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ltrasound and Regional Anesthesia

rtifacts and Pitfall Errors Associated With
ltrasound-Guided Regional Anesthesia. Part I:
nderstanding the Basic Principles of Ultrasound
hysics and Machine Operations
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ltrasound guidance in regional anesthesia has
grown in popularity over the past 5 years. Its

ttractiveness stems from the unprecedented ability
o visualize the target nerve, approaching needle,
nd the real-time spread of local anesthetic.1 As
ltrasound experience grows within the regional
nesthesia community, the limitations and chal-
enges begin to declare themselves. Chief among
hese limitations are ultrasound-generated artifacts.
ecognition of such optical events combined with
n appreciation of the mechanisms involved sup-
orts a high quality ultrasound-guided regional an-
sthesia practice. The objective of this article (Part I)
s to describe the physical properties of ultrasound

ost relevant to the regional anesthesiologist so
hat clinical sonographic imaging can be optimized
nd common ultrasound-generated artifacts (dis-
ussed in more detail in Part II2) can be recognized.
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ltrasound Generation, Frequency,
nd Wavelength

An ultrasound wave is a form of acoustic energy
nd is generated when multiple piezoelectric crys-
als inside a transducer (i.e., the probe) vibrate at
igh frequency in response to an alternating cur-
ent. The rapid vibration, which is transmitted to
he patient through a conductive gel, propagates
ongitudinally into the body as a short, brief series
f compressions (high pressure) and rarefactions
low pressure). Each ultrasound wave is character-
zed by a specific wavelength (distance between
ressure peaks) and frequency (number of pressure
eaks per second). The propagation velocity of a
ound wave (i.e., acoustic velocity) is fairly constant
n the human body (c) and is approximately 1,540

eters per second. Therefore, in the human body,
e can use the following equation:

1) c � � · f

here � � wavelength, f � frequency, and c �
,540 meters per second. In order to generate a
linically useful image, the ultrasound waves must
ounce off of tissues and return to the probe. The
robe, after emitting the wave, switches to a receive
ode. When ultrasound waves return to the probe,

he piezoelectric crystals will vibrate once again,
his time transforming the sound energy into elec-
rical energy. This process of transmission and re-
eption can be repeated over 7,000 times a second
nd, when coupled to computer processing, will
esult in the generation of a real-time 2-dimen-
ional image that appears seamless.

The degree to which the ultrasound waves reflect

ff of a structure and return to the probe will de-
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Ultrasound Physics • Sites et al. 413
ermine the signal intensity on an arbitrary gray
cale.3 Structures that strongly reflect ultrasound
enerate large signal intensities and appear whiter
r hyperechoic. In contrast, hypoechoic structures
eakly reflect ultrasound and appear darker.

ltrasound Interactions with Tissues

As the ultrasound waves travel through the body
Fig 1), they are influenced by reflection, refraction,
nd attenuation.4 When an ultrasound wave en-
ounters a boundary between 2 different types of
issues, part of the acoustic energy is reflected and
art is transmitted. A large and smooth reflector
e.g., the needle) acts like a mirror and is hence
alled a specular reflector. An irregular surface ran-
omly scatters ultrasound and is referred to as a
cattering reflector. Most neural images are gener-
ted based on scattering rather than specular reflec-
ion. The amount of ultrasound that is reflected is
roportional to the difference in acoustic imped-
nce (tendency to resist the passage of ultrasound)

ig 1. The many responses that an ultrasound wave pro-
uces when traveling through tissue. (a) Scatter reflection:
he ultrasound wave is deflected in several random direc-
ions both to and away from the probe. Scattering occurs
ith small or irregular objects. (b) Transmission: the ultra-

ound wave continues through the tissue away from the
robe. (c) Refraction: when an ultrasound wave contacts
he interface between 2 media with different propagation
elocities, the ultrasound wave is refracted (bent) depend-
ng upon the difference in velocities. (d) Specular reflection:
eflection from a large, smooth object (such as the needle)
hich returns the ultrasound wave toward the probe when

