ultrasound physics equations

Ultrasound physics equations are fundamental to understanding how medical ultrasound imaging
works. From the generation of sound waves to their interaction with tissues and their eventual
reconstruction into an image, a deep grasp of the underlying physical principles, expressed through
mathematical formulas, is essential for sonographers, physicists, and medical professionals. This
article delves into the core ultrasound physics equations that govern diagnostic ultrasound, covering
wave properties, attenuation, reflection, refraction, and image formation. We'll explore how these
equations are not just abstract concepts but practical tools that dictate the quality and interpretability of

ultrasound scans.
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The Nature of Ultrasound Waves and Their Properties

Ultrasound, by definition, refers to sound waves with frequencies higher than the upper audible limit of



human hearing, typically above 20 kilohertz (kHz). In diagnostic medical imaging, the frequencies used
are much higher, usually ranging from 2 to 18 megahertz (MHz). These are mechanical waves,
meaning they require a medium to propagate, and they travel as longitudinal waves. This means that
the particles of the medium vibrate parallel to the direction of wave propagation, creating areas of
compression and rarefaction. The physics governing these waves are well-defined by a set of core

equations that dictate their behavior within biological tissues.

Understanding the fundamental properties of these waves is paramount. We're talking about speed,
frequency, wavelength, and amplitude. These parameters are interconnected and influence how
ultrasound energy travels through the body, interacts with different structures, and ultimately forms an
image. Without a solid grasp of these relationships, interpreting the complexities of ultrasound imaging
becomes an uphill battle. It's like trying to understand a symphony without knowing the musical notes;

the equations are the notes that make the ultrasound melody.

Understanding Wave Speed in Ultrasound Physics Equations

The speed of sound in a medium is a critical factor in ultrasound physics. This speed is primarily
determined by the medium's stiffness (bulk modulus) and its density. Tissues within the human body
are not uniform, leading to variations in sound speed. The speed of sound in soft tissue is remarkably
consistent across different tissues, averaging around 1540 meters per second (m/s) or 1.54 millimeters
per microsecond (mm/us). This approximate value is a cornerstone for many calculations in ultrasound.

The equation that describes this relationship is:
V= sqrt(K/U)

where v is the speed of sound, K is the bulk modulus (a measure of stiffness), and U(rho) is the
density of the medium. While this equation is fundamental, in practical ultrasound, we often work with
the assumed average speed in soft tissue to calculate imaging depth and time delays. The consistency
of this speed simplifies the interpretation of ultrasound images, allowing us to determine the distance

to a structure based on the time it takes for the echo to return.



Calculating Wavelength and Frequency in Ultrasound Physics

Equations

Frequency (f) and wavelength (D) are inversely related to the speed of sound (v) through the following

fundamental wave equation:
v=f H

This equation is incredibly important because it highlights the trade-off between frequency and
wavelength. Higher frequency transducers produce shorter wavelengths. Shorter wavelengths offer
better spatial resolution, allowing us to distinguish between smaller, closely spaced structures.
However, high-frequency ultrasound waves are also attenuated more significantly as they travel
through tissues, limiting their penetration depth. Conversely, lower frequency transducers have longer
wavelengths, providing better penetration but poorer resolution. Sonographers must choose transducer

frequencies that strike the right balance for the specific clinical application.

Ultrasound Beam Characteristics: Intensity, Power, and Amplitude

The intensity (I) of an ultrasound beam is defined as the power (P) transmitted per unit area (A):
I=P/A

Intensity is crucial because it directly relates to the energy delivered to the tissues and the strength of
the returning echoes. Power is the rate at which energy is transferred, and amplitude is the maximum
displacement or pressure variation in the wave. Amplitude is related to intensity by the square of the
amplitude: / UAmp/itudeZ. Higher intensity beams can provide stronger echoes, which is beneficial for
imaging deeper structures. However, there are strict regulations on the maximum intensity levels to
prevent thermal and mechanical bioeffects in patients. The ultrasound system continuously adjusts

parameters to optimize intensity for diagnostic purposes.



The Crucial Role of Attenuation in Ultrasound Physics

Equations

As an ultrasound wave travels through tissue, its intensity gradually decreases. This phenomenon is
known as attenuation, and it's a primary factor limiting the depth of ultrasound imaging. Attenuation is
caused by several processes, including absorption (conversion of sound energy into heat) and
scattering (redirection of sound waves in various directions). The amount of attenuation is generally

proportional to the path length the ultrasound beam travels and the frequency of the ultrasound wave.

The relationship between attenuation and depth is often expressed in decibels (dB). A common rule of
thumb is that attenuation in soft tissue is approximately 1 dB per centimeter per megahertz
(dB/cm/MHz). This means a 5 MHz transducer will experience 5 dB of attenuation per centimeter
traveled, while a 10 MHz transducer will experience 10 dB of attenuation per centimeter. This
exponential decrease in intensity means that by the time echoes from deep structures return to the
transducer, they are significantly weaker than the initial transmitted pulse. The ultrasound system
compensates for this by using a Time Gain Compensation (TGC) control, which amplifies returning

echoes based on their depth, effectively "leveling out" the image.

