of ultrasound as a routine diagnostic tool in obstetrics, gynecology,
and abdominal imaging. The ability to view fetal development in real time revolutionized prenatal care and made
ultrasonography a cornerstone of non-invasive diagnostics.

Digital and Doppler Revolution (1980s-1990s): The 1980s introduced Doppler ultrasound, enabling
visualization and measurement of blood flow in real time. The application of the Doppler effect allowed clinicians
to assess vascular conditions, cardiac abnormalities, and fetal circulation with unprecedented accuracy.
Simultaneously, digital electronics replaced analog systems, improving image resolution, speed, and reliability.
By the 1990s, color Doppler, power Doppler, and spectral Doppler became standard features in diagnostic
machines. Furthermore, the development of 3D and 4D ultrasound imaging provided volumetric and real-time
motion visualization, especially in obstetric and cardiac applications. This period also saw the miniaturization of
components and the emergence of portable ultrasound systems, expanding accessibility in emergency and remote
settings.

Modern Era and Technological Integration (2000s—Present): In the 21st century, ultrasonography has
undergone continuous innovation. Modern systems employ high-frequency transducers, digital beamforming,
harmonic imaging, and elastography to enhance spatial and contrast resolution. Portable and handheld ultrasound
devices, powered by smartphones or tablets, have transformed point-of-care diagnostics. Advanced modes such
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as contrast-enhanced ultrasound (CEUS) and Al-assisted imaging now provide functional and quantitative
assessments of tissue perfusion, elasticity, and pathology. Today, ultrasonography stands as a safe, real-time, and
cost-effective imaging technique used in nearly every medical specialty—from cardiology and obstetrics to
musculoskeletal and vascular medicine. Its evolution continues with artificial intelligence, 3D printing integration,
and fusion imaging, ensuring that ultrasound remains a cornerstone of modern diagnostic imaging.

Table: 19.1. Chronological Table of Historical Development

Year Milestone/Event

1794 Lazaro Spallanzani studies echolocation in bats, introducing the idea of navigation with sound.

1880 Jacques & Pierre Curie discover the piezoelectric effect, fundamental for generating ultrasound
waves.

1917-1918 | Paul Langevin adapts sonar for submarine detection, later inspires medical applications.

1928 SY Sokolov proposes ultrasound for detecting flaws in metals.

1942 Dr. Karl Dussik pioneers medical ultrasound to image the brain.

1949 George Ludwig applies ultrasound to detect gallstones in soft tissue.

1953 Inge Edler and Carl Hertz develop echocardiography for imaging the heart.

1956 lan Donald first uses ultrasound for fetal head measurement (A-mode).

1958 First two-dimensional (2D) ultrasound images of female genital tumors developed by Donald
and Brown.

1963 Commercial B-mode (brightness mode) scanners are introduced with 2D imaging capabilities.

1970s Grayscale imaging and real-time ultrasound systems developed.

1974 Doppler ultrasound introduced to visualize blood flow.

1980s Digital ultrasound machines and portable devices become available.

2004 Real-time 4D ultrasound imaging introduced, showing moving 3D images.

2007 The first pocket-sized, handheld ultrasound device is launched.

19.3. THE NATURE OF SOUND

Sound is a fascinating mechanical phenomenon that differs fundamentally from electromagnetic waves, such as
light or radio waves. Unlike electromagnetic waves, which can propagate through a vacuum, sound requires a
physical medium—such as air, water, or solids—to transmit energy. This energy transfer occurs through pressure
variations caused by the motion of particles within the medium. Understanding the nature of sound involves
exploring its generation, propagation, and perception, as well as the properties of the waves that carry it.

Generation of Sound

Sound originates from a vibrating source, which could be biological, such as human vocal cords, or mechanical,
such as the strings of a guitar, the diaphragm of a speaker, or the moving parts of machinery. These vibrations
disturb the particles in the surrounding medium, setting them into motion. For example, when a guitar string is
plucked, it oscillates rapidly, pushing and pulling on nearby air molecules. This disturbance creates a chain
reaction, where energy is transferred from one particle to the next, initiating the formation of a sound wave. The
characteristics of the vibrating source—such as its frequency, amplitude, and shape—determine the properties of
the resulting sound. Frequency, measured in hertz (Hz), corresponds to the pitch of the sound, while amplitude
influences its loudness. Complex vibrations may produce multiple frequencies simultaneously, giving rise to the
rich timbres heard in musical instruments or human voices 2. Sound travels through a medium as a longitudinal
wave, characterized by alternating regions of compression and rarefaction. In compressions, particles in the
medium are pushed closer together, creating areas of high pressure. In rarefactions, particles are spread farther
apart, resulting in areas of low pressure. These regions propagate outward from the source in all directions,
carrying the sound energy through the medium. The speed of sound depends on the medium’s properties, such as
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its density and elasticity. For instance, sound travels faster through water (approximately 1,480 m/s) than through
air (approximately 343 m/s at sea level), and even faster through solids like steel (around 5,960 m/s). Temperature,
pressure, and humidity can also affect the speed of sound in air. As the wave travels, its energy gradually dissipates
due to factors like friction, scattering, or absorption by the medium, which reduces the sound’s intensity over
distance. Sound waves can also interact with their environment through phenomena such as reflection (echoes),
diffraction (bending around obstacles), and refraction (bending due to changes in the medium). These interactions
shape how sound is perceived in different settings, such as concert halls or open fields.

EBIKE: 12-15 kHz

INFRA SOUND ULTRA SOUND

Over 20,000 Hz

__—Pelow 20Hz

Human Hearing Range

Fig: 19.1. Classification of Sound including Infrasound, Audible and Ultrasound

Human Perception and the Auditory Range: The human auditory system is capable of detecting sound waves
within a specific frequency range, typically from 20 Hz to 20,000 Hz (20 kHz). Frequencies within this range are
perceived as sound, with lower frequencies (e.g., 20 Hz) corresponding to deep, bass-like tones and higher
frequencies (e.g., 20 kHz) corresponding to shrill, high-pitched sounds. The perception of pitch is subjective and
can vary slightly between individuals, with sensitivity to higher frequencies often decreasing with age. Sound
waves below 20 Hz are classified as infrasonic and are typically imperceptible to humans, though they can
sometimes be felt as vibrations. Examples include the low-frequency rumbles produced by earthquakes or large
machinery. Conversely, sound waves above 20 kHz are ultrasonic and are inaudible to most humans, though they
are used in applications like medical imaging (ultrasound) and animal communication (e.g., bat echolocation).
The loudness of a sound, determined by the amplitude of the pressure wave, is measured in decibels (dB). The
human ear can detect sounds ranging from the threshold of hearing (0 dB) to the threshold of pain (approximately
120-140 dB). The perception of loudness is logarithmic, meaning a tenfold increase in sound intensity
corresponds to a 10 dB increase in perceived loudness. A wave is a repeating disturbance or oscillation that travels
through space and/or a physical medium, carrying energy from one location to another without any significant
transport of matter. The key principle behind wave motion is that energy is transferred, while the particles of the
medium only oscillate about their equilibrium positions rather than moving along with the wave itself. This
phenomenon is foundational in various branches of physics and plays a critical role in fields such as acoustics,
optics, electromagnetism, and fluid dynamics. For example, when a sound waves travels through air, the air
molecules do not travel with the wave from the source to the listener. Instead, they vibrate back and forth in place,
transmitting energy through compressions and rarefactions. Similarly, water waves transfer energy across the
surface of water while the water itself largely moves in a circular motion with minimal net displacement. In the
case of electromagnetic waves, such as light or radio waves, the wave propagates through electric and magnetic
fields in space, requiring no physical medium. Waves, regardless of their type, are typically described using
several key physical parameters [,
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Table: 19.2. Classification of Sound Based on Frequency

Type of Sound | Frequency Range

Description / Characteristics

Examples / Applications

Infrasound

<20 Hz Low-frequency sound, below human | Natural: earthquakes,
hearing range; can travel long | volcanic activity; Animal
distances communication:  elephants,
whales
Audible Sound | 20 Hz — 20 kHz Sound that can be heard by the human | Speech, music,

Ultrasound

> 20 kHz

ear; standard range for human hearing
High-frequency sound, above human
hearing range; used in imaging and
industrial applications

environmental sounds
Medical imaging
(ultrasonography), industrial
non-destructive testing, sonar

Hypersound /| > 1 GHz (extremely | Very high-frequency sound waves; @ Specialized physics
Supersonic high frequency) primarily used in scientific research | experiments, advanced
Sound acoustic applications

These parameters help in analyzing and quantifying wave behaviour:

Wavelength (A): Wavelength is the spatial period of the wave—the distance between successive points
that are in the same phase of motion, such as crest to crest in a transverse wave or compression to
compression in a longitudinal wave. It is typically measured in meters (m) and provides insight into how
"spread out" the wave is in space.
Frequency (f): Frequency is the number of complete wave cycles that pass a given point in one second.
It is measured in hertz (Hz), where 1 Hz equals one cycle per second. Frequency is a measure of how
rapidly the oscillations occur and is inversely related to the wave’s period.
Amplitude (A): Amplitude refers to the maximum displacement of particles in the medium from their
rest or equilibrium position. It is an indicator of the wave’s energy content—a wave with a higher
amplitude carries more energy. In sound waves, for instance, amplitude corresponds to loudness, while
in light waves, it relates to brightness.
Speed (v): Wave speed is the rate at which the wave travels through the medium and is usually expressed
in meters per second (m/s). It depends on both the properties of the medium and the type of wave. Wave
speed is given by the equation:
v="Ffh
where:

e Visthe speed of the wave,

o fisthe frequency,

e A (lambda) is the wavelength.
This relationship highlights how wave speed increases with frequency if the wavelength remains constant,
or vice versa.
Period (T): The period of a wave is the time required to complete one full cycle of oscillation. It is the
reciprocal of frequency and is expressed in seconds (s):

T=2
f
A shorter period means the wave oscillates more rapidly, indicating a higher frequency.

19.3.1. Types of Waves

Waves are broadly categorized based on the medium they require and the nature of their particle oscillations. The
two primary types are mechanical waves and electromagnetic waves, with mechanical waves further divided into
subtypes based on the direction of particle motion.

