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Preface

Physicians have long attempted to gain knowledge of a patient’s inner conditions by
interpreting sounds, impulses, and vibrations. For many centuries, they have placed
an ear to a patient’s chest, palpated a pulse, or percussed the body with fingers and
assessed the resulting waves. Innovations in technology eventually led to the mod-
ern stethoscope, a tool for intensifying certain sounds generated within the body
while at the same time damping other frequencies, allowing for better auscultation.
A new sound-based tool for examining the body, ultrasound, emerged in the last
century, using sophisticated technology to generate high frequency sound waves
and receive the reflected waves from within the body and project them onto a dis-
play. Ultrasound began to be implemented widely, though not universally, within
the field of medicine. Limiting factors included physician knowledge and expertise
and the cumbersome nature and expense of early ultrasound machines. However,
the technology provided information far beyond what could be gleaned by physical
examination or stethoscope, and allowed actual internal imaging of many organs
and body parts as well as measurements of blood flow allowing a number of hemo-
dynamic inferences.

With advances in miniaturization and decreases in costs, modern ultrasound
machines have assumed a size and weight not much beyond that of the traditional
stethoscope. This has allowed the bedside clinical application of ultrasound to an
expanded number of clinical fields. Perhaps the most rapidly growing use of ultra-
sound today is within critical care medicine, where the benefits of ultrasound in
guiding difficult bedside procedures such as thoracentesis and central line place-
ment led to a growing familiarity with this technology amongst practitioners. Not
surprisingly, critical care physicians, led by a few pioneers, began to apply ultra-
sound technology to other non-procedural clinical problems in the ICU, such as the
emergency diagnosis of pericardial tamponade and pneumothorax. This textbook
illustrates the many innovative uses of ultrasound currently taking place in intensive
care units; some, like echocardiography, have been adapted from other clinical
settings, while others are novel to critical care medicine.
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We believe that ultrasound has great potential within the intensive care unit, and
that further innovations will take place as more physicians are exposed early in their
training to ultrasound technology, leading to a ubiquitous application within critical
care. On a cautionary note, the rise and fall of pulmonary artery catheter use within
the intensive care unit should be pointed out. Similar to ultrasound, this technology
became widely available over the course of a few years, and provided much desired
information on the hemodynamics of critically ill patients. It was heralded as an
essential tool to guide resuscitation and to assess therapeutic manipulations. However,
its application outstripped the evidence base supporting its use, and only over the
course of many years did increasing amounts of research indicate that this tool was
being misapplied. The reasons for this were multiple, and included errors in the
acquisition of the data, the incorrect interpretation of the data, and, likely, that our
ability to use the data from these catheters to generate meaningful changes in out-
comes was lacking. We hope that this is not the case with critical care ultrasound, and
we emphasize in each clinical chapter a structured approach to the application of
ultrasound and the current evidence base in the field. In many areas, such as the use
of ultrasound to guide volume resuscitation, more supporting data is clearly needed.

As such, this text provides current snapshots of the field—on many more topics
than would have existed just a few years ago. We suspect textbooks on this topic in
the coming years will detail applications of ultrasound as yet unimagined. We hope
this text will inspire further investigation and innovation, will serve as an up-to-date
document of the current state of knowledge in this field, and, as important, will
expose gaps in knowledge that need to be filled while encouraging responsible clini-
cal implementation of a powerful technology.

Providence, RI, USA Matthew Jankowich
Eric Gartman
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Chapter 1
Principles of Ultrasound for the Intensivist

Jigme M. Sethi and Karin Halvorson

Why Study the Basic Physics?

Ultrasound imaging uses high frequency sonic waves that are produced at a transmitter
using the piezoelectric phenomenon and transmitted through the body tissue, the
reflections of which are then captured and used to generate an image of the underlying
organ structure. Each of these processes of beam generation, transmission, reflection,
and capture has limitations that affect the quality and nature of the image produced,
and therefore an understanding of the physics involved is crucial to the correct inter-
pretation and use of ultrasound in clinical medicine. For example, the brightness
(whiteness) of the image on computed tomography (CT) scans is proportional to the
density of an organ, but this does not work for ultrasound images, where the brightness
of the structure corresponds to the difference in reflectivity at the interface of tissues
differing in density, not the tissue density per se. For example, air bubbles in the body
can resonate and generate ultrasonic waves that make them appear just as brightly
white, or reflective, as bone. The liver distal to the gallbladder in the path of the ultra-
sound beam can appear brighter than surrounding liver tissue but this represents an
artifact, not increased density of the tissue. The lung cannot be “imaged” in the con-
ventional sense using ultrasound since it is full of air; instead, knowledge of the
artifacts that result from sound beams interacting with the lung is relied upon to
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recognize the underlying pathology. Many of the adjustments made to improve image
quality are best explained in terms of the physical properties of ultrasound in tissue.
For all these reasons, a sound understanding of the physics as discussed in this chapter
will facilitate accurate generation and interpretation of ultrasound images.

A Brief History of Ultrasound Imaging

Echolocation using sound waves is a natural phenomenon first identified by Lazzaro
Spallanzani, an Italian physicist, who noticed that bats use it to navigate. Pierre and
Jacques Curie (French physicists) discovered the piezoelectric effect, when they
found that quartz crystals vibrate at a precise frequency when exposed to a constant
electric field, and conversely become electrically polarized when deformed by
vibration. The first application of ultrasound was in World War I when a physicist
from France, Paul Langevin, developed a hydrophone to detect icebergs and subma-
rines underwater. A physician from Vienna, Dr. Karl Dussik, used ultrasound to
identify brain tumors—possibly the first medical application of the technology.
Ultrasound began to really make its mark in medical care when Dr. Ian Donald
applied ultrasound to the field of obstetrics and gynecology in the late 1950s.

Generation of Ultrasonic Waves

The production of ultrasonic waves invokes the principle of piezoelectricity, com-
monly used in cigarette lighters and stovetop gas burners to generate sparks and
trigger gas ignition. Currently used piezoelectric materials are ceramics, not quartz,
which have the unique property of being able to generate electric charges if mechan-
ically deformed and conversely to undergo deformation when exposed to an alter-
nating current. Thus, the piezoelectric effect is harnessed both to generate an
ultrasound beam by causing the crystals to vibrate in response to an alternating
current and to capture returning echoes which deform the crystals and create elec-
tric currents that are proportional to the mechanical energy, i.e., the amplitude, of
the echo. These currents are then converted to images. The frequency of a probe
depends on the thinness of the piezoelectric elements present in its tip, and the beam
width depends on the number of these intricately positioned elements. The probe
sends out intermittent pulses of ultrasonic energy lasting about 1-5 microseconds
and no more than a few wavelengths in length, then spends >99 % of the time before
the next pulse listening for the returning echoes. The deeper the structure being
imaged, the more time is needed for the echo to return, i.e., “time of flight,” and the
longer the time spent listening, which reduces the pulse repetition frequency, or
PRF. A shorter emitted pulse and lower PRF improve the resolution of structures
along the length of the beam, or axial resolution. This is because the shorter emitted
pulses and the longer time to “listen” allow for increased separation between the
echoes from two adjacent structures along the length of the beam.
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As it traverses through a medium, a beam of ultrasonic waves will start off as a
cylinder with parallel sides in the “near,” or Fresnel, field but as it penetrates deeper
it will begin to diverge in the “far,” or Fraunhofer, field. The length of the near field
is given by

L=r’f

where r is the radius of aperture of the probe and f is the frequency of the beam, i.e.,
the wider the aperture and the higher the frequency, the longer the near field (within
limits as described later).

This is important because the lateral resolution, or the ability to distinguish as
separate two objects lying side by side perpendicular to the incident beam, depends
on the thickness of the beam. Higher frequency beams are thinner; therefore, the
image sharpness and resolution improves with higher frequency beams and in the
near field rather than the far field. The divergence in the beam with increased depth
causes the increased blurring of deeper structures, as two point structures appear to
meld together rather than appearing distinct.

Ultrasound beams can also be focused to direct the maximum energy of the beam
to the focal zone of the beam either by using an acoustic lens or by electronically
shaping the beam as described below.

Types of Ultrasound Beams and Probes

A single beam of ultrasound can only image a very thin cylinder of tissue (1-D
mode). If a larger rectangular section of tissue (2-D mode) is to be imaged, then
multiple ultrasound beams originating sequentially from side-by-side piezoelectric
elements in a linear transducer will create a parallel array of beams in a single
plane. This type of transducer is typically used in vascular imaging. The width of
the section imaged using a linear transducer is limited by the width or “footprint” of
the linear array transducer. A curvilinear array has a curved surface with beams
sent out in a diverging array allowing imaging of a larger “sector” of tissue than the
linear probe, but with attendant image distortion and loss of lateral resolution for the
reasons described above.

However, the need to image large sections of the thorax while retaining a foot-
print small enough to fit between the ribs requires a narrow array of beams originat-
ing from the center of a tiny probe being swept electronically from side to side as in
conventional radar (phased array scanning). In this method, the sequential firing of
the individual piezoelectric elements is infinitesimally separated in time so that
Huygens’ wave interference between these individual beams deflects the entire
wave front. Varying the firing sequence of these piezoelectric elements accom-
plishes steering of the beam from side-to-side across a sector. These are the typical
probes used in thoracic and cardiac imaging. Examples of these probes are shown
in Fig. 1.1.
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Fig. 1.1 (a) Linear probe: typically used for imaging vascular structures. (b) Curvilinear or con-
vex probe: this is the standard abdominal probe and scans a wide sector allowing imaging of
abdominal viscera including the uterus

Electronic focusing of a beam uses the same principle by triggering outer beams
before more central beams thus creating a concave, focused ultrasound front.

Ultrasound probes may be (a) moved to a different position on the surface of the
body; (b) rotated along the long axis in the same position, in a clockwise or
anticlockwise direction; (c) angled from side to side to obtain images in the same
plane on either side; or (d) tilted back and forth to point towards or away from a
deeper structure. By convention, the transducer position is on the top of the screen
so that structures closer to the skin are on the top of the screen and those further
from the transducer are positioned lower on the screen. Also, left-right orientation
is ensured by confirming that the location of the physical ridge or button on the side
of the probe corresponds to the green dot at the top of the sector scan on the image
screen.
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Tissue Transmission of Ultrasound Waves

Sound is a vibration propagating through a medium in longitudinal waves of com-
pression and rarefaction. Audible sound waves in air have a frequency ranging from
20 to 20,000 cycles per second, or Hertz (Hz), whereas ultrasound waves used in
clinical devices have an “ultra” high frequency of 1-10 million, or mega, Hz (MHz).
Unlike lower frequency audible sounds that can be heard around corners, for exam-
ple, these ultrasonic waves travel through tissue in straight lines.

Sound waves are defined by frequency (f), wavelength (A), and velocity (v) of
travel in a medium, such that v=fA.

Thus, frequency and wavelength are inversely related to each other. The ampli-
tude of a wave is an expression of its energy, and together with frequency, wave-
length, and velocity, these four characteristics define the most important properties
of sound waves.

The velocity, v, of sound in a medium is given by the equation: v = (B/D)"2,
where B is the modulus of elasticity of the medium and D is the density. Therefore,
sound generally travels faster through stiffer materials, such as bone, compared with
muscle. The average velocity of sound in body tissue is 1,540 m/s, which is approx-
imately equal to the velocity of sound in saline, or seawater. On the other hand, the
resistance a material offers to the passage of sound waves through it is called its
acoustic impedance, Z, and is the product of the material density and the sound
velocity. Again, bone will resist the passage of ultrasound much more than soft tis-
sue or muscle. Table 1.1 shows comparative propagation velocities of sound waves
through media of different densities.

When traversing tissue, sound waves can be affected in the following ways:

1. Absorption: This is the deposition of sound energy within tissue, where it is
converted to heat, diminishing any return signal back to the transducer to gener-
ate an image. Absorption is proportional to the distance of travel (path of the
interrogating beam + the return path of the echo) so that deeper tissues are more
difficult to image. Absorption also varies with the square of the wave frequency.
This explains why low frequency waves penetrate deeper into tissue (e.g., you

Table 1.1 Propagation Medium Velocity (m/s)
.velocitie.s of sogr{d waves Air 330
in material of different
densities Water 1,500
Fat 1,440
Soft tissue 1,540
Muscle 1,565
Blood 1,570
Bone 4,080

Metal 5,090



J.M. Sethi and K. Halvorson

can “feel” the deep vibrations of a bass drum in your “bones”), but high frequency
waves are only available to image superficial tissues. However, the longer the
wavelength (i.e., the lower the frequency), the less spatial resolution that can be
provided in a resulting image, which explains why intracellular structural detail
is resolved by electron microscopes which use electron beams with an effective
wavelength in the order of nanometers. Herein lies the trade-off in the use of US
to interrogate biological structures—higher frequencies provide better resolution
of smaller structures but can only do so relatively close to the surface of tissue,
but imaging of deeper structures requires a penetrating lower frequency with
resultant loss of spatial resolution and more scatter and poorer image quality (see
below). Generally, frequencies of 5-10 MHz are used in clinical applications
such as catheter placement in vascular structures close to the skin, whereas fre-
quencies of 1-4 Mz are better suited to display images of heart, liver, kidneys,
and other deeper structures.

Absorption is dependent too on the density of the tissue, with denser tissues
absorbing more energy, and this is expressed in terms of the attenuation coeffi-
cient (in decibels/cm) of the tissue. In general [1], cortical bone (attenuation
coefficient 13-26 dB/cm) absorbs more energy than muscle(attenuation coeffi-
cient 2.5 dB/cm) which in turn absorbs more energy than fat (attenuation coef-
ficient 0.5-1.8 dB/cm), and water absorbs the least energy of the preceding
structures (attenuation coefficient 0.002 dB/cm). Air has an absorption coeffi-
cient 100x that of tissue so it does not allow any transfer of energy (e.g., lung has
an attenuation coefficient of 40 dB/cm). Application of a transducer over bone
will prevent any sound energy reaching underlying structures, as will any air that
comes between the surface of the probe and the skin. Liberal application of gel
on the skin reduces reflection of sound energy at the air-tissue interface and
enhances transmission of sound into the body for the imaging of viscera.

. Refraction: Bending of sound waves when obliquely crossing an interface of two
media differing only slightly in acoustic impedance. Image brightness suffers
when sound waves are bent away from the transducer, and this can also create
artifacts.

. Diffraction: Interference patterns produced by sound waves when they encounter
an obstacle.

. Reflection: This occurs at a boundary between structures with very different
acoustic impedances, such as the interface between myocardium and blood in
the heart or the interface between soft tissue and bone or between solid liver tis-
sue and bile in the gallbladder. This property of reflection is the basis for the
generation of all ultrasound images.

Several factors affect how sound is reflected:

(a) The fraction of energy reflected is proportional to the square of the differ-
ence in impedance, and is called the reflection coefficient; the remaining
fraction is transmitted or absorbed. The greater the difference in the imped-
ance between tissues, the more incident sound energy is reflected back to the
transducer for image production. The acoustic impedance of various body
tissues is listed Table 1.2 [2].
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Table 1.2 Acoustic Acoustic impedance
impedance values of different Tissue (106 rayls)
body tissues Air 0.0004

Fat 1.35

Blood 1.7

Muscle 1.75

Bone 7.8

N xS

[ ]

Fig. 1.2 Specular reflection and scatter

(b)

()

The amount of energy reflected back to the transducer also depends on the
angle of incidence of the sound beam at the tissue boundary. Structures that
lie perpendicular to the ultrasound beam will reflect the most energy back to
the transducer—the greater the inclination of the beam away from the per-
pendicular, the more the echo will be reflected away from the transducer.
This explains drop-out artifacts when imaging moving structures, e.g., car-
diac valves, and also why a valve leaflet may appear bright white when it
moves into view at right angles to the interrogating beam. This must not be
confused with calcification of the leaflet!

Size and surface properties of the boundary: reflection from a smooth or
specular interface sends most echoes back to the transducer giving a bright
image, whereas scattering from rough surfaces sends echoes in all direc-
tions, reducing the energy returning to the probe for image acquisition
(Fig. 1.2). Specular reflections arise from objects much larger than the wave-
length of the incident beam, and are useful in delineating tissue boundaries
such as the surface of the gallbladder or the outline of cardiac chambers.
Objects that are smaller than the wavelength of the interrogating beam pro-
duce scattered waves (particularly prominent with low frequency probes)
that are subsequently reflected by surrounding tissue back to the probe and
provide the granular “background noise” or “speckles” on the image. Scatter
provides information about the structure of the tissue rather than the inter-
face or boundary and so this property of “speckling” is harnessed in tissue
harmonic imaging of the myocardial tissue.

5. Transmission: Energy that escapes reflection or absorption is transmitted through
the material or through the interface between materials of different acoustic
impedances. This transmitted energy is available to be reflected by, and therefore
image, deeper structures.
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Fig. 1.3 Mechanisms of loss
of ultrasound beam energy: a b o d
(a) scatter, (b) absorption, (c¢)
refraction, and (d) reflection

Table 1.3 Typical ultrasound appearance of common body structures

Tissue Image

Air bubbles Hyperechoic

Fat Hypoechoic

Muscles Hyperechoic lines within hypoechoic tissue

Bone Extremely hyperechoic (with shadowing)

Pleura Hyperechoic line

Arteries Echogenic to hyperechoic wall with anechoic/hypoechoic lumen (and pulsatile)
Veins Thinner echogenic wall with anechoic/hypoechoic lumen (easy to compress,

non-pulsatile)

Attenuation refers to the loss of signal energy by absorption, refraction, or scatter
(Fig. 1.3). Since the largest component of energy loss is due to absorption, the terms
attenuation and absorption are sometimes used interchangeably. To summarize,
returning sound energy and hence brightness of the image depends upon incident
energy/strength, direction of reflection, and depth of structures. Contrast, on the
other hand, depends on the reflectivity of a structure compared with the reflectivity
of surrounding tissue at the same depth and the direction of reflection from the
structure compared to surrounding tissues.

Body tissues have a characteristic brightness signal ranging from very bright
(hyperechoic) to dark (anechoic) derived from the ability to reflect or transmit ultra-
sonic waves as discussed above. Table 1.3 describes where different tissues lie on
this “white-gray-black” continuum.