t is perpendicular to the ultrasound beam.
etween adjacent tissues. The greater the mismatch (
n acoustic impedance between 2 tissue interfaces,
he more energy is reflected back towards the
robe, resulting in 2 distinct images on the ultra-
ound screen. A bone/soft tissue interface, for ex-
mple, reflects 43% of the incoming ultrasound
aves. In contrast, a muscle/blood interface reflects
.1% of the ultrasound waves.
Clinical pearls: The regional anesthesiologist is at a

istinct advantage when the target nerve is surrounded by
issue that has a different acoustic impedance. For exam-
le, the sciatic nerve in the popliteal fossa is surrounded
y adipose tissue. The large difference in acoustic imped-
nce between the sciatic nerve and the adipose tissue
auses the nerve to appear clearly hyperechoic relative to
he hypoechoic surrounding adipose tissue (Figs 2 and 3).
he reverse is true for the roots of the brachial plexus in

he interscalene region. Here, there is a large difference in
coustic impedance between the fascial layers that envelop
he plexus and the nerves themselves thereby causing the
erves to appear unmistakably hypoechoic relative to

heir surroundings (Fig 4).
When ultrasound passes through a tissue inter-

ace (nonreflected), it will likely change its direction
f travel. This is a process known as refraction and
ccurs when the wave reaches a boundary that
eparates 2 tissues with different, however slight,
coustic velocities. Light also is refracted (Snell’s
aw) and is the reason a fork appears bent when it
s inserted into a glass of water. Refracted ultra-
ound may not contribute to successful imaging of
he target structure if a significant amount of the
ltrasound does not return to the probe. Refraction
as well as reflection away from the probe) occurs

ig 2. The short axis view of the sciatic nerve in the
opliteal fossa. The large arrow indicates the nerve. The
dipose tissue creates a distinct interface with the sciatic
erve which allows for an easy visual distinction between
erve and surrounding muscle. The nerve is hyperechoic

white) and the fat is hypoechoic (dark).
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o a larger extent when the angle of incidence be-
ween the ultrasound beam and the structure is
ther than perpendicular.3

Clinical pearls: With respect to needle visualization,
he goal of the anesthesiologist is to simultaneously

inimize refraction and maximize reflection back to-
ard the probe by keeping the needle perpendicular to

he ultrasound beam as indicated in Figure 5A. With
eeper nerve targets, the angle of incidence between the
eam and needle becomes more parallel such that more
ltrasound waves are redirected (by refraction and
eflection) and fewer waves successfully return to the
robe. The end result is that the needle becomes less
isible (Fig 5B). For this reason, many providers prefer
he out-of plane needle approach for deeper target
erves (Fig 6).
Attenuation is the progressive loss of acoustic

nergy as a wave passes through tissue.4 This results
n a progressive decrease in the returning signal
ntensity as the ultrasound travels deeper into a
issue bed. The major source of ultrasound attenu-
tion is the conversion of some of the acoustic (i.e.,
echanical) energy into heat by a process known as

bsorption. Attenuation is directly related to the
epth of beam penetration, the type of tissue being
maged, and varies indirectly with the frequency of
he ultrasound waves. Different tissues will result in
ifferent degrees of attenuation. Attenuation is
easured in decibels per centimeter of tissue (dB

m�1) and is represented by the attenuation coeffi-
ient of the specific tissue. The higher the attenua-
ion coefficient, the more attenuated the ultrasound
aves are by the specified tissue. Examples of at-

enuation coefficients of different physiologic tis-

ig 3. The short axis view of the sciatic nerve in the
opliteal fossa. This image comes from an athlete. Note
he difficulty in distinguishing the sciatic nerve from the
urrounding muscle. N, sciatic nerve; M, muscle.
ues are listed in Table 1. Figure 7 shows the impact s
f frequency and depth on the attenuation of ultra-
ound.

