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Chapter 2

Ultrasound interacts with human soft tissue in several predictable ways that allow
engineers to design instruments that provide diagnostic information that forms the
basis of medical sonography. These parameters include:

Attenuation is the decrease in amplitude and intensity of a sound wave as it
travels through a medium. A person standing at the front of a large room speaking in
a normal tone (amplitude) of voice will typically be heard by people close to the
speaker. People at the back of the room, however, will have a hard time hearing the
speaker because sound energies are attenuated as they travel through the air. In
ultrasonic imaging the energy carried by the wave is converted into minute amounts
of heat. Approximately 80% of the energy that is lost is converted into heat by the
process of absorption. The other 20% is lost through other attenuative processes
such as reflection and scattering that will be discussed in this chapter.

Reflection provides useful echo data for producing two-dimensional sonographic
images. Scattering generally dissipates imaging energies. It does, however, provide
information that can be utilized in Doppler displays and it contributes to the display of
tissue textures in solid parenchymal organs. In general, however, any pathologic
change that increases scattering in a structure will most likely result in a loss of
information available for high-quality imaging. Clinical examples of significant energy
loss due to increased scattering can be found in sonographic examination of a fatty
liver or a fibroid uterus.

UNITS OF MEASUREMENT: dB (decibels)

Note: Units for attenuation must be negative since the intensity is
DECREASING.

The attenuation coefficient is a number that refers to the amount of energy lost per
unit of travel, or per centimeter. In measuring attenuation it is important to remember
that it is measured as a round trip event; energies are lost both on the first pass into
tissue and also on the return trip by the echoes.

1. Attenuation (decibels, dB)

Attenuation Coefficient

Interaction with
Soft Tissue
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UNITS OF MEASUREMENT: dB/cm

The total amount of attenuation is dependent upon both the frequency of the
transducer (MHz) the distance traveled (cm) as well as the characteristics of the
tissue through which the sound is traveling. As the frequency of the transducer
increases, attenuation also increases.

FREQUENCY ATTENUATION
FREQUENCY ATTENUATION

For example, relative to clinical practice, a 5.0 MHz transducer, while producing
very high-resolution images, cannot penetrate deeply into the body. Because
ultrasound energies are attenuated more rapidly, less is available for imaging deeper.
Low frequency probes, on the other hand, penetrate deeply because there is less
attenuation per unit of distance (cm) but the overall resolution of the image is poorer.
Another example of the relationship between attenuation and frequency can be found
in daily life. People living in apartment houses with noisy neighbors who enjoy
playing their stereos loudly can hear low frequency sounds (bass) because these
energies travel much more effectively than the high-frequency (treble) sounds. Low
frequencies penetrate the walls and floors better than the high frequencies.

Attenuation is a significant factor in determining which transducer should be
selected for various sonographic examinations. This is because frequency of the
sound beam places limits on the depths that can be effectively and adequately
imaged. The other factor which directly influences the attenuation coefficient is the
distance traveled (cm). As this distance increases, the attenuation coefficient also
increases. :

DEPTH ATTENUATION
DEPTH ATTENUATION

A good approximation of attenuation is described in the following formula:

FORMULA: A = 0.5 dB/cm/MHz (one way)
= 1.0 dB/cm/MHz (round trip)

EXAMPLE: Calculate the overall attenuation of a 3.5MHz ultrasound beam traveling
through 5 cm of soft tissue (eliminate all units for ease of calculation):

A = 0.5dB x 5cm x 3.5MHz
= 8.75 dB (one way)
= 8.75 x 2 (both ways)
= 17.5 dB (round trip)
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The exact composition of human tissue type also affects the loss of ultrasound
energies during the imaging process. This loss is the result of reflection, scattering,
refraction and absorption. Absorption is the conversion of ultrasound into heat
whereas the other processes refer to the redirection of the sound beam from its
original trajectory. There is very little difference in the total attenuation of sound in
what are referred to as human soft tissues (“soft” indicating that the tissue is not 
“hard” such as bone).  In the chart below, it can be seen that there is only a 0.5dB/cm 
difference between fat and heart tissue, while there is a full 19dB/cm difference in
attenuation between bone and fat. This difference is largely because dense bone
absorbs nearly all of the acoustic energy impinging on it and converts most of it into
heat.

Acoustic impedance is the resistance to travel that a sound beam encounters as it
passes through a medium, such as human soft tissue. Just as velocity is dependent
on density, so is acoustic impedance. As the density of a material increases, so does
acoustic impedance. Therefore, acoustic impedance is directly proportional to tissue
density.