Image Generation

The information from ultrasonic echoes or reflected waves is displayed on the image
in terms of two characteristics: first, depth, d, which is interpreted as a function of
the time, t, of travel (t=2d/v), and second, amplitude, or the energy retained after
passage and reflection and converted using the piezoelectric effect into electrical
signals. This amplitude can be displayed as an amplitude signal (A mode) or a
brightness signal on the image (B mode). This brightness signal uses a black-gray-
white tonal scale, with anechoic regions appearing black, areas with strongest signal
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amplitude appearing white (hyperechoic), and other reflections of intermediate
intensity appearing gray (hypoechoic). Thus the typical image would have a signal
(A or B) plotted against depth calculated from “t.” If the echo is derived from a mov-
ing target, such as a heart valve, then the same information can be plotted against
time, showing brightness, depth, and motion over time, which is the M (motion)
mode of the typical ultrasound image.

Modulation of Images: Basic Ultrasound Machine Controls

There are several mechanisms to modulate the images generated by an ultrasound
machine and these will be described below.

1. Depth control: Increasing the depth control allows imaging of deeper structures
by reducing the pulse repetition frequency of the probe allowing for the increased
time of flight of echoes returning from deeper tissues. Deeper tissues thus imaged
may be more blurred (with reduced lateral resolution) if they lie in the Fraunhofer
zone of the incident beam and will be more attenuated necessitating manipulation
of gain (see below). Depth of the tissues being imaged is, as explained earlier,
limited by the frequency spectrum of the probes being used. Using an unnecessar-
ily deeper setting will reduce the image size of pertinent structures and contract
the field of view into the upper part of the image screen, as shown in Fig. 1.4.

Fig. 1.4 Ultrasound images of a vein and underlying artery, viewed at three different depth
settings, from left to right: (a) too deep, (b) correct depth, and (c) too shallow. Note the change in
perspective: the near field region of the image is sharply reduced in size compared to the far field
in (a) while in (c) the near field of the image is so magnified as to nearly lose the view of the artery.
Also note the enhanced “whiteness” of the tissue immediately deep to the artery in images (a) and
(b). This does not represent calcification or thickening of the tissue but is an example of posterior
enhancement artifact, as shown more clearly in Fig. 1.6
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Fig. 1.5 Ultrasound images of a jugular vein and adjacent carotid artery manipulated by using
too little (a), too much (b), or optimal gain (c) (Images by Dr. Taro Minami)

2. Gain: Gain is a mechanism to amplify the brightness of the ultrasound image,
similar to volume controls on an audio system. Both the echoes from the desired
object, i.e., the signals, and the unwanted background scatter, i.e., the noise, will
be equally increased. Too much gain reduces contrast and obscures detail, while
too little gain also reduces detail and darkens the image (Fig. 1.5).

3. Timed gain control: Since attenuation increases with depth, signals from
deeper tissues will be less prominent than those from structures closer to the
surface. Timed gain control (TGC) consists of a stack of slider bars, each cor-
responding to a particular depth, allowing for the progressive amplification of
signals from deeper tissues, i.e., selective gain with depth. Most modern ultra-
sound machines employ automatic TGC, whereby delayed signals are auto-
matically amplified in proportion to the delay. While desired signals from
deeper structures are increased as a result, any scatter originating from the
same depth will also be amplified.
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Imaging Artifacts

The way sound waves interact with tissues and the processing algorithms employed
by the image processor to generate images can result in certain characteristic and
common artifacts that must be immediately recognized as such by the ultrasonogra-
pher and the interpreting clinician. Recognition of the artifact at the time of image
acquisition may facilitate repositioning of the probe or use of alternative windows
to ensure anatomically correct images are recorded and to reduce the possibility that
artifacts may be misinterpreted to represent pathology. This is of even greater
importance for the proceduralist using ultrasound guidance.

Shadowing

Calcified structures such as bone and gallstones reflect and attenuate incident sound
energy so completely as to cast an acoustic shadow, whereby the areas deeper to
such structures will appear black and anechoic (Fig. 1.6).

Such shadows are readily appreciated, but subtler shadowing originating closer
to the skin surface is often missed by beginner ultrasonographers and drastically
reduces image quality. For example, a probe placed with its extreme edge abutting
a rib may result in a band-like sector of reduced brightness, i.e., a shadow, on the
image. Alternatively, the rib edge effectively reduces the probe aperture, simply
reducing lateral resolution and resulting in slightly blurred images without a clearly
discernible shadow. This is illustrated in Fig. 1.7.

Posterior
Enhancement

Gallstone 4~ -

Gallstone >
Shadow

Fig. 1.6 Ultrasound image of a gallbladder and surrounding liver tissue. Note the acoustic
shadow cast by a calcific gallstone. Also note the apparent increased reflectivity (brightness) of
the liver tissue imaged through the gallbladder, compared with surrounding liver tissue. This is
an example of enhancement (Image by Dr. Taro Minami)
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Fig. 1.7 Short axis view of the left ventricular at the level of the papillary muscles. In (a), the
entire image appears blurred and grainy, particularly on the right side of the image where all detail
is lost. No rib shadow is visible. This is because placement of the probe over a rib has effectively
reduced the probe aperture. Slight adjustment of the probe position in (b) results in a much better
definition of the endocardium, myocardium, and papillary muscles, although a rib shadow is now
seen on the right (arrow) (Images by Dr. Philip Lamberty, MD, Assistant Professor of Medicine,
University of Pittsburgh School of Medicine, Pittsburgh, PA)

Enhancement

This is the opposite of the shadowing artifact. Liquid-filled structures attenuate
sound energy less than surrounding tissue allowing more energy to illuminate
deeper tissues that then appear abnormally bright. This artifact is commonly seen
when imaging the liver through the bile-filled gallbladder—liver tissue in the
“shadow” of the gallbladder appears brighter than surrounding liver. An example of
posterior enhancement is shown in Fig. 1.6.

This artifact can also be seen deep to a larger blood-filled vessel, such as the
femoral artery and is often deliberately used to better image the uterus through a full
urinary bladder.

Reverberations

The algorithm employed by the ultrasound processor determines the depth of the
reflecting source from the time of flight of returning echoes, presuming a straight-
line return to the transducer and using the standard velocity of ultrasonic waves in
tissue of 1,540 m/s. The processor then displays the calculated source on the pro-
cessed image accordingly. If an echo is reflected multiple times from a source to a
more superficial tissue reflector, or even the probe, and back again, each of the
subsequent or higher order reflections is presumed to originate from a deeper source
and is displayed as a series of equally spaced bands along a ray extending deeper
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Fig. 1.8 A-lines in the lung as examples of a reverberation artifact. See text for details (Image by
Dr. Philip Lamberty)

Fig. 1.9 Ultrasound image of a needle piercing the synthetic tissue simulation material of a Blue

™

Phantom™ (CAE Healthcare, Sarasota, FL). The bright dot at the top of the image is the needle in
cross section. The successive bright arcs represent reverberation images. See text for explanation
(Image by Dr. Taro Minami)

into the tissue from the primary reflecting position. The A line or pleural artifact of
the lung is an example of this phenomenon. Why Study The Basic Physics Of
Ultrasound and forth between the transducer and the brightly echogenic pleura, and
the later reverberations appear as progressively less bright lines spaced at equal
distances as the transducer-pleural distance (Fig. 1.8). Figure 1.9 shows an ultra-
sound image of a catheter introducer needle inserted into the synthetic tissue
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Fig. 1.10 Ultrasound image
of lung B lines, also called
“comet-tails” (Image by

Dr. Philip Lamberty) 2

Pleural Line --"'f

B Lines —»

simulation material of a Blue Phantom™ (CAE Healthcare, Sarasota, FL). The
bright white dot in the upper center is the actual needle, imaged in cross section. The
ultrasound beam reflects back and forth between the luminal surfaces of the needle
and using the time of flight algorithm, the processor generates a series of equally
spaced arcs deep to the needle. In this image, the depth control has been set too shal-
low to enhance visualization of this reverberation artifact. Not uncommonly, while
imaging a needle during placement of a central line the reverberation caused by
multiple reflections of the ultrasound beam from the luminal surface of the needle
gives the appearance of a bright, thin, hyperechoic ray extending into the tissue
(rather than a series of arcs) and is mistaken by the inexperienced ultrasonographer
as depicting the actual needle. In reality, the needle itself is simply the bright white
dot at the source of the ray. Another artifact that has a similar origin is the B line, or
“comet tail” of alveolar-interstitial syndrome (Fig. 1.10). In this case the sources of
the reverberations are the highly reflective, edematous, and thickened alveolar sep-
tae lying just under the pleura and creating multiple back and forth reflections of the
ultrasound beam. As in the example shown in Fig. 1.9, this generates a series of
small arcs separated by less than a millimeter, i.e., just under the limit of resolution
of the ultrasound beam, giving the appearance of a hyperechoic ray extending into
the deeper lung tissue. If the lung were to be totally fluid-filled and airless, i.e.,
consolidated, this comet-tail appearance would be lost.

One other kind of reverberation artifact—the “near-field reverberation artifact”—
is caused by multiple reflections between surface tissues and a reflective cystic
interface, such as the wall of the gallbladder or a cyst. The delayed reverberating
echoes of the superficial soft tissue reflected from the cyst wall are erroneously
placed within the lumen attached to the near-field wall of the (in reality, anechoic)
cystic structure. This must not be confused with solid tissue in the cyst and should
be recognized for the artifact that it is.
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Fig. 1.11 Ring-down artifact. A hyperechoic line is produced by resonant vibrations of a choles-
terol crystal in the wall of the gallbladder (thin arrow). Note also the edge artifact labeled with the
thick arrow (Image by Dr. Philip Lamberty)

Ring-Down

Ring-down artifact is produced by air bubbles or crystals that utilize the incident
ultrasonic energy to resonate at the ultrasound frequency, producing high amplitude
sound waves. Since the resonation persists after the transducer has already received
the initial reflection, the subsequent echoes are interpreted as originating from pro-
gressively deeper tissues and appear as a hyperechoic ray extending deeper from the
original source. This is basically a version of reverberation artifact, except that the
reverberations are continuous. Ring-down artifact generated from vibrations of a
cholesterol crystal in the wall of the gallbladder in the condition known as adeno-
myomatosis of the gallbladder is shown in Fig. 1.11.

Reflection Artifact

This is another example of erroneous time of flight assumptions by the image pro-
cessor. In this artifact, sound waves are obliquely reflected back and forth from the
back to the sides of a fluid-filled cavity with a highly reflective wall such as the
bladder, a large vessel, or the renal pelvis and then back to the probe. The delayed
reflections are interpreted to result from deeper structures giving the image of a
second, or multiple, fluid-filled cavity/cavities lying at a deeper position than the
original structure.
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Fig. 1.12 Mirror-image
artifact. Note the apparent
appearance (A=artifact) of
liver (C) above the diaphragm
(B) (Image by Dr. Amie Hall
Woods)

Mirror Image Artifact

Similar to the above artifact, tissue echoes from a structure may be reflected off the
surface of a highly reflective specular interface such as the diaphragm, resulting in
two mirror images positioned equidistant on either side of the diaphragm. This is
seen with images of the liver, or rarely the kidney, duplicated both superficial and
deep to the diaphragm, as shown in Fig. 1.12.

Refraction Artifacts

Sound waves traveling through materials of differing density are refracted, or bent,
away from the original line-of-sight, resulting in several different types of possible
artifacts.

Edge Shadow: This is seen with sound waves directed to the edges of a curved
surface of different density such as a cyst being bent away from the original direc-
tion. Little energy is therefore directed to the deeper tissues directly beyond the
curved surface along the initial direction of the wave, causing an acoustic shadow-
ing of the tissues just deeper to the edge of the curved cystic structure (Figs. 1.11
and 1.13).

Split Image Artifact: Abdominal structures may be falsely duplicated on ultra-
sound images, caused by the ultrasound beam being partially refracted at the curved
interface of the rectus abdominii muscles and the underlying pre-peritoneal fat.
The two beams then each produce side-by-side images of central structures such as
the aorta or sometimes falsely implicate two gestational sacs in a gravid uterus.
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Fig. 1.13 Edge artifact. Note the anechoic region at the edge of the fluid-filled urinary bladder,
giving the impression of discontinuity of the lateral bladder wall (arrow) (Image by
Dr. Philip Lamberty)

This artifact can be recognized by slowly moving the probe to the lateral aspect of
the abdomen away from the rectus sheath, keeping the organ in view until the two
images merge, thus demonstrating the presence of just a single organ.

Bayonet Artifact

This artifact is typically seen when imaging a metallic needle, e.g., during a nerve
block. In this artifact, the tip of the needle may appear separated and offset from the
main body of the needle. As the needle tip penetrates tissues with a different sound
propagation velocity from those containing the main body of the needle, the image
processor, assuming a standard velocity, interprets the echoes from the needle tip as
coming from a deeper or more shallow position (Fig. 1.14).

Diaphragm Discontinuity Artifact: The diaphragm is usually imaged as a bright
hyperechoic line, but at times, if ascites is present, may appear to be falsely discon-
tinuous with two discontinuous but overlapping segments created by refraction of
the ultrasound beam as it traverses from ascitic fluid or fat into liver. This is similar
to the bayonet artifact in its origin.

There are numerous other categories of artifacts that commonly complicate ultra-
sound imaging, including volume-averaging artifact, side-lobe and grating artifact,
beam-width artifact, anisotropy, and others that are beyond the scope of this chapter.
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Fig. 1.14 A subtle example of the bayonet artifact. The distal part of a needle, beginning at the
position indicated by the thick arrow, appears offset from the proximal body of the needle marked
by the thin arrow. The site of displacement corresponds to passage through tissue of differing
density (Images by Dr. Philip Lamberty, MD, Assistant Professor of Medicine, University of
Pittsburgh School of Medicine, Pittsburgh, PA)

Conclusion

As should be apparent, the physical properties of ultrasonic waves in tissue influ-
ence every aspect of the daily clinical use of this technology, from selection of the
appropriate transducer, fine-tuning the depth selection, knowing how to maximize
gain, recognizing artifacts, and distinguishing real characteristics of tissue struc-
tures from those falsely suggested by echo reflections. Perhaps the most important
realization for the clinical ultrasonographer is that the representation on the screen
is a series of reflections and not a real image per se, as we usually understand an
image from other modalities such as x-rays and CT scans.
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Chapter 2
Critical Care Ultrasound Education

Andrew T. Levinson and Otto Liebmann

Introduction

Goal-directed ultrasound offers a powerful diagnostic tool to assist providers caring
for critically ill patients. The primary objective of critical care ultrasound education,
training, and certification, as with any endeavor in medical education, is to ensure
safety and clinical competency. Issues of education and certification remain poorly
defined and are continuing to evolve.

While point-of-care ultrasound was initially used by physicians practicing criti-
cal care to aid in bedside procedures, its application to cardiac, thoracic, and vascu-
lar diagnosis and monitoring is now becoming widespread. As portable ultrasound
machines become ubiquitous in intensive care units (ICUs), a growing challenge is
ensuring—through a well-designed educational program with a robust quality
assurance component—that users are qualified to perform and interpret goal-
directed ultrasounds and that the information obtained safely supports the care of
patients.

The goal of ultrasound education for critical care providers is to develop and
maintain competence in bedside ultrasound in the areas of image acquisition and
interpretation. A major challenge in educating intensivists in critical care ultrasound
is to develop both breadth and depth of knowledge and technical skill. Education
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and training should emphasize goal-directed and easily reproducible techniques.
Advanced levels of expertise should be developed in a sequential manner. It is
essential to remember that the goals of basic critical care ultrasound studies are
often much more limited than comprehensive advanced studies interpreted by radi-
ologists, cardiologists, and intensivists with very advanced training, especially when
developing core competencies. However, educational efforts must also emphasize
that a major strength of critical care ultrasound is that intensivists are at the bedside
and can repeat studies and reevaluate patients as clinical conditions change.

The levels of competency in point-of-care ultrasound and the extent of its utiliza-
tion are highly variable—both broadly in terms of geography and between providers
within the same institution. Given this diversity, the need for the continued develop-
ment of standardized training pathways and certification in order to improve pro-
vider knowledge and patient care is crucial [1].

An essential role of critical care ultrasonography education and certification is to
ensure that the clinicians utilizing the technology have the required skills, knowl-
edge base, and technical expertise and are able to recognize the potential pitfalls and
limitations of point-of-care ultrasound. To be successful, intensivists must be trained
not to overstep their scope of practice and need to recognize when comprehensive
formal studies are indicated. As such, it is necessary to develop a collaborative envi-
ronment with the divisions of cardiology and radiology in order to develop proper
supports for a critical care ultrasound program [2].

Certification and Accreditation of Individual Intensivists

General Principles of Certification

The primary goal of training programs and curricula is to develop clinical compe-
tency. Certification and accreditation are a means of assessing if a provider is well
trained and competent. Certification is a statement that an individual completed a
specified training curriculum. Accreditation, in contrast, is more rigorous and
includes quantitative and qualitative demonstrations of competency. Accreditation
is an official recognition that an individual has undergone a rigorous program of
training and assessment and can perform at a high standard [3].

At present there is no clear consensus of how to achieve adequate training and
how to assess clinician competence in critical care ultrasound [3]. How often a clini-
cian who achieves accreditation should undergo a process of reaccreditation remains
controversial [3, 4]. There are currently efforts in several countries and at the inter-
national level to develop standardized curricula and to better elucidate key compo-
nents of critical care ultrasound training [3, 5]. Experts in critical care ultrasound
have proposed that intensivists currently in training who receive appropriate train-
ing in the use of basic critical care ultrasound and achieve clinical competency do
not need formal accreditation to so [3]. They advocate that accreditation be reserved
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for intensivists currently in practice who did not receive formal fellowship training
and/or intensivists who want advanced training to perform comprehensive rather
than only goal-directed ultrasonography (e.g., complete transthoracic echocardiog-
raphy (TTE) and transesophageal echocardiography (TEE)) [3]. The ultimate goal
is a unified training pathway leading to certification and accreditation in critical care
ultrasound [3].