Clinical pearls: While attenuation can have a profound
egative impact on image quality, there are 2 important
djustments that can be made on the ultrasound machine
hat help to overcome some of the effects of attenuation.
irst, most machines allow the operator to artificially

ncrease (or decrease) the signal intensity of the returning
choes from all points in the displayed field. This is
ccomplished by adjusting the gain control higher to
ncrease the overall brightness. Second, most machines
ffer the operator the ability to control gain independently
t specified depth intervals. This is known as time gain
ompensation. The time gain compensation should be
rogressively increased as the depth of penetration in-
reases in order to compensate for the corresponding loss
f signal intensity (Fig 8).

esolution

Resolution refers to the ultrasound machine’s
bility to distinguish one object from another.5 The
ost important types of resolution for the regional

nesthesiologist are axial, lateral, and temporal res-
lution.
Axial resolution refers to the machine’s ability to

eparate 2 structures lying at different depths, par-
llel to the direction of the ultrasound beam. Axial
esolution is roughly equal to one half of the pulse
ength. If the distance between 2 objects is greater
han one half of the length of the ultrasound pulse,
hen the structures will appear as 2 separate objects
Fig 9). It follows then that higher frequency probes
shorter pulse lengths) produce the best axial reso-

ig 4. The short axis view of the interscalene brachial
lexus. The arrows indicate the individual roots of the
rachial plexus. Note the distinct hypoechoic nature of
he roots in contrast to the hyperechoic fascial sheath. AS,
nterior scalene muscle; CA, carotid artery; MS, middle

calene muscle; SCM, sternocleidomastoid muscle.



l
q
a
i

8
s
e

F
i
u
t
N e are m
d

F
(
T
d
o
o
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ution. However, as described above, higher fre-
uency ultrasound waves are more readily attenu-
ted than lower frequency sound waves, resulting
n poor tissue penetration.

ig 5. (A) Long axis image of an 18-gauge needle insert
nserted perpendicular to the ultrasound beam, it acts a
ltrasound returning to the probe. (B) The angle of need
hereby increasing refraction and reflection away from th
ote also the reverberation artifact in (A), in which ther
iscussion of this artifact can be found in Part II.2

ig 6. (A) The in-plane approach for needle insertion. (B
C) The out-of-plane approach for needle insertion. (D) T
he out-of-plane approach has the disadvantage of only
eep blocks such as the transgluteal sciatic block, the out-
f reflection toward the probe and minimization of refra

f the needle to the beam even at extreme depths.
Clinical pearls: High frequency transducer probes (e.g.,
-12 MHz) afford high axial resolution of superficial
tructures (e.g., axillary region) but have low tissue pen-
tration. Low frequency probes (e.g, 4-7 MHz) allow for

plane with the ultrasound beam. Because the needle is
rong specular reflector, resulting in a large amount of
rtion was changed from perpendicular to more parallel,
e. This is the reason the image of the needle is degraded.
ultiple needles visualized under the actual needle. Full

corresponding needle image for the in-plane approach.
responding needle image for the out-of-plane approach.

izing a portion of the needle on short axis. However, for
ne approach may be preferred secondary to optimization
This is secondary to the near perpendicular relationship
ed in-
s a st
le inse
e prob
) The
he cor
visual
of-pla
ction.
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eeper tissue penetration (e.g., subgluteal region) at the
xpense of fine axial resolution. Therefore, probe selection
s always a trade-off between axial resolution and depth
f penetration. When performing a peripheral nerve
lock, choose the probe and settings with the highest
ossible frequency that will still afford adequate depth
enetration for imaging of the target nerve. See Figure 8
or an example of an ultrasound interface that allows the
perator to control the frequency (wavelength) of the
ltrasound. Most ultrasound systems allow the operator

o change through multiple frequencies for a given probe.
Lateral resolution (Fig 10) refers to the ma-

hine’s ability to distinguish 2 objects lying beside
ne another, perpendicular to the ultrasound
eam.5 Lateral resolution is always worse than
xial resolution, thus contributing to more clini-
al challenges. Despite the generated 2-dimen-
ional image, modern ultrasound machines emit a
-dimensional ultrasound beam that diverges as

t propagates through the body (Fig 11). When
lectronically launched in various sequences and

ig 7. Attenuation. Attenuation is estimated as � � f �
ath length, where f is the frequency of the ultrasound
ave and � is the attenuation coefficient. Notice the

ower frequency wave (2.5 MHz) has less attenuation at
given distance when compared with the 10 MHz wave.
hus, the 2.5 MHz wave is able to penetrate the tissue

