ultrasound physics notes

ultrasound physics notes are your gateway to understanding the fundamental principles
that make diagnostic medical imaging possible. Grasping the nuances of wave
propagation, beam formation, and echo generation is crucial for anyone working with or
learning about ultrasound technology, from students and sonographers to engineers and
researchers. This comprehensive guide delves into the core concepts, breaking down
complex physics into digestible explanations. We'll explore the nature of sound waves, how
they interact with tissues, the different types of transducers, and the essential parameters
that govern image quality. Get ready to build a solid foundation in the physics of
ultrasound, empowering you to interpret images with greater confidence and troubleshoot
effectively.
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The Nature of Ultrasound Waves

At its heart, ultrasound imaging relies on the principles of acoustics, specifically the
behavior of sound waves that fall outside the range of human hearing. These are typically
frequencies above 20 kilohertz (kHz), with diagnostic ultrasound systems operating much
higher, commonly between 2 and 18 megahertz (MHz). Unlike light waves, which are
electromagnetic, sound waves are mechanical. This means they require a medium to travel
through; they are essentially vibrations that propagate through the compressions and
rarefactions of particles within that medium. Think of it like pushing a Slinky - the wave
travels through the coils, but the coils themselves don't permanently move from one end to
the other. In ultrasound, the medium is usually the human body's tissues.

Understanding this mechanical nature is fundamental. When an ultrasound transducer
emits a pulse, it causes the particles of the intervening medium to oscillate back and forth
parallel to the direction of wave propagation. This creates areas of high pressure
(compressions) and low pressure (rarefactions). The speed at which these compressions
and rarefactions travel is known as the speed of sound, a property that varies depending
on the characteristics of the medium. This variation is a critical factor in how ultrasound
images are formed and interpreted, as different tissues possess different sound speeds.



Sound Wave Properties and Terminology

To truly master ultrasound physics, a firm grasp of its associated terminology is essential.
Several key properties define sound waves and their behavior. Frequency, measured in
Hertz (Hz), dictates how many wave cycles occur per second. In ultrasound, higher
frequencies generally offer better resolution but have reduced penetration into tissues.
Amplitude refers to the maximum displacement or pressure of the wave from its resting
state, essentially the "strength" of the wave. The power of an ultrasound beam is
proportional to the amplitude squared, and intensity is power per unit area.

Wavelength is the spatial distance over which a wave's shape repeats, calculated by
dividing the speed of sound by the frequency. A shorter wavelength, associated with
higher frequencies, allows for the visualization of finer anatomical details. Period is the
time it takes for one complete wave cycle to occur, the inverse of frequency. Lastly, the
impedance of a medium, also known as acoustic impedance, is a crucial concept. It's the
product of the medium's density and the speed of sound within it. The difference in
acoustic impedance between two media dictates how much of an ultrasound wave is
reflected at their interface, which is precisely how our ultrasound machines create images.

Acoustic Impedance and Reflections

The phenomenon of reflection is the cornerstone of ultrasound imaging. When an
ultrasound wave encounters a boundary between two different media with varying
acoustic impedances, a portion of the wave's energy will be reflected back towards the
transducer, while the remainder will be transmitted into the second medium. The greater
the difference in acoustic impedance between the two media, the larger the percentage of
the wave that will be reflected. This is why interfaces between tissues like muscle and
bone, or fluid and a solid organ, generate strong echoes.

The amount of reflection is quantified by the reflection coefficient. For example, at the
interface between soft tissue and bone, the impedance mismatch is significant, resulting in
a very high reflection. Conversely, at the interface between two similar soft tissues, the
impedance mismatch is small, leading to minimal reflection and thus weaker echoes.
Understanding these impedance differences allows us to differentiate between various
anatomical structures and pathologies. It’s this principle that enables us to “see” inside
the body using sound.