General Certification in Critical Care Ultrasound

As critical care ultrasound education for intensivists becomes more widespread,
there is growing support for developing varying levels of competency and certifi-
cation [6]. Specifically with regard to critical care echocardiography, some pro-
pose a tiered system of demonstrated competency and accreditation [7]. Recent
international guidelines propose that all intensivists receive training in basic-level
critical care echocardiography and general critical care ultrasound. The interna-
tional guidelines further propose that advanced-level education and training in
critical care echocardiography should be optional in the training of all critical care
physicians [8].

The specific components of tiered levels of competency have been identified in
detail by international experts in critical care ultrasound [8, 9]. A joint consensus
statement from the American College of Chest Physicians/La Société de R€éanimation
de Langue Francaise recommends that critical care ultrasound and echocardiogra-
phy competence be delineated into basic and advanced levels. Skills required to
identify important clinical findings and answer basic clinical questions comprise the
basic level of competence. The authors recommend that all intensivists be trained in
general critical care ultrasound and basic critical care echocardiography. The con-
sensus statement also proposes that general critical care ultrasound competencies
and basic critical care transthoracic echocardiography training be required compo-
nents in the training programs of all intensivists [9]. Those that desire further com-
petence are encouraged to pursue additional training in advanced critical care
echocardiography, including TEE, emphasizing comprehensive evaluation of car-
diac anatomy and function [8].

Certification in Critical Care Echocardiography

A comprehensive three-tiered system of critical care echocardiography practice,
training, and accreditation has been proposed by the World Interactive Network
Focused on Critical Ultrasound (WINFOCUS). The authors delineate four proposed
levels of competency for the use of echocardiography by intensivists (Fig. 2.1). The
levels of competency range from acquiring standard transthoracic views in a
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Level 3

specialist echo
examination, echo for
invasive procedures, and
majority of post in echo

and echo research

Level 2
accept referrals from Level |,
perform comprehensive TTE & TEE,
diagnose all cardiovascular abnormalities,
optimise onward referral, teaching and research

Level 1

acquire all standard views (TTE, TEE), recognise abnormal vs
normal, diagnose common abnormalities, recognise when referral
indicated, understand echo vs other techniques

Emergency Echo (FEEL, FATE)

acquire standard TTE views in ALS compliant manner, recognise major causes of
arrest/shock, recognise when referral for second opinion indicated.

Fig. 2.1 Proposed levels of competence of echocardiography in ICU. TTE transthoracic echocar-
diography, TEE transesophageal echocardiography, ALS advanced life support, FEEL focused
echocardiographic evaluation in life support, FATE focused assessment with transthoracic echocar-
diography (Reprinted from Price S, Via G, Sloth E, Guarracino F, Breitkreutz R, Catena E, et al.
Echocardiography practice, training and accreditation in the intensive care: document for the World
Interactive Network Focused on Critical Ultrasound. Cardiovasc Ultrasound. 2008;6:49)

hemodynamically unstable patient (emergency echo) up to performing specialized
comprehensive echocardiography exams (level 3) [7].

Need for Universal Pathway for Certification and Accreditation

All proponents of critical care ultrasound agree that there should exist a clearly
defined universal pathway for training and accreditation [2, 10]. Currently, there is
no internationally recognized accreditation in general critical care ultrasound spe-
cifically for intensivists. Experts recommend that programs should be tailored spe-
cifically to intensivists, not merely replicated from the curricula for sonographers
and cardiologists [6].

There are currently efforts to develop standard curriculum and program require-
ments, especially in the area of echocardiography [5, 11, 12]. Recently developed
expert guidelines on training standards for critical care ultrasonography recommend
that basic echocardiography and general critical care ultrasound be a required com-
ponent of all critical care training programs. It is recommended that trainees receive
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a combination of didactic, computer-based, and hands-on training as part of their
educational curriculum and that a logbook be kept to document competence in
image acquisition and interpretation [8]. The guidelines recommend that basic
training be part of regular critical care education and that physicians who desire
advanced skills complete formal advanced certification programs.

Training Requirements

Basic critical care ultrasound education must balance developing an adequate
knowledge of image acquisition and interpretation across a variety of organ sys-
tems, emphasizing both normal and clinically important pathology. Various educa-
tional and certification entities have begun to recognize the importance of
incorporating the development of key competencies in goal-directed ultrasound for
trainee physicians in emergency and critical care. In the USA, the Accreditation
Council for Graduate Medical Education (ACGME) requires that all critical care
medicine physicians-in-training receive education in the use of ultrasound. The
2012 guidelines require that all graduating critical care medicine fellows demon-
strate competency in the use of ultrasound to place intravascular access, to perform
thoracentesis, and to place intra-cavitary tubes and catheters. Graduating critical
care fellows are also required to demonstrate knowledge of ultrasound in the evalu-
ation of critically ill patients [13]. For emergency medicine residents, the ACGME
requires that residents must be trained in “the use of ultrasound for the bedside
diagnostic evaluation of emergency medical conditions and diagnoses, resuscitation
of the acutely ill or injured patient, and procedural guidance” [14, 15]. In other
countries, there is also a trend towards developing competency in critical care ultra-
sound as part of the educational curricula for emergency medicine, anesthesia, and
critical care [3]. A major challenge is that current training requirements provide few
details about how to develop competence and what specific skills are necessary.

Key Components of an Educational Program

Key components of critical care ultrasound education and training include didactic
training in ultrasound physics, image acquisition and image interpretation, hands-
on training, and the critical review of images and their resulting interpretation by a
clinician experienced in critical care ultrasound [8].
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Learning Curve

Educational efforts must recognize that there is a learning curve to developing com-
petency in critical care ultrasound that is highly variable, and that is dependent on
the specific competency that is being taught [16]. For example, a study of emer-
gency medicine physicians found that with respect to right-upper quadrant ultra-
sound, image quality and clinical interpretation were significantly increased after
performing seven ultrasounds, and that after 25 studies clinicians-in-training had
obtained diagnostic accuracy equal to that of highly experienced providers [17].
Some skills have been shown to require little training and time to develop a high
level of competency and diagnostic accuracy. In one study, critical care fellows
received 4 h of didactic and hands-on training in compression ultrasonography to
evaluate critically ill patients for deep venous thrombosis (DVT). The trainees then
conducted 128 subsequent compression studies as part of their critical care duties
and were found to have a very high level of diagnostic accuracy in diagnosing DVT
compared to subsequent formal comprehensive radiology DVT studies [18]. A simi-
lar study of physicians-in-training in an academic emergency department found
equally high levels of diagnostic accuracy with only a focused 10-min training ses-
sion [19]. However, the development of many advanced skills, such as the ability to
accurately assess subtle cardiac valvular abnormalities, requires very intensive
training for an extended period of time [7].

The clinical confidence in interpreting acquired images also increases with time.
A study of emergency medicine physicians who obtained certification in ultrasound
found that there was a significant association between provider confidence in their
image quality and interpretation in the accuracy of their diagnosis [20].

Web-Based/Computer

The use of web-based learning programs to augment hands-on and live didactic
teaching in critical care ultrasound is quickly gaining popularity. Web-based educa-
tion has proven to be particularly useful in helping intensivists to increase accuracy
in image interpretation. A strength of web-based curricula is that they offer partici-
pants the flexibility to develop skills in image interpretation at their own pace and
on their own time. In one recent study, intensivists who had completed a traditional
didactic and hands-on course in critical care ultrasound were subsequently given
access to a web-based learning program [21]. Completion of the web-based curricu-
lum resulted in significant improvements in diagnostic accuracy. Clinicians also
reported a significant increase in their confidence in their diagnoses after complet-
ing the web-based curriculum.
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Simulation

Simulation-based medical education has the potential to greatly improve clinical
knowledge and technical skills related to the use of critical care ultrasound. In one
study, first-year anesthesia residents learning basic transesophageal echocardiogra-
phy were randomized to traditional didactic teaching alone or to a 90-min simulator-
based transesophageal echocardiography teaching session with a virtual 3-D model
of a heart incorporated into a mannequin. Both groups were given pre- and post-
training video-based questions pertaining to image interpretation and probe position
and manipulation. While both groups showed an improvement on their post-training
test scores, those that received simulation training scored significantly higher than
the group that received traditional didactic training [22]. Another recent study found
that the use of medical simulation with an ultrasound-compatible mannequin to
train internal medicine residents in ultrasound-guided central venous catheter
(CVC) placement resulted in significantly reduced rates of CVC complications and
much greater reliance on ultrasonography for CVC placement compared to before
the development of the medical simulation curriculum [23].

The use of medical simulation to facilitate the learning of critical care echocar-
diography image acquisition skills has become increasingly sophisticated in recent
years. A variety of echocardiography simulators are currently available. One simu-
lator utilizes real echocardiography data combined with a probe tip and an electro-
magnetic field in a mannequin (EchoCom, Leipzig, Germany) and can be used for
TTE and TEE. Another medical simulator uses a digital model incorporated into a
mannequin (CAE Healthcare Inc., Montreal, Canada) and can be used with TTE,
TEE, and abdominal ultrasound probes. Many other simulators are available or are
currently in development with varying levels of fidelity and capabilities [24].

Longitudinal Curriculum and Other Key Components

Longitudinal curricula (ongoing ultrasound education) during medical training have
been shown to significantly increase both the quality of image acquisition and inter-
pretation skills, compared to short intensive 1-3-day courses. One study of emer-
gency medicine residents found that there was a significant increase in diagnostic
accuracy after an intensive 1-month dedicated ultrasound rotation [25].

Other key components of critical care ultrasound curricula that have been identi-
fied in the literature include combining didactic teaching with equal amounts of
hands-on time learning image acquisition; ongoing assessment and evaluation; and
individualized review of student images by a clinician experienced in critical care
ultrasound [8, 12, 26].
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Incorporating Ultrasound Into an Educational Curriculum:
Our Experience

Over the past several years we have developed a comprehensive ultrasound program
for pulmonary and critical care fellows. First-year fellows attend a critical care
ultrasound course taught by pulmonary and critical care faculty. A monthly 1-h
ultrasound conference includes time for review of relevant critical care journal arti-
cles as well as image review and interpretation. Ongoing assessment of the develop-
ing skills of all fellows is conducted on an annual basis.

At our institution we also have a collegial relationship with our emergency medi-
cine colleagues which offers further focused educational opportunities. Critical care
fellows have a dedicated rotation with the emergency medicine ultrasound team. The
program includes daily bedside ultrasound scanning rounds under the supervision of
an experienced sonographer for instruction in hands-on skills (image acquisition) as
well as recognition of normal anatomy and pathology (image recognition). In con-
junction with weekly video review (open to residents, fellows, and attending physi-
cians) there is a weekly ultrasound literature journal club to keep up-to-date with
current literature as well as to review seminal articles. The video review allows
junior sonographers to interpret and discuss a wide variety of normal and abnormal
images with immediate feedback from advanced sonographers.

Based on our own experiences and on a review of the literature, we recommend
a comprehensive approach to incorporate ultrasound into an educational training
program. Key components include the following:

Introductory Didactic Course: Prior to a 2-3-day introductory course for intensiv-
ists, all participants should be given pre-course articles and course materials. Key
curriculum components of an introductory critical care course include vascular
access, DVT studies, pleural and lung, abdomen, and basic echocardiography.
Strong consideration should be made to organizing a regional course with other
programs so that resources such as faculty and ultrasound machines and stan-
dardized patients/models can be shared. Ideally, hands-on training should utilize
a ratio of no greater than four learners to one instructor. Collaborating with other
departments in your own institution that have a strong interest in critical care
ultrasound (emergency medicine, surgery, pulmonary, anesthesia) can greatly
enhance the quality of training and augment the resources available for an intro-
ductory course.

Ongoing Assessment: Ongoing assessment and training is essential. This can be
initiated at the conclusion of the introductory course but should continue through-
out clinical training. To assess basic technical skills at the conclusion of an intro-
ductory course, a hands-on assessment utilizing a checklist can be used to assess
a trainee’s competence. To evaluate clinical knowledge, a multiple choice test
requiring interpretation of ultrasound films can be used. Keep in mind that skills
that are used regularly, such as vascular access, will be maintained while skills
that are less frequently practiced, such as DVT studies, will be quickly forgotten
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by most trainees. For continued assessment of trainees throughout their clinical
training we recommend assessment of both technical and clinical competence at
the bedside. In addition, archiving software such as Q-path™ (Telexy HealthCare,
Everett, Washington, USA) can facilitate retrospective review of a trainee’s
images offsite and allow ongoing feedback. In addition, establishing a regularly
scheduled ultrasound case conference for image review and interpretation of
saved films can be very useful for education, ongoing assessment, and quality
control.

Faculty Development: There is currently a paucity of clinical faculty in many criti-
cal care programs adept at teaching ultrasound [27]. In many programs there may
be only one or two intensivists, if any, who utilize critical care ultrasound as a
regular part of their clinical practice. Training programs must make a conscious
effort to develop the ultrasound skills and competencies of their own faculty.
Expert faculty need to focus their educational efforts not only on their trainees
but also on their colleagues. Divisional “train-the-trainer” programs and ongoing
quality assessment of all images acquired in ICUs can be very helpful in this
regard. Most importantly, faculty need to be supported and encouraged to obtain
training and utilize critical care ultrasound on a regular basis in their own clinical
practice.

Core Competencies

Multiple studies have shown that time-limited and focused ultrasound education in
specific targeted areas can result in the attainment of competency. It is recom-
mended that all intensivists develop specific basic competencies in vascular, tho-
racic, abdominal, and cardiac ultrasound [9].

Vascular (Chap. 3)

The ability to obtain ultrasound-guided vascular access is now an essential skill for
all intensivists and should be considered standard of care [9]. Critical care physicians
should be educated and trained in evidence-based best practices for ultrasound guided
vascular access [28]. Intensivists should also be trained to develop competency in
diagnosing DVT and in visualizing the aorta and inferior vena cava (IVC) [8].
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Thoracic (Chaps. 9 and 10)

The ability to use ultrasound to diagnose pleuro-pulmonary disease, including pleu-
ral effusions, pulmonary edema, and pneumothorax, should be taught to all inten-
sivists [9]. Utilizing ultrasound to safely perform thoracentesis and chest tube
placement is an important skill that should be taught to all intensivists. There is
growing evidence that basic lung ultrasound can easily and accurately be adopted
by providers with limited prior experience. A study of 27 French physicians found
that they could accurately diagnose pulmonary edema and pneumothorax with
ultrasound after completing a brief training module [29].

Abdomen (Chap. 12)

Key components of abdominal ultrasound that intensivists should be trained in
include identifying free fluid and assessing the kidneys and bladder. Procedural
ultrasound to reduce complications from paracentesis is also a key competency [9].

Basic Echocardiography (Chaps. 5, 6, and 7)

Education of intensivists in basic echocardiography should focus on the development
of competency in basic image acquisition and image interpretation that focuses on
a qualitative and target-oriented approach. The curriculum should focus on develop-
ing the ability to answer focused and specific clinical questions. Education should
emphasize the development of fundamental qualitative image interpretation skills
utilizing standardized views of the left ventricle (LV) and right ventricle (RV).
Training should focus on recognizing clear and unequivocal findings while empha-
sizing consulting expert echocardiographers for more subtle and equivocal findings
[9]. Cognitive training should emphasize recognition of important clinical findings
relevant to the intensivists such as hypovolemia (Chap. 4), LV failure, RV failure,
and tamponade. In basic critical care echocardiography education and practice, the
emphasis should at all times be on reviewing and confirming any abnormal findings
with expert experienced echocardiographers. Education in basic critical care echo-
cardiography should stress that any unusual findings have to be confirmed by expert
consultation before they are deemed clinically relevant.

Cardiac Function
In the area of critical care echocardiography, several studies have shown that experi-

enced intensivists can be trained to accurately assess cardiac function qualitatively. In
one study in a medical ICU, attending intensivists with minimal ultrasound training
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received 2 h of didactic training and 4 h of hands-on training in how to acquire basic
cardiac images and qualitatively assess LV function. They were subsequently asked to
assess LV function as normal, mildly to moderately decreased, or severely decreased.
Their results were compared to the results obtained within 2 h of the initial study by
certified sonographers and read by experienced echocardiographers. The intensivists
correctly identified normal LV function 92 % of the time. The authors also found
excellent concordance in the classification of decreased LV function between the
goal-directed cardiac ultrasound and the results of the formal echocardiogram [30].

Other studies have looked at educating physicians-in-training. In one study, med-
ical and anesthesia residents with minimal prior ultrasound experience were given
3 h of didactic training in goal-oriented echocardiography followed by 5 h of hands-
on training in obtaining standard views of the heart. Trainees were then asked to
assess LV systolic function and RV function as normal or abnormal in their ICU
patients. Results were compared to studies obtained at the same time by intensivists
with advanced (level III) echocardiography training. The study found excellent con-
cordance in assessment for RV dilation and LV systolic dysfunction [31]. Subsequent
studies of medical and anesthesia residents who received a more extensive 12-h
curriculum also found a high level of concordance with the interpretations of skilled
echocardiographers when assessing the cardiac function of ICU patients [32].
Similar results have also been found when emergency medicine residents were
trained for 6 h in basic goal-directed echocardiography [33].

Advanced Transthoracic Echocardiography
and Transesophageal Echocardiography (Chaps. 5 and 6)

Assessment of Valvular Function

The development of the skills and knowledge base for intensivists to accurately
assess major abnormalities in valvular function by TTE requires additional time and
effort. In one study, 100 intensivists, emergency medicine physicians, and anesthe-
siologists were given 16 h of training in both 2-D and Doppler goal-directed echo-
cardiography. In addition to training in the assessment of ventricular function,
didactic and hands-on training was provided in the assessment of valvular function.
Participants were then asked to evaluate cases presented in video format. Their
answers were compared to that of expert echocardiographers. In cases of moderate
to severe valvular abnormalities, agreement between study participants and expert
echocardiographers ranged from 90 % to 98 %. However, there was significantly
less diagnostic accuracy among participants when it came to identifying mild valvu-
lar abnormalities [34]. A potential limitation of this study was that 10 % of study
participants were anesthesiologists with significant experience in TEE.
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TEE

While most basic educational programs emphasize TTE, the use of transesophageal
echocardiography (TEE) for emergent assessment of unstable patients is becoming
more commonplace. Recently, especially among academic anesthesiologists, there
have been efforts to formally teach the use of focused TEE to rapidly assess criti-
cally ill surgical patients [35]. TEE has also been proposed as an advanced-level
skill in the ICU for intensivists who desire more than basic training in critical care
ultrasound [7].