DENSITY ACOUSTIC IMPEDANCE
DENSITY ACOUSTIC IMPEDANCE

Tissue A.C (dB/cm)

Water 0.0022
Blood 0.18

Fat 0.6
Brain 0.6
Liver 0.7

Kidney 0.9
Muscle 1.0
Heart 1.1
Bone 20.0
Lung 41.0

Attenuation Coefficients

Acoustic Impedance (Rayl)



Chapter 2. Interaction with Soft Tissue

Physical Principles of General and Vascular Sonography Jim Baun
26

In human soft tissue, acoustic impedance is defined as the product of the density
and velocity.

FORMULA: Z = DV

Where: Z = acoustic impedance
D = density of medium
V = velocity of sound

UNITS OF MEASUREMENT: Rayl

Defining rayl simply can be, at best, difficult. When sound passes through a
medium, the pressure of the incident wave causes the particle within the medium to
move (oscillate). The impedance, or resistance, to the passage of sound is the ration
between the pressure and the particle velocity it produces. The impedance is 1 rayl
if unit pressure produces unit velocity. Two ways of stating this relationship (one
using the meter-kilogram-second method, the other using the centimeter-gram-
second method) are as follows:

1 rayl = 1 paschal-second/meter = Pas/m
= 1 newton-second/cubic centimeter = Ns/cm3

Slight differences in acoustic impedance between two tissues create an interface
that will cause a portion of the ultrasound wave to be reflected. These acoustic
mismatches are the basis of the echoes that are used in creating all two-
dimensional sonographic images. The larger the acoustic mismatch, the greater
will be the intensity of the reflected portion of the beam. The acoustic impedances of
some common tissues are summarized below:

Tissue Impedance (Rayl X 10-5)

Air 0.0004
Fat 1.38
Water 1.48
Blood 1.51
Kidney 1.62
Soft tissue (average) 1.63
Liver 1.65
Muscle 1.70
Bone 7.8

Typical Impedances
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This chart demonstrates that the difference in values for acoustic impedance is
practically non-existent in most of the body's tissues and, typically, less than 1% of
the incident sound beam will be reflected from any given interface. The exceptions
are bone and air. The large difference in acoustic impedance is the reason that bony
or air-filled structures cannot be imaged. For example, in scanning the lung, highly
reflective surfaces can be seen on the screen, but no information will be displayed
provided beyond that point. That is because approximately 98% of the ultrasound
beam is reflected due to the high magnitude of difference in acoustic impedance
between the air-containing lung and the intervening skin, musculature and soft tissue.

Ultrasound images depend upon a balance between reflection and transmission
of the sound beam, or, more specifically the ultrasonic pulse. As the pulsed beam
enters the human body, it encounters tissues of varying, or mismatched, acoustic
impedances. When it encounters such an impedance mismatch, a portion of the
incident beam is reflected or sent back toward the transducer. These reflected
energies are called echoes and are detected, analyzed, and displayed by the
ultrasound machine as part of the sonographic information obtained. A portion of
the incident beam continues the journey, interacting with subsequent impedance
mismatches. Several factors control these two phenomena. Reflection requires a
large enough smooth surface so that the sound beam doesn't split and go around the
structures; differences in acoustic impedance must also exist. If the mismatch is too
large, however, most sound will be reflected and none will remain to penetrate
deeper. The percentage of sound reflected depends on the angle of incidence and
the difference in acoustic impedance between the two media.

FORMULA: R =

Where: R = % beam reflected
Z1 = acoustic impedance (medium 1)
Z2 = acoustic impedance (medium 2)

EXAMPLE: Assuming normal
incidence, calculate the
percent of the beam reflected
when an ultrasound pulse
travels from the liver into the
kidney. Since the pulse is
traveling from the liver (Z1)
into the kidney (Z2) the
formula, using the impedance
chart above, can be written
as:

2. Reflection

(Z2 - Z1)2

(Z1 + Z2)2
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The angle at which the sound beam strikes the interface, which does not figure
into the above equation, is the other important factor that affects the magnitude of
reflection. When the sound beam is at 90°, or perpendicular to the reflector, it is said
to possess NORMAL INCIDENCE. Maximum reflection of wave energy occurs
when the incident beam is normal to the interface. It's like shining a bright flashlight
directly into a mirror. Also, according to Snell's Law (discussed more under
Refraction) when the angle of the incident
beam is normal (90°), the angle of the
transmitted sound is also normal (or straight
ahead) and there will be no refraction
(bending of the beam). According to a
variation on Snell’s Law, the angle of 
incidence equals angle of reflection. If a
sound beam strikes a reflector significantly
off 900, the reflected sound will be bounced
away from the returning path to the
transducer. This inhibits the ability to obtain
good images. As always with ultrasound
reflections, there must be a difference in
acoustic impedance for an echo to occur.
OBLIQUE INCIDENCE is the term applied to
any angle of incidence that isn't normal (90°).
Generally, it is only of interest when
considering refraction or in optimizing transducer position in imaging applications.