Attenuation and Scattering

As ultrasound waves travel through tissue, their intensity gradually decreases. This loss of
energy is called attenuation, and it occurs through two primary mechanisms: absorption
and scattering. Absorption is the conversion of sound energy into heat within the tissue.
Different tissues absorb sound energy to varying degrees, with denser or more complex
tissues generally exhibiting higher absorption. Scattering, on the other hand, occurs when



the ultrasound wave is deflected in multiple directions by small particles or
inhomogeneities within the medium. Some of this scattered energy may be directed back
towards the transducer, contributing to the overall signal, but much of it is lost.

Attenuation is frequency-dependent; higher-frequency ultrasound waves are attenuated
more rapidly than lower-frequency ones. This is a key trade-off in ultrasound imaging:
higher frequencies provide better resolution for superficial structures, but lower
frequencies are needed to penetrate deeper into the body. Sonographers must consider
the depth of the structures they are imaging and choose an appropriate transducer
frequency to balance resolution and penetration. Managing attenuation is a constant
challenge in achieving optimal image quality.

Ultrasound Transducer Fundamentals

The ultrasound transducer is the heart of the imaging system, acting as both the
transmitter and receiver of ultrasound waves. It's a marvel of piezoelectric engineering.
Piezoelectric crystals, typically made from ceramics like lead zirconate titanate (PZT),
have a unique property: when an electric voltage is applied to them, they change shape,
vibrating and producing ultrasound waves. Conversely, when these crystals are struck by
returning sound waves (echoes), they deform and generate an electrical voltage. This
ingenious duality allows a single device to send out the sound pulses and then listen for
the returning echoes.

Modern ultrasound systems employ arrays of these piezoelectric crystals. The
arrangement and activation pattern of these crystals determine the shape and direction of
the ultrasound beam. By precisely controlling which crystals are fired and when, the
system can steer the beam, focus it at different depths, and even create complex beam
patterns. This control over beam formation is fundamental to generating detailed and
diagnostically useful images. The design of the transducer, including the size and number
of crystals and their housing, significantly impacts the image quality and the types of
examinations that can be performed.

Types of Transducers

Different clinical applications require different transducer designs, each optimized for
specific imaging needs. The most common types include linear, curvilinear (or convex),
and phased array transducers. Linear transducers feature crystals arranged in a straight
line, producing a rectangular image field. They are ideal for imaging superficial structures
where high resolution is paramount, such as in musculoskeletal imaging, vascular studies,
and breast imaging.

Curvilinear transducers have crystals arranged in an arc, generating a sector-shaped
image with a wide field of view at depth. This makes them excellent for abdominal,
obstetric, and gynecological imaging, where visualizing a larger area is often necessary.
Phased array transducers, also known as sector transducers, have crystals packed closely



together that can be fired in a specific sequence to steer the beam electronically. This
allows for imaging in tight spaces, such as between the ribs for cardiac examinations,
producing a narrow, wedge-shaped field of view.

Image Formation and Display

The process of converting returning ultrasound echoes into a visible image is a
sophisticated interplay of hardware and software. After the transducer emits an
ultrasound pulse, it listens for echoes reflected from within the body. The time it takes for
an echo to return to the transducer is directly proportional to the distance of the reflector
from the transducer. Since the speed of sound in soft tissue is relatively constant
(approximately 1540 meters per second), the ultrasound system can accurately calculate
the depth of each reflecting structure. This is the fundamental principle behind range
finding in ultrasound.

The strength or amplitude of the returning echo is also measured. Stronger echoes,
arising from interfaces with significant acoustic impedance mismatches, are displayed as
brighter pixels on the screen. Weaker echoes, from less reflective interfaces or structures
far from the transducer, result in dimmer pixels. This mapping of echo intensity to
brightness is what creates the grayscale image we see. Modern ultrasound systems use
complex algorithms to process this information, adjust for attenuation, and optimize the
display.

Acoustic Power and Gain Settings

Two critical controls on any ultrasound machine directly influence the brightness and
overall appearance of the image: acoustic power and gain. Acoustic power, often referred
to as transmit power or output power, controls the intensity of the ultrasound pulses being
emitted by the transducer. Increasing the acoustic power sends stronger pulses into the
body, which can improve penetration and the number of echoes detected, but it also
increases the risk of thermal and mechanical bioeffects. Therefore, it should be used
judiciously, as "as low as reasonably achievable" (ALARA) principles dictate.