Mechanical Waves: Mechanical waves are disturbances that require a material medium—such as a solid, liquid,
or gas—to propagate. The energy in these waves is transmitted through the oscillation of particles in the medium,
with interactions occurring via collisions or pressure changes. Mechanical waves are broadly classified into
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longitudinal and transverse waves, based on the orientation of particle oscillation relative to the direction of wave
propagation. In longitudinal waves, particles oscillate parallel to the direction of wave travel. A common example
is sound waves, where air molecules compress and expand to form regions of high pressure (compressions) and
low pressure (rarefactions) that move through the medium. Other examples include seismic P-waves, which
compress and dilate the Earth’s crust during earthquakes. In contrast, transverse waves involve particle
oscillations perpendicular to the direction of wave propagation. Examples include waves on a string, where the
string moves up and down while the wave moves along its length, and water surface waves, where particles move
in circular or vertical motions. Seismic S-waves also fall into this category, shaking the ground perpendicular to
their travel direction .. The behaviour and speed of mechanical waves are influenced by the physical properties
of the medium, including density and elasticity. For instance, sound waves travel faster in denser, more elastic
media such as water or steel compared to air, highlighting the dependence of wave propagation on the
characteristics of the material medium.

Longitudinal Wave: Particles vibrate parallel to the direction

-

Transverse Wave: Particles vibrate perpendicular to the
direction of propagation of the wave.

OWAWANWA
N Y R/

Fig: 19.2. Mechanical Waves

Electromagnetic Waves: Unlike mechanical waves, electromagnetic waves do not require a material medium for
propagation and can travel through a vacuum. They consist of oscillating electric and magnetic fields that are
mutually perpendicular and also perpendicular to the direction of wave propagation, classifying them as transverse
waves. Examples of electromagnetic waves include visible light, infrared, and ultraviolet radiation, which are part
of the light spectrum; radio waves, which are widely used in communication technologies such as radio and Wi-
Fi; and microwaves, X-rays, and gamma rays, which have applications ranging from cooking and
telecommunications to medical imaging and cancer treatment. Electromagnetic waves propagate at the speed of
light in a vacuum (¢ = 3 x 10%® m/s) and cover a broad range of frequencies and wavelengths, forming the
electromagnetic spectrum. Their ability to travel without a material medium distinguishes them from mechanical
waves and enables essential natural and technological phenomena, such as sunlight reaching Earth or radio signals
traveling through space. Waves can also be classified based on other characteristics beyond mechanical or
electromagnetic types. Surface waves propagate along the boundary between two media, such as water waves at
the air-water interface. These waves often exhibit combined longitudinal and transverse motion, producing
complex particle trajectories, such as the circular motion observed in ocean waves. Standing waves arise when
two waves of the same frequency travel in opposite directions and interfere, creating stationary patterns of nodes
and antinodes. Such waves are commonly observed in musical instruments, including guitar strings and organ
pipes, where the vibration patterns define pitch and resonance. These additional classifications highlight the
diversity of wave phenomena and their behaviour in different physical contexts 1.

19.4. WHAT IS ULTRASOUND?

Ultrasound is a form of mechanical wave energy that operates at frequencies above the threshold of human
hearing, which is approximately 20 kilohertz (kHz). In diagnostic medical imaging, ultrasound typically utilizes
frequencies ranging from 1 MHz to 20 MHz, far beyond the human audible range. Unlike electromagnetic waves
(such as X-rays or gamma rays), ultrasound requires a physical medium—solid, liquid, or gas—for propagation,
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as it involves the vibration of particles within the medium. These sound waves are longitudinal waves, meaning
that particle motion occurs in the same direction as wave propagation. The waves are generated by piezoelectric
crystals housed within a transducer. When an alternating electrical current is applied to these crystals, they
undergo mechanical deformation, producing sound waves. These waves travel into the body and interact with
various tissues. At interfaces between tissues of differing acoustic impedances, part of the wave is reflected back
to the transducer and converted into electrical signals to generate real-time images. The non-ionizing nature of
ultrasound makes it an extremely safe imaging modality, widely used in fetal imaging, abdominal scans,
echocardiography, vascular assessment, and musculoskeletal evaluation. Moreover, it provides dynamic imaging
capabilities, enabling the evaluation of moving structures like heart valves or blood flow using Doppler
techniques. The behaviour and effectiveness of ultrasound in imaging depend on a number of physical properties.
These parameters govern how ultrasound interacts with tissues, how deeply it penetrates the body, and how sharp
or blurry the image appears.

19.4.1. Diagnostic Ultrasound

Diagnostic ultrasound (also known as ultrasonography or sonography) is a non-invasive imaging technique that
uses high-frequency sound waves (typically 2-18 MHz) to produce real-time images of internal body structures.
Unlike X-rays or CT scans, ultrasound does not involve ionizing radiation, making it a safe and versatile modality
for a wide range of clinical applications. Diagnostic ultrasound relies on the emission of sound waves from a
transducer into the body, where they encounter tissues of varying acoustic impedance. Part of the sound wave is
reflected back as an echo, while the rest continues to penetrate deeper tissues. These returning echoes are detected
by the transducer and processed by the ultrasound machine to generate a real-time image on the monitor. The
brightness (echogenicity) of structures depends on the amplitude of the returned echoes, allowing differentiation
of soft tissues, fluid-filled spaces, and solid organs.

A typical diagnostic ultrasound system consists of several key components that work together to produce real-
time images of internal body structures. The transducer or probe is the primary component, responsible for
converting electrical energy into ultrasound waves and receiving the returning echoes; it comes in various types
such as linear, curvilinear, and phased-array probes, each suited for specific clinical applications. The beam former
and signal processor direct and focus the ultrasound beam, process the received echoes, and convert them into
images for visualization. The display and monitor show B-mode (2D) images, M-mode (motion) images, and
Doppler data for vascular assessments, while the storage system allows for saving and retrieval of images for
review, documentation, and reporting purposes. Diagnostic ultrasound operates in multiple modes, each providing
unique imaging capabilities. B-mode (brightness mode) produces two-dimensional grayscale images of
anatomical structures, offering clear visualization of organ morphology. M-mode (motion mode) records the
movement of structures over time and is commonly used in cardiac imaging to assess dynamic motion of heart
valves and chambers. Doppler ultrasound evaluates blood flow velocity and direction using color, spectral, or
power Doppler techniques, which is essential for vascular imaging. Advanced modes such as 3D and 4D
ultrasound provide volumetric imaging and real-time motion, with widespread use in obstetric imaging to assess
fetal development and movement [,

19.4.2. Principle of Ultrasound

Ultrasound imaging is based on the principle of producing high-frequency sound waves that penetrate the body
and analyzing the echoes reflected from different tissues. This process relies on two fundamental concepts: the
piezoelectric effect and the pulse-echo principle. The piezoelectric effect allows the ultrasound transducer to
convert electrical energy into mechanical vibrations (sound waves) and, conversely, convert returning echoes into
electrical signals. These vibrations are transmitted into the body, where they interact with tissues of varying
acoustic properties. When the sound waves encounter a boundary between tissues with different densities or
elasticities, a portion of the waves is reflected back as echoes. The pulse-echo principle measures the time taken
for these echoes to return to the transducer and the strength of the reflected signal, enabling the ultrasound machine
to calculate the distance, structure, and composition of tissues. By processing these signals in real time, the system
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generates dynamic images of internal organs and structures, allowing clinicians to assess anatomy, monitor
physiological functions, and guide interventions safely and non-invasively.

Piezoelectric Effect: The piezoelectric effect is a fundamental physical phenomenon that underpins the operation
of diagnostic ultrasound. Certain crystalline materials, such as quartz or synthetic lead zirconate titanate (PZT),
exhibit this property, which allows them to convert electrical energy into mechanical energy in the form of
vibrations and, conversely, mechanical energy back into electrical energy. This dual capability makes
piezoelectric crystals the core component of an ultrasound transducer, enabling it to function simultaneously as a
generator of ultrasound waves and a receiver of returning echoes. The piezoelectric effect is the ability of certain
crystals, like quartz or lead zirconate titanate (PZT), to turn electrical energy into sound waves and sound waves
back into electrical signals. This is how an ultrasound transducer works: when electricity is applied, the crystal
vibrates and sends out high-frequency sound waves into the body. When these waves hit different tissues, some
of the sound bounces back as echoes, causing the crystal to vibrate again and produce electrical signals. The
ultrasound machine then uses these signals to create an image. The word “piezoelectricity” refers to the property
of the material itself, while the piezoelectric effect is the actual process happening inside the transducer. This
effect is important because it allows a single device to both send and receive sound waves, giving real-time images
of organs, blood flow, and other structures. By changing the crystal’s properties, doctors can adjust the sound
wave frequency for better detail or deeper penetration depending on the area being examined.

Piezoelectric crystals are the key components of ultrasound transducers, responsible for both generating and
detecting ultrasound waves. These crystals, such as quartz or synthetic lead zirconate titanate (PZT), possess a
unique property called the piezoelectric effect, which allows them to convert electrical energy into mechanical
vibrations and vice versa. When an alternating electrical voltage is applied to the crystal, it vibrates at very high
frequencies, producing ultrasound waves that travel into the body. Conversely, when returning echoes from tissue
boundaries strike the crystal, it vibrates in response, generating electrical signals that the ultrasound machine
converts into an image. The size, shape, and thickness of the crystal determine the frequency of the ultrasound
waves: thinner crystals produce higher-frequency waves for imaging superficial structures with better resolution,
while thicker crystals produce lower-frequency waves for deeper penetration but with lower detail. Piezoelectric
crystals are highly sensitive to small changes in mechanical stress, making them capable of detecting very weak
echoes from tissues. They are typically coated with a matching layer to improve energy transmission into the body
and a backing layer to reduce unwanted vibrations, which improves image quality. These crystals can be arranged
in single elements, linear arrays, curvilinear arrays, or phased arrays, depending on the type of transducer and
imaging application. Their dual function—sending and receiving sound—enables real-time imaging, making them
indispensable in diagnostic ultrasonography for visualizing organs, blood flow, musculoskeletal structures, and
fetal development safely and efficiently ["1,

Pulse-Echo Principle: The pulse-echo principle explains how ultrasound machines create images by sending
sound pulses and listening for their echoes. The transducer sends a short burst of high-frequency sound into the
body. These sound waves travel through tissues and bounce back when they hit boundaries between different
types of tissue, like muscle and bone or fluid and soft tissue. The transducer detects the returning echoes and
converts them into electrical signals using the piezoelectric effect. The ultrasound machine measures how long it
takes for the echoes to return and calculates the distance to the tissue using the speed of sound in the body. The
strength of the echo determines how bright the structure appears on the screen: strong echoes appear bright, weak
echoes appear gray, and areas with no echoes (like fluid) appear black. By combining the time and strength of
echoes, the machine builds a real-time image of the internal organs and structures. This method allows doctors to
see moving organs, blood flow, and other dynamic processes safely and without radiation.

