physics ultrasound review

Understanding the Physics of Ultrasound: A
Comprehensive Review

physics ultrasound review delves into the fundamental principles governing
this ubiquitous diagnostic and therapeutic technology. From the generation of
sound waves to their interaction with biological tissues and the subsequent
image reconstruction, a thorough understanding of ultrasound physics is
paramount for anyone working with or benefiting from this powerful tool. This
article will explore the core concepts, including wave propagation, acoustic
impedance, the Doppler effect, and image formation, providing a detailed
overview of how ultrasound works and its critical applications. We will also
touch upon the factors influencing image quality and safety considerations,
offering a holistic perspective on this fascinating field.
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The Nature of Sound Waves in Ultrasound

At its core, ultrasound relies on the transmission and reception of sound
waves. These waves are mechanical vibrations that travel through a medium by
causing particles within that medium to oscillate back and forth. In medical
ultrasound, the frequency of these sound waves is significantly higher than
what the human ear can detect, typically ranging from 2 to 18 megahertz
(MHz) . This high frequency is crucial for achieving the necessary resolution
to visualize internal anatomical structures. The speed at which these sound
waves travel through a medium is also a fundamental property, which is
primarily dependent on the medium's density and elasticity. For instance,



sound travels faster in denser, stiffer materials.

These mechanical waves are longitudinal, meaning the particles of the medium
vibrate parallel to the direction of wave propagation. As a sound wave passes
through tissue, it creates areas of compression (where particles are closer
together, resulting in higher pressure) and rarefaction (where particles are
spread apart, resulting in lower pressure). The characteristics of these
waves, such as their frequency, wavelength, and amplitude, dictate their
behavior and their ability to interact with the diverse tissues within the
human body. Understanding these basic wave properties is the first step in
appreciating the intricate physics of ultrasound.

Frequency and Wavelength

Frequency, measured in Hertz (Hz), represents the number of complete wave
cycles that pass a given point per second. In ultrasound, we deal with
megahertz (MHz), meaning millions of cycles per second. Higher frequencies
lead to shorter wavelengths, which in turn allow for better spatial
resolution - the ability to distinguish between two closely spaced objects.
Think of it like trying to see very fine details; a finer tool provides
greater precision. However, there's a trade-off: higher frequency sound waves
are absorbed more readily by tissues, limiting their penetration depth.

Wavelength ($\lambda$) is inversely proportional to frequency ($f$), with the
relationship being $\lambda = v/f$, where $v$ is the speed of sound in the
medium. For example, in soft tissue where the speed of sound is approximately
1540 meters per second, a 2 MHz transducer will produce a wavelength of 0.77
mm, while a 10 MHz transducer will generate a wavelength of 0.154 mm. This
direct correlation between frequency and resolution versus penetration is a
critical concept in selecting the appropriate transducer for a specific
clinical application.

Amplitude and Intensity

Amplitude refers to the maximum displacement or pressure variation of the
particles in the medium from their equilibrium position. In simpler terms,
it's the "strength" or "loudness" of the sound wave. Ultrasound systems
adjust the amplitude of the transmitted sound pulses to balance the need for
sufficient signal return with patient safety. Intensity, on the other hand,
is the power of the sound beam per unit area. It's a measure of how
concentrated the acoustic energy 1is, and it's directly related to the square
of the amplitude. Higher intensity beams can cause greater heating and
mechanical effects within tissues. Therefore, maintaining intensity within
safe diagnostic limits is a primary concern in ultrasound operation.

Ultrasound Transducer: The Heart of the System

The ultrasound transducer, often referred to as the probe, is the device
responsible for both generating and receiving the ultrasound waves. It's a
sophisticated piece of technology that converts electrical energy into



mechanical acoustic energy and vice versa. The magic behind this conversion
lies in piezoelectric crystals, which are materials that exhibit the
piezoelectric effect. When an electric voltage is applied across these
crystals, they deform and vibrate, producing sound waves. Conversely, when
returning sound waves strike these crystals, they deform and generate an
electric voltage, which the ultrasound machine then processes into an image.