Barriers to Training in Critical Care Ultrasound

A major barrier to implementing an ICU ultrasound program is the lack of qualified
faculty. In a survey of critical care program directors, 41 % of respondents noted
that they did not have proficient faculty members capable of training their fellows in
critical care ultrasound. The survey also identified fellow turnover, financial con-
straints, and mistaken beliefs about the need to be a certified ultrasound technician
to perform scans as barriers to ultrasound training and education in critical care
fellowship programs. The study also found that while almost all programs teach
trainees in the uses of ultrasound for vascular access and thoracentesis, only 55 %
of programs instruct trainees in basic echocardiography and only 33 % instruct
trainees in vascular diagnostic ultrasound [27]. As the use of critical care ultrasound
becomes more widespread, more clinician-educators hopefully will develop the
clinical competence to teach the next generation of intensivists [36, 37]. Developing
the skills of additional critical care faculty beyond one or two people is essential to
a sustained ICU ultrasound program.

Another barrier to implementing an ICU ultrasound program is potential resis-
tance from other departments. Variable acceptance from other departments (e.g.,
cardiology, radiology) of new point-of-care ultrasound programs should be expected
and anticipated. This resistance often stems from a misunderstanding about the
nature and function of point-of-care ultrasound. Specifically, it is different from
radiology comprehensive exams in terms of time to result (seconds/minutes vs.
minutes/hours), scope (limited, focused exam vs. comprehensive examination),
sonographer (clinician-performed/clinician interpreted vs. technician-performed/
radiologist interpreted), and cost/billing codes (limited/clinician-performed vs.
comprehensive exam). American Medical Association House of Delegates resolu-
tion 802 (AMA resolution HR 802) supports hospital credentialing committees to
grant point-of-care ultrasound privileging based on specialty-specific guidelines
without the need to seek approval from other departments [38]. Resistance from
other departments, however, can be a potential obstacle to implementing a compre-
hensive ICU ultrasound program. Developing strong quality control, ICU creden-
tialing, and ongoing educational efforts can help obviate these concerns.
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Potential Pitfalls

Potential diagnostic and technical pitfalls that must be emphasized in any ultra-
sound education training program include incomplete image acquisition, improper
image acquisition, and incorrect image interpretation (i.e., diagnosing cardiac tam-
ponade when there is only a pleural and not a pericardial effusion) [1]. Like clinical
training in any modality, education programs must emphasize strategies for avoid-
ing misdiagnoses that carry significant clinical and legal consequences and recog-
nizing the potential limitations of the technology used [2].

A major pitfall to implementing an ICU ultrasound program is starting a program
too quickly without quality assessment and educational programs in place from the
outset. Such programs are usually of poor quality and may quickly fail. It is essen-
tial to institute an ongoing hospital-approved quality review process with image and
video review, as well as to provide feedback to trainees and clinicians. If there are
no strict quality assurance measures in place, the utilization of ultrasound in the
ICU occurs haphazardly and can be a detriment rather than an asset to patient care,
and the program will not be sustainable.

It is essential to provide continuous feedback, assessment, and correlation with
intra-departmental video review interpretations as well as with any formal radiology
and echocardiographic exams. Cases that require review, including those that involve
errors in point-of-care ultrasound, should be discussed at standard departmental
morbidity and mortality conferences. Finally, there should be departmental policies
established to prepare for incidental findings or discrepancies that may arise.

Conclusions

In conclusion, as the use of goal-directed ultrasound becomes widespread in the
care of critically ill patients, formally educating providers is crucial to ensuring
quality care. The continued development of effective standardized program require-
ments and curricula is very important, as is further developing and defining issues
of certification and accreditation. All educational efforts should incorporate a vari-
ety of different modalities, including web-based curriculums, didactic training, the
use of medical simulation, and image review by teachers experienced in critical care
ultrasound. Ongoing review processes should be in place to ensure continued qual-
ity and safety.
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Chapter 3
Ultrasound for Vascular Access

Abdullah Sulieman Terkawi, Ariel L. Shiloh, Mahmoud Elbarbary,
and Dimitrios Karakitsos

Introduction

Central venous access is an invasive procedure that carries its own inherent
life-threatening risks and complications (Table 3.1) [1-4]. Precision and protocol
are required for implementation of a proper ultrasound technique. In the intensive
care unit (ICU), central venous access is required for fluid management in shock
patients, delivery of inotropes and vasopressors, measurements and monitoring
of central venous pressure, total parenteral nutrition, hemodialysis, plasmapheresis,
transvenous pacemakers, and facilitation of vascular and cardiac procedures.

Electronic supplementary material Supplementary material is available in the online version of
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Table 3.1 Complications of

Regional
central venous access

Immediate
» Inadvertent arterial puncture
¢ Hematoma
¢ Pneumothorax
* Hemothorax
e Catheter malposition
¢ Air embolism
* Arrhythmias
* Thoracic duct injury (left neck)
e Brachial plexus nerve injury
Late
e Lumen occlusion
* Venous thrombosis
¢ Arteriovenous fistula
* Exit-site infection
Systemic
¢ (Catheter-related bloodstream infection (CRBSI)

Table 3.2 Advantages of .
ultrasound-guided central
venous access

Increased cannulation success rate
¢ Increased first-attempt success

e Decreased complication rate

¢ Detection of anatomical variation
¢ Detection of thrombosis

e Optimal vessel selection (e.g., internal jugular,
subclavian, femoral vein)

* Confirmation of catheter site
* Rule out complications (e.g., pneumothorax)

Insertion is contraindicated at sites of infection or thrombosis. Relative
contraindications include severe coagulopathy and bleeding disorders, systemic
infection, presence of a right ventricular assist device, or pacing wires at the inser-
tion site [5]. Advantages of ultrasound-guided vascular access (UGVA) are sum-
marized in Table 3.2 and further analyzed in this chapter.

Traditional sites for central venous access are the internal jugular, subclavian,
and femoral veins. Additionally, over the past decade, peripherally inserted central
catheters (PICC) have gained popularity and have been increasingly used in patients
needing prolonged central venous access. Ultrasound guidance has been used to
augment successful placement of peripheral intravenous lines and arterial cathe-
ters — especially in patients with difficult anatomic landmarks or in the very young.
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Technical and Patient Considerations

Vein Selection

A pre-procedural scan is strongly recommended to guide the selection of an optimal
target vessel [6]. Criteria that favor the selection of a vein are:

1. Vessel patency (venous collapse during breathing or compression without signs
of thrombosis)

2. Easy accessibility (measure the distance between the skin surface and the vessel
wall)

3. Diameter (vessel size less than three times the caliber of catheter may carry a
greater risk for thrombosis) [7].

4. Anatomical variation

5. Intended purpose (i.e., neck surgery often requires infra-clavicular vascular
access)

6. Intended duration for catheter placement

Complication rates after the implementation of landmark techniques differ
between sites. The internal jugular vein carries the highest risk of accidental arterial
puncture and hematoma, the subclavian carries the highest risk for pneumothorax,
hemothorax, and catheter malposition, while the femoral vein carries the highest
risk for thrombosis and infection (Table 3.3) [1, 5, 8]. The 2011 Guidelines for the
Prevention of Intravascular Catheter-Related Infections recommends the use of the
subclavian vein site (rather than internal jugular or femoral veins) in adult patients
to minimize the risk of infection. However, the aforementioned guidelines were
based on data obtained prior to the introduction of standardized insertion bundles
and modern anti-infective techniques such as the use of chlorhexidine gluconate
(CHG) dressing devices. Recent studies show that CHG-impregnated sponge dress-
ing when used with the standard care decreases the incidence of major catheter-
related infections from 1.4 to 0.6 per 1,000 catheter-days [9].

Table 3.3 Complication rates in different central veins®

Complication Internal jugular [1] Subclavian [8] Femoral [5]
Arterial puncture % 10.6 5.4 6.25
Hematoma % 8.4 54 -
Pneumothorax % 24 4.9 -
Hemothorax % 1.7 4.4 -
Malposition % - 11 -

Infection (rate per 1,000 8.6 4 15.3
catheter-days) [5]

Thrombosis (rate per 1,000 1.2-3 0-13 8-34

catheter-days) [5]
aResults associated with the landmark/blind method
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Pre-procedural Preparations

e Selection of probe: a high-frequency (10-15 MHz) linear probe (Fig. 3.1) is
commonly used for UGVA, while low frequency curved-array probes (Fig. 3.2)
are reserved for vessels that might be located deeper than expected for various
reasons (i.e., obese patients, subcutaneous edema, anatomical anomalies, etc.).
Hockey-stick probes bearing smaller footprints are oftentimes used in pediatric
patients and in neonates (Fig. 3.3).

e Sterile techniques should be followed in all cases: hand washing, full sterile
barrier protection, sterile probe cover and gel (Figs. 3.4) [6].

* The ultrasound machine should be positioned opposite to the operator to facilitate
direct and straightforward visualization of the screen (Fig. 3.5).

Fig. 3.1 A high-frequency
linear probe is commonly
used for vascular scanning

Fig. 3.2 A low-frequency
convex probe can be used to
scan vessels located at greater
depth from the skin surface as
low-frequency enhances the
deeper penetration of the
ultrasound beam
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Fig. 3.3 A hockey-stick
probe combines high-
frequency scanning with a
smaller footprint and is
commonly used in pediatric
patients

Fig. 3.4 A standard central venous access kit and ultrasound probe with a sterile cover

Tips to Differentiate Veins from Arteries

* Shape: arteries tend to be circular and veins elliptical.

» Size: the vein is usually larger than the adjacent artery and increases in size with
Trendelenburg positioning.

* Compressibility: veins are easily compressible.

* Color flow fills venous lumen completely (color mode).

e Normal central venous flow on Doppler mode demonstrates spontaneity,
phasicity, and augmentation.



40 A.S. Terkawi et al.

Fig. 3.5 The ultrasound machine is positioned opposite to the operator to facilitate direct and
straightforward visualization of the screen in this supraclavicular cannulation of the right subcla-
vian vein

Procedure Checklist and Bundle

The American Society of Anesthesiologists Task Force on Central Venous Access
recommends the use of a central line insertion work and safety checklist and
bundling of required equipment to minimize errors, risk of infection, and compli-
cations [10]. These simple measures (Pronovost’s checklist) have shown tremen-
dous reduction (up to 66 %) in central line-associated bloodstream infections
(CLABSIs) [11].

Image Acquisition and Interpretation

A few practical tips when performing an ultrasound-guided central venous cannula-
tion for the first time include:

* Always adhere to a strict sterilization process by implementing a sterile probe
cover and sterile gel as previously mentioned.

* Initially, avoid pressing too hard with the probe on the cannulation site as normal
veins are collapsible vessels (Fig. 3.6).
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Fig. 3.6 Applying full probe
pressure this patent internal
jugular vein (IJV) which
accompanies the common
carotid artery (CCA) in the
left lateral neck fully
collapses and vanishes (top)
while using less (middle) and
light (bottom) probe pressure
the vein gradually reappears
until it reaches its full size
(bottom)
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* Optimize the two-dimensional image: center the image on the screen and adjust
depth, gain, and focus, while obtaining the proper orientation of anatomy with

standardization of the dot on the left.

* Once the two-dimensional image of the vein is obtained, check its patency by

applying probe pressure to exclude thrombosis (Video 3.1).

Two-dimensional ultrasound can demonstrate either a short-axis view (a transverse
view of the vessels) or a long-axis view (a longitudinal view of the vessels). The
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Fig. 3.7 Femoral vein thrombosis: Compression with the probe fails to collapse the vessel. FA
femoral artery, F'V femoral vein, Arrow head denotes thrombus

longitudinal axis view allows for continuous visualization of the needle trajectory
and reduces the risk of posterior wall puncture. However, it requires advanced pro-
cedural skill and experience to synchronize the needle trajectory within the real-
time ultrasound image. When using color-Doppler mode, operators should interpret
the generated color (blue or red) dependent on probe orientation. Flow directed
towards the probe will generate a red shift and flow directed away from the probe
will generate a blue shift. Thus, red and blue shades in color flow do not necessarily
represent the respective artery and vein but the direction of flow towards or away
from the probe.

Pre-procedural scanning: detection of vessel size and patency and exclusion of
possible thrombosis (Fig. 3.7). Notably, pre-procedural lung ultrasound should also
be performed to exclude pneumothorax (Fig. 3.8) and thus confirm the presence of
a normal aeration pattern.

For obvious reasons, catheter insertion should not be attempted when a preexist-
ing clot exists in the target vessel. It is essential to scan the latter prior to catheteriza-
tion to exclude thrombosis, especially in ICU patients. Notably, 90 % of potential
thrombi originate from the femoral-popliteal system; however, upper extremity
deep venous thrombosis may also occur in ICU patients. In a cohort of critical care
patients, Blaivas et al. reported an incidence of upper extremity deep vein thrombo-
sis around 11.25 % [12]. Risk factors included central venous catheter-associated
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Fig. 3.8 Depiction of the barcode sign (indicative of pneumothorax) on M-mode in a patient’s left
anterior chest (mid-clavicular line) prior to cannulation

thrombosis, malignancy, total parenteral nutrition, hypercoagulable states, and
obesity (body mass index or BMI >35 kg/m?).

Ultrasound signs of venous thrombosis include lack of complete vein compres-
sion, presence of intraluminal echoes (although acute thrombus can be echolucent),
decrease or absence of color flow. Also, venous Doppler demonstrates decreased or
absent spontaneity, phasicity or augmentation and either dilated or contracted veins
(Fig. 3.9). The sonographic detection of thrombosis aids in the diagnosis of catheter-
related infections [13].
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Fig. 3.9 Normal venous flow is spontaneous (automatically heard with Doppler), phasic (flow
increases and decreased with respiration), and augmented (increased with distal compression).
Although normal Doppler signs may be present with partially occlusive thrombosis, the usual
Doppler findings include: absence of spontaneity (no venous flow) indicating venous obstruction,
continuous flow indicating proximal obstruction or extrinsic compression, while distal compres-
sion does not produce augmentation. Note the flow augmentation in a normal brachial vein that has
been compressed distally (a) and the spontaneous, phasic flow occurring in a normal subclavian
vein (b). Observe the absence of flow in a totally thrombosed internal jugular vein (¢) and continu-
ous flow in an extrinsically compressed internal jugular vein (d)

Basic Competencies

Operators who perform ultrasound-guided placement of central venous catheters
should be familiar with the sonoanatomy of the cannulation site and possess basic
ultrasound skills such as the ability to differentiate between arteries and veins,
detect venous thrombosis, and select the optimal vessel for cannulation. We recom-
mend using real-time techniques where the operator moves the probe and needle
slowly, in a simultaneous fashion, to ensure that the needle tip is visualized continu-
ously [6]. This technique can be performed by a freehand approach or by the imple-
mentation of needle guides which keep the needle attached to the plane of the probe
at all times. The former approach is technically demanding as it depends largely on
the fine coordination of probe positioning and needle movement; however, it allows
a great degree of freedom in maneuvers and adjustments of the penetrating needle
trajectory (Figs. 3.10 and 3.11).
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Fig. 3.10 Freehand access
cannulation of the internal
jugular vein on the long axis
requires fine coordination of
movements (note that the
plane and trajectory of the
needle follows the plane of
the probe)

Fig. 3.11 Freehand access
cannulation of the internal
jugular vein on the short axis
is relatively easier compared
to the long-axis approach.
However, needle visualization
on the short-axis approach is
more problematic (note that
the angle of the penetrating
needle is around 40-45°)

Internal Jugular Vein Cannulation

Anatomy

The internal jugular vein drains blood from the brain, face, and neck. It begins at the
jugular foramen in the skull, merges through the carotid sheath (along with the com-
mon carotid artery medially and vagus nerve posteriorly), and joins the subclavian
vein behind the medial end of the clavicle to form the brachiocephalic vein. Rotating
the head will lead to overlapping of internal jugular vein with the common carotid
artery. The thoracic duct ascends on the left side of the neck along the left margin of
the esophagus until C-7, where it bends laterally behind the carotid sheath and then
turns down again to drain into the left brachiocephalic vein [14].
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Procedure

A high-frequency linear transducer is placed over the groove between the sternal
and clavicular head of the sternocleidomastoid muscle at the lateral side of the neck
(Figs. 3.10 and 3.11). Pre-procedural scanning is performed to identify the adjacent
structures and evaluate the vein’s depth, caliber, and patency (Figs. 3.12, 3.13, and
3.14). Electrocardiogram monitoring is necessary to evaluate the occurrence of pos-
sible dysrhythmias during guide wire insertion. Strict sterility is achieved by means

Fig. 3.12 Transverse view of the internal jugular vein and carotid artery. CA carotid artery, 1J
internal jugular vein

Fig. 3.13 Longitudinal view of the internal jugular vein
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Fig. 3.14 Internal jugular vein cannulation (short-axis technique): (a) transverse view IJ internal
jugular vein, CA carotid artery; (b) longitudinal view of the internal jugular vein; (c) needle tip in
the vessel lumen denoted by arrow head; (d) guide wire confirmation in longitudinal view denoted
by arrow heads

of a sterile probe cover and sterile single-use gel as previously described. The
internal jugular vein can be cannulated using either the long-axis or short-axis tech-
niques. When using the short-axis technique the penetration angle of the needle is
usually around 45 ° to the skin (Fig. 3.11).