Table 1. Attenuation Coefficients (at 1 MHz)

Material dB cm�1

Bone 20
Air 12
Muscle 1.2
Brain 0.9
Fat 0.6
Blood 0.2
Water 0.002
aore effectively than the 10 MHz wave.
atterns, the collective beams generated from the
ultiple piezoelectric elements in the transducer
ill produce the 3-dimensional beam. The

horter the distance between 2 adjacent element
eams, the better the lateral resolution. High fre-
uency and focused ultrasound beams generate
he narrowest beams, thus maximizing lateral
esolution.

Clinical pearls: The focal zone of the ultrasound beam,
ndicated on most screen displays, represents the narrow-
st part of the beam and should be positioned at the exact
evel of the target nerve. See Figure 8 for an example of
he focus button on an ultrasound machine. The focus
con that is displayed on the ultrasound screen is shown
n Figures 4 and 5 of Part II.2

The limitations of temporal resolution may im-
act the regional anesthesiologist. Temporal res-
lution is directly related to the frame rate of the
ltrasound machine. The frame rate of a system
haracterizes how quickly an imaging device pro-
uces unique consecutive images called frames
in our case an image of needle, nerve, and local

ig 8. An image of a typical ultrasound interface. (1) Probe
requency control. In the depicted system and probe, the
requency can be adjusted from 3 MHz to 12 MHz. The
avelength can not be adjusted independently; however,
anual adjustments to frequency result in corresponding

hanges in wavelength. (2) Overall gain button. This dial
hanges how bright or dark the entire image appears. (3)
epth control. The objective is to set the depth to just below

he target of interest, thereby optimizing temporal resolu-
ion. (4) Focus button. It is important to position the focus of
he ultrasound beam at the same level as the target of
nterest. This will optimize both lateral and axial resolution.
5) Time gain compensation. These toggle dials control the
ain at consecutive depth intervals. The top dials control the
uperficial gain and the bottom dials control deeper gain.
ecause attenuation occurs more with deeper imaging, the

ypical pattern of the time gain compensation dials is a
rogressive increase in gain as indicated in this figure.
nesthesia). High frame rates are critical in cardiac
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Ultrasound Physics • Sites et al. 417
ltrasound because of the rapid motion of the heart.
s the frame rate decreases, motion-related events
ecome progressively blurred. During nerve blocks,
otion occurs with probe movement, needle inser-

ion, and injection of local anesthesia. Therefore, dur-
ng these critical moments, a low frame rate could
esult in an ambiguous image. The temporal resolu-
ion (frame rate) is limited by the sweep speed of the
ltrasound beam. In turn, the sweep speed of the
ltrasound beam is limited by the speed of sound

n tissue, as the ultrasound from the deepest as-
ects of the image must return to the probe be-
ore the next pulse is generated in the neighbor-
ng beam. The sweep speed can be increased by
educing the number of individual piezoelectric
lements that make up the larger global beam
ector or by decreasing the sector scanning angle
for phased array probes). The first option de-
reases the lateral resolution and the second de-
reases the image field width, underscoring the

ig 9. Axial resolution is the ability to discern objects
n-line with the axis of the ultrasound beam. The axial
esolution of an ultrasound wave is dependent upon
avelength (�), frequency (f), and the speed of ultra-

ound in tissue (c). In human tissue c � 1,540 m/sec, and,
herefore, � � c/f. Axial resolution is roughly described as
ne half of the pulse length in mm. (A) A low frequency
nd a high frequency pulse (2-cycle pulse which is equal
o 2 �) propagating toward 2 rectangular objects. (B) The
aves returning toward the probe following the reflec-

ion off of the objects. The blue arrows depict the ultra-
ound pulse traveling toward the two objects and the red
rrows depict the ultrasound traveling back toward the
ransducer. The lower frequency ultrasound has a wave-
ength that is larger than the distance between the objects
indicated by the black arrows). Therefore, the returning
ignal from both objects will overlap, and, therefore, the
robe will interpret this signal as a single object. The
igher frequency pulse discerns 2 separate objects because
he wavelength is much shorter than the distance between
he 2 objects and the returning waves will not overlap.
undamental concept that temporal resolution i
annot be increased without a compromise sec-
ndary to principles of physics.
Clinical pearls: The main maneuver the anesthesiolo-

ist can perform to improve the temporal resolution is to
ecrease the imaging depth to just below the target(s) of
nterest (Fig 8). Additionally, the injection of local anes-
hetic should be slow, so as to minimize high velocity
issue movement which can blur the real-time image.