Modern ultrasound transducers often contain numerous small piezoelectric
elements arranged in an array. By precisely controlling the timing and
voltage applied to these individual elements, the system can electronically
steer and focus the ultrasound beam, allowing for dynamic adjustments during
the examination. This capability is essential for optimizing image quality
and adapting to different anatomical structures and imaging depths. The
design of the transducer, including the shape and arrangement of its
elements, directly influences the field of view and the type of images that
can be acquired.

Piezoelectric Crystals and Their Function

The piezoelectric effect is the fundamental principle that enables ultrasound
transducers to function. Certain crystalline materials, such as quartz and
specifically manufactured ceramics, have the unique property of generating an
electric charge when subjected to mechanical stress (direct piezoelectric
effect) and, conversely, deforming when an electric field is applied across
them (inverse piezoelectric effect). In an ultrasound transducer, a short
electrical pulse is applied to the piezoelectric crystals, causing them to
vibrate rapidly at their resonant frequency. These vibrations create the
high-frequency sound waves that are transmitted into the body. When the
returning echoes reflect off internal structures, they strike the same
crystals, causing them to vibrate and generate a small electrical voltage.
This electrical signal is then amplified and processed by the ultrasound
machine.

Transducer Types and Frequencies

Different clinical applications require different types of transducers, each
optimized for specific imaging tasks. Broadly, they can be categorized by
their shape and the arrangement of their piezoelectric elements. Linear array
transducers, with their rectangular footprint, are excellent for superficial
structures like muscles, tendons, and blood vessels in the neck and
extremities, offering high resolution. Curved (or convex) array transducers
have a curved surface, providing a wider field of view, which is ideal for
abdominal and obstetric imaging. Phased array transducers have a small
footprint and are capable of electronically steering the beam in multiple
directions, making them essential for cardiac imaging where wvisualizing
structures from different angles is crucial. The frequency of a transducer,
as discussed earlier, is a key determinant of its penetration and resolution
capabilities, with lower frequencies (e.g., 2-5 MHz) used for deep structures
and higher frequencies (e.g., 7-18 MHz) for superficial imaging.



Interaction of Ultrasound Waves with Tissues

As ultrasound waves travel through the body, they encounter various tissues
with different acoustic properties. The way these waves interact with these
tissues is what allows us to create images. When a sound wave strikes the
boundary between two different tissues, several phenomena can occur,
including reflection, refraction, scattering, and absorption. The relative
strength of these interactions depends on the acoustic characteristics of the
tissues involved.

Understanding these interactions is key to interpreting ultrasound images.
For example, the bright spots or strong echoes we see in an ultrasound image
are typically the result of significant reflection at tissue boundaries where
there is a substantial difference in acoustic impedance. Conversely, areas
that appear dark or have weak echoes indicate that less sound energy is being
reflected back to the transducer, perhaps due to absorption or passage
through homogeneous tissues.

Acoustic Impedance and Reflection

Acoustic impedance (Z) is a crucial physical property of a medium that
determines how much sound is reflected at an interface. It is defined as the
product of the medium's density ($\rho$) and the speed of sound ($v$) within
that medium: Z $\rho \times v$. When an ultrasound wave encounters a
boundary between two media with different acoustic impedances, a portion of
the wave will be reflected back towards the transducer, while the remaining
portion will be transmitted into the second medium. The greater the
difference in acoustic impedance between the two media, the stronger the
reflected echo will be.

This principle is the foundation of image formation in B-mode (brightness
mode) ultrasound. For instance, the boundary between soft tissue and bone, or
soft tissue and air, has a very large difference in acoustic impedance,
resulting in almost complete reflection of the ultrasound beam. This is why
bone and air are difficult to image directly with ultrasound - the sound
waves are largely reflected away from the transducer. Conversely, the
boundaries between most soft tissues have smaller impedance mismatches,
producing weaker echoes that are still sufficient for visualization.