19.4.3. Advantage, Disadvantage and Limitation
Ultrasonography (USG) is a versatile and widely used imaging modality that offers numerous advantages, but
also has certain limitations that must be considered in clinical practice. One of its primary advantages is that it is

non-invasive and completely free of ionizing radiation, making it safe for all patient populations, including
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pregnant women and children. It provides real-time imaging, allowing clinicians to assess organ motion, blood
flow, fetal activity, and musculoskeletal dynamics, which is invaluable for both diagnostic evaluations and image-
guided interventions such as biopsies, drainages, and injections. USG is also portable, relatively inexpensive, and
accessible, enabling its use at the bedside, in emergency settings, or in outpatient clinics. Its ability to evaluate
soft tissue structures, superficial organs, and vascular flow further enhances its clinical utility. Despite these
advantages, ultrasonography has inherent disadvantages and limitations. The quality of images is highly operator-
dependent, requiring skill and experience to obtain accurate results. Ultrasound waves have limited penetration in
obese patients or regions containing excessive gas, such as the bowel or lungs, which can obstruct imaging.
Structures behind bone or air-filled cavities are difficult or impossible to visualize due to reflection and attenuation
of sound waves. Additionally, USG provides lower tissue contrast and a smaller field of view compared to CT or
MRI, making it less suitable for evaluating deep-seated or complex pathologies. Other limitations include
difficulty in standardizing imaging and reproducibility, as well as dependence on patient cooperation during the
procedure .

19.4.4. Ultrasound Beam Characteristics

The ultrasound beam refers to the stream of high-frequency sound waves emitted by the transducer and directed
into the patient’s body. The characteristics of this beam are fundamental in determining how effectively the
ultrasound system can visualize internal structures, resolve fine anatomical details, and assess motion or blood
flow. A thorough understanding of beam behavior enables sonographers to optimize image quality, adjust
resolution, and balance depth of penetration according to clinical requirements. The performance of the ultrasound
beam is governed by several interrelated parameters, including beam shape, beam width, intensity distribution,
divergence, focusing, and frequency dependence. Each of these factors affects how sound waves interact with
tissue and how returning echoes are processed to form an image. For instance, the beam shape determines the size
and geometry of the insonated area, while beam width influences lateral resolution—the system’s ability to
distinguish objects lying side by side. Intensity distribution describes how acoustic power is spread across the
beam, with the highest intensity typically along the central axis and gradually decreasing toward the edges. Beam
divergence refers to the natural spreading of the sound beam as it propagates deeper into tissue, which can degrade
lateral resolution in the far field. This effect is minimized by using high-frequency transducers or by applying
acoustic focusing, which narrows the beam at specific depths to enhance resolution in the region of interest. The
frequency dependence of the beam also plays a key role: higher frequencies produce narrower, more focused
beams that yield superior image detail but are more prone to attenuation, limiting their penetration depth;
conversely, lower frequencies provide deeper imaging capability but at the expense of fine resolution. Together,
these beam characteristics define the overall performance, accuracy, and diagnostic capability of an ultrasound
system. Proper adjustment and understanding of these parameters allow clinicians to achieve optimal image
quality across various anatomical regions and clinical applications ©1.

1. Beam Shape and Propagation

The beam shape and propagation of ultrasound waves play a critical role in determining image resolution and
diagnostic accuracy. The ultrasound beam is generated by the piezoelectric crystal inside the transducer, which
vibrates in response to electrical excitation, producing high-frequency mechanical sound waves. These waves
initially emerge from the transducer face as a cylindrical or column-like beam, but as they propagate through
tissue, their shape evolves due to diffraction, interference, and focusing effects. The structure of the ultrasound
beam is divided into two primary regions: the near zone (Fresnel zone) and the far zone (Fraunhofer zone). In the
near zone, the beam remains relatively narrow and uniform, and complex patterns of constructive and destructive
interference occur, producing multiple zones of varying intensity. This region provides high spatial detail, making
it ideal for imaging superficial or mid-depth structures. The focal point—Ilocated at the transition between the near
and far zones—is the narrowest part of the beam, offering maximum lateral resolution and optimal image
sharpness. Beyond the focal point lies the far zone, where the beam begins to diverge and intensity gradually
decreases with depth. As the beam spreads out, lateral resolution diminishes because echoes from adjacent
structures become less distinguishable. To counter this effect, modern ultrasound systems employ electronic
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focusing or acoustic lenses to shape and concentrate the beam at specific depths, thereby enhancing image clarity
across different tissue levels.
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Fig: 19.3. Shape of USG Beam

Proper control of beam shape and propagation ensures that the ultrasound system can optimize focus, penetration,
and resolution for the target anatomy. Understanding how the beam behaves in both the near and far fields allows
the operator to select the appropriate transducer frequency and focal depth, leading to superior diagnostic imaging
performance and accurate tissue characterization.

2. Beam Width

Beam width is defined as the diameter or cross-sectional dimension of the ultrasound beam at different points
along its propagation path. It is a critical parameter because it directly influences lateral resolution—the system’s
ability to distinguish two structures that lie adjacent to each other in a direction perpendicular to the beam axis. A
narrow beam width allows the ultrasound system to produce images with greater spatial detail, sharper boundaries,
and improved tissue differentiation, especially around the focal zone, where the beam is most concentrated. As
the ultrasound beam travels through tissue, it undergoes natural divergence, causing the beam to gradually widen
in the far field. This widening leads to reduced lateral resolution, as echoes from neighboring points begin to
overlap, making it harder to distinguish small structures. To mitigate this effect, focusing mechanisms—either
mechanical (using acoustic lenses) or electronic (using phased array technology)—are employed to narrow the
beam at selected depths, enhancing image clarity within the focal region. The width of the beam is determined by
several key factors:
» Transducer aperture size — A larger aperture produces a narrower beam, improving lateral resolution at
greater depths.
= Operating frequency — Higher frequencies generate shorter wavelengths and narrower beams, enhancing
image sharpness but limiting penetration.
= Focusing control — Adjusting the degree of focusing modifies beam width and allows optimization for
either superficial or deeper structures.
In clinical imaging, understanding beam width is essential for balancing resolution and depth of field. A narrow
beam is ideal for high-resolution imaging of superficial organs such as the thyroid or breast, while a slightly wider
beam may be advantageous for deeper structures like the liver or abdomen, where penetration is more critical than
fine spatial detail.

3. Beam Intensity Distribution
Beam intensity distribution describes how the acoustic energy within an ultrasound beam is spread across its
cross-sectional area. In practice, the intensity of the beam is not uniform—it is strongest along the central axis

and gradually decreases toward the outer edges, forming a bell-shaped or Gaussian-like profile. This non-uniform
energy distribution arises because the transducer elements concentrate the majority of their emitted power toward

475 |Page



Volume-2 | Medical Imaging Modalities Chapter: 19. Fundamentals of Ultrasonography

the beam’s center, where constructive interference enhances intensity, while destructive interference and
diffraction reduce it at the periphery. The pattern of intensity distribution significantly influences image quality,
brightness, contrast, and penetration. Regions of higher intensity generate stronger echoes, resulting in brighter
areas on the image, whereas lower-intensity regions contribute less to signal formation. A well-focused beam
concentrates the acoustic energy at a specific depth, producing a sharper focal region with superior spatial
resolution and an improved signal-to-noise ratio (SNR). This is particularly beneficial for imaging small or
detailed structures where precision and clarity are critical. However, uneven or excessive beam intensity can lead
to acoustic artifacts such as side lobes or beam width distortion, which degrade image accuracy. Moreover,
excessively high intensity may increase the risk of bioeffects, including localized tissue heating or mechanical
stress, especially during prolonged scanning. Therefore, maintaining an optimal balance between beam focus and
safety is essential in diagnostic ultrasound. Modern ultrasound systems are designed to automatically regulate
beam intensity through mechanisms such as time-gain compensation (TGC) and output power control, ensuring
that sufficient energy reaches the target tissue without exceeding safe exposure limits. Understanding beam
intensity distribution thus helps clinicians achieve the best possible diagnostic performance while adhering to
safety standards for patient protection.

4. Beam Divergence

Beam divergence refers to the gradual spreading or widening of the ultrasound beam as it travels beyond the focal
zone into the far field (Fraunhofer zone). While the beam initially converges in the near zone due to constructive
interference, it eventually begins to diverge as wavefronts lose coherence and the effects of diffraction become
dominant. The degree of divergence significantly influences the lateral resolution and image sharpness at greater
depths. The extent of beam divergence depends primarily on two parameters: transducer frequency and aperture
(crystal) diameter. Lower-frequency beams have longer wavelengths and therefore diverge more rapidly, resulting
in poorer lateral resolution in deeper tissues. Conversely, higher-frequency beams possess shorter wavelengths,
producing a more collimated (narrow) beam with reduced divergence and enhanced image sharpness. However,
this improvement in resolution is counterbalanced by greater attenuation, which limits penetration depth.
Mathematically, the divergence angle (0) of the ultrasound beam in the far field can be approximated by the
formula:

Sin 0 =1.22%
D

where A is the wavelength of the ultrasound wave and D is the diameter of the transducer aperture. This
relationship indicates that a smaller transducer or a lower operating frequency (larger wavelength) increases the
divergence angle, thereby broadening the beam and reducing spatial detail in the far field.