olor Doppler

Doppler technology allows for the identification
nd quantification of blood flow. In essence, the
oppler principle states that if an ultrasound pulse

s sent out and strikes moving red blood cells, the
ltrasound that is reflected back to the probe will

ig 10. Lateral resolution is demonstrated here for a
ypothetical linear ultrasound transducer. The ability for
he ultrasound machine to correctly display 2 objects as
eparate structures depends on the relative distance be-
ween individual piezoelectric crystals versus the distance
etween the objects. The top 2 structures in this example
ill be imaged as one structure because each falls within

urrounding crystal beams. The red ovals indicate the
ndividual piezoelectric crystals. For illustration purposes,
his figure represents a fictitious situation in which there
s no focal zone or divergence of the ultrasound beam.

ig 11. Characteristics of an ultrasound beam. The focal
one is where the ultrasound beam width is narrowest
nd demarcates the near zone (Fresnel zone) from the far
one (Fraunhofer zone). It is also the area of the best
ateral resolution because the beam width is the narrow-
st at this location. Once the beam extends beyond the
ocal zone, lateral resolution begins to deteriorate due to
ivergence. This figure represents a prototypical electron-

cally-focused ultrasound beam.
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ave a frequency that is different from the original
mitted frequency (Fig 12). This change in fre-
uency is known as the Doppler shift.6 It is this
requency change that can be used in cardiac and
ascular applications to calculate both blood flow
elocity and blood flow direction.7 The Doppler
quation states that:

2) Frequency shift � (2 · V · F1)(cosine�) ⁄ c

Where V is the velocity of the moving object, Ft is
he transmitted frequency, � is the angle of inci-
ence of the ultrasound beam and the direction of
lood flow, and c is speed of ultrasound in the
edia.
Clinical pearls: The most important application of Dopp-

er technology for the regional anesthesiologist is to confirm
he absence of blood flow in anticipated trajectory of the
eedle, rather than the quantification of the actual velocity
r direction of this flow. Doppler information is complicated
y the frequent occurrence of artifact generation.2

ummary

In summary, in order to optimize clinical imaging

ig 12. The Doppler effect. Doppler is used to measure
elocity and directionality of objects. In the human body
oppler is most commonly used to measure velocity of
lood flow. (A) The signal from fluid moving away from
he probe will return at a lower frequency than the
riginal emitted signal. (B) The signal contacting fluid
oving towards the probe will return at a higher fre-

uency than the original emitted signal. It is also impor-
ant to note that the cosine of 0 degrees is 1 and the
osine of 90 degrees is 0. Therefore, as the angle ap-
roaches 90 degrees large errors are introduced into the
oppler equation (see Doppler formula).
nd to appreciate ultrasound-related pitfall errors
nd artifacts, a solid understanding of the physics of
ltrasound is extremely helpful. A 3-dimensional
ltrasound beam is generated when many multi-
le tiny piezoelectric crystals rapidly vibrate in
esponse to an electrical current. This ultrasound
nergy is transmitted through tissue where it is
ransmitted, reflected, scattered, refracted, and
ttenuated. Fortunately, some of the reflected ul-
rasound returns to the probe to be converted
ack to electrical energy. This electrical informa-
ion is processed by the system’s computer to
ltimately generate the 2-dimensional image.
he anesthesiologist has the ability to control image
uality and appearance by interfacing with the system
o change the characteristics of the ultrasound that is
eing sent out such as the frequency, focus, wave-
ength, and frame rate. In a similar fashion, the anes-
hesiologist has the ability to control how the return-
ng image is processed by adjusting such variables as
he gain and various proprietary post processing tech-
ologies.
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