Refraction and Attenuation of Ultrasound

Refraction is the bending of a sound wave as it passes from one medium to
another with a different speed of sound. This phenomenon occurs because the
wave changes direction when one part of the wavefront enters the second
medium before another. While reflection is crucial for image formation,
refraction can sometimes lead to artifacts or distortions in the image,
making anatomical structures appear misplaced or distorted. The degree of
refraction is governed by Snell's Law, similar to how light refracts.

Attenuation refers to the gradual decrease in the intensity of the ultrasound
beam as it travels through a medium. This reduction in intensity is caused by
a combination of absorption (conversion of acoustic energy into heat) and



scattering (redirection of sound energy in various directions). Tissues
absorb and scatter ultrasound energy to varying degrees. For example, bone
and calcified structures cause significant attenuation, while fluid-filled
structures like cysts exhibit minimal attenuation. The greater the
attenuation, the less sound energy reaches deeper structures, and the weaker
the echoes returning from those depths. This is why imaging deep structures
requires lower frequency transducers or higher transmitted power, within
safety limits.

Scattering

Scattering occurs when ultrasound waves encounter small inhomogeneities
within a medium, or when the surface of an object is rough relative to the
wavelength of the sound. The scattered waves are redirected in multiple
directions. Some of this scattered energy will travel back towards the
transducer, contributing to the overall signal received. Small structures
like red blood cells or tissue microstructure can cause scattering. Diffuse
reflection, or backscatter, from within tissues contributes to the
characteristic texture seen in ultrasound images. In some cases, scattering
can also lead to artifacts if the scattered waves are misinterpreted as
originating from a different location.

The Doppler Effect and Its Applications

The Doppler effect is a fundamental physical phenomenon that describes the
change in frequency of a wave in relation to an observer who is moving
relative to the wave source. In ultrasound, this principle is ingeniously
applied to detect and measure the movement of blood within vessels. When
ultrasound waves strike moving red blood cells, the frequency of the
returning echoes is shifted. If the blood is moving towards the transducer,
the frequency of the returning echo is higher than the transmitted frequency
(positive Doppler shift). If the blood is moving away from the transducer,
the frequency of the returning echo is lower (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 blood flow. This allows ultrasound machines to quantify blood
flow rates, assess the direction of flow, and identify areas of turbulence or
obstruction. Doppler ultrasound is an indispensable tool in cardiology,
vascular imaging, and obstetrics, providing vital information about the
circulatory system.

Color Doppler Imaging

Color Doppler imaging is a sophisticated visualization technique that
overlays color-coded information onto a standard B-mode ultrasound image.
Typically, red is used to represent blood flow moving towards the transducer,
and blue indicates flow moving away. The intensity of the color can also
represent the velocity of the flow, with brighter colors indicating faster
flow. Variance, which indicates the degree of turbulence or the presence of
flow in multiple directions within a vessel, is often displayed as green or



yellow. This technique provides an intuitive and rapid assessment of blood
flow patterns within organs and vessels, greatly enhancing diagnostic
capabilities.

Pulsed Wave and Continuous Wave Doppler

There are two main methods for performing Doppler ultrasound: pulsed wave
Doppler (PWD) and continuous wave Doppler (CWD). PWD uses short pulses of
ultrasound and relies on the time it takes for the echoes to return to
determine the depth of the sample volume. This allows for precise
localization of blood flow measurements. However, PWD is subject to aliasing,
a phenomenon where high velocities are incorrectly displayed as lower
velocities, especially when the Doppler angle is not optimal or the velocity
is too high for the system's capabilities. Continuous Wave Doppler, on the
other hand, uses two transducers — one to transmit and one to receive
continuously. This allows for the detection of very high velocities without
aliasing, but it lacks depth specificity, measuring all velocities along the
path of the beam. CWD is often used in echocardiography for assessing high-
velocity flows through heart valves.