Gain, on the other hand, is an amplifier for the returning echo signals. It doesn't affect the
power of the transmitted pulse but rather amplifies the signals received by the transducer.
There are generally two types of gain: overall gain, which uniformly amplifies all echoes,
and time-gain compensation (TGC), also known as depth gain compensation (DGC). TGC is
crucial because it selectively amplifies echoes based on their depth. Echoes from shallow
structures, which are naturally stronger due to less attenuation, are amplified less, while
echoes from deeper structures, which are weaker, are amplified more. This ensures that
structures at all depths are displayed with appropriate brightness, creating a more
uniform and diagnostically useful image.



Ultrasound Interactions with Tissues

The diagnostic power of ultrasound hinges on how these sound waves interact with the
different tissues and structures within the body. Each interaction provides a piece of
information that the ultrasound system uses to construct an image. When an ultrasound
pulse enters the body, it can be reflected, refracted, scattered, or absorbed.
Understanding these phenomena is key to interpreting the resulting image correctly.

Reflection, as we've discussed, occurs at boundaries between tissues with different
acoustic impedances. This is the primary mechanism for image formation. Refraction is
the bending of the ultrasound beam as it passes from one medium to another at an angle.
While some refraction is inevitable, excessive refraction can lead to positional errors and
geometric distortion in the image. Scattering is the redirection of the sound beam in
multiple directions, which can contribute to the image texture and allow visualization of
small, diffuse structures. Absorption, the conversion of sound energy into heat, leads to
attenuation and limits the depth of penetration.

Types of Echoes and Echogenicity

The echoes returning to the transducer are what paint the picture on the ultrasound
screen, and their characteristics allow us to differentiate between various tissues and
pathologies. The term "echogenicity" is used to describe the strength of the echo returning
from a particular structure. Structures that produce strong echoes are termed
"hyperechoic" and appear bright on the screen. This typically occurs at interfaces with
high acoustic impedance mismatches, such as bone or calcifications.

Structures that produce weak echoes are termed "hypoechoic" and appear dark. This is
common in fluid-filled structures like cysts or the bladder, which have low acoustic
impedance and minimal reflection. Tissues that produce echoes of similar intensity to the
surrounding structures are described as "isoechoic." When a structure produces no
echoes, it is termed "anechoic" and appears black, as seen with simple fluid. The relative
echogenicity of different structures is a fundamental aspect of ultrasound image
interpretation. For instance, the liver is typically described as having medium-level
echogenicity, while gallstones are highly hyperechoic.

Doppler Ultrasound Principles

Beyond static imaging, ultrasound technology can also assess the motion of blood within
vessels, a capability known as Doppler ultrasound. This revolutionary application allows us
to evaluate blood flow direction, velocity, and characteristics. The Doppler effect, named
after Austrian physicist Christian Doppler, describes the change in frequency of a wave in
relation to an observer who is moving relative to the wave source. In ultrasound, the
transducer acts as both the source and observer of the ultrasound waves. When these
waves encounter moving red blood cells, the frequency of the reflected waves changes.



If the blood cells are moving towards the transducer, the reflected frequency is higher
than the transmitted frequency (a positive Doppler shift). If they are moving away, the
reflected frequency is lower (a negative Doppler shift). The magnitude of this frequency
shift is directly proportional to the velocity of the blood flow and the angle between the
ultrasound beam and the direction of flow. This principle is the foundation for all Doppler
ultrasound techniques, enabling the diagnosis of conditions like deep vein thrombosis,
arterial stenosis, and valvular heart disease.

Color Doppler and Spectral Doppler

Doppler ultrasound is presented in two primary formats: color Doppler and spectral
Doppler. Color Doppler, often overlaid on the grayscale anatomical image, provides a
visual representation of blood flow. Typically, a color map is used where one color (e.g.,
red) indicates flow towards the transducer, and another color (e.g., blue) indicates flow
away from the transducer. The intensity of the color can also represent the velocity of the
flow. This technique offers a quick overview of flow patterns within a region of interest,
helping to identify areas of abnormal flow or no flow.