Understanding Acoustic Impedance and Its Significance

Acoustic impedance (Z) is a fundamental property of a material that describes its resistance to the
passage of sound waves. It is defined as the product of the medium's density ([l) and the speed of

sound (v) in that medium:
Z= H Z

The significance of acoustic impedance lies in how ultrasound waves behave at the interface between
two different media. When an ultrasound wave encounters an interface where the acoustic impedances
of the two media differ, a portion of the wave is reflected, and a portion is transmitted. The greater the

difference in acoustic impedance, the stronger the reflection. This principle is the very foundation of



ultrasound imaging. Different tissues and structures within the body have different acoustic
impedances, and it is the echoes from these interfaces that the ultrasound system detects and uses to

build an image.

For example, the interface between fluid and soft tissue has a large difference in acoustic impedance,
resulting in a strong specular reflection. The interface between two different types of soft tissue also
exhibits reflections, though they may be weaker. Understanding acoustic impedance is key to
understanding why certain structures appear bright (hyperechoic) or dark (hypoechoic) on an

ultrasound image.

Reflection and Scattering: The Basis of Ultrasound Imaging

Reflection is the phenomenon where an ultrasound wave bounces off an interface between two media.
There are two main types of reflection relevant to ultrasound: specular reflection and diffuse reflection
(scattering). Specular reflection occurs when the reflecting surface is much larger than the wavelength
of the ultrasound and is smooth relative to the wavelength. These are strong, mirror-like reflections that
are highly angle-dependent. Bone and diaphragm surfaces are good examples of structures that

produce strong specular reflections.

Scattering, on the other hand, occurs when the ultrasound wave encounters small reflectors, such as
red blood cells or the microscopic structures within tissues. These reflectors are comparable in size to
or smaller than the wavelength of the ultrasound. Scattering redirects the sound beam in multiple
directions, and only a fraction of the scattered energy returns to the transducer. The collective effect of
scattering from many small reflectors contributes to the texture or echogenicity of tissues. The strength
of these scattered signals is what allows us to differentiate between tissues that don't have distinct

smooth interfaces.



Refraction and Its Impact on Ultrasound Image Formation

Refraction is the bending of an ultrasound wave as it passes from one medium to another, provided
the angle of incidence is not perpendicular (90 degrees) and the speed of sound differs between the

two media. Snell's Law describes this phenomenon:
sin(H,) / sin(ﬂz) =v,/ v,

where U, and U2 are the angles of incidence and refraction, respectively, and v, and v, are the speeds
of sound in the first and second media. While the human body exhibits variations in sound speed, the
relatively homogeneous nature of soft tissue and the predominantly perpendicular incidence of the
ultrasound beam in many diagnostic scenarios mean that refraction is usually a minor artifact in

ultrasound imaging compared to its effect in other wave phenomena.

However, significant differences in speed, like between air and tissue or bone and tissue, can cause
substantial refraction and distortion. In cases where the beam is transmitted obliquely across a strong
interface, refraction can lead to misregistration of structures, making them appear in the wrong location
on the image, or cause shadowing behind strongly refracting objects. Understanding refraction helps in

recognizing and sometimes mitigating these image artifacts.

Doppler Effect Equations for Velocity Measurement

The Doppler effect is a cornerstone of vascular ultrasound and is used to assess blood flow. It
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 emits ultrasound waves (the source), which reflect off
moving red blood cells (the reflectors), and the returning echoes are detected by the same transducer
(the observer). If the red blood cells are moving towards the transducer, the frequency of the returning
echo is higher than the transmitted frequency (positive Doppler shift). If they are moving away, the

frequency is lower (negative Doppler shift).



The Doppler equation quantifies this frequency shift (I:lf) and relates it to the velocity (v) of the moving

reflectors:
Hf =2fo (v/c) cos(ﬂ)

where f; is the transmitted frequency, v is the velocity of the moving reflectors, c is the speed of sound
in the medium, and His the angle between the ultrasound beam and the direction of motion of the
reflectors. The factor of '2' accounts for the fact that the Doppler shift occurs twice: once when the
wave encounters the moving reflector and again when the reflected wave returns to the transducer.
The cos(g) term highlights a critical limitation: the Doppler angle. Maximum velocity is measured when
the beam is parallel to flow (D = 0°, cos([l) = 1). As the angle increases, the measured velocity
decreases, leading to underestimation of true velocity. This is known as the "angle dependence" of

Doppler ultrasound, and accurate angle correction is vital for reliable velocity measurements.