Subclavian Vein Cannulation

Anatomy

The axillary vein is the continuation of the brachial vein into the chest wall and
becomes the subclavian vein as it passes medially under the first rib. The subclavian
vein joins the internal jugular vein at the medial border of scalenus anterior, where
it gives rise to the brachiocephalic vein (also known as the innominate vein). Notably,
the dome of the pleura is adjacent to the subclavian vein. In the blind landmark tech-
nique, the deltopectoral groove formed at the inferior junction of the middle and
medial third of the clavicle is the most common needle insertion site [14].
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Procedure

The patient is placed in a supine position with a slight retraction of the shoulder to
best expose the vein. The needle bevel should be directed anteriorly during insertion
and then be turned caudally upon venipuncture to direct the guide wire toward the
right atrium. Electrocardiographic monitoring and sterile techniques should be
applied as previously described. Ultrasound-guided cannulation of the subclavian
vein can be achieved using either a supraclavicular or an infraclavicular approach
(Figs. 3.15, 3.16, 3.17, 3.18, 3.19, and 3.20).

* Supraclavicular approach

Key points of this approach include:

— Scan the neck and localize the internal jugular vein. Follow the vein caudally
to the junction of the subclavian vein, orient the probe in the longitudinal axis
in the supraclavicular fossa, and angulate it anteriorly. The subclavian vein is
usually seen (within 1-2 cm) at the level where it joins the brachiocephalic
vein medially.

— Identify the adjacent structures (e.g., artery and pleura).

Fig. 3.15 Supraclavicular
short-axis approach (fop) and
infraclavicular long-axis
approach (bottom) in the
cannulation of the subclavian
vein (the arrow is showing
the position of the clavicle)
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Clavicle

Pleural =~
Interface

Fig. 3.16 Transverse view of the infraclavicular subclavian vasculature demonstrating the
relationship of the vessels to the pleural interface and clavicle. SCA subclavian artery, SCV subcla-
vian vein
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Fig. 3.17 Longitudinal view of the infraclavicular subclavian vein

— Atthe back of the clavicle insert the needle just lateral to the probe (long-axis),
while directing the needle tip slowly towards the sternal notch.

— Under ultrasound guidance the guide wire is introduced; then, the ipsilateral
internal jugular vein is scanned before catheter insertion to rule out malposi-
tioning of the guide wire.
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Clavicle

Fig. 3.18 Transverse view of the supraclavicular subclavian vasculature demonstrating the
relationship of the vessels to clavicle. SCA subclavian artery, SCV subclavian vein

Fig. 3.19 Subclavian vein cannulation (short-axis technique): (a) transverse view SA subclavian
artery, SV subclavian vein, Arrows pleural line, * clavicle; (b) needle tip in the vessel lumen
denoted by arrow head; (c) guide wire insertion in the subclavian vein; (d) longitudinal view and
catheter confirmation in the subclavian vein denoted by arrow heads
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Fig. 3.20 Cannulation of the subclavian vein (SCV) on the longitudinal axis (infraclavicular
approach): (a) transition of the axillary vein (AXV) to SCV at the level of the first rib (arrow ster-
num shadow); (b) echogenic needle (arrowhead) advancing towards the AXV; (¢) echogenic nee-
dle (arrowhead) advancing towards the SCV (arrow sternum shadow); (d) echogenic needle
(arrowhead) in the SCV lumen (arrow sternum shadow)

» Infra-clavicular and axillary approaches:

— Place the probe on the lateral chest wall just below the clavicle. The subclavian
vein can be visualized and cannulated using either a long-axis technique (the
probe marker is oriented laterally) or a short-axis technique. The penetration
point of the needle can be located either medially/towards the sternum (in this
case the subclavian vein itself is usually cannulated) or laterally/towards the
axilla (in this case the axillary vein is usually cannulated) [8, 15].

— Using a smaller gauge needle might be safer when puncturing deeper vessels
(e.g., axillary) when compared with the traditional central venous line intro-
ducer needle [16].

Tips to differentiate between the subclavian vein and artery include:

1. Although the vein is not pulsatile, it is important to distinguish transferred
pulsatility and respiratory variation of the vein from arterial pulsation.

2. The vein is usually anterior to the artery.

3. Pulsed-wave Doppler demonstrates the characteristic pulsation of the artery and
respiratory hum of the vein.

Factors that are associated with difficult subclavian vein cannulation and high
rates of complications include obesity (BMI >30 kg/m?), history of previous
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Fig. 3.21 Depiction of the lung point sign (indicative of pneumothorax) on M-mode in a patient
following the placement of a subclavian vein catheter

catheterization, and prior radiotherapy or regional surgery. The current evidence
recommends the use of ultrasound for high-risk patients [4].

Post-procedural evaluation to rule out pneumothorax (Fig. 3.21) by lung ultra-
sound (i.e., absence of lung sliding, barcode sign on M-mode, absent B-lines, lung-
point sign are all suggestive of pneumothorax) should be performed after the
cannulation of the internal jugular and subclavian veins due to their close proximity
to the pleura.

Femoral Vein Cannulation

Anatomy

The common femoral vein is formed by the superficial (continuation of the popliteal
vein) and deep femoral veins; it lies to the medial side of the common femoral artery
(inside the femoral sheath) and passes behind the inguinal ligament to form the
external iliac vein. The greater saphenous vein empties into the common femoral
vein about 4 cm below the inguinal ligament. The femoral triangle, which is formed
superiorly by the inguinal ligament, medially by the adductor longus muscle, and
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laterally by the sartorius muscle, includes the neurovascular bundle (femoral vein,
artery, and nerve). Due to its proximity to the perineum, infection is a major
complication for femoral vein catheters [14].

Procedure

The femoral vein is visualized at the inguinal crease (Figs. 3.22 and 3.23). Sweeping
the probe caudally aids in identifying its tributaries and its relationship to the adja-
cent artery (i.e., possible overlapping), as well as in detecting any other venous

Fig. 3.22 Transverse view of the femoral vasculature demonstrating compression of the common
femoral vein. CFV common femoral vein, FA femoral artery

Fig. 3.23 Longitudinal view of the common femoral vein
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Fig. 3.24 The femoral artery
(red color) is accompanied by
a double system of femoral
veins (blue color)

anomalies such as thrombosis or a double femoral venous system (Figs. 3.7 and
3.24). The best entry point is devoid of branching veins. Current evidence recom-
mends the use of ultrasound to identify overlapping vessels and patency [4].

Tips for facilitating access of the femoral vein:

1. Slightly abduct the hip with external rotation.
2. Reverse Trendelenburg position can increase the common femoral vein cross-
sectional area by more than 50 % [4].

Advanced Competencies

Experienced operators usually cannulate a central vein using a real-time longitudi-
nal axis approach, which allows better control of the needle trajectory and avoid-
ance of posterior wall puncture (Fig. 3.20). However, complications may occur even
under ultrasound-guidance. Advanced competencies regarding ultrasound-guided
vascular access also include the ability of the physician to diagnose abnormal vas-
cular anatomy, such as the presence of pseudoaneurysms, fistulas, and non-
thrombotic vessel obstructions (Fig. 3.25).
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Fig. 3.25 Color mode
depicting a traumatic
pseudoaneurysm of the
femoral artery after a blind
femoral vein cannulation
(observe the typical “yin—
yang” sign on color mode)

»

Ultrasound-Guided Arterial Cannulation

The procedure for arterial cannulation is the same as for venous cannulation. Real-
time guided cannulation is preferred over the skin-marking static-imaging tech-
nique (Fig. 3.26) [4]. Ultrasound-guided arterial cannulation is helpful in many
scenarios commonly encountered in ICU practice such as obese patients, abnormal
anatomy, hypoperfusion, non-pulsatile artery, and previously unsuccessful cannula-
tion attempt [17]. A meta-analysis has demonstrated that ultrasound-guided radial
artery cannulation improves first pass success [18].
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Fig. 3.26 Axillary artery cannulation: (a) transverse view AA axillary artery, AV axillary vein, NB
nerve bundle; (b) Color-Doppler confirmation of the artery and vein; (c) needle tip in the vessel
lumen denoted by arrow head; (d) longitudinal view and catheter confirmation in the axillary
artery (arrow heads)

Ultrasound-Guided Venous Access Considerations in Pediatric
Patients and Neonates

The current recommendations support the use of real-time ultrasound during internal
jugular and femoral vein cannulation to improve success and to reduce the incidence
of complications in pediatric patients [4].

Internal Jugular Vein Cannulation

The neck should be scanned along the course of the vein to identify the best access
point for cannulation. Trendelenburg positioning and liver compression techniques
are used for increasing the vein size [4]. After the guide wire insertion, another scan
should be performed to confirm its presence within the vein before dilatation and
catheter insertion.
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Subclavian Vein Cannulation

A hockey-stick probe, as previously mentioned, at the supraclavicular level assists
in obtaining a longitudinal view. Needle insertion is performed via infraclavicular
route under direct ultrasonic guidance [19].

Femoral Vein Cannulation

Femoral vein access in pediatrics is a challenging procedure due to the high preva-
lence of anatomic variations. Hopkins et al. [20] demonstrated an overlap between the
femoral artery and vein in 36 % of patients placed in straight leg position and in 45 %
of patients placed in frog leg position. Moreover, the overlap increased distal to the
inguinal ligament (75 % in straight leg position and 88 % in frog leg position 1 cm
below the inguinal ligament on the left (»p=0.02) versus 93 % in straight leg position
and 88 % in frog leg position at this level on the right). Vein diameter was significantly
greater in the frog leg position versus straight leg position on the left, but not on the
right, and diameter change with the frog leg position varied by age. Thus, the authors
suggested considering placing the patient >2 years of age in a frog leg position (60°
leg abduction and external hip rotation) to increase the diameter of the femoral vein
and to cannulate the vessel by means of sonography. Cannulation should be done at
the level of the inguinal crease where less overlap occurs. Additional tips to improve
venous visualization in small children include putting a small towel under the child’s
buttock, reverse Trendelenburg positioning, and gentle abdominal compression [4].

Peripheral Vascular Access in Pediatrics

Peripheral venous access can be a challenge, especially in small, obese, or dehy-
drated children, and in cases of previously failed venipuncture. Ultrasound-guided
peripheral vascular access may improve the success rate in difficult cases when
performed by trained physicians [21]. Recently, the High-frequency Ultrasound in
Kids Study (HUSKY) group [22] demonstrated that high-frequency (50 MHz)
micro-ultrasound (HFMU) facilitated better visualization in sub-10-mm spaces
when compared to conventional ultrasound. HFMU may be a valuable tool for
accessing peripheral vasculature in pediatrics.

Peripherally Inserted Central Lines

PICCs are inserted via a peripheral vein in the arm with a tip that terminates cen-
trally, at the junction of the right atrium and superior vena cava. It can remain in
position for prolonged periods of time and carries less incidence of infection than
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Fig. 3.27 Surveillance
scanning after the placement
of a subclavian vein catheter
in a cancer patient has
depicted a catheter-associated
chronic thrombosis. However,
this is not by itself an
indication for removing the
catheter. Absolute indications
include: catheter malfunction
and documented catheter-
associated bloodstream
infection

RIGHT  SCV  Chronic THROMBUS ~S/P IV LINE~

traditional central venous catheters [6], and it is a preferable choice in patients who
need prolonged central access. Ultrasound can be used to optimize the selection
of an upper extremity vein for insertion of the PICC line and facilitate catheter
surveillance (Fig. 3.27).

Special Challenges

Challenging cannulation scenarios commonly occur in the ICU (e.g., previous can-
nulation attempts, prohibitive bracing, tubing, or dressings at access sites, signifi-
cant anatomic anomalies, presence of subcutaneous air and/or edema, etc.). The
advent of ultrasound guidance has afforded the opportunity to adapt insertion pro-
cedures to establish venous access. Sofi and Arab reported successful ultrasound-
guided cannulation of the internal jugular vein in a prone-positioned patient during
a surgery complicated by unpredicted massive blood loss [23]. Castillo et al.
reported a patient with kyphosis and a fixed chin-on-chest deformity in whom suc-
cessful cannulation was performed by ultrasound-guided catheterization of the left
axillary vein using a micropuncture technique [16].

Evidence Review and Evidence-Based Use

The US Agency for Healthcare Research and Quality (AHRQ) lists ultrasound-
guided vascular access as one of the top 11 evidence-based practices, while several
other evidence-based guidelines support the use of the ultrasound method over the
landmark technique [4, 24, 25]. Virtually all medical societies related to the care of
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critically ill patients advocate for the use of ultrasound for obtaining vascular access
[4, 6, 10]. Current recommendations of the American Society of Cardiovascular
Anesthesiologists include [4]:

e Internal jugular vein: Trained clinicians should use real-time ultrasound
whenever possible to improve cannulation success and to reduce the incidence of
complications (Category A, Level 1 evidence).

* Subclavian vein: High-risk patients may benefit from ultrasound screening
before cannulation to identify vessel location, patency, and thrombus (Category
A, Level 3 evidence).

» Femoral vein: Ultrasound should be used for examining the femoral vein for
identification of vessel overlap and examining patency (Category C, Level 2
evidence).

* Pediatric patients: Trained clinicians should use real-time ultrasound during
internal jugular cannulation whenever possible to improve cannulation success
and reduce the incidence of complications (Category A, Level 1 evidence;
Category C, Level 2 evidence for femoral vein cannulation).

» Arterial lines: Although the council does not recommend routine real-time ultra-
sound use for arterial cannulation in general, in the case of radial artery, support-
ing evidence does exist as previously mentioned (Category A, Level 1
evidence).

* Peripheral venous access: The council does not recommend routine use of real-
time ultrasound use. However, there is supporting evidence advocating the use of
ultrasound for PICC insertion (Category B, Level 2 evidence).

Pitfalls and Precautions

Complications may occur even under ultrasound guidance. Oftentimes these com-
plications are due to lack of experience. One of the major complications, especially
when using a short-axis approach, is puncture of the posterior vessel wall. The
incidence has been reported to be as high as 64 % in a resident-based study [26].
Additional training with simulation models and optimization of the ultrasound
technique (i.e., less probe pressure over the vein, use of an in-plane technique)
could minimize the incidence of the aforementioned complication. French et al.
suggested the use of four-dimensional imaging (real-time three-dimensional imag-
ing) to reduce the errors in identifying vessels and complications during ultra-
sound-guided central venous cannulation; however, this method is not yet widely
available [27].

Hereby, we wish to underline once again the advantages of the three-step real
time ultrasound technique. The ultrasound method facilitates the identification of
the vein prior to the needle insertion and confirms the proper placement of the guide
wire prior to dilation, thus avoiding the pitfall of dilating an artery (Fig. 3.28). The



60 A.S. Terkawi et al.

Fig. 3.28 Sonographic
identification of the guide
wire prior to dilation in the
subclavian (top) and the
internal jugular (bottom)
veins, respectively

latter may occur in critical care patients who have coded and have severe hypotension.
Finally, post-procedural scanning enables the prompt identification of various com-
plications (i.e., catheter malpositioning, hematoma, pneumothorax, etc.)

Notably, recent randomized case—control studies have demonstrated that
echogenic technology significantly improved cannula visibility, decreased access
time and mechanical complications during the real-time ultrasound-guided inter-
nal jugular vein cannulation via a transverse approach and subclavian vein cannu-
lation via a longitudinal approach (Fig. 3.20) [28]. Apart from the aforementioned
technological developments, the implementation of a real-time ultrasound tech-
nique is essential in both training and routine practice. We strongly advocate using
a three-step approach for the optimization of the ultrasound method in the ICU
(Fig. 3.29).
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 Evaluate vascular patency and select the optimal vessel for
cannulation

* Real-time ultrasound-guided puncture of the vein (preferably
on the longitudinal axis to avoid posterior wall puncture) and
placement of the guide wire accordingly. Identification of the
guide wire in the vessel lumen by ultrasound is essential.

* Rule out complications (e.g. pneumothorax, malpositioning
etc.). In the ICU, routine catheter surveillance by ultrasound
for identification of late complications (catheter associated
thrombosis and/or infections etc.) is recommended.

Fig. 3.29 A three-step approach for the optimization of ultrasound-guided central venous access
in the ICU

Training Requirements

Further discussion regarding this topic is available in its own chapter, but in general
here is what is recommended. Recommended training and curriculum for ultrasound-
guided central venous access includes knowledge of [4, 29] principles of ultrasound
physics and knobology/equipment operation; infection control standards; basic
sonoanatomy: differentiation between arteries/veins, image optimization; ultra-
sound guided cannulation procedural steps and indications; complication preven-
tion; and catheter surveillance.

Summary

Real-time ultrasound-guided catheterization of the vein is a skill that requires proper
training and considerable experience. The implementation of a simple three-step
approach (pre-procedural scanning, real-time technique, post-procedural scanning
including catheter surveillance) may optimize ultrasound-guided central venous
access in the ICU (Fig. 3.29). Ultrasound guided vascular access is one of the top 11
evidence based practices, while its implementation in routine practice increases the
safety of the procedure and the satisfaction of patients, thus improving the standard
of care.

Acknowledgment We are thankful to Dr. Rayan S. Terkawi and Dr. Khaled S. Doais, for their
help in preparing the pictures in this chapter.)
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Chapter 4
Ultrasound Evaluation of Shock and Volume
Status in the Intensive Care Unit

Keith Corl, Sameer Shah, and Eric Gartman

Introduction

Point-of-care ultrasound is particularly well suited for the urgent evaluation of
shock in the critically ill patient. In order to maximize the potential of this technol-
ogy, one must possess the ability to employ several of the basic imaging tech-
niques discussed throughout this text. This chapter will first present a proposed
algorithm for approaching a critically ill patient in shock, and how to systemati-
cally conduct a goal-directed ultrasound examination. Subsequently, we will
discuss the role of ultrasound in the assessment of volume status and fluid
responsiveness.
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Undifferentiated Shock

Shock is a complicated pathophysiologic process that can manifest as hypotension,
oliguria, neurologic derangement, or other evidence of poor systemic perfusion.
Shock is typically classified into one of four categories: cardiogenic, hypovole-
mic, distributive, or obstructive; although clinically, a combination of the types
may be present. Ultrasound offers the potential for the critical care physician to
accurately identify the etiology of shock in a timely fashion, and subsequently use
ongoing ultrasound imaging to assess changes in a patient’s physiology to direct
management.