Spectral Doppler, on the other hand, provides a more quantitative analysis of blood flow. It
displays the Doppler-shifted frequencies (and thus velocities) of blood flow over time in a
graph. The horizontal axis represents time, and the vertical axis represents the velocity of
blood flow. The spectral waveform generated can reveal valuable information about the
vessel's patency, the presence of stenosis, and the resistance to flow. Different vascular
beds and pathologies produce characteristic spectral waveforms, which experienced
sonographers and physicians can interpret with high diagnostic accuracy.

Artifacts in Ultrasound Imaging

While ultrasound is a powerful imaging modality, it's not without its limitations. Artifacts
are features in the ultrasound image that are not representative of the actual anatomy.
They arise from the physics of ultrasound propagation and interaction with tissues and can
sometimes mimic or mask actual pathology. Recognizing and understanding common
ultrasound artifacts is crucial for accurate interpretation. Ignoring them can lead to
misdiagnosis.

Some artifacts are directly related to the beam characteristics and how it travels. For
instance, shadowing is a reduction in echo amplitude posterior to a strongly attenuating or
reflecting structure, such as a gallstone or calcification. Edge shadowing occurs at the
curved surface of a structure, where the beam is refracted away. Acoustic enhancement,
conversely, is an increase in echo amplitude posterior to a fluid-filled structure, because
fluid attenuates sound less than surrounding tissue. This can make posterior structures
appear brighter than they should be.



Reverberation and Mirror Image Artifacts

Reverberation artifacts occur when the ultrasound beam bounces back and forth between
two strong reflectors before returning to the transducer. This creates multiple, equally
spaced, parallel echoes that appear deeper than the actual structures. A classic example is
the "comet tail" artifact seen behind small gas bubbles or metallic objects. Mirror image
artifact occurs when a strong reflector is located near a smooth, large interface (like the
diaphragm). The system assumes the echo originated from the scanned tissue and creates
a false image of the structure on the opposite side of the interface.

Other common artifacts include side lobes, which are weak echoes originating from
ultrasound energy transmitted in directions other than the main beam, and slice thickness
artifact, which is inherent to the nature of the 2D ultrasound beam and can cause the
edges of small, anechoic structures to appear filled in with low-level echoes. Proper
transducer selection, probe manipulation, and understanding the underlying physics can
help minimize the impact of these artifacts and improve diagnostic confidence.

Key Parameters for Image Optimization

Achieving the best possible image quality in ultrasound is an iterative process involving
the careful adjustment of various system parameters. Sonographers are constantly
optimizing these settings to visualize anatomy clearly, detect subtle abnormalities, and
ensure patient safety. The interplay between resolution, penetration, and signal-to-noise
ratio is fundamental to this optimization process.

Resolution, the ability to distinguish between two closely spaced objects, is a critical
factor. There are two main types: axial resolution and lateral resolution. Axial resolution is
determined by the pulse length of the ultrasound beam and is generally improved with
higher frequencies. Lateral resolution is determined by the beam width and is improved by
focusing the beam. Penetration refers to the depth to which the ultrasound beam can
travel into the tissues and still return usable echoes. Higher frequencies provide better
resolution but have poorer penetration, while lower frequencies penetrate deeper but
offer less resolution. The art of ultrasound imaging lies in finding the optimal balance for
each specific clinical scenario.

Frequency, Depth, and Focus

The choice of transducer frequency is perhaps the most impactful decision for optimizing
image quality. As mentioned, higher frequencies (e.g., 8-18 MHz) are used for superficial
structures to achieve excellent detail and resolution. Lower frequencies (e.g., 2-5 MHz)
are reserved for deeper structures, providing better penetration at the cost of some
resolution. The selected imaging depth also plays a significant role; the system needs to be
set to display the area of interest adequately, and the pulse repetition frequency (PRF) is
adjusted accordingly.