Clinically, achieving an optimal balance between frequency and beam divergence is essential for effective
imaging. For instance, lower frequencies (2-5 MHz) are typically used in abdominal, obstetric, and cardiac
imaging, where deep penetration is required despite some loss in lateral resolution. On the other hand, higher
frequencies (7—15 MHz) are employed in superficial imaging such as musculoskeletal, vascular, or small parts
studies, where a narrow beam and minimal divergence are desirable for detailed visualization of shallow
structures. Modern ultrasound systems employ electronic beam focusing and dynamic aperture control to
minimize divergence across different depths. These techniques adjust the number of active transducer elements
and the timing of their excitation to maintain a narrow beam profile over an extended range, thereby improving
image uniformity and diagnostic reliability.

5. Beam Focusing

Beam focusing is a fundamental technique in diagnostic ultrasonography that enhances image quality by
narrowing the ultrasound beam at specific depths, thereby improving lateral resolution and spatial detail. The
process involves concentrating the acoustic energy into a smaller region within the tissue, known as the focal
zone, where the beam diameter is minimal and the image is sharpest. Focusing ensures that echoes from structures
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at the focal depth are better resolved, producing clearer and more detailed images of anatomical features. Focusing
can be achieved through three primary methods—acoustic (mechanical) focusing, curved transducer elements,
and electronic (phased) focusing.

1. Acoustic lens focusing uses an external lens attached to the front of the transducer to bend (refract) the
sound waves toward a common focal point. This is similar to how an optical lens concentrates light rays.
It is commonly used in single-element or mechanically scanned transducers.

2. Curved (concave) crystal focusing involves shaping the piezoelectric crystal itself into a concave surface,
so that the emitted waves naturally converge at a predetermined depth. This provides a fixed focal length
and is often used in simple probe designs.

3. Electronic focusing is employed in array transducers, where multiple piezoelectric elements are
electronically controlled. By introducing time delays to the activation of each element, the emitted
wavefronts are made to interfere constructively at a chosen focal depth. This allows for precise and
adjustable (dynamic) focusing during real-time scanning, making it the most advanced and flexible
focusing technique.

The focal zone represents the area within the ultrasound field where the beam is most tightly concentrated. Within
this region, lateral resolution—the ability to distinguish two objects lying side by side—is at its maximum. The
beam gradually widens beyond this point, resulting in reduced image sharpness in the far field. By carefully
selecting the focal depth, sonographers can ensure optimal resolution for the anatomical region of interest.

Modern ultrasound systems feature dynamic focusing, in which the focal point can automatically shift during
image acquisition. This real-time adjustment ensures consistent beam sharpness across varying tissue depths.
Some systems also employ multiple focal zones, which create several focused regions along the beam path. This
technique enhances detail throughout the entire image, particularly in larger fields of view such as abdominal or
obstetric scans. However, using multiple focal zones slightly reduces the frame rate because the system must
transmit and receive several pulses per image line, increasing the time required to build each frame. The degree
of focusing is influenced by factors such as transducer frequency, aperture size, and imaging depth. Higher
frequencies and larger apertures allow tighter focusing and superior resolution, though at the expense of reduced
penetration. Therefore, clinicians must balance focusing parameters based on the target anatomy—using deeper
focus for abdominal organs and shallow focus for superficial structures like vessels or tendons.

6. Frequency Dependence

The performance and diagnostic capability of an ultrasound system are profoundly influenced by the frequency
of the sound waves generated by the transducer. Frequency determines both the resolution and the penetration
depth of the ultrasound beam, forming the basis for selecting appropriate imaging parameters for different clinical
applications. The relationship between frequency, wavelength, and image quality is governed by the principle that
wavelength is inversely proportional to frequency—that is, higher frequencies produce shorter wavelengths and
lower frequencies generate longer wavelengths. When an ultrasound beam operates at a high frequency (typically
7-15 MHz), the shorter wavelength enables the system to distinguish between structures that are very close
together, resulting in superior axial and lateral resolution. This means that fine anatomical details such as the walls
of blood vessels, tendons, superficial lymph nodes, or small cystic lesions can be clearly visualized. However,
these high-frequency waves are also more susceptible to attenuation, meaning they lose energy more quickly as
they pass through tissue. As a result, their penetration depth is limited, making them less suitable for imaging
deep-seated organs. Conversely, low-frequency beams (typically 2-5 MHz) have longer wavelengths and
therefore experience less attenuation, allowing them to penetrate deeper into the body. These frequencies are
preferred for imaging abdominal, pelvic, and cardiac structures, where deeper tissue visualization is essential. The
trade-off, however, is a reduction in image resolution—fine details and small lesions may appear less distinct due
to the larger wavelength and broader beam profile.

In clinical practice, the choice of frequency represents a balance between resolution and penetration, depending
on the location and size of the target organ. For example, high-frequency linear transducers are ideal for superficial
applications such as thyroid, breast, musculoskeletal, or vascular imaging, whereas low-frequency curvilinear or
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phased-array transducers are used for deeper structures like the liver, Kidney, uterus, or heart. Intermediate
frequencies (5—7 MHz) are often used in obstetric and gynecological scans, providing an optimal compromise
between depth and detail. Modern ultrasound systems often feature multifrequency transducers or broadband
probes, which can operate over a range of frequencies within a single device. This allows sonographers to
dynamically adjust frequency settings during scanning—using higher frequencies for surface detail and lower
frequencies for deeper penetration—without changing the probe. Additionally, tissue harmonic imaging further
enhances resolution by exploiting higher-frequency harmonics generated within the patient’s body, thereby
improving image clarity without increasing attenuation excessively.

7. Side Lobes and Beam Artifacts

In ultrasound imaging, the energy emitted from the transducer is ideally concentrated along the main beam axis
to achieve accurate and high-resolution images. However, in practice, small amounts of acoustic energy are also
emitted in directions away from the main beam, forming secondary beams known as side lobes or, in the case of
array transducers, grating lobes. These lobes represent undesired energy leakage that can reflect off strong tissue
interfaces and return to the transducer, producing false echoes that are displayed at incorrect spatial locations on
the ultrasound image. Although side lobes are much weaker than the main beam, they can still interfere with
image formation, particularly when they interact with highly reflective structures such as bone surfaces,
calcifications, or the diaphragm. The appearance of side lobe artifacts can lead to loss of image clarity, false echo
signals, and degraded contrast resolution. For instance, a strong reflection from a side lobe may be misinterpreted
as a real structure within the main beam path, creating ghost images or spurious echoes that obscure true anatomy.
This phenomenon is especially problematic in fluid-filled regions such as the urinary bladder or gallbladder, where
even minor spurious reflections can mimic internal echoes and lead to diagnostic confusion. To minimize side
lobe effects, modern transducer technology incorporates several design and signal-processing strategies. One key
method is apodization, which involves gradually reducing the excitation amplitude of the transducer elements
toward the edges of the array. This smooth tapering reduces abrupt phase changes and suppresses unwanted side
lobe formation. Another technique is beamforming, where the timing and amplitude of signals from each
transducer element are electronically adjusted to focus and steer the beam more precisely. In phased-array
systems, beamforming algorithms dynamically control the wavefront shape, thereby optimizing main beam focus
and suppressing grating lobes. Additionally, subdicing—dividing large transducer elements into smaller
subelements—and using broadband frequency operation further help reduce side and grating lobes by enhancing
the uniformity of emitted energy. Post-processing algorithms in modern ultrasound machines can also detect and
correct for certain side lobe artifacts, improving image fidelity and diagnostic reliability.

19.5. ULTRASOUND INTERACTION WITH MATTER

Ultrasound imaging relies on the generation, propagation, and reception of high-frequency sound waves in
biological tissues. The interaction of ultrasound with matter determines the quality, resolution, and diagnostic
accuracy of the images obtained. Understanding these interactions is critical for optimizing imaging protocols,
interpreting artifacts, and selecting appropriate ultrasound frequencies for different clinical applications.
Ultrasound interacts with tissues primarily through reflection, refraction, scattering, etc.

Reflection: Reflection occurs when an ultrasound wave encounters a boundary between two tissues with different
acoustic impedances. Acoustic impedance (Z) is a property of tissue defined as the product of tissue density (p)
and the speed of sound (c) within that tissue. When an ultrasound wave strikes an interface between tissues with
differing impedances, a portion of the wave is reflected back toward the transducer, while the remaining portion
continues to propagate deeper into the tissue. The intensity of the reflected wave depends directly on the
magnitude of the impedance difference: larger differences result in stronger reflections, whereas smaller
differences produce weaker echoes. These reflected signals are detected by the transducer and processed to form
bright (hyperechoic) areas on the ultrasound image. Strong reflections are typically observed at interfaces such as
bone surfaces, calcifications, or fibrous tissue boundaries, and are essential for visualizing structural details.
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Reflection is the fundamental principle underlying B-mode (Brightness mode) imaging, allowing clinicians to
distinguish different tissue types and anatomical structures based on their echo characteristics.
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Acoustic Impedance (Z) is a fundamental property of a material that determines how ultrasound waves interact
with tissues. It is defined as the product of the density of the tissue (p) and the speed of sound (c) within that
tissue, expressed mathematically as: Z = p-c

Acoustic impedance represents the resistance a tissue offers to the propagation of sound waves. Differences in
acoustic impedance between adjacent tissues are crucial because they determine the amount of ultrasound energy
that is reflected at an interface versus transmitted deeper into the tissue. A large difference in impedance (e.g.,
between soft tissue and bone) produces strong reflections, resulting in bright echoes on the ultrasound image,
while a small difference (e.g., between two soft tissues) produces weak reflections, generating more subtle image
contrasts. Acoustic impedance is therefore a key factor in image formation, resolution, and contrast in
ultrasonography. Proper understanding of this concept also aids in selecting transducer frequency, optimizing
coupling, and interpreting artifacts caused by reflection or refraction at tissue boundaries.