Systematic Approach to the Patient in Shock

The sonographic evaluation of a patient in shock should be tailored to the clinical
picture. For example, if a patient’s blood pressure abruptly drops following the
placement of a subclavian central line, ultrasounding the lung pleura to detect the
presence of a pneumothorax is clinically warranted and one’s ultrasound investiga-
tion should be directed accordingly. However, more frequently the etiology of shock
is not clear and a systematic sonographic approach is required. A variety of algo-
rithms have been proposed for the bedside ultrasound evaluation of undifferentiated
shock. In an effort to maximize efficiency while ensuring a thorough ultrasound
exam is performed, we suggest the following algorithm for nontraumatic shock,
which is modified from the Rapid Ultrasound for Shock and Hypotension (RUSH)
protocol (Fig. 4.1) [1]. An alternative algorithm, the ACES protocol (Abdominal
and Cardiac Evaluation with Sonography in Shock), has the clinical advantage of
taking less time to complete, however it omits key components such as assessing
lung sliding to rule out a pneumothorax [2].

Following the initial echocardiogram, the clinician should prioritize the follow-
ing studies based upon clinical suspicion. If the clinical picture is unclear, we sug-
gest cardiac echo, followed by IVC ultrasound, then abdominal, including the aorta,
followed by lung pleura, and finally a lower extremity venous study. This approach
allows the clinician to minimize probe and location changes.

Goal-Directed Echocardiography

A rapid four-view echocardiogram utilizing parasternal long and short axis views,
an apical four-chamber view, and a subcostal view should be performed. This will
give an assessment of overall left ventricle (LV) function, size and function of
the right ventricle (RV), and the presence of pericardial effusion and possible
tamponade. See Chaps. 5, 6, and 7 on critical care echocardiography for complete
details.
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Shock
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Fig. 4.1 Algorithm for ultrasound assessment of undifferentiated shock, modified from the RUSH
protocol. The algorithm begins with critical care echocardiography, with subsequent focused
exams as described in the chapter text

IVC Ultrasound

From the subxiphoid position used for echocardiography slide the probe to 1-2 cm
to the patient’s right, the inferior vena cava (IVC) is examined by fanning and
sliding the probe to assess the vessel’s diameter and collapsibility. See below for
discussion of volume assessment.

Abdominal Exam

The four views of the FAST exam should be obtained: right upper quadrant (RUQ),
subcostal, left upper quadrant (LUQ), and suprapubic to rapidly assess the presence
of free fluid in the peritoneal cavity. Please refer to Chap. 12 for full details.

Aorta

In brief, the probe is placed in the midline, the aorta identified, and then tracked
from a cephalad position in the abdomen to its bifurcation into the iliac arteries.
Both transverse and longitudinal views of the aorta are obtained to assess for
aneurysm. See Chap. 12 for the details of this exam.
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Pleural Ultrasound

Three to four sites are examined on each hemithorax to confirm presence or absence
of lung sliding as well as identifying any clinically significant pleural effusion. Lack
of lung sliding may indicate pneumothorax, while a large pleural effusion may rep-
resent empyema or hemothorax. Additional images and details on pleural ultra-
sound can be found in Chap. 10.

Assessment of Venous Thrombosis

Switching to a high frequency probe, identify the femoral vein and track the deep
veins distally to the level of the popliteal vein. Assess for echogenic material within
the vessel, lack of compressibility, or abnormal Doppler flow to diagnose deep vein
thrombosis (DVT). Lack of vessel compressibility is the most significant finding
suggestive of deep venous thrombosis. Full details and images of venous ultrasound
can be found in Chap. 13.

Evidence-Based Review

Rapid diagnostic assessment and implementation of appropriate treatment in a criti-
cally ill patient can be lifesaving. In the emergency room setting, the early use of
bedside ultrasound has been shown to be superior to delayed use of ultrasound in
formulating a clinically meaningful differential diagnoses. In patients with undif-
ferentiated, nontraumatic, shock, Jones et al. compared the ability to correctly diag-
nose shock between those who were immediately evaluated with bedside ultrasound
versus implementation of 15-30 min of standard care followed by a delayed ultra-
sound. Physicians in the early ultrasound group had a more focused differential
diagnosis and were able to correctly identify shock etiology in 80 % of cases 15 min
into the resuscitation, while the traditional management algorithm correctly identi-
fied shock etiology only 50 % of the time [3]. Despite this supportive data, and the
intuitive benefit of the use of bedside ultrasound in the assessment of undifferenti-
ated shock, there is limited prospective data validating the use of ultrasound-based
algorithms to diagnose and manage shock.

Ultrasound offers the advantages of rapid, noninvasive, point of care use, which
produces data that is often superior to the traditional physical exam. Brennan et al.
substantiated this assertion in a study that showed medical students with limited
didactic and ultrasound training were more accurately able to estimate right atrium
(RA) pressures with ultrasound than with traditional jugular venous pressure mea-
surements (90 vs. 63 %) [4]. The superiority of ultrasound over the physical exam
was further demonstrated by Kobal et al. who compared medical students using
handheld ultrasound with the physical exams of board certified cardiologists in
diagnosing common cardiac conditions. Following 18 h of ultrasound training, the
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medical students significantly outperformed the cardiologists in all measured
categories [5]. Clearly, the use of ultrasound by physicians to diagnose and direct
management patient care at the bedside is rapidly expanding. Further elaboration on
ultrasound training programs and standards can be found in Chap. 2.

Volume Status and Fluid Responsiveness

Introduction

Physicians frequently face the clinical challenge of accurately assessing a critically
ill patient’s volume status; moreover, predicting which patients will be responsive to
fluids is an elusive task. Clinical parameters such as vital signs and the physical
exam have been shown to be imprecise, are variably interpreted amongst providers,
and are therefore unable to accurately predict the hemodynamic status of critically
ill patients [6, 7]. The traditional gold standard of hemodynamic monitoring, pul-
monary artery catheterization, is invasive, labor-intensive, and of questionable ben-
efit when used routinely in intensive care unit (ICU) patients [8]. With pulmonary
artery catheterization now performed infrequently during the management of the
critically ill, clinicians are in need of a dependable, noninvasive modality to esti-
mate volume status and fluid responsiveness.

Central venous pressure (CVP) is the most commonly used static measure of
preload and is currently recommended by internationally endorsed guidelines for
treating patients with septic shock [9]. While IVC collapsibility has been shown to
correlate with low CVP [10], static measures such as CVP are poor surrogates for
cardiac preload and are unable to predict which patients will respond to fluid loading
[11]. A meta-analysis by Marik and Cavallazzi illustrated that CVP is unable to
predict fluid responsiveness (FR) and concluded that “there are no data to support
the widespread practice of using CVP to guide fluid therapy” [12]. Furthermore, the
results of the Protocolized Care for Early Septic Shock (ProCESS) trial question the
utility of routinely placing central lines in patients with septic shock who do not
require vasopressors [13]. These findings have led a number of physicians to look
for alternatives to CVP, and instead use dynamic and noninvasive modalities to
direct fluid resuscitation. Ultrasound measurement of the IVC diameter and caval
index (the relative change in diameter observed during respiration) has been
proposed as a noninvasive means of determining volume status and identifying those
patients whose cardiac output may be improved by further volume administration.

Technical and Patient Considerations

In general, when assessing volume status and responsiveness the best images are
acquired with the patient in the supine position. However, there are a number of
clinical circumstances where laying a patient flat will not be possible; for example,
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a patient with severe orthopnea is unlikely to tolerate supine positioning. In these
circumstances, keeping the patient semi-recumbent at a 30—45° angle is appropriate.
Be aware that semi-recumbent positioning will modify the IVC diameter; however,
the magnitude of its effect is not clearly established. Obese patients and abdominal
bowel gas pose challenges to image acquisition. Properly adjusting depth and gain
can help to maximize image quality. Applying gentle pressure with the probe to the
abdomen, while resting the hand holding the probe on the abdominal wall, will help
clear bowel gas from the study image. Constant contact with the probe hand is
important, since proprioception will provide feedback and prevent the application
of undue pressure to the patient’s abdomen.

Image Acquisition and Interpretation

For proper IVC image acquisition select the low frequency (1-5 MHz) phased array
probe, as this will provide optimal abdominal penetration and visualization of deep
structures. With the patient in the supine position, rest the hand holding the probe
on the patient’s epigastric area (subxiphoid view) with the probe marker directed
cranially and the probe angled about 45° off the skin (Fig. 4.2). Apply gradual pres-
sure with the lateral aspect of the smallest finger in direct contact with the patient’s
abdomen, then slide the probe a few centimeters to the patient’s right. As the probe
moves off the midline, the long-axis IVC will come into view. The IVC can be iden-
tified as it transverses the liver, where the hepatic veins feed into it, and it can be
followed cranially to where it terminates in the right atrium. Some general charac-
teristics of the IVC can be observed that may immediately suggest a given physio-
logic state. For example, if the clinician observes an IVC that completely collapses
during respiration, this strongly suggests volume depletion and does not necessarily
require direct measurement [14]. A more formal approach to quantifying the
collapsibility of the IVC, known as the caval index, will be outlined below.

Fig. 4.2 Transducer
placement to examine the
inferior vena cava (IVC).
Note the transducer is slightly
shifted to patient’s right from
midline. Also note it is tilted
almost 45° to cephalad
(Image by Dr. Taro Minami)
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Occasionally the patient’s body habitus or abdominal gas may make it impossible
to adequately visualize the IVC from the subxiphoid approach. In this case, the
examiner should scan from the lateral chest/abdominal wall, using the same tech-
nique as in the FAST exam or when performing an ultrasound of the right
hemidiaphragm. This alternative approach will often provide a non-obscured view
of IVC (see Chap. 12 for further imaging details).

Basic Competencies

To obtain IVC measurements ensure that the center of the IVC is being imaged in the
long-axis view. It is important to obtain images of the IVC in the center of its lumen
as lateral displacement of the probe in either direction will affect the measurement of
the vessel’s diameter. Obtain IVC diameter measurements at maximal inspiration and
maximal expiration 3 cm caudal from the right atrial boarder or just proximal to the
junction of the hepatic veins and the IVC. Both locations reliably produce consistent
measurements (Fig. 4.3). Optimal measurements are obtained by recording a video
clip of the IVC in B-mode and performing frame-by-frame analysis with calipers to
record maximal and minimal caval diameters. Alternatively using M-mode to obtain
a time-motion record of the IVC diameter is also an effective strategy (Fig. 4.4).
The caval index quantifies the vessel’s distensibility in ventilated patients, and
collapsibility in spontaneously breathing patients. It is important to remember

Fig. 4.3 Demonstration of
inferior vena cava (IVC)
diameter measurement. IVC
diameter is measured just
proximal to the entrance of
the hepatic veins or about

3 cm from the right atrium.
Measurements are taken at
the same position in
inspiration and expiration to
assess for respirophasic
changes in diameter. RA right
atrium (Image by Drs.
Johannes Steiner and Gaurav
Choudhary)



http://dx.doi.org/10.1007/978-1-4939-1723-5_12

72 K. Corl et al.

Hepatic Vein

Fig. 4.4 Use of M-mode for determination of inferior vena cava (IVC) diameter measurement.
Placing the sampling line through the point in the IVC designated for measurement allows for
assessment of respirophasic changes. In the M-mode image at the bottom, the arrows measuring
the two diameters of the IVC are shown and whether they represent inspiration or expiration diam-
eters depends on whether the patient is breathing spontaneously or is on mechanical ventilation
(see text) (Image by Dr. Taro Minami)

that in ventilated patients the inspiratory diameter will be the Dmax, while in
spontaneously breathing patients the expiratory diameter will be Dmax. Therefore
in ventilated patients the caval index = (IVC inspiration — IVC expiration)/IVC expi-
ration x 100; while in spontaneous breathing patients the caval index =(IVC expira-
tion — IVC inspiration)/IVC expiration x 100. For ventilated patients it is advised to
standardize ventilator conditions prior to measuring the IVC. Conventionally the
patient is temporarily placed on tidal volumes of 10 cc/kg ideal body weight, and
sedated so that they are not triggering the ventilator.

Advanced Competencies
Measurement of Stroke Volume and Cardiac Output

Using bedside sonography to visualize the left ventricular outflow tract (LVOT) and
calculate velocity-time integrals (VTI) has been proposed as a way to noninvasively
assess stroke volume and calculate cardiac output — and this technique can be par-
ticularly useful before and after an intervention is applied (e.g., intravenous fluids).
This technique is discussed in detail in Chap. 5.
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Evidence Review and Evidence-Based Use

Several studies have examined the ability of the IVC caval index to predict fluid
responsiveness (FR) in mechanically ventilated and spontaneously breathing
patients. Conceptually, separating these two groups of patients is vital since their
physiology is markedly different. In the ventilated patient, intrathoracic pressure
increases above abdominal pressure during inspiration, resulting in a dilation of the
IVC. The degree of IVC dilation (dIVC) is dependent upon vessel compliance and
the ability of the vessel to receive a volume load. Theoretically, the greater the
dIVC, the more likely the patient will respond to a fluid challenge. The physiology
in a spontaneously breathing patient is quite different. A spontaneous inspiration
produces a negative intrathoracic pressure, causing an increase in venous return to
the right side of the heart, and a relative collapse in the IVC. Under this set of physi-
ologic parameters the hypothesis is that the greater collapsibility of the IVC (cIVC),
the more hypovolemic the patient is and the more likely that the patient will be a
fluid responder [15]. Both dIVC and cIVC are synonymous when calculating the
caval index, given that they both represent a percentage change in the IVC diameter.
Conventionally, FR is defined as an increase in cardiac index, stroke volume, or
cardiac output by 1015 %, indicating that the patient is on the upward slope of the
Frank-Starling curve [16].

In mechanically ventilated patients several authors have shown a correlation
between caval index and FR. In 20 ICU patients being treated for septic shock,
Barbier et al. found that an IVC distensibility of >18 % was able to distinguish fluid
responders from nonresponders [17]. Another ICU-based study that included 39
patients in undifferentiated shock found that a dIVC >12 % predicted FR [18].
These findings were subsequently replicated in later studies [19]. While these stud-
ies are small and the literature lacks a single, large, definitive study, the results
between the trials are consistent in supporting the use of dIVC to predict FR among
ventilated patients.

In spontaneously breathing patients the evidence supporting the use of IVC mea-
surements in the prediction of FR is substantially weaker. A 2012 meta-analysis
involving a total of 86 patients showed a correlation between hypovolemia and a
diminished IVC diameter; however, the included studies did not address fluid
responsiveness [20]. The most robust study to address FR enrolled 40 hemodynami-
cally unstable ICU patients and used receiver operating curve analysis to determine
the optimal IVC variation that predicted FR. The data suggested that while patients
with an IVC caval index >40 % were more likely to respond to fluids the results did
not reach statistical significance. Conversely, there were several patients who were
fluid responsive with an IVC caval index <40 %. These results suggest that IVC
caval index cannot reliably predict FR in patients who are observed to have IVC
collapse nor does a plethoric IVC indicate adequate fluid resuscitation [21]. These
results were corroborated in other small studies, which showed limited utility of
cIVC in predicting fluid responsiveness [22, 23].

Given the paucity of large, high quality studies investigating the validity of the
IVC caval index’s ability to predict FR, no definite conclusion can be drawn regarding
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its incorporation into current clinical practice. At a minimum, it is generally accepted
that practitioners may use ultrasound of the IVC to guide resuscitation with the aim
of achieving “fluid tolerance” [24]. The concept is that while a collapsing IVC may
or may not correlate with FR, giving fluid until the IVC is full will allow the clini-
cian to continue resuscitation without inadvertently exposing patients to volume
overload.

Pitfalls and Precautions

As with any clinical tool, the limitations and potential opportunities for the intro-
duction of errors need to be recognized.

* A common error made in early learners arises from the misconception that the
IVC is located in the midline. The IVC is located slightly right of the midline.

» Shifting the angle of transducer to the left may inadvertently image the aorta, not
the IVC, and the two vessels may then be confused. Discrimination of IVC from
the aorta can be made by observation of wall thickness, pulsatility, vessel course,
relationship to other vessels, and by following the IVC into the right atrium.

* A patient’s clinical status, such as respiratory compromise, may prohibit the
practitioner from laying the patient supine to measure the IVC. Semi-recumbent
imaging of the IVC will likely change the observed caval index; however, the
degree of this effect has not been clearly established.

* Body habitus and bowel gas occasionally limit the ability of the clinician to
obtain quality standard images. The use of the alternative imaging site in the
right lower thorax/right upper quadrant described above and in Chap. 12 may
prove helpful, however is not validated in the literature.

e The IVC is compliant and does not collapse uniformly. This has been demon-
strated by comparing several measurements of the IVC at various points along
the cranial/caudal axis [25]. Furthermore, the IVC is most plethoric when a
patient is in the right lateral decubitus position, intermediate when supine, and
smallest when in left lateral decubitus position; thus, patient position must be
kept in mind while measuring the IVC [26]. For this reason, standardization of
IVC measurements is of great importance.
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Chapter 5
Critical Care Echocardiography: Acute Left
Ventricular and Valvular Dysfunction

Girish B. Nair, Pierre Kory, and Joseph P. Mathew

Introduction

Bedside applications of echocardiography in the critical care and emergency
department have undergone rapid advancements over the last decade. A rapid bed-
side critical care echocardiography (CCE) exam performed by an intensivist can
provide an accurate dynamic assessment of left ventricular and valvular function
and accordingly help direct resuscitative efforts. Traditional technician performed
transthoracic echocardiography studies in Intensive Care Unit (ICU) patients are
often suboptimal in that decisions based on the study have an inherent delay based
on the time factors of when the study is actually performed, when it is read by a
cardiologist, and when the results are communicated to the managing clinician.
However, advances in ultrasound technology, including harmonic imaging and
digital acquisition of images, combined with the availability of portable ultrasound
devices, have made bedside CCE performed by critical care physicians a reality.
With proper training, CCE can be practical, accurate, and easy to perform, provid-
ing real-time answers to clinically meaningful questions in critically ill patients [1].
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The competence statement by the American College of Chest Physicians (ACCP)
and La Societe de Reanimation de Langue Francaise in critical care ultrasonogra-
phy categorizes the skill set and the training required into basic and advanced com-
petencies [2]. With basic competence in CCE, the intensivist is able to identify
specific findings and able to answer straightforward clinical questions based on
their proficiency in image interpretation. With advanced competence, the intensivist
undergoes progressive training to achieve skill sets for comprehensive evaluation of
cardiac anatomy and hemodynamic function, and is able to integrate the results into
an effective management strategy [3]. Thus, critical care physicians with more
advanced training may use more complex, quantitative measures to assess left ven-
tricular function and determine the need for specific therapies, assess contributions
of valve pathology, and categorize deterioration from various disease processes.