Spatial and Temporal Resolution in Ultrasound Imaging

Two critical parameters that define the quality of an ultrasound image are spatial resolution and
temporal resolution. Spatial resolution refers to the ability of the ultrasound system to distinguish
between two closely spaced objects. It is influenced by several factors, including the transducer's
frequency (higher frequency means shorter wavelength and better resolution), the beam's focus, and
the pulse length. Axial resolution (along the beam path) is primarily determined by the spatial pulse
length (SPL), which is the number of cycles in a pulse multiplied by the wavelength. Lateral resolution
(perpendicular to the beam path) is largely determined by the beam width, which is minimized by

focusing.

Temporal resolution describes the ability of the ultrasound system to display moving structures
accurately over time. It is determined by the frame rate — the number of images or frames generated
per second. A higher frame rate results in smoother visualization of motion, which is crucial for
assessing blood flow dynamics, fetal heart activity, and other rapidly moving structures. Frame rate is
inversely related to the depth of imaging and the number of lines per frame. To achieve higher frame

rates, systems may sacrifice some lateral resolution by using fewer lines per frame or reduce the



depth of penetration. The interplay between these factors, guided by the underlying physics equations,

allows sonographers to optimize image acquisition for specific clinical needs.

The journey through ultrasound physics equations reveals the intricate blend of physics and technology
that enables diagnostic ultrasound. Each formula, from the basic wave equation to the more complex
Doppler equations, provides a window into how sound waves interact with matter and how these
interactions are harnessed to create diagnostic images. A thorough understanding of these principles
is not just academic; it directly impacts the clarity, accuracy, and diagnostic value of every ultrasound
examination performed, empowering healthcare professionals to see within the human body with

remarkable detail and precision.

Q: What is the most fundamental equation in ultrasound physics and
why?

A: The most fundamental equation is arguably the wave equation relating speed, frequency, and
wavelength: v = fﬂ. This equation is fundamental because it governs the core characteristics of the
ultrasound wave itself, dictating the trade-off between penetration (affected by wavelength) and detail
(also affected by wavelength, with shorter wavelengths providing better detail). It's the foundational

relationship that influences many other aspects of ultrasound imaging.

Q: How does acoustic impedance affect the appearance of tissues in

an ultrasound image?

A: Acoustic impedance (Z = D v) determines how much ultrasound energy is reflected at an interface
between two tissues. A significant difference in acoustic impedance between two adjacent tissues
leads to a strong reflection, making the interface appear bright (hyperechoic) on the image.
Conversely, tissues with similar acoustic impedances will have weaker reflections, resulting in darker

(hypoechoic) or even anechoic (black) appearances if no reflection occurs.



Q: Explain the significance of the cosine term in the Doppler equation.

A: The cosine term, cos([l), in the Doppler equation (Df =2 f[l (v/c) cos(l:l)) is crucial because it
accounts for the angle between the ultrasound beam and the direction of blood flow. It signifies that
the measured Doppler shift (and thus the calculated velocity) is maximized when the beam is parallel
to the flow (D =0°, cos([l) = 1) and decreases as the angle increases. If the beam is perpendicular to
the flow (D = 90°, cos(D) = 0), there is no measurable Doppler shift, leading to a calculated velocity of
zero, regardless of actual flow. This is why accurate angle correction is essential for reliable velocity

measurements in Doppler ultrasound.

Q: What is attenuation, and how is it represented in ultrasound
physics?

A: Attenuation is the gradual decrease in the intensity of an ultrasound beam as it travels through
tissue. It's caused by absorption and scattering of the sound energy. In ultrasound physics, attenuation
is often quantified in decibels (dB) per unit distance per unit frequency (e.g., dB/cm/MHz). This
understanding is critical for predicting imaging depth limitations and for implementing compensation
techniques like Time Gain Compensation (TGC) to equalize the amplification of echoes from different

depths.

Q: How does the choice of transducer frequency relate to ultrasound
physics equations?

A: The choice of transducer frequency directly impacts the wavelength (D) according to the equation v
= fﬂ. Higher frequencies result in shorter wavelengths, which in turn improve spatial resolution (the
ability to distinguish small, closely spaced structures). However, higher frequencies also lead to greater
attenuation, limiting penetration depth. Therefore, transducer frequency selection is a compromise
dictated by the physics of wave propagation, balancing the need for detail with the requirement for

adequate penetration to visualize the target anatomy.



Q: What is the difference between specular reflection and scattering in

ultrasound, and how do they contribute to image formation?

A: Specular reflection occurs at smooth, large interfaces (relative to the wavelength), like the
diaphragm or bone surfaces, producing strong, mirror-like echoes. Scattering occurs from small
reflectors, such as red blood cells or internal tissue structures, redirecting the sound in multiple
directions. While specular reflections provide strong signals from boundaries, scattering from numerous
small reflectors creates the characteristic texture and echogenicity of different tissues, allowing us to

differentiate homogeneous structures. Both are fundamental to creating a discernible ultrasound image.
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