Refraction: Refraction occurs when an ultrasound wave passes through a boundary between two tissues with
different sound propagation speeds, causing the wave to bend or change direction. This bending of the wave
follows Snell’s law, which relates the angle of incidence and the ratio of sound speeds in the two media to the
resulting angle of refraction.
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Refraction is particularly significant when imaging oblique or curved tissue interfaces, as the bending of the
ultrasound beam can cause misregistration or positional errors in the image. These effects may lead to
displacement artifacts, where the actual location of a structure appears shifted from its true anatomical position.
Understanding refraction is essential for accurately interpreting ultrasound images and for optimizing transducer
orientation, especially in regions with complex geometries, such as the edges of organs, vessel bifurcations, or
interfaces between soft tissue and bone. By accounting for refraction, clinicians can minimize image distortions
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and improve diagnostic accuracy in routine and advanced ultrasound examinations.

Scattering in Ultrasound Imaging: Scattering occurs when an ultrasound wave encounters small structures or
tissue inhomogeneities that are smaller than the wavelength of the sound. Unlike specular reflection, where echoes
return in a single predictable direction, scattering disperses the ultrasound energy in multiple directions. This
phenomenon contributes to the overall texture of tissue echoes and plays a major role in imaging parenchymal
organs such as the liver, spleen, and kidneys. In tissues with heterogeneous microstructures, scattering produces
a grainy or speckled appearance on the ultrasound image, commonly referred to as speckle. While speckle can
provide some information about tissue composition, it may also reduce image resolution and contrast, making it
harder to differentiate subtle structures. Advanced image processing techniques, such as speckle reduction filters
and spatial compounding, are often used to minimize speckle and improve image clarity without losing important
tissue information.

Absorption in Ultrasound Imaging: Absorption is the process by which ultrasound energy is converted into heat
as it travels through biological tissues. The degree of absorption depends on the composition, density, and
viscosity of the tissue; for example, soft tissues like muscle absorb more ultrasound energy than fluid-filled
structures. Absorption contributes significantly to attenuation, reducing the amplitude and intensity of the
ultrasound wave as it penetrates deeper into the body. This effect limits the penetration depth of high-frequency
ultrasound, which provides better resolution but cannot image deep structures effectively. While the heat
generated by absorption is usually minimal and safe in diagnostic imaging, it forms the principle behind
therapeutic ultrasound, where localized tissue heating is intentionally used for physiotherapy, tissue repair, or
targeted drug delivery. Understanding absorption is crucial for balancing image quality, frequency selection, and
patient safety during ultrasound examinations.

Attenuation in Ultrasound Imaging: Attenuation is the progressive reduction in ultrasound wave intensity as it
propagates through biological tissues. This loss of energy occurs due to a combination of reflection, scattering,
and absorption, all of which contribute to the weakening of the signal received by the transducer. The degree of
attenuation is influenced by both the frequency of the ultrasound wave and the acoustic properties of the tissue.
High-frequency waves offer superior spatial resolution but are attenuated more rapidly, limiting their use to
superficial structures, whereas low-frequency waves penetrate deeper tissues at the cost of reduced image detail.
Attenuation is quantified in decibels per centimeter (dB/cm) and plays a critical role in selecting the optimal
transducer frequency for different clinical applications. Proper understanding of attenuation ensures a balance
between image resolution and penetration depth, enabling accurate visualization of tissues while maintaining
diagnostic quality.

19.6. MODE OF ULTRASOUND IMAGING

Diagnostic ultrasound employs multiple imaging modes to effectively visualize both anatomical structures and
physiological functions. The selection of a particular mode depends on the clinical purpose, the type of tissue or
organ being examined, and the level of detail required for accurate diagnosis. The most commonly used modes
include B-mode (Brightness mode), which provides a two-dimensional grayscale image of tissue structures; M-
mode (Motion mode), which records the movement of structures over time and is especially useful in cardiac
imaging; Doppler mode, which evaluates the velocity and direction of blood flow using the Doppler effect and
can be displayed as color, spectral, or power Doppler; and 3D/4D imaging, which offers volumetric visualization
of organs and real-time motion of anatomical structures. Each mode has distinct advantages and applications,
enabling ultrasound to be a versatile tool for structural, functional, and dynamic assessment in a wide range of
clinical settings.

A-Mode (Amplitude Mode): This is the earliest and simplest form of ultrasound imaging, primarily designed for
guantitative assessment of tissue depth and distance rather than producing a two-dimensional image. In A-mode,
the ultrasound transducer emits high-frequency sound pulses that travel through the body and are partially
reflected at interfaces where there is a difference in acoustic impedance between tissues, such as between soft
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tissue and bone or fluid. The returning echoes are recorded and displayed as spikes on a one-dimensional graph,
where the horizontal axis represents the depth of the reflecting structure and the height of each spike corresponds
to the amplitude (strength) of the echo. Strong reflections from dense structures, such as bone, calcifications, or
fibrous tissue, produce tall, prominent spikes, whereas weaker reflections from soft tissues generate smaller
spikes, and fluid-filled areas may produce little to no signal. This mode provides precise measurements of
distances between structures, making it particularly valuable in ocular ultrasonography, such as measuring axial
length of the eye, locating intraocular foreign bodies, and detecting retinal detachments, as well as in biometric
assessments and certain neurosurgical or small structure evaluations. Although A-mode has largely been
superseded by B-mode for general imaging due to its lack of visual representation, it remains relevant in
specialized clinical applications where accurate depth, thickness, and positional information are essential. Its
simplicity, high temporal resolution, and ability to quantify tissue interfaces make it an important foundational
principle in the development of modern ultrasound technology 11,
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Fig: 19.3. A-Mode USG

B-Mode, or Brightness Mode: B-Mode (Brightness Mode), also known as Brightness Mode, is the most
commonly used and foundational imaging mode in diagnostic ultrasound. In this mode, the ultrasound transducer
emits high-frequency sound pulses that travel into the body and interact with tissues. When these pulses encounter
interfaces between tissues with different acoustic properties, part of the sound wave is reflected back as echoes.
The returning echoes are processed by the ultrasound system and displayed as pixels of varying brightness on a
two-dimensional screen, forming a grayscale image.
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The brightness of each pixel is proportional to the strength of the echo: strong echoes from dense structures such
as bone, calcifications, or fibrous tissue appear bright white (hyperechoic), moderate echoes from organs and soft
tissues appear gray (hypoechoic), and weak or absent echoes, such as those from fluid-filled structures like cysts
or blood vessels, appear black (anechoic). This contrast in brightness allows clinicians to differentiate between
various tissue types, evaluate organ structure, and detect pathological changes such as masses, cysts, stones, or
fluid collections. B-mode also provides real-time imaging, enabling observation of organ motion, peristalsis,
cardiac activity, and other dynamic physiological processes. Clinically, B-mode is widely used across multiple
specialties, including abdominal imaging for liver, gallbladder, kidneys, pancreas, and spleen evaluation;
obstetrics and gynecology for fetal monitoring, placental assessment, and ovarian evaluation; musculoskeletal
imaging for assessment of muscles, tendons, ligaments, and joint structures; and small organ imaging, such as the
thyroid, breast, testes, and superficial masses. Its ability to provide high-resolution, real-time images without
exposure to ionizing radiation makes B-mode the primary and most versatile imaging mode in routine and
specialized ultrasound examinations.

M-Mode (Motion Mode)

It is also called Motion Mode, is an ultrasound imaging technique designed to visualize the movement of
anatomical structures over time, making it especially valuable in cardiac imaging. In M-mode, the ultrasound
transducer repeatedly scans a single line of tissue, and the returning echoes are plotted on a graph with distance
along the ultrasound beam on one axis and time on the other. This creates a continuous, time-based representation
of motion, allowing precise measurement of dynamic structural changes, such as valve movement, chamber
dimensions, and cardiac wall motion. These measurements are crucial for assessing heart function, detecting
rhythm abnormalities, and evaluating conditions such as valve stenosis or regurgitation. Beyond cardiology, M-
mode is also applied in fetal imaging to monitor heart rate and rhythmic movements in real time. Its high temporal
resolution makes it particularly effective for capturing rapid physiological motions that cannot be adequately
assessed with standard B-mode imaging, providing clinicians with detailed functional information alongside
structural visualization.

Doppler Ultrasound Mode

Doppler Ultrasound is a specialized imaging technique that utilizes the Doppler effect to measure and visualize
blood flow within the circulatory system, providing both anatomical and physiological information. The principle
is based on the change in frequency (Doppler shift) that occurs when sound waves emitted from the transducer
reflect off moving red blood cells. If the blood cells move toward the transducer, the reflected frequency increases;
if they move away, the frequency decreases. The magnitude of this shift is directly proportional to the velocity
and angle of blood flow relative to the ultrasound beam, allowing quantitative assessment of hemodynamics. The
Doppler signal can be processed and displayed in various forms depending on the diagnostic requirement. Color
Doppler imaging overlays color-coded flow information on a gray-scale B-mode image, where typically red and
blue hues indicate flow toward and away from the transducer, respectively. This mode provides a quick, real-time
overview of flow direction, velocity, and vascular patency, making it useful for identifying areas of turbulence,
stenosis, or reversal of flow. Spectral Doppler, on the other hand, displays a graph of velocity versus time, showing
detailed flow characteristics such as peak systolic velocity (PSV), end-diastolic velocity (EDV), and resistive
index (RI). It enables precise quantification of blood flow parameters, aiding in the assessment of vascular
resistance, cardiac valve function, and arterial stenosis severity. Power Doppler (also called energy Doppler) does
not encode direction but measures the amplitude or strength of the Doppler signal, making it more sensitive to
low-velocity or small-volume flows, such as those found in parenchymal organs, small vessels, or tumor
neovascularization.