Angle of Insonation
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Reflection can be measured in terms of the difference in amplitude that exists
between the incident beam and the returning echoes. Assuming that the incident
beam is the entire beginning entity (unity, or 1) then transmitted energies are those
remaining after a reflection occurs at an interface. Mathematically, transmitted
energies (T) are the difference between what went into the interface (1) and what
was reflected back (R). This relationship is described by the equation:

FORMULA: T = 1 - R

where: 1 = incident sound intensity
T = transmitted energies
R = amount reflected

EXAMPLE: Using the calculations above for reflection from a liver/kidney interface,
what percentage of the ultrasound beam intensity is transmitted beyond this
interface?

T = 1 - R
= 1 - 0.00008
= 0.99992

Virtually all of the original intensity remains after encountering the first interface in
this hypothetical medium through which the wave is traveling. Again, for purpose of
example, adequate energy remains to continue on to the next interface and produce
yet another reflection. Obviously, transmission and reflection intensities, when added
together, will always equal incident intensity at the interface. It is possible to describe
reflection and transmission intensities as a percentage of incident intensity. The
following two coefficients do just that:

INTENSITY REFLECTION COEFFICIENT (IRC) is the percentage of the beam
that is reflected when the sound beam passes from one medium to another. It is a
direct function of the difference in acoustic impedance. Mathematically, the reflection
coefficient is calculated by the formula given above for standard reflection (using
acoustic impedance, or Z, values). However, it can be stated another way as a ratio,
or percentage, of reflected intensity to incident intensity:

FORMULA: IRC =
Reflected intensity

Incident intensity

Reflection Coefficients
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INTENSITY TRANSMISSION COEFFICIENT (ITC) is the percentage of the beam
that is transmitted through the interface and goes on to interact with subsequent
impedance mismatches. It is inversely related to the reflection coefficient; as the
magnitude of reflection increases, the magnitude of transmission decreases.
Remember that, at normal incidence, when there is no change in the acoustic
impedance, no reflection will occur. In this case, the transmitted energies are equal
to the incident energies. This value is expressed mathematically as:

FORMULA: ITC =

Both of these coefficients are unitless and can range from 0-100%. When added
together, however, they always equal 100%.

Some important points about reflectors found in the human body:

1. Strongest reflections arise from the greatest changes in mechanical or elastic
properties of adjacent tissue. It is mathematically related to the difference in
acoustic impedance.

2. Approximately 1% of the incident beam can be reflected from smooth connective
tissue such as that found in the renal capsule, surrounding major muscle bundles,
and in the walls of small blood vessels.

3. At normal incidence (Fo = 90°) the amount of reflection is proportional to the
difference in acoustic impedance between two tissues.

MUSCLE - BLOOD INTERFACES REFLECT <1%
FAT - MUSCLE INTERFACES REFLECT <1%
TISSUE - BONE INTERFACES REFLECT 43%

Specular means mirror-like, and while specular reflection doesn't truly occur in
diagnostic ultrasound, the word has come to connote bright, smooth reflectors. True
specular reflection would send all energies back to the transducer and , as you know,
some of the energy must be transmitted for deeper imaging. For a reflector to be
considered specular, it must have a large, flat surface greater in size than the
resolving capabilities of the scanner (usually 1mm). Secondly, an acoustic mismatch
must exist. Finally, the reflecting surface must be nearly perpendicular to the
transducer face in order for the reflection to be received by the transducer.

Transmitted intensity

Incident intensity

Specular Reflection
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The smoother the interface, the more the
magnitude of the reflection depends upon the
incident angle. Maximum reflection occurs at
90°. For most anatomic structures, the
wavelength is considerably smaller than the
interface. Therefore, the best reflection occurs
when the transducer is at 90° to the interface.
As the transducer is moved away from 90°, the
intensity of the reflection diminishes until,
finally, it is not detectable. There is no specific
angle at which this occurs. Rather, it is a
function of impedance mismatch, sensitivity of
the unit, transducer diameter, and depth of the
reflector.