Ultrasound Image Formation and Display

The raw data captured by the ultrasound transducer is a series of electrical
signals representing the strength and timing of returning echoes. The
ultrasound machine processes these signals through a complex series of steps
to generate the visible ultrasound image. This process involves signal
amplification, time—-gain compensation (TGC), rectification, compression, and
display. The goal is to create a real-time, two-dimensional representation of
the internal anatomy.

The resulting image is a map of acoustic reflectivity. Brighter areas
represent strong reflectors (e.g., bone, calcifications), while darker areas
represent weak reflectors or fluid-filled spaces. Grayscale imaging, also
known as B-mode imaging, is the standard for anatomical visualization.
Different display modes, such as M-mode (motion mode) and Doppler modes, are
used to visualize dynamic structures or blood flow, respectively.

Signal Processing and Amplification

The electrical signals generated by the transducer when echoes return are
often very weak. Therefore, the first step in image processing is
amplification, where these weak signals are boosted to a level that can be
further processed. This amplification is crucial for detecting subtle echoes
from deeper structures. The ultrasound machine uses various amplification
techniques to ensure that signals from different depths are appropriately
represented.



Time—-Gain Compensation (TGC)

As ultrasound waves travel through tissues, they attenuate, meaning their
intensity decreases. This leads to weaker echoes returning from deeper
structures compared to those from superficial structures, even if their
reflectivity is the same. Time-Gain Compensation (TGC) is a critical
adjustment that compensates for this attenuation. The TGC control allows the
sonographer to selectively amplify echoes based on their depth. Early echoes
(from shallow structures) are amplified less, while later echoes (from deeper
structures) are amplified more, ensuring that all structures are displayed
with appropriate brightness and that the image is uniformly illuminated from
top to bottom.

Rectification, Compression, and Display

After amplification and TGC, the received ultrasound signals are typically in
the form of alternating current (AC) waveforms. Rectification is the process
of converting these AC signals into direct current (DC) signals, as the
display system can only interpret positive amplitudes. Compression is then
applied to reduce the wide dynamic range of the received signals to a range
that can be displayed on a standard monitor. This process maps the range of
echo amplitudes to the grayscale levels available on the display, from black
(no echo) to white (strongest echo). Finally, these processed signals are
used to create the pixels on the ultrasound screen, forming the real-time
anatomical image.

Factors Affecting Ultrasound Image Quality

Achieving high-quality ultrasound images is a complex interplay of physics,
machine settings, and sonographer skill. Several factors can significantly
influence the clarity, resolution, and diagnostic value of an ultrasound
examination. Understanding these factors allows for optimization of imaging
parameters to overcome limitations and obtain the most informative diagnostic
images.

The choice of transducer, the specific machine settings, and the patient's
physical characteristics all play a role. For instance, body habitus, the
presence of bowel gas, and the depth of the structures being imaged can all
present challenges. The sonographer's expertise in manipulating the
transducer, adjusting controls, and understanding artifact generation is
paramount in overcoming these challenges and producing diagnostic-quality
images.

Acoustic Artifacts

Artifacts are features on an ultrasound image that are not representative of
actual anatomy. They can arise from the inherent physics of ultrasound or
from limitations in the imaging system or its operation. Recognizing and
understanding common artifacts is essential for accurate interpretation. Some
of the most frequent artifacts include shadowing (a dark area behind strongly



attenuating structures like calcifications), enhancement (a bright area
behind weakly attenuating structures like fluid), reverberation (multiple,
equally spaced echoes caused by reflections between two strong reflectors),
and mirror image (a duplicate of an object seen on the opposite side of a
strong reflector).

Transducer Selection and Settings

As previously discussed, selecting the appropriate transducer is critical. A
linear transducer is ideal for superficial structures requiring high
resolution, while a curved transducer is better for deeper structures needing
a wider field of view. The chosen frequency also dictates the balance between
resolution and penetration. Beyond transducer selection, machine settings
like frequency, power output (as regulated by safety standards), TGC, depth,
focus, and Doppler settings must be optimized for the specific patient and
the area being examined. For example, increasing the depth setting will
decrease the frame rate, potentially leading to a choppier image, while
decreasing it can improve temporal resolution.