From a clinical perspective, Doppler ultrasound has diverse and critical applications across medical specialties.
In cardiology, it is used to evaluate cardiac output, detect valvular insufficiencies, measure pressure gradients,
and assess intracardiac shunts. In vascular imaging, it plays a key role in detecting arterial stenosis, venous
thrombosis, aneurysms, and occlusions, as well as in monitoring graft patency following vascular surgery. In
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obstetrics and gynecology, Doppler studies assess fetal well-being by analyzing umbilical and uterine artery flow,
detecting placental insufficiency or intrauterine growth restriction (IUGR). It is also valuable in hepatology for
evaluating hepatic and portal vein flow, in nephrology for renal perfusion studies, and in oncology for tumor
vascularity assessment. Technologically, Doppler ultrasound may operate in continuous-wave (CW) or pulsed-
wave (PW) modes. Continuous-wave Doppler continuously emits and receives ultrasound waves, enabling
measurement of high-velocity flows but without precise depth localization. Pulsed-wave Doppler, however, uses
intermittent pulses, allowing velocity sampling from a specific depth (sample volume), though it is limited by
aliasing at very high velocities. Modern ultrasound systems often integrate multiple Doppler modalities—color,
spectral, and power Doppler—within the same examination, providing a comprehensive evaluation of vascular
anatomy and flow dynamics.

3D and 4D Ultrasound

This is advanced imaging modes that extend traditional B-mode by providing volumetric and real-time dynamic
images. In 3D ultrasound, multiple B-mode slices are acquired and reconstructed into a three-dimensional image,
offering detailed spatial visualization of organs and tissues. 4D ultrasound adds the dimension of time, allowing
clinicians to observe real-time motion within the 3D volume. These modes are particularly valuable in obstetrics,
where they provide detailed views of fetal anatomy, limb movements, and facial features, as well as in gynecology,
cardiology, and surgical planning. The combination of volumetric imaging with real-time motion enhances
diagnostic accuracy, patient counseling, and procedural guidance.

19.7. DOPPLER ULTRASONOGRAPHY

Doppler ultrasonography is a specialized imaging technique that utilizes the Doppler effect to measure and
visualize blood flow within vessels and cardiac structures. When ultrasound waves encounter moving red blood
cells, the frequency of the reflected sound waves changes in proportion to the velocity and direction of blood
movement. This frequency shift is analyzed by the ultrasound system to generate real-time information about the
speed and pattern of blood flow. Doppler ultrasonography can be performed in several modes, each offering
distinct diagnostic advantages. Color Doppler displays the direction and velocity of flow in color over a grayscale
(B-mode) image, allowing easy visualization of vascular patterns. Spectral Doppler provides a graphical
representation of blood velocity over time, enabling quantitative assessment of flow parameters such as peak
systolic and end-diastolic velocities. Power Doppler, on the other hand, is more sensitive to slow or small-volume
flows and is particularly useful in evaluating tissue perfusion and small vessels.

Doppler Effect

The Doppler effect is a physical phenomenon observed when a wave source moves relative to an observer,
resulting in a change in the perceived frequency of the wave. In simple terms, if the source of the wave moves
toward the observer, the frequency appears higher, and if it moves away, the frequency appears lower. This
principle applies to sound, light, and other types of waves. In ultrasound imaging, the Doppler effect is used to
assess blood flow. Ultrasound waves emitted by the transducer are reflected off moving red blood cells. If the
blood cells move toward the transducer, the reflected waves are compressed, producing a higher frequency; if
they move away, the waves are stretched, producing a lower frequency. The magnitude of this frequency shift,
known as the Doppler shift, is proportional to the velocity of blood flow and depends on the angle between the
ultrasound beam and the direction of flow. By measuring these shifts, ultrasound systems can calculate flow
velocity, direction, and pattern, providing valuable information for diagnosing vascular diseases, cardiac
abnormalities, and fetal circulation issues. The Doppler effect forms the fundamental basis for all Doppler
ultrasound techniques, including color Doppler, spectral Doppler, and power Doppler.

The Doppler shift refers to the change in frequency of a wave when there is relative motion between the source
of the wave and the observer. In medical ultrasonography, this principle is extensively applied to evaluate blood
flow velocity and direction within vessels. When an ultrasound wave encounters moving red blood cells, the
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frequency of the reflected wave changes in proportion to the velocity and direction of blood flow. Specifically, if
the blood cells move toward the transducer, the reflected frequency increases, whereas if they move away from
the transducer, the reflected frequency decreases. This change in frequency, known as the Doppler shift (Af), is
mathematically expressed as:

2fivcosf

M

Af=f—fr=

where fr is the received frequency, ft is the transmitted frequency, v represents the velocity of blood flow, 6 is
the angle between the ultrasound beam and the direction of flow, and c is the speed of sound in tissue,
approximately 1540 m/s. The factor of 2 accounts for the round-trip travel of the ultrasound wave to and from the
moving target. The angle of insonation (0) is particularly significant because the maximum Doppler shift occurs
when the ultrasound beam is parallel to the flow (6 = 0°), and the shift becomes zero when the beam is
perpendicular to the flow (6 = 90°).
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Clinically, the Doppler shift forms the foundation of Doppler ultrasonography, which can be presented in several
formats. Color Doppler visualizes flow direction and velocity as a color overlay on the B-mode image. Spectral
Doppler graphically represents the variation of flow velocity over time, allowing quantitative assessment of
hemodynamics. Power Doppler, on the other hand, provides enhanced sensitivity to low-velocity flow without
directional information. These techniques are crucial in evaluating vascular conditions such as stenosis, occlusion,
and abnormal hemodynamic patterns, thereby aiding diagnosis, monitoring, and treatment planning in
cardiovascular and systemic vascular diseases. Doppler ultrasonography utilizes the Doppler principle to evaluate
blood flow characteristics in vessels. Based on the method of display and clinical application, Doppler
ultrasonography can be classified into four main types: continuous-wave Doppler, pulsed-wave Doppler, color
Doppler, and power Doppler.

19.7.1. Continuous-Wave (CW) Doppler

Continuous-wave (CW) Doppler is a Doppler ultrasound technique that uses two dedicated transducer elements:
one continuously emits ultrasound waves, while the other continuously receives the echoes reflected from moving
blood cells or other moving structures. This uninterrupted transmission and reception allow CW Doppler to
measure very high blood flow velocities accurately, without being limited by aliasing, a phenomenon that occurs
in pulsed-wave Doppler when the sampled velocity exceeds the Nyquist limit. Because of this capability, CW
Doppler is particularly useful in cardiology for assessing valvular stenosis, regurgitation, and congenital heart
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defects, as well as in vascular imaging for evaluating high-velocity arterial flows, such as in carotid or peripheral
artery stenoses. The signal obtained in CW Doppler represents all velocities along the path of the ultrasound beam,
which means it lacks range specificity. In other words, while CW Doppler can detect flow speed very accurately,
it cannot determine the exact spatial location of the velocity measurement along the beam. The resulting Doppler
waveform is a composite of flow signals from every depth in the sampled region. Despite this limitation, CW
Doppler provides excellent temporal resolution because it continuously monitors flow, making it ideal for
evaluating rapid and complex cardiac and vascular dynamics. Key advantages of CW Doppler include its ability
to measure extremely high velocities, its simple waveform interpretation, and its use in combination with
echocardiography to quantify pressure gradients across stenotic valves using the modified Bernoulli equation.
Limitations include lack of depth discrimination, which makes it unsuitable for localizing flow within a specific
segment of a vessel, and potential contamination from adjacent high-velocity flows, requiring careful probe
placement and angle correction. Modern CW Doppler probes are designed with small footprints and steering
capabilities, allowing integration with imaging systems for combined structural and functional assessment.

19.7.2. Pulsed-Wave (PW) Doppler

Pulsed-wave (PW) Doppler is a specialized ultrasound technique that uses a single transducer element to
alternately emit short pulses of ultrasound and receive the echoes reflected from moving blood cells or other
structures. Unlike continuous-wave Doppler, which continuously measures flow along the entire beam path, PW
Doppler enables range specificity, allowing the system to measure flow velocity at a precise, defined location,
known as the sample volume or gate. By adjusting the depth of the sample volume, clinicians can isolate flow
from a specific vessel, cardiac chamber, or region of interest, making PW Doppler particularly useful for localized
hemodynamic assessment. The principle of PW Doppler relies on measuring the frequency shift (Doppler shift)
of echoes returned from moving red blood cells. These shifts are processed to generate a velocity-time waveform,
providing both quantitative and temporal information about blood flow. The waveform reflects peak systolic, end-
diastolic, and mean velocities, as well as flow direction, turbulence, and acceleration, which are essential for
evaluating valvular function, stenotic lesions, regurgitant jets, and intracardiac flow dynamics. PW Doppler is
widely used in vascular imaging, such as in peripheral arteries and veins, as well as in cardiology for assessing
intracardiac pressures and flows. A key limitation of PW Doppler is its maximum detectable velocity, which is
determined by the Nyquist limit. The Nyquist limit depends on the pulse repetition frequency (PRF); velocities
exceeding this limit result in aliasing, where high-speed flow is incorrectly displayed as reversed or lower velocity.
Techniques to mitigate aliasing include increasing the PRF, shifting the baseline, or using continuous-wave
Doppler for very high-velocity flows. Despite this limitation, PW Doppler remains highly valuable due to its
ability to provide depth-resolved, quantitative flow measurements, unlike CW Doppler, which measures velocity
along the entire beam path without localization. PW Doppler is commonly used in combination with B-mode
imaging, allowing anatomical structures to be visualized simultaneously with flow patterns. This combination
facilitates accurate correlation of flow abnormalities with structural changes, such as identifying stenosis within
a vessel or assessing regurgitation through a heart valve. Modern ultrasound systems also allow multi-gate or
color-coded pulsed-wave Doppler, enabling simultaneous assessment of multiple flow sites and improving
diagnostic efficiency. Overall, PW Doppler is an essential tool in diagnostic ultrasonography, offering precise,
localized, and quantitative assessment of blood flow dynamics across a wide range of clinical applications.