Focusing the ultrasound beam is another crucial aspect. Most transducers have multiple
focal zones, or they can electronically adjust the focal point. Placing the focal zone at the
depth of interest optimizes lateral resolution. However, focusing too deeply can attenuate
the beam, and too many focal zones can slow down the frame rate, impacting the ability to
visualize moving structures. Mastering the interplay of frequency, depth, and focus is a
hallmark of skilled ultrasound practice and a direct application of understanding
ultrasound physics.

This journey through ultrasound physics notes reveals the elegant scientific principles that
underpin this vital diagnostic tool. From the fundamental nature of sound waves to the
sophisticated processing that creates images and evaluates blood flow, each concept
builds upon the last. A strong understanding of these physics principles is not just
academic; it directly translates into more accurate diagnoses, improved patient care, and
a deeper appreciation for the technology we rely on daily. By internalizing these notes,
you are well on your way to becoming a more proficient and confident user of ultrasound.

Q: What is the primary principle behind ultrasound
imaging?

A: The primary principle behind ultrasound imaging is the use of high-frequency sound
waves (ultrasound) that are transmitted into the body. These waves interact with different
tissues and organs, and the echoes that are reflected back to the transducer are used to

create an image. The time it takes for the echoes to return and their strength are used to
determine the depth and characteristics of the tissues.

Q: Why is acoustic impedance important in ultrasound
physics?

A: Acoustic impedance is crucial because it determines how much of an ultrasound wave is
reflected at the interface between two different tissues. A significant difference in acoustic
impedance between two media leads to a strong reflection, which is how the ultrasound
machine differentiates between structures and builds the image. Conversely, similar
acoustic impedances result in minimal reflection.

Q: How does frequency affect ultrasound image quality?

A: Ultrasound frequency directly impacts both resolution and penetration. Higher
frequencies (e.g., 8-18 MHz) provide better axial resolution, allowing for visualization of
finer details, but they have limited penetration into deeper tissues due to increased
attenuation. Lower frequencies (e.g., 2-5 MHz) penetrate deeper into the body but offer
lower resolution.

Q: What is attenuation in ultrasound, and what causes



it?
A: Attenuation is the gradual decrease in the intensity of the ultrasound beam as it travels
through tissues. It is caused by two main processes: absorption, where sound energy is

converted into heat within the tissue, and scattering, where the sound beam is deflected in
multiple directions by small inhomogeneities.

Q: Can you explain the Doppler effect in the context of
ultrasound?

A: The Doppler effect in ultrasound refers to the change in frequency of the returning
ultrasound echoes when they reflect off moving structures, such as red blood cells. If the
blood is moving towards the transducer, the frequency of the echoes increases (positive
Doppler shift); if it's moving away, the frequency decreases (negative Doppler shift). This
shift allows for the assessment of blood flow velocity and direction.

Q: What is the difference between color Doppler and
spectral Doppler?

A: Color Doppler overlays color information onto the grayscale anatomical image to
visually represent the direction and general velocity of blood flow within a vessel. Spectral
Doppler provides a quantitative analysis of blood flow by displaying the Doppler-shifted
frequencies (velocities) over time in a graph, allowing for detailed assessment of flow
patterns and velocities.

Q: What are some common ultrasound artifacts, and
why are they problematic?

A: Common artifacts include shadowing (echo-free area behind highly attenuating
structures), acoustic enhancement (increased brightness behind fluid-filled structures),
reverberation (multiple echoes from bouncing waves), and mirror image (a false copy of a
structure). These artifacts are problematic because they can mimic or obscure real
pathology, leading to misinterpretation of the image.

Q: How does Time-Gain Compensation (TGC) help
optimize ultrasound images?

A: Time-Gain Compensation (TGC) is a crucial control that selectively amplifies returning
echo signals based on their depth. It compensates for the attenuation of the ultrasound
beam as it travels deeper into the body. By increasing amplification for deeper echoes and
decreasing it for shallower echoes, TGC helps to produce a uniformly bright and
diagnostically useful image across the entire field of view.
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