In this chapter, we will provide an overview of the major echocardiographic
measures to assess acute left ventricular dysfunction and valvular integrity and
function. The discussion is highlighted for practice in the critical care setting.

Technical and Patient Considerations

Ultrasound Principles

The piezoelectric crystals in the transducer work on the pulse echo principle. The
ultrasound waves generated by the piezoelectric crystals propagate in a medium at
a predetermined velocity and are reflected from tissue interfaces. The returning
echoes are received by the same transducer and are converted to electrical impulses.
The transducers can switch alternatively from generation to listening mode. The
percentage of time spent producing ultrasound pulse is termed the duty factor.
Transducers can generate sound intermittently as in pulsed-wave Doppler (low duty
factor) or continuously as in continuous wave Doppler (duty factor of 100 %). The
speed of sound in a medium is a constant and the wavelength of sound waves is
inversely proportional to frequency. Commonly used probes for CCE are lower-
frequency (1-5 MHz) ‘microconvex’ or phased array probes (Fig. 5.1).

The heart can be visualized in various modes depending on the point of interest.
In B-mode or brightness mode, the structures are displayed in 2-dimensional (2D)
images. This mode is better for anatomical evaluation and helps intensivists to have
a visual assessment of the global ventricular function and valve integrity in the acute
setting. The ‘M-mode’ or motion mode displays images over a time on a single
plane when a scan line is placed over the structures of interest. This mode is better
for assessing the movements and excursion of structures such as the free ventricular
wall or valve leaflets.

Doppler techniques are useful in assessing valve integrity and also for calcula-
tion of velocity-time integral (VTI) and cardiac output measurements. Doppler
ultrasound measures the frequency of returning echoes that are reflected from a
moving object. The Doppler effect is the increase in sound frequency as a sound
source moves toward the observer and the decrease in sound frequency as the source
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Fig. 5.1 Phased array or
microconvex transducer, a
low frequency (1-5 MHz)
probe with small footprint.
These transducers tend to be
more compact allowing easier
imaging and maneuverability
within the intercostal space

Box 5.1. Doppler Velocity

Y = c(Fy—Fp)
2F;(cos®)

(Doppler shift x propagation speed)

Reflector velocity =
2x (incident f x cosine of incidence angle)

In the above equation, V is the blood flow velocity, c is the speed of sound
in blood (1,540 m/s), 2 is a correctional factor for transit time of the ultra-
sound wave, and O is the angle of intercept of the ultrasound beam. Fy is the
ultrasound frequency that the transmitter emits and Fs is the backscattered
frequency that returns to the transducer. Note that the cosine of 90° is 0;
hence, no Doppler shift would occur if the ultrasound beam is perpendicular
to flow. Any angle higher than 20° would lead to underestimation of velocities
and inaccurate calculation of hemodynamic parameters.

moves away (similar to sirens from an ambulance). For cardiac imaging, the red
blood cell is the target [4]. Doppler shift is the change in frequency between the
sound transmitted from the transducer and the sound reflected back from the mov-
ing objects (static objects do not cause frequency shifts). Once the frequency of the
reflected wave is identified, the known frequency of the transmitted wave can be
used to calculate the velocity of the moving object (Box 5.1). When using Doppler,
it is important to emphasize that the ultrasound beam of interrogation should be as
close to parallel (cosine 0=1) or within 20° to the direction of red blood cell flow in
order to obtain accurate velocities. As the angle @ increases, the corresponding
cosine becomes progressively less than one, resulting in underestimation of the
Doppler shift. Note that the cosine of 90° is zero; hence, no Doppler shift would
occur if interrogating at an angle that is perpendicular to flow.
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With pulsed-wave Doppler (PWD), flow velocities are measured in one specific
location or a small sample volume. The transducer sends out a pulsed signal to a
depth chosen by the operator and listens for the reflected frequency shift from that
depth, allowing the computer to calculate the velocity. A single crystal sends and
receives ultrasound beams. The ultrasound is reflected from moving red blood cells
and is received by the same crystal. The pulse repetition frequency (PRF) is the
frequency at which the crystal emits a short burst of sound waves. Since the same
crystal receives the ultrasound wave, the maximal frequency shift that can be deter-
mined by PWD is one-half the PRF, or the Nyquist limit. PWD measures flow
velocities at a specific location, within a sample volume. A limitation of PWD is
that velocities higher than the Nyquist limit cannot be measured due to aliasing.
Aliasing in a phenomenon that results in red blood cells (RBCs) appearing to be
moving in a direction opposite to their actual direction. In other words, if the RBCs
within a sample volume are moving at a velocity that is greater than half the PRF,
aliasing will occur, where flow will appear to be going in the opposite direction and
Doppler signals are recorded on opposite sides of the baseline. Continuous wave
Doppler (CWD), on the other hand, allows the measurement of velocities along an
entire line of interrogation. The transducer uses two crystals in this modality; one
continuously transmits pulses at a very high frequency, while a separate crystal
continuously is able to receive returning echoes. Although CWD is not able to iden-
tify the exact site of highest frequency shift or velocity along its line of interroga-
tions, it is not limited in its ability to measure high velocity RBCs like when
using PWD.

Color flow Doppler (CFD) is frequently utilized in the ICU to evaluate for major
valvular failure. Color Doppler is a form of PWD but with multiple sample volumes
over an area. CFD samples multiple sites using multiple ultrasound beams (multi-
gated) and displays intracardiac blood flow direction and velocity using colors.
CFD converts the frequency shift at each sampled site to a preset color scheme and
superimposes these colors onto 2D imaging. The higher the velocity, the brighter
the color, and the direction of flow is set by the operator, traditionally set as red
(flow toward transducer), blue (away from transducer), and green (mix of directions
or turbulent flow). The width and size of abnormal intracavitary flows are used to
quantify degree of valvular regurgitation [4].

Basic Anatomy

It is important to have an understanding of the orientation of the various cardiac
chambers in relation to one other and to know the direction of blood flow, especially
when using Doppler measurements. The atria act as receiving chambers and a con-
duit to the ventricles, which pump blood to the pulmonary and systemic circulation.
The left atrium (LA) is the posterior-most cardiac chamber and has thicker walls
compared to the right atrium (RA). The left ventricle (LV) is situated posterior to
right ventricle (RV) and has thicker walls compared to the RV. The two ventricles
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Fig. 5.2 Structures seen via
the parasternal long-axis view

(PLAX). The LVOT consists -
AVOT

of the anterior mitral valve
leaflet and the LV free wall -
up to the AV. LA left atrium, -
MV mitral valve, LV left
ventricle, LVOT left
ventricular outflow tract,
RVOT right ventricular
outflow tract, AO aorta, AV
aortic valve

are separated by the interventricular septum. The LV outflow tract (LVOT) consists
of the anterior mitral valve leaflet and the LV free wall up to the aortic valve (AV)
(Fig. 5.2). The LVOT directs blood from the LV toward the AV superiorly and
rightward.

The atrioventricular valves are located between atrium and ventricle and consist
of the annulus fibrosis, valvular leaflets, chordae tendineae, and papillary muscles.
The valves are surrounded by dense fibrous tissue forming a partial or complete ring
or annulus, which helps anchor and support the valve. In general, the function of the
valves will be affected by impairment of any of the components of the valvular
apparatus or the ventricular wall. The mitral valve (MV) resides in the left atrioven-
tricular groove and has two leaflets: anterior leaflet, which is located closest from
the aorta, and posterior leaflet, which is contiguous with the posterolateral LV wall
(Fig. 5.3). The anterior and posterior leaflets connect at the anterolateral and the
posteromedial commissures (Fig. 5.4). There are two distinct papillary muscles that
are attached to the LV: anterolateral and posteromedial (Fig. 5.5). The chordae ten-
dineae connect the papillary muscle to the mitral annulus and leaflet. The anterolat-
eral papillary muscle has dual blood supply from the left anterior descending artery,
whereas the posteromedial papillary muscle has single blood supply by the poste-
rior descending branch of the right coronary artery and is more prone to infarction
during myocardial ischemia, leading to severe valvular failure. The tricuspid valve
(TV) is located between the RA and RV and has three leaflets: anterior, posterior,
and septal. On the ventricular side of the tricuspid valve leaflets, the chordae tendin-
eae are connected to three papillary muscles in the right ventricle.

The aortic and pulmonic valves or the semilunar valves are smaller in size
compared to the atrioventricular valves. Named semilunar valves after their three
crescent-shaped cusps, they are situated between the ventricle and great vessels and
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Fig. 5.3 Parasternal
long-axis view showing
mitral valve leaflets. AML
anterior mitral leaflet, PML
posterior mitral leaflet, LA
left atrium, LV left ventricle,
LVOT left ventricular outflow
tract, RVOT right ventricular
outflow tract, AO aorta, RCC
right coronary cusp, NCC
noncoronary cusp

Fig. 5.4 Parasternal short
axis view demonstrating
anterior and posterior mitral
leaflets joining at the
anterolateral and the
posteromedial commissures.
AML anterior mitral leaflet,
PML posterior mitral leaflet,
anterolateral and
posteromedial commissures
(ALC and PMC,
respectively), RV right
ventricle

Fig. 5.5 Parasternal short
axis — midpapillary view
showing anterolateral and
posteromedial papillary
muscles. APM anterolateral
papillary muscle, PPM
posteromedial papillary
muscles, RV right ventricle

G.B. Nair et al.
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Fig. 5.6 Parasternal short
axis view of the aortic valve
showing aortic leaflets or
cusps (right (R), left (L), and
noncoronary (N)). RVOT
right ventricular outflow tract,
RA right atrium, LA left
atrium, AO aorta

150em |

consist of three leaflets supported by an annulus. The AV separates the LVOT from the
ascending aorta and has three leaflets or cusps: the left coronary cusp, the right coro-
nary cusp (named after the respective sinuses of Valsalva which give rise to the main
coronary arteries), and the posterior or noncoronary cusp (Fig. 5.6). They are com-
posed of collagenous fibers that anchor into the media of the aorta and provide struc-
tural support of valvular structures, transmitting stress on the valve cusps on to the
aortic wall. The AV commissures are the small spaces between each cusp’s attach-
ment-point. The sinotubular junction is at the level of attachment of the cusps to the
wall of the aorta. The pulmonic valve divides the right ventricular outflow tract
(RVOT) from the pulmonary artery and is located anterior, superior, and to the left of
the aortic valve. It has three cusps, which are defined by their relationship to the AV
and are thus termed anterior or nonseptal, right, and left cusps. In contrast to the
AV valve, the cusps of the pulmonic valve are supported by freestanding musculature
with no direct relationship with the muscular septum; its cusps are much thinner and
lack a fibrous continuity with the anterior leaflet of the tricuspid valve.

Cardiac Physiologic Concepts

Systole is the segment of the cardiac cycle from the closure of the MV to AV clo-
sure, and the onset of systole is coincident with the onset of the QRS complex or
ventricular depolarization on electrocardiogram (EKG). It ends with ventricular
repolarization, which occurs at the end of the T wave. During systole the myocardial
fibers contract circumferentially and longitudinally, causing inward motion of the
endocardium and myocardial wall thickening resulting in ejection of blood to the
aorta and pulmonary artery. The “true” measure of LV function is best defined by
contractility, or the ability of the heart to perform work under different loading con-
ditions. This ability to eject blood to deliver sufficient oxygen to tissues is the
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Box 5.2. Definitions

Cardiac output (CO): volume of blood pumped by left ventricle in one minute.
Average in males 5.6 L/min, female 4.9 L/min

Stroke volume (SV): amount of blood pumped by the left ventricle with one
cardiac cycle

SV =end diastolic volume (EDV)—end systolic volume (ESV)

Ejection fraction (EF): fraction of blood ejected by the left ventricle (LV) dur-
ing the ejection phase of the cardiac cycle or systole; expressed in
percentage

EF=(SV/EDV)x 100

CO =stroke volume (SV) x heart rate (HR)

Cardiac index (CI)=CO/body surface area (BSA)

essential function of the heart (Box 5.2). Ventricular systolic function depends on
contractility, preload (initial ventricular pressure), afterload (resistance offered by
great vessels and end systolic wall stress), and ventricular geometry [5].

Unfortunately, contractility cannot be assessed at a single point in time because
it would require the plotting of measured blood volumes ejected at a range of filling
pressures (i.e., various loading conditions or volume states), an impractical feat out-
side of experimental conditions. This is often forgotten in clinical practice, where
we instead are forced to measure and record LV systolic performance under a spe-
cific set of loading conditions at a single point in time during a specific stage in criti-
cal illness or recovery. In a dynamic setting, such as in the ICU or emergency
department, the “contractile function,” most often denoted by “ejection fraction”
(EF) may change (i.e., after volume resuscitation, initiation of medications that can
reduce the afterload, use of balloon pumps or ventricular assist devices). Thus, inter-
play of multiple factors influences the measured EF by affecting both preload and
afterload conditions. These include use of vasopressors, coexistent valve dysfunc-
tion, volume status, and presence of myocardial insults such as sepsis, ischemia,
stress, and inflammation. Such changes in function can occur within hours or days
in the ICU, a fact increasingly recognized by intensivists and often underappreciated
in the traditional echocardiography lab, where exams are infrequently repeated and
often done under a similar set of stable, resting, and loading conditions.

Image Acquisition and Interpretation

With adequate training in CCE, intensivists can assess global and regional ventricu-
lar function, as well as qualitative and quantitative valvular function. In a recent
statement, the American Society of Echocardiography (ASE) identified the role of a
focused cardiovascular examination to be based on a predefined image acquisition
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Box 5.3. Terminologies related to transducer handling

Move: Transducer is shifted across the thoracic wall to a different position.

Tilt: Transducer is gently pointed along the same tomographic plane with a
rocking motion.

Angle: Transducer is angulated to obtain a different tomographic plane

Rotate: The tip is rotated at the same position to obtain an intersecting tomo-
graphic plane.

Subcostal Four Chamber Apical Four Chamber

Fig. 5.7 Basic echocardiographic views and corresponding planes. Image courtesy of Guy
Aristide, MD

and interpretation protocol to facilitate initial management in critically ill patients
[6]. Acquisition of optimal images requires a good understanding of the options
available on the ultrasound machine (gain, depth, zoom, etc.) and subtle transducer
manipulations (Box 5.3). A constant orientation to the various planes in which
the sound waves traverse and dissect the cardiac structures is important (Fig. 5.7).
In general, a systematic approach should be taken with regard to the echocardio-
graphic exam. Once the patient position is optimized and the best ultrasonographic
window found, the gain and depth should always be optimized. Always keep the
structure of interest in the center of the screen. Subsequently, images should be
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acquired in a goal-directed, systematic fashion each time, with evaluation of each
view to look for ventricular dysfunction and valvular abnormalities.

Images should be acquired using a phased array probe. A “cardiac” exam preset
should be selected if using a portable ultrasound machine rather than a dedicated
echocardiography machine. This ensures that the machine uses a high frame rate
since the heart is a rapidly moving organ. By convention, the screen marker is at the
upper right-hand corner of the screen. The ASE recommends that the probe marker
should in general point in the direction of either the patients’ head or left side [7]. An
electrocardiogram (EKG) should be placed on the patient, if specific portions of the
cardiac cycle are being interrogated (i.e., systole vs. diastole), however this is not an
essential requirement for goal-directed echocardiography. On the monitor, struc-
tures closest to the transducer appear on the top or near field and deep structures
appear on the bottom of the screen or far field. When color Doppler is used, the color
gain should be increased to the point that it just begins to create background noise
and then decreased to the level that optimizes color flow imaging of blood flow. The
size of the color flow sector should be optimized as well because the frame rate for
color flow imaging is inversely proportional to the area of imaging [4].

Patient Positioning and Standard Views

Positioning is often limited in the ICU patient due to the myriad of equipment such
as drips, monitors, EKG leads, indwelling catheters, and devices, leading to subop-
timal imaging. Critically ill patients may also not always have good acoustic win-
dows, especially those who are mechanically ventilated, have advanced chronic
obstructive pulmonary disease (COPD), chest trauma, or are severely obese. Hence
whenever possible, positioning of the patient in the bed should be optimized in
order to maximize the chances of the best image quality. A good working knowl-
edge of the positioning and orientation of the transducer for each view is also of
paramount importance. The transducer should be held like a pencil and stabilized by
placing the ultrasonographer’s hypothenar eminence on the patient, so as to obtain
a steady image of the structure of interest (Fig. 5.8). Adequate pressure should be
applied to the transducer and lubricant gel should be used to obtain good images.

Critically ill patients are generally examined in the supine position. Since a por-
tion of the heart is located behind the sternum, patients can be turned to the left
lateral position, with the left arm abducted in order to widen the intercostal space
and move the heart away from the sternum. This is particularly useful for obtaining
good parasternal and apical views. Since critically ill patients often cannot move on
their own, using pillows or soft wedges to obtain a lateral decubitus position helps
optimize the desired view. For the subcostal view, the patient should be supine;
bending the legs at the knees helps decrease abdominal wall tension and improves
visualization.
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Fig. 5.8 Transducer holding
technique. Note the
transducer probe

is stabilized by placing

the ultrasonographer’s
hypothenar eminence

on the patient

With basic CCE, there are five different views that are commonly used: paraster-
nal long axis, parasternal short axis, apical four chamber, apical five chamber, and
subcostal (Fig. 5.7). The long axis plane is parallel to the long axis of the LV (line
drawn from the apex to the base of the heart) and short axis is perpendicular to the
long axis [7]. The four-chamber plane is marked by a plane through LV apex and
intersects LV, RV, and atria (perpendicular to both long and short axes). Note that
each patient is different, hence exact positioning and orientation of the transducer
on the chest wall will vary from patient to patient, depending on the anatomical
position and orientation of the heart. If good acoustic images cannot be obtained on
one tomographic plane, gentle tilting, rotating or angling of the footprint, or reposi-
tioning the patient in a lateral decubitus position should be attempted to obtain the
desired image.