Patient Factors

Several patient-related factors can impact ultrasound image quality. Body
habitus is a significant consideration; individuals with a large amount of
subcutaneous fat or thick abdominal walls can pose a challenge, as the
ultrasound beam attenuates more rapidly through adipose tissue. This often
necessitates using lower frequency transducers to achieve adequate
penetration, which in turn reduces resolution. The presence of bowel gas is
another common obstacle, as gas strongly reflects and attenuates ultrasound
waves, creating a barrier to visualizing deeper structures. Positioning the
patient, optimizing their breathing, and sometimes using specific maneuvers
can help displace gas and improve visualization. In some cases, alternative
imaging modalities may be more suitable for patients with extensive bowel gas
or very thick body habitus.

Safety Considerations in Ultrasound Physics

While ultrasound is widely considered a safe imaging modality, particularly
compared to ionizing radiation like X-rays, it's essential to understand and
adhere to safety principles. The interaction of ultrasound waves with
biological tissues can lead to thermal and mechanical effects. Diagnostic
ultrasound systems are designed with built-in safety mechanisms and adhere to
strict regulatory guidelines to minimize any potential risks.

The thermal index (TI) and mechanical index (MI) are important parameters
that indicate the potential for thermal and mechanical bioceffects,
respectively. Sonographers are trained to use the lowest effective settings
that provide diagnostic quality images, thereby ensuring patient safety.
Understanding the physics behind these bioeffects is crucial for responsible
ultrasound practice.



Thermal Bioeffects

One of the primary concerns with ultrasound is the potential for thermal
bioeffects, which occur when tissues absorb acoustic energy and their
temperature increases. This heating effect is dependent on the intensity of
the ultrasound beam, the duration of exposure, and the absorptive properties
of the tissues. Certain tissues, such as bone and lung, are particularly
susceptible to temperature elevation. The thermal index (TI) is a measure
that estimates the potential for temperature rise in tissues. It is generally
categorized as TI (soft tissue), TI (bone), and TI (near-field), indicating
the potential heating at the focal zone or specific locations. Diagnostic
ultrasound typically operates at intensities that keep TI values well below
levels known to cause tissue damage.

Mechanical Bioeffects

Mechanical bioeffects, also known as non-thermal effects, are related to the
physical forces exerted by the ultrasound wave on tissues. The most
significant mechanical effect is cavitation, which involves the formation,
oscillation, and collapse of small gas bubbles within the ultrasound field.
Inertial cavitation, where bubbles rapidly collapse and generate shock waves
and high temperatures, is of greater concern. The mechanical index (MI) is a
parameter that indicates the likelihood of cavitation. It is influenced by
peak rarefactional pressure and the ultrasound frequency. Lower frequencies
and higher pressures tend to increase the MI. Similar to thermal effects,
diagnostic ultrasound systems are designed to maintain MI values within
established safety limits, minimizing the risk of mechanical bioceffects.

ALARA Principle and Regulations

The fundamental principle guiding all medical imaging, including ultrasound,
is ALARA: As Low As Reasonably Achievable. This principle dictates that the
lowest intensity and shortest exposure time should be used that still provide
a diagnostic quality image. Regulatory bodies, such as the FDA in the United
States and similar organizations internationally, set guidelines and limits
for ultrasound equipment output to ensure patient safety. These regulations
govern the maximum allowable acoustic power and intensity, as well as the
display of thermal and mechanical indices, empowering sonographers to make
informed decisions about image acquisition parameters while adhering to
safety standards.