19.7.3. Color Doppler

Color Doppler ultrasound is an advanced extension of pulsed-wave Doppler that provides a two-dimensional,

color-coded visualization of blood flow superimposed on conventional B-mode images. It is also called colour
flow imaging (CFI) or colour Doppler flow imaging (CDFI). By analyzing multiple sample points along the
ultrasound beam and applying Doppler principles, the system assigns distinct colors to flow moving toward or
away from the transducer—commonly red for flow toward and blue for flow away—although the exact color
convention may vary between machines. The brightness and hue of each color correspond to the velocity and
direction of blood flow, allowing clinicians to rapidly assess flow patterns, identify turbulence, and detect stenoses
or abnormal shunts. Color Doppler imaging offers real-time visualization of vascular and intracardiac flow,
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making it highly valuable for evaluating carotid, renal, peripheral, and coronary arteries, as well as cardiac
chambers and valves during echocardiography. It provides qualitative information about flow dynamics, such as
the presence of high-velocity jets, vortex formation, or flow reversal, which can be used to guide further
guantitative analysis with pulsed-wave Doppler at specific locations. This combination allows precise correlation
of anatomical and hemodynamic information, improving diagnostic confidence. However, color Doppler has
several limitations. Its accuracy is angle-dependent, meaning that the ultrasound beam must be properly aligned
with the direction of blood flow for precise velocity estimation. Incorrect beam alignment can lead to
underestimation of velocity or misrepresentation of flow direction. Additionally, color Doppler is susceptible to
aliasing at high flow velocities, which occurs when the measured velocity exceeds the Nyquist limit, producing a
wraparound effect in the color display. This can be mitigated by adjusting the pulse repetition frequency (PRF),
changing the baseline, or using continuous-wave Doppler for high-speed flows. Other factors, such as motion
artifacts, gain settings, and turbulence, can also influence image quality and interpretation. Despite these
limitations, color Doppler remains an indispensable tool in vascular and cardiac imaging. It allows for rapid, non-
invasive assessment of flow direction, velocity patterns, and turbulence, facilitating the early detection of vascular
abnormalities, cardiac valve dysfunction, and perfusion disturbances. When combined with B-mode and pulsed-
wave Doppler, color Doppler provides a comprehensive evaluation of both structure and function, making it a
cornerstone of modern diagnostic ultrasonography.

Physics of Color Doppler Ultrasound: The physics of color Doppler is based on the Doppler effect, a principle
describing the change in frequency of a wave as a source and observer move relative to each other. In the context
of ultrasound, moving red blood cells act as the reflectors of the transmitted sound waves. When these cells move
toward the transducer, the frequency of the returning echoes increases; when they move away, the frequency
decreases. This frequency shift (Doppler shift) is directly proportional to the velocity of blood flow and the cosine
of the angle (0) between the ultrasound beam and the direction of flow, according to the Doppler equation:

2f0vcos6O
c

fD =
Where:

fo = Doppler frequency shift

fo = transmitted ultrasound frequency

v = velocity of the blood flow

0 = angle between the ultrasound beam and the direction of flow
¢ = speed of sound in tissue (~1540 m/s)

In color Doppler, multiple sample volumes along the ultrasound beam are analyzed to detect the Doppler shifts at
different locations. These shifts are then mapped to a color scale, where each color represents the direction and
approximate velocity of flow relative to the transducer. Typically, red indicates flow toward the transducer and
blue indicates flow away, while variations in brightness or hue represent different velocities. This creates a real-
time, two-dimensional color overlay on the grayscale B-mode image, allowing visualization of flow patterns,
turbulence, and velocity gradients.

The accuracy of color Doppler depends on several key factors:

1. Angle of Insonation (0): Maximum Doppler shift is detected when the ultrasound beam is parallel to
flow (8 = 0°). As the angle increases, the cosine factor reduces the measured shift, leading to
underestimation

of velocity. Angles above 60° significantly decrease accuracy.

2. Pulse Repetition Frequency (PRF): PRF determines the Nyquist limit, the maximum velocity that can
be measured without aliasing. Low PRF improves sensitivity to slow flow but risks aliasing at high
velocities, while high PRF accommodates fast flows but may miss low-velocity signals.

3. Wall Filter: Removes low-frequency signals caused by vessel wall motion or tissue vibration,
improving visualization of true blood flow.
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4. Spatial and Temporal Resolution: Higher transducer frequency improves spatial resolution but limits
penetration. Temporal resolution depends on frame rate, which can be affected by color box size and
PRF settings.

19.7.4. Power Doppler

Power Doppler, also referred to as energy Doppler, is a specialized Doppler mode that visualizes the amplitude
(strength) of the Doppler signal rather than the flow velocity or direction. Unlike conventional color Doppler,
which encodes both velocity and direction, power Doppler represents the total energy of moving red blood cells,
providing a more sensitive depiction of blood flow, particularly in small vessels or regions with slow flow. This
increased sensitivity makes it highly valuable for evaluating peripheral arteries and veins, tumor vascularity,
transplanted organs, and placental perfusion in obstetric imaging. A key advantage of power Doppler is its reduced
angle dependency compared to color Doppler. Because it relies on signal amplitude rather than frequency shifts,
power Doppler provides more consistent visualization of blood flow in tortuous, branching, or obliquely oriented
vessels, where angle-related errors may compromise velocity-based color Doppler assessment. It is particularly
useful in detecting microvascular flow or subtle perfusion changes that may not generate significant Doppler shifts
detectable by conventional color Doppler. However, power Doppler also has limitations. It does not provide
directional information or quantitative velocity measurements, meaning it cannot distinguish flow toward or away
from the transducer. Consequently, it is often used in combination with pulsed-wave or color Doppler to obtain a
comprehensive assessment of both flow presence and hemodynamic characteristics. Additionally, power Doppler
is more susceptible to motion artifacts, including patient movement, breathing, or probe handling, which can
produce false-positive flow signals. Careful optimization of gain, wall filters, and color box settings is essential
to reduce artifacts and improve image quality. In clinical practice, power Doppler complements other Doppler
modes by providing a highly sensitive, real-time depiction of low-volume or slow blood flow, enhancing the
detection of vascular abnormalities, organ perfusion, and subtle microvascular changes that may otherwise be
missed with conventional color Doppler.

Table: 19.2. Summary of Doppler Ultrasound Modes

Mode Principle Advantages Limitations Clinical Applications
Continuous- | Continuous Measures very high | No depth specificity; Cardiac valve
Wave (CW) | transmission and | velocities; no | cannot localize flow stenosis/regurgitation,
Doppler reception of sound | aliasing; excellent high-velocity arterial
waves temporal resolution flow
Pulsed- Short pulses with | Range-specific; Aliasing at high ' Medium-velocity flow
Wave (PW) | receiving intervals | quantitative velocities; limited | in vessels, intracardiac
Doppler velocity and flow | maximum velocity flow, stenosis
measurements assessment
Color Displays flow | Visualizes flow | Angle dependent; = Vascular mapping,
Doppler direction and | pattern; rapid | aliasing at high | cardiac flow,
velocity as colors | assessment of | velocities turbulence detection
on B-mode image | vessels; guides PW
Doppler
Power Displays signal | Highly sensitive to | No  directional or | Tumor vascularity,
Doppler amplitude (energy) | low  flow; less | velocity info; motion | small vessels, low-
rather than velocity | angle-dependent artifacts flow organ perfusion

19.7.5. Duplex Ultrasound (Duplex USG)

Duplex ultrasound is an advanced imaging technique that combines conventional B-mode ultrasound with
Doppler assessment, providing both anatomical and functional information in a single examination. The term
“duplex” refers to this dual capability, where B-mode imaging visualizes the structure, size, and morphology of
vessels or organs, while Doppler ultrasound evaluates blood flow characteristics, including direction, velocity,
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and turbulence. In duplex USG, the B-mode image displays the vessel lumen, walls, and surrounding tissues,
allowing precise localization of arteries, veins, or other structures. The Doppler component can use either pulsed-
wave, color, or power Doppler, depending on the clinical requirement, to assess hemodynamic parameters. This
combination enables simultaneous correlation of structural abnormalities with functional flow disturbances, which
is critical for accurate diagnosis.

Clinical applications of duplex ultrasound are extensive. It is widely used for vascular imaging, including
assessment of carotid artery stenosis, peripheral arterial disease, deep vein thrombosis, and arteriovenous
malformations. In cardiology, duplex USG can evaluate hemodynamics in large vessels or in transplanted organs
to detect perfusion deficits. Obstetric applications include assessment of fetal and placental circulation,
particularly in high-risk pregnancies. The major advantages of duplex USG include its non-invasive nature,
absence of ionizing radiation, real-time imaging capability, and ability to provide quantitative and qualitative flow
data alongside structural evaluation. Limitations include operator dependence, limited penetration in obese
patients or heavily calcified vessels, and challenges in imaging small or deep structures. Proper technique,
including angle correction, probe positioning, and optimized Doppler settings, is essential for accurate
measurements. Overall, duplex ultrasound provides a comprehensive, integrated approach to vascular and organ
assessment, allowing clinicians to detect both anatomical abnormalities and functional hemodynamic changes,
making it a cornerstone of modern diagnostic ultrasonography.

= Physics of Duplex Ultrasound: Duplex ultrasound combines the physics of B-mode imaging and
Doppler principles to provide simultaneous anatomical and hemodynamic assessment. Its physics can be
understood by examining both components:

= B-mode (Brightness Mode) Physics: B-mode imaging forms the structural component of duplex
ultrasound. High-frequency ultrasound pulses are generated by the transducer using the piezoelectric
effect, where an electrical signal causes the crystal to vibrate, producing sound waves. These waves
propagate through tissue and are reflected at interfaces between structures of different acoustic impedance
(Z = p x ¢). The returning echoes cause the crystal to vibrate, generating electrical signals that are
processed into a two-dimensional grayscale image, where echo intensity determines brightness. This
enables visualization of vessel walls, lumen, and surrounding anatomy.

=  Doppler Physics: The Doppler component provides functional information about blood flow. The
underlying principle is the Doppler effect, which describes the change in frequency of a wave reflected
from a moving object. The transducer alternately transmits pulses and receives echoes (pulsed-wave
Doppler) to measure flow velocity at a specific sample volume, while color Doppler displays the velocity
and direction as a color-coded map, and power Doppler represents the signal amplitude, highlighting low-
volume or slow flow.

= Integration in Duplex: Duplex ultrasound synchronizes B-mode and Doppler signals. The B-mode
provides anatomical reference, ensuring the Doppler sample volume is placed accurately within the
vessel. The Doppler signal, processed using fast Fourier transform (FFT) or autocorrelation algorithms,
generates spectral waveforms showing flow velocity over time or color/power maps overlaid on the B-
mode image.