Parasternal Long-Axis (PLAX) View

In this view, the transducer is placed on the third or fourth rib space along the left
parasternal region with the marker on the probe pointing facing the right shoulder
(Fig. 5.9). The ideal image includes the LV cavity in the long axis (elongated hori-
zontally, not oblong) with the MV and AV in a single plane. In the PLAX view, the
right ventricular outflow tract (RVOT) is in the upper portion of the image, as it is
the closest to the transducer (Fig. 5.10). The interventricular septum (IVS) divides
the RVOT from the LV. The posterior wall of the LV is imaged in this view but the
LV apex may be missed. The LA can be seen in the lower right-hand portion of the
screen. The AV is visualized as thin linear echogenic structures separating the LV
from the aortic root. The upper aortic cusp corresponds to the right coronary cusp
and the lower aortic cusp to the noncoronary cusp (Fig. 5.3). The MV is located
furthest from the transducer, below the aortic root. The posterior leaflet is attached
to the posterior LV wall and the anterior leaflet is closest to the aorta, in close
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Fig. 5.9 Transducer
orientation in parasternal
long axis. Note the marker
on the probe (thick arrow)
pointing toward the right
shoulder

Fig. 5.10 Parasternal
long-axis view with left
ventricular outflow tract and
mitral valve in the same
plane. Interventricular septum
(IVS) divides the right
ventricular outflow tract
(RVOT) from left ventricle
(LV). LA left atrium, LV left Papillry
ventricle, LVOT left S Muscle
ventricular outflow tract, N = A =
RVOT right ventricular
outflow tract, AO aorta, AV
aortic valve, AML anterior
mitral leaflet, PML posterior
mitral leaflet

proximity to the noncoronary AV cusp. The papillary muscles can be visualized
well in this view, attaching to the mitral leaflets by the chordae tendineae (Fig. 5.10).

The PLAX view is useful for assessment of LV chamber size and contractility,
segmental wall function, wall thickness, and the interventricular septum. Color
Doppler can be utilized to evaluate for aortic or mitral valvulopathies. This is the
best view to visualize the coaptation of the mitral leaflets and visualize the dynam-
ics of the annulus, chordae, and papillary muscle to determine the cause of pathol-
ogy. PLAX was the preferred window of examination for estimation of LV function
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Fig. 5.11 Transducer
orientation in parasternal
short axis view. Note the
marker on the probe (thick
arrow) pointing toward the
left shoulder

Fig. 5.12 Parasternal short
axis view with left ventricular
chamber appearing as a
circle, along with right
ventricular cavity that
appears as a semicircle. LV
left ventricle, RV right
ventricle, VS interventricular
septum

in a prospective study of emergency medicine physicians performing focused bed-
side CCE [8]. However, caution should be exercised in assessment of LV size as
off-axis views can lead to erroneous assessment of LV size and function.

Parasternal Short Axis (PSAX) View

From the PLAX view, with steady hands the transducer is turned 90° clockwise, so
that the pointer is oriented toward the left shoulder to achieve PSAX view (Fig.5.11).
Optimal image would include a concentric view of the walls of the left ventricular
chamber that appear as a circle, along with right ventricular cavity that appears as a
semicircle (Fig. 5.12). By angling the transducer superiorly toward the base of the
heart, the AV level is obtained with all three leaflets: right, left, and noncoronary
cusps in view (Fig. 5.6). The AV lies posterior to the RVOT and anterior to the
LA. The pulmonic valve can also be seen in long axis in this plane with RV outflow
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tract by gently angling superiorly. Angling the transducer inferiorly will bring the
mitral valve into view. The anterior leaflet is on top, closer to the RV, and the poste-
rior mitral leaflets can be seen at the bottom of the screen, further away from the
transducer (Fig. 5.4). Angling further down, a view with anterolateral and postero-
medial papillary muscles is seen (Fig. 5.5). The mid-ventricular or papillary muscle
level is where assessment of LV function should be performed. This mid-ventricular
level allows assessment of segmental endocardial motion, wall thickening, and sep-
tal kinetics. Angling the transducer superiorly to inferiorly, from the base to the
apex, can give the intensivist a general idea of the global systolic function of the LV.

Apical Four-Chamber (A4C) View

In the “apical four-chamber” (A4C) view, the transducer is placed near the apex of
the heart or point of maximum impulse (inferolateral to the left nipple) with the
transducer pointing to the right shoulder. The transducer may have to be moved
slightly medially until the heart falls into view. The probe marker should be facing
a 2-3 o’ clock position (Fig. 5.13). With the ideal image, the LV appears elliptical
and tapered with a rounded apex and all four cardiac chambers and the atrioven-
tricular valves are visualized (Fig. 5.14). If the image is off-axis, the LV appears
foreshortened and can lead to incorrect conclusions with assessment of relative
wall thickness and EF. The A4C view is good for measurement of EF, stroke vol-
ume, wall thickness, and segmental wall function. It is also used to assess the MV
and TV anatomy and color Doppler analysis can be utilized for assessment of
regurgitation and stenosis. In the A4C view, the anterior mitral leaflet can be seen
adjacent to the aorta and the posterior mitral leaflet on the lateral wall. The chordae

Fig. 5.13 Transducer
orientation in apical
four-chamber view. The
marker on the probe is facing
3 o’clock position. For better
visualization the patient is
positioned in left lateral
decubitus position
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Fig. 5.14 Apical four-
chamber view showing left
atrium (LA), mitral valve
(MV), left ventricle (LV),
right atrium (RA), tricuspid
valve (TV), and right
ventricle (RV)

Fig. 5.15 Color Doppler
flow mapping showing mitral
regurgitant flow back into the
left atrium. LA left atrium,
MYV mitral valve, MR jet
mitral regurgitant jet, /VS
interventricular septum, LV
left ventricle, PM papillary
muscle

tendineae can be seen attaching the leaflet to the papillary muscle. Color Doppler can
be used in this view to assess for mitral regurgitant flow back into the LA (Fig. 5.15).
The A4C is one of the most difficult views to obtain in critically ill patients for
basic CCE and repetitive practice is needed to achieve proficiency [6, 9].

Apical Two-Chamber (A2C) View

From the A4C view, the transducer is rotated counterclockwise by about 60° in
order to obtain this view. This view is useful to evaluate LV function and regional
wall motion abnormalities (Fig. 5.16). LV EF can be quantified from this view using
the biplane method of discs (Simpson’s method).
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Fig. 5.16 Apical two-
chamber view showing left
atrium (LA), mitral valve
(MV), and left ventricle (LV).
1VS interventricular septum

Fig. 5.17 Apical five-
chamber view demonstrating
the left ventricular outflow
tract (LVOT), interventricular
septum (/VS), left atrium
(LA), left ventricle (LV), right
atrium (RA), and right
ventricle (RV). The circular
structure in the center of the
image is the aorta

Apical Five-Chamber (A5C) View

This view is obtained by slightly angling the probe upward or anteriorly from the
A4C view to bring out the left ventricular outflow tract (LVOT) (Fig. 5.17). The
aortic valve will be in the center of the image. Although this view may not be part
of basic CCE, it is useful for calculating the velocity time integral (VTI) across the
LVOT and for assessment of stroke volume. This view is also useful for assessing
aortic stenosis and regurgitation.
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orientation in subcostal view
with probe marker facing
3 o’clock position

Fig. 5.18 Transducer ' T

Fig. 5.19 Subcostal long
axis view showing all four
cardiac chambers and part
of liver. Interventricular
septum (/VS), left atrium
(LA), left ventricle (LV),
right atrium (RA),

and right ventricle (RV)

Subcostal (SC) View

The “subcostal” view is especially useful in intubated patients and also in decom-
pensating patients for a quick view of the cardiac chambers and pericardium. This
view may often be the only adequate anatomical window available in patients with
poor parasternal or apical views. In the supine position, the transducer is placed in
the subcostal area, under the xiphoid process, and it should point to the patient’s left
shoulder (Fig. 5.18). The transducer should be held on its top surface so that it lies
relatively flat on the patient’s abdomen, with the marker pointing to 3’0o clock posi-
tion and angling cephalad. Imaging during deep inspiration or during a ventilator
delivered breath will bring the diaphragm down and facilitate the subcostal approach.
The four chambers and part of the liver are visualized in the SC view (Fig. 5.19).
The entrance of the inferior vena cava (IVC) into the right atrium is visualized by
angling the probe further posteriorly and rotating counterclockwise. Determination
of the IVC diameter and its respiratory variation is helpful in the assessment of
volume status—see Chap. 4 for further discussion (Fig. 5.20).
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Fig. 5.20 Inferior vena
cava (IVC) is visualized

by angling the probe further
posteriorly and rotating
counterclockwise in the
subcostal view. RA right
atrium

Box 5.4. Questions to ask during basic CCE when suspecting LV
or valvular dysfunction

* What is the size of the left ventricular cavity: small, normal, or severely
dilated?

* Is the left ventricle adequately filled?

* How is the contractility of the left ventricle? Categorize as normal, hyper-
dynamic, moderate dysfunction, or severe dysfunction.

 Is there evidence of global or regional wall motion abnormalities?

e Can the hemodynamic compromise be explained on the basis of severe
valvular regurgitation or stenosis?

Basic Competencies

Critical care physicians with basic training in CCE should be able to perform a goal-
directed examination to answer specific questions related to patient management.
Competence in obtaining the abovementioned four basic views and in interpretation
is essential. The ACCP consensus statement identifies qualitative assessment of LV
cavity size, LV systolic function, distinguishing homogeneous from heterogeneous
patterns of LV contraction, and detecting severe valvular regurgitation using color
Doppler as part of basic CCE practice [2]. Once other causes of acute hypotension
such as cardiac tamponade and severe RV dysfunction are ruled out, the examiner
should focus on the ventricular function and valve integrity (Box 5.4). All examina-
tions should be performed in multiple views so as not to make erroneous conclu-
sions from one tomographic plane. Global ventricular dysfunction is seen with
conditions such as sepsis and myxedema, while acute cardiac ischemia may cause
regional wall motion abnormalities. It is also important to repeat serial examina-
tions to assess ventricular function at different loading conditions.
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Fig. 5.21 Measurement of
LV diameter in parasternal
long-axis view. Note the
measurements are made from
the edge of the septal
endocardium to the posterior
wall, at the level of the mitral
valve leaflet tips. LA left
atrium, LV left ventricle,
LVOT left ventricular outflow
tract, RVOT right ventricular
outflow tract

Assessment of Left Ventricular Size

Determination of LV chamber dimensions is a vital part of the assessment of sys-
tolic function. The LV diameter is assessed from the PLAX view as the ultrasound
beam is perpendicular to the interface between blood and the myocardium. 2D
imaging in long and short axis views can be used to evaluate the internal dimensions
of the LV. M-mode is utilized to take advantage of the rapid sampling and accurate
identification of the endocardium.

The LV end-diastolic diameter (EDD) measurement is made at the maximum
chamber size, on the frame right before MV closure (at the onset of the QRS com-
plex). LV end-systolic diameter (ESD) is measured at the minimum chamber size,
right before AV closure. Measurements are made from the edge of the septal endo-
cardium to the posterior wall, at the level of the MV leaflet tips (Fig. 5.21). When
measured in M-mode, care must be taken to ensure that the ultrasound beam is cut-
ting perpendicularly over the LV, otherwise dimensions will be overestimated. The
LV chamber is considered to be severely enlarged when EDD is greater than 6.9 cm
in men (normal <5.9 cm) or 6.2 cm in women (normal <5.3 cm).

Qualitative Assessment of LV Systolic Function
Global Visual Assessment
This is the most commonly used method to estimate LV systolic function by inten-

sivists performing basic CCE [10, 11]. Although visual assessment is subjective and
accuracy is influenced by the experience of the interpreter, adequate training makes
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Box 5.5. Visual assessment of systolic function can be categorized as follows

* Hyperdynamic: >50 % excursion, >50 % thickening,

* Normal function: >25 % excursion and >50 % wall thickening

* Moderate dysfunction: 10-25 % excursion and 30-50 % thickening

» Severe dysfunction: <10 % endocardial excursion and <30 % wall
thickening

this method fast and easy to perform with reasonable correlation to quantitative
measurement of EF.

Left ventricular ejection of blood depends on shortening of muscle fibers in three
dimensions: the shortening of the distance from apex to base, the excursion and
thickening of the chamber walls, and the spiral, rotational squeeze of the LV cavity.
Visual assessment of this shortening largely relies on assessing wall segment excur-
sion and thickening. Excursion refers to the movement of the endocardial borders
toward each other; normally this distance shortening is at least 25-50 %. Thickening
denotes the increase in diameter of the LV wall during systole, on average by
approximately 40 % in multiple views [12]. Lack of thickening is the most sensitive
method to detect presence of ischemia in that wall segment. Excursion and thicken-
ing should be assessed in multiple views, at multiple levels, looking at the different
walls for any regional wall motion abnormalities. It is recommended to image from
at least two views to increase the accuracy of assessment. Based on the above, LV
systolic function can be categorized as being normal, hyperdynamic, moderate dys-
function, or severe dysfunction (Box 5.5). With normal systolic function, the ven-
tricular wall demonstrates greater than 25 % excursion and 50 % wall thickening
(Fig. 5.22). A hyperdynamic LV has greater than 50 % excursion and thickening,
and the rotational squeeze often leads to full contact of the ventricular walls
(Fig. 5.23). With moderate dysfunction, the LV wall has 10-25 % excursion and
30-50 % wall thickening (Fig. 5.24). Once there is severe LV dysfunction, the ven-
tricular wall displays less than 10 % excursion and less than 30 % thickening
(Fig. 5.25). Note our preference to avoid the categorization of “mildly” abnormal
given its minimal clinical impact on the critically ill patient and its limitations in
inter-observer variability [13].

There are several limitations to the global visualization or “eyeball” method.
Adequate basic training in CCE is a prerequisite prior to assessing LV systolic
function. Inadequate endocardial definitions may impair estimation and lead to
erroneous measurements of systolic function [12]. A foreshortened A4C view can
lead to incorrect assessment of global and regional LV function. In patients with
conduction defects or pacemakers or who have had previous cardiac surgery, esti-
mation of regional wall motion abnormality may be difficult. Both excursion and
thickening of the myocardial segments should be noted for segmental asynchrony.
Abnormal myocardial segments may be misdiagnosed as normal if the abnormal
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Fig. 5.22 Apical four-
chamber view in a patient
with normal left ventricular
function. The ventricular
wall demonstrates greater
than 25 % excursion and
50 % wall thickening. Left
atrium (LA), left ventricle
(LV), right atrium (RA),
and right ventricle (RV)

Fig. 5.23 Parasternal
long-axis view in a patient
with hyperdynamic LV. There
is greater than 50 %
excursion and thickening, and
rotational squeeze with the
ventricular walls touching
each other. LA left atrium, LV
left ventricle, RVOT right
ventricular outflow tract, MV
mitral valve, AV aortic valve

(16.0cm |

segment is moving or has excursion without thickening due to “tethering” by adja-
cent normal myocardium. Similarly, akinetic (i.e., no excursion or thickening seen)
and dyskinetic segments (i.e., paradoxical movement of segments) are reflective of
regional systolic dysfunction and should influence the interpretation of global sys-
tolic function assessment. Quantitative estimates of ejection fraction or LV function
should be avoided by novice echocardiographers, and instead, they should rely on
the categorical determination of global excursion and thickening for its simplicity
and consistency [6].
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Fig. 5.24 (a) Apical four chamber and (b) Parasternal short axis view in a patient with moderate
LV dysfunction. The LV wall has 10-25 % excursion and 30-50 % wall thickening. LA left atrium,
LV left ventricle, RA right atrium, RV right ventricle, VS interventricular septum, PM papillary
muscle

Qualitative Assessment of Valve Integrity

Intensivists with basic training in CCE should be able to identify the apparent cause
of acute hypotension due to ruptured chordae, papillary muscles, or flail leaflet.
Preexisting severe stenosis or regurgitation can complicate other conditions such as
severe sepsis or volume depletion, causing profound refractory hypotension, and
can be recognized with basic CCE. Longstanding regurgitant or stenotic valve
lesions cause corresponding chamber dilation and remodeling (i.e., left ventricle
with aortic regurgitation and left atrium with mitral regurgitation), whereas acute
lesions do not, except with preexisting cardiomyopathies.
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Fig. 5.25 (a) Apical four-chamber view in a patient with severe LV dysfunction. There is less
than 10 % excursion and less than 30 % thickening of left ventricular wall. LA left atrium, LV left
ventricle, RA right atrium, RV right ventricle. (b) Parasternal short axis view on the same patient
with severe LV dysfunction. /VS interventricular septum, LV left ventricle, RV right ventricle

The focus with basic CCE is to identify major catastrophic causes of valve failure
or valve dysfunction that would affect the hemodynamic status of the critically ill
patient. A comprehensive assessment of valves, which requires advanced training in
Doppler analysis, is neither practical nor time efficient in the ICU. Detailed examina-
tion of the tricuspid (TV) and pulmonic valves (PV) is generally not part of basic
CCE, hence the focus is mainly on the AV and M'V. Though color Doppler techniques
are used in assessment with basic CCE, it should be done with the understanding that
advanced training is required for knowing the complexities associated with the tech-
nique and may not be as straightforward as it appears. Consultation with colleagues
in cardiology and a reference echocardiogram is recommended for advanced quanti-
tative interrogation of valve function.
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Flail PML

Fig. 5.26 Apical two-chamber view in a patient with flail posteromedial mitral leaflet. AML
anterior mitral leaflet, PML posterior mitral leaflet, LA left atrium, LV left ventricle

2D Echocardiography and Color Doppler for Qualitative
Assessment of Valve Integrity

Mitral Valve

Mitral stenosis (MS) is uncommon in the ICU and most patients arrive with an
established diagnosis, usually from prior rheumatic fever. Mitral regurgitation
(MR), on the other hand, is one of the common valve lesions encountered in the
ICU, and the underlying cause can