Conclusion

The physics of ultrasound is a complex yet elegant field that underpins one
of the most vital diagnostic tools in modern medicine. From the generation of
high-frequency sound waves by piezoelectric transducers to their intricate
interactions with the diverse tissues of the human body, each step in the
ultrasound process is governed by well-established physical principles.
Understanding concepts like acoustic impedance, attenuation, refraction, and
the Doppler effect is not merely academic; it is essential for optimizing



image acquisition, interpreting findings accurately, and ensuring patient
safety. By appreciating the underlying physics, healthcare professionals can
harness the full potential of ultrasound for accurate diagnosis and effective
patient care.

FAQ

Q: What is the primary difference between diagnostic
ultrasound and therapeutic ultrasound in terms of
physics?

A: The primary difference lies in the intensity and application of the
ultrasound waves. Diagnostic ultrasound uses low-intensity waves primarily
for imaging purposes, focusing on reflection and the Doppler effect to
visualize structures and blood flow. Therapeutic ultrasound, on the other
hand, uses higher intensity ultrasound to generate thermal or mechanical
effects within tissues for treatment purposes, such as breaking up kidney
stones or stimulating tissue healing.

Q: How does the speed of sound in different tissues
affect ultrasound imaging?

A: The speed of sound in a medium influences both the image formation time
and the ability to accurately determine depth. While the average speed of
sound in soft tissue i1s commonly used as a reference (around 1540 m/s),
variations occur in different tissues like bone or fat. These variations can
lead to slight miscalculations in depth determination if not accounted for,
and can also contribute to artifacts if the system assumes a uniform speed of
sound throughout the body.

Q: What is spectral Doppler and how does its physics
differ from color Doppler?

A: Spectral Doppler displays blood flow velocity over time as a waveform,
providing quantitative information about flow patterns. Its physics relies on
the Doppler shift, but it processes these shifts to generate a graph rather
than a color overlay. Color Doppler, in contrast, uses the Doppler shift to
color-code flow within a larger area, providing a qualitative overview of
flow direction and speed. Spectral Doppler provides more detailed velocity
information, while color Doppler offers a broader visual assessment of flow.

Q: Why are air and bone difficult to image with
ultrasound?

A: Both air and bone present significant challenges for ultrasound imaging
due to their extreme differences in acoustic impedance compared to soft
tissues. Air has very low acoustic impedance and strongly reflects ultrasound
waves, preventing them from penetrating into the body. Bone has very high
acoustic impedance and also reflects most of the ultrasound energy, while
also strongly attenuating the beam. This results in very few useful echoes



returning from structures deep to bone or air.

Q: What is aliasing in Doppler ultrasound and what
causes 1it?

A: Aliasing is an artifact in pulsed wave Doppler where high-velocity blood
flow is incorrectly displayed as moving in the opposite direction or at a
lower velocity. It occurs when the sampling rate of the ultrasound system is
not fast enough to accurately capture the frequency shift of rapidly moving
blood. Specifically, it happens when the Doppler shift frequency exceeds the
Nygquist limit, which is half of the pulse repetition frequency (PRF) of the
system.

Q: How can ultrasound be used for non-imaging
applications, and what physics principles are
involved?

A: Beyond imaging, ultrasound finds application in therapy (e.g., lithotripsy
for kidney stones, physical therapy for tissue heating) and in medical
devices like ultrasound cleaners. The physics involved in these applications
often leverages the energy deposition of ultrasound waves. For lithotripsy,
focused high-intensity ultrasound is used to create shock waves that fragment
stones. In physical therapy, ultrasound causes micro-vibrations and heat
within tissues, promoting healing and reducing inflammation.

Q: Explain the concept of beam steering in phased
array transducers.

A: Phased array transducers employ an array of small piezoelectric elements.
By precisely controlling the timing of electrical pulses sent to these
elements, the system can electronically "steer" the ultrasound beam without
physically moving the transducer. This is achieved by firing the elements in
sequence or with varying time delays, causing constructive interference of
the emitted sound waves in a specific direction. This allows for rapid
sweeping of the beam across an area of interest and enables imaging in
anatomically challenging locations like the heart.
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