Scattering occurs when the sound beam interacts with interfaces that are rough,
irregular, or smaller than the wavelength of the sound beam. For example, small
reflectors that are about the same size as a wavelength fall into this category. This
phenomenon is most widely used in Doppler ultrasound and in producing
parenchymal tissue textures. Small, uneven reflectors produce low-level echoes. In
the liver, breast, and other parenchymal structures, small lobules provide acoustic
interfaces and generate different textural patterns. A major scatterer in the human
body is the red blood cell (RBC), each of which has a dimension of about 8-10m.
Each RBC will absorb a certain amount of ultrasound energy and will re-radiate it in
all directions. This means that a blood vessel can be insonated and the resulting
scattering can be detected from any angle as long as the receiver is pointed at the
area of insonation.

The reduction of the incident energies over 360° is called Rayleigh scattering. It
is analogous to the concentric formation and distribution of light when the headlights
of an automobile interact with fog. No longer are the beams of the headlights
focused directly on the road, but rather a glowing cloud is seen in front of the car.
Raleigh scattering most frequently occurs in circulating red blood cells and forms the
basis for Doppler and Color Doppler Imaging (CDI) techniques.

This schematic demonstrates a specular
reflector, which is a large interface that is
close to perpendicular (900) to the beam.

Non-Specular Reflection (Scattering)
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FACTORS INFLUENCING SCATTERED INTENSITY:

1. Dimension of the scatterer. As size increases, scattered intensity increases.

2. Number of scatterers present. As number increases, intensity increases.
Studies have shown that scattering from blood is proportional to hematocrit
(HCT) when measured at low levels.

3. Inhomogeneity of scatterer, or difference in acoustic impedance between
scatterer and surrounding material.

4. Frequency of incident beam. As frequency increases, intensity increases.

Refraction is the change in direction of a wave as it passes obliquely from one
medium into a second medium in which the propagation speed is different.
Refraction occurs with light as well as sound. An example of light refraction is
demonstrated in some science classes where the teacher places a pencil into a vase
filled with water. To the eye of the observer, it appears that the pencil is bent. In
reality, the difference in the direction of light waves passing through water and air
bends, or refracts, the light. The same can happen with ultrasound waves. Simply
stated, refraction is the change in direction of sound as it passes from one medium to
another.

3. Refraction

This schematic demonstrates scattering, or the
re-direction of sound energies when the incident

beam encounters an irregular surface.
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SNELL'S LAW OF OPTICS calculates this bending effect. It states that the ratio
of the sine of the incident angle and the sine of the refracted angle are almost equal.
When a sound beam obliquely encounters an interface, part of the beam is reflected
and part of it passes through.  Snell’s Law of Refraction calculates the angle of the 
transmitted beam. The sound beam is always bent TOWARD the low velocity
medium.

FORMULA:

Where: sin t = transmitted angle
sin i = incident angle
C2 = velocity through medium 2
C1 = velocity through medium 1

DIFFERENCE IN VELOCITY REFRACTION
DIFFERENCE IN VELOCITY REFRACTION

EXAMPLE : Calculate the angle of refraction of a beam passing at an angle of 10o

from fat into soft tissue.
1. Obtain sin for incident angle (sin i) from sin table. (sin 10o = .173)
2. Obtain velocity for fat (C1) and soft tissue (C2) from velocity table.

(C1 = 1460 m/s; C2 = 1540 m/s)

sint

.173
= 1540

1460

sint

.173
= 1.06

sint = 1.06 x.173

sint = 0.183

t = 10o

sint

sini

C2

C1

From sin chart:
sin .183 = 10o

=
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Refraction is a significant consideration in clinical applications of ultrasound
technology. First of all, refraction can only occur if there is oblique incidence and a
change in propagation speed between two media. When this happens, however, the
bending of the sound beam can cause a variety of imaging artifacts and energy
losses that may confuse the novice sonographer. With experience, techniques can
be developed to compensate for this problem. (These are described further in the
Chapter 14: Imaging Artifacts). One such phenomenon is called CRITICAL ANGLE.
If the speed of sound in the material on the second side of an interface (Z2) is
significantly greater than that in the material on the first side of the interface (Z1) and
there is a severe or “critical” angle of incidence, the sound beam may be refracted at
90° to incident. If all the energy is sent off at 90°, the transducer cannot detect
echoes from the interface and "drop-off" or loss of imaging will occur in this area. In
clinical practice, this is frequently seen near the dome of the full urinary bladder, at
the edges of the BPD, or in any situation where a curved anatomical structure
possessing different acoustic impedance from surrounding tissue exists.

Sound waves“refract” or bend away at 90o away
from incident when the beam encounters a curved

structure of different acoustic impedance.

See p. 56 for Exercises 2: Interaction with Soft Tissue