19.8. USG ELASTOGRAPHY

Ultrasound Elastography (USG Elastography) is an advanced imaging technique that evaluates the mechanical
properties of tissues—particularly their stiffness and elasticity—using ultrasound waves. Traditional B-mode
ultrasound provides structural information based on acoustic impedance differences, whereas elastography adds
a functional dimension by quantifying tissue deformation in response to applied mechanical or acoustic forces.
Since many pathological processes, such as fibrosis, inflammation, and malignancy, alter the stiffness of tissues,
elastography has become an invaluable, non-invasive diagnostic tool in modern imaging practice. It helps
clinicians differentiate between normal, fibrotic, and malignant tissues without the need for biopsy, thereby
improving diagnostic accuracy and patient safety.
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Physical Principle of Elastography: The fundamental concept of elastography is based on mechanical
deformation (strain) and stress response. When an external force (stress) is applied to a tissue, it deforms
proportionally according to its stiffness. Soft tissues deform more, while hard or fibrotic tissues deform less. This
relationship can be expressed using Young’s Modulus (E), defined as the ratio of stress (o) to strain (¢):

E=2

&

Tissues with higher Young’s modulus values are stiffer, whereas those with lower values are softer and more
elastic. In ultrasound elastography, these mechanical properties are assessed by detecting minute displacements
within tissues using high-frequency ultrasound signals. The resulting data are then processed and displayed as a
color-coded elastogram, representing variations in tissue stiffness.

Mechanism of Ultrasound Elastography: The elastography process involves three main steps—excitation,
detection, and display.

1. Excitation: A mechanical or acoustic force is applied to the tissue. This may be generated manually
through probe compression (in strain elastography) or automatically via focused ultrasound pulses that
induce shear waves (in shear wave elastography).

2. Detection: The ultrasound system measures how much the tissue has deformed or how fast the induced
shear waves propagate through it.

3. Display: The collected data are processed to form an elastogram—a visual representation where different
colors correspond to varying tissue stiffness levels. Typically, red or green shades represent softer tissues,
while blue indicates stiffer regions.

This visual and quantitative mapping of stiffness allows physicians to identify pathological changes that might
not be apparent on conventional grayscale ultrasound.

Types of Ultrasound Elastography: Ultrasound elastography techniques are broadly classified into Strain
Elastography and Shear Wave Elastography, each based on how tissue deformation is generated and measured.

1. Strain Elastography (SE)

Strain elastography, also known as compression elastography, measures tissue deformation caused by an external
mechanical compression applied manually using the ultrasound probe or naturally by physiological movements
like cardiac pulsation. The ultrasound system analyzes the degree of strain in various regions, producing a
qualitative or semi-quantitative color map of tissue elasticity.

e Soft tissues deform more under compression and appear as red or green areas.

e  Stiffer tissues, such as tumors or fibrotic regions, deform less and appear as blue zones.
This technique is simple and cost-effective but somewhat operator-dependent since consistent compression is
essential for reproducible results. Strain elastography is widely used for imaging the breast, thyroid, prostate, and
lymph nodes.

2. Shear Wave Elastography (SWE)

Shear Wave Elastography is a more advanced and quantitative form of elastography. Instead of external manual
compression, it uses acoustic radiation force impulses (ARFI) to generate shear waves within the tissue. These
waves propagate perpendicular to the ultrasound beam, and their velocity depends directly on tissue stiffness—
the stiffer the tissue, the faster the shear wave travels. SWE offers real-time quantitative stiffness measurements
in kilopascals (kPa) or meters per second (m/s). It provides higher reproducibility and less operator dependence
than strain elastography. Shear Wave Elastography includes several subtypes:

o Transient Elastography (TE): Used primarily for liver stiffness measurement (e.g., FibroScan®).

e Point Shear Wave Elastography (pSWE): Measures stiffness at a single focal point.
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o Two-Dimensional Shear Wave Elastography (2D-SWE): Produces a real-time color-coded map of a wider
tissue area.

Clinical Applications of Ultrasound Elastography

Ultrasound elastography is now integrated into multiple clinical disciplines due to its diagnostic precision and
non-invasive nature.

1. Liver Imaging: Elastography is extensively used for evaluating liver fibrosis and cirrhosis. It provides a
reliable, non-invasive alternative to liver biopsy, allowing accurate staging of fibrosis and monitoring
treatment response in chronic hepatitis and fatty liver disease.

2. Breast Imaging: In breast imaging, elastography helps differentiate benign from malignant lesions based
on tissue stiffness. Malignant tumors generally appear harder than surrounding parenchyma, improving
diagnostic confidence and reducing unnecessary biopsies.

3. Thyroid and Lymph Node Assessment: Thyroid nodules and lymph nodes can be characterized using
elastography. Malignant nodules and metastatic lymph nodes typically exhibit higher stiffness compared
to benign lesions, aiding in early detection.

4. Prostate Imaging: Elastography enhances the detection of prostate cancer by highlighting localized stiff
regions that correspond to malignancies. It is also useful for guiding targeted biopsies and evaluating
treatment outcomes.

5. Musculoskeletal Applications: In musculoskeletal imaging, elastography assesses the elasticity of
tendons, ligaments, and muscles, assisting in diagnosing tendinopathies, fibrosis, and inflammatory
changes.

6. Pediatric and Vascular Applications: Elastography can be used to evaluate fibrosis in pediatric liver
diseases and assess arterial wall stiffness, providing insight into vascular health.

19.9. HIGH-INTENSITY FOCUSED ULTRASOUND (HIFU)

High-Intensity Focused Ultrasound (HIFU) is a non-invasive therapeutic technique that uses focused ultrasound
waves to generate localized heating within body tissues. Unlike diagnostic ultrasound, which operates at lower
power levels to produce images, HIFU employs high acoustic energy to ablate or destroy targeted tissues through
thermal and mechanical mechanisms. This method provides a precise, incision-free alternative to surgery and
radiation therapy, guided and monitored in real time by ultrasound or magnetic resonance imaging (MRI). The
fundamental principle of HIFU is the focusing of ultrasound energy onto a small, well-defined focal point within
the body. At this focal zone, the intensity of ultrasound waves increases dramatically (up to 1000 times higher
than diagnostic ultrasound), leading to a rapid rise in temperature—often exceeding 60—80°C. This thermal effect
induces coagulative necrosis of the target tissue without damaging surrounding healthy structures. The focusing
mechanism works similarly to a magnifying glass concentrating sunlight to a single hot point.

Mechanism of Action: HIFU operates via two primary mechanisms:

1. Thermal Effect: When ultrasound waves converge at the focal point, the absorbed acoustic energy
converts into heat, raising the local temperature enough to denature proteins and destroy cells. This heat
is confined to the focal area, minimizing collateral tissue damage.

2. Mechanical Effect (Cavitation): Rapid pressure fluctuations in the ultrasound field can cause the
formation and collapse of microscopic gas bubbles (cavitation). This phenomenon generates strong
mechanical forces that disrupt cellular membranes and enhance tissue destruction.

System Components: A typical HIFU system comprises

A typical High-Intensity Focused Ultrasound (HIFU) system consists of several integrated components that work
together to deliver precise and effective therapy. The ultrasound transducer serves as the primary element,
responsible for generating and focusing high-intensity sound waves onto a specific target within the body. The
imaging unit, which may use ultrasound or magnetic resonance imaging (MRI), provides real-time visualization
to accurately locate the target tissue and continuously monitor the treatment process. A patient positioning system
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is employed to ensure precise alignment of the target area within the focal zone, maintaining consistent accuracy
throughout the procedure. The control console allows the operator to adjust essential exposure parameters such
as power output, pulse duration, and focal depth, optimizing the treatment according to the tissue type and target
location. Ultrasound-guided HIFU systems offer a significant advantage, as they provide continuous real-time

feedback, allowing clinicians to monitor tissue response dynamically and make immediate adjustments for safe
and effective therapy delivery.

Clinical Applications

HIFU has been successfully applied in various therapeutic areas:
e Oncology: Treatment of solid tumors such as prostate, liver, pancreatic, and breast cancers by thermal
ablation.
e Gynecology: Management of uterine fibroids and adenomyosis, providing symptom relief without
surgical intervention.
o Bone and Soft Tissue Disorders: Pain palliation in bone metastases and musculoskeletal lesions.
e Neurology: Emerging applications include thalamotomy for essential tremor and neuromodulation.

> End of Chapter <

491 |Page



Volume-2 | Medical Imaging Modalities Chapter: 19. Fundamentals of Ultrasonography

REFERENCES

1. Kremkau FW. Diagnostic Ultrasound: Principles and Instruments. 10th ed. Philadelphia: Elsevier; 2020.

2. Hoskins PR, Martin K, Thrush A, editors. Diagnostic Ultrasound: Physics and Equipment. 3rd ed.
Cambridge: Cambridge University Press; 2019.

3. Pozniak MA, Allan PL, Baxter GM, editors. Clinical Doppler Ultrasound. 3rd ed. Edinburgh: Elsevier;
2014.

4. Rumack CM, Wilson SR, Charboneau JW, Levine D, editors. Diagnostic Ultrasound. 5th ed.
Philadelphia: Elsevier; 2017.

5. Bushberg JT, Seibert JA, Leidholdt EM Jr, Boone JM. The Essential Physics of Medical Imaging. 4th ed.
Philadelphia: Wolters Kluwer; 2020.

6. Hoskins PR. Physical principles of medical ultrasound. Ultrasound. 2010;18(2):80-87.
d0i:10.1258/ult.2010.010042.

7. Szabo TL. Diagnostic Ultrasound Imaging: Inside Out. 3rd ed. Oxford: Academic Press; 2014.

8. Wells PNT. Ultrasound imaging. Phys Med Biol. 2006;51(13):R83-R98. do0i:10.1088/0031-
9155/51/13/R06.

9. Hoskins PR. Principles of Doppler and spectral analysis. Ultrasound Med Biol. 2020;46(5):1065-1078.
doi:10.1016/j.ultrasmedbio.2020.01.014.

10. Cobbold RSC. Foundations of Biomedical Ultrasound. 2nd ed. Oxford: Oxford University Press; 2007.

492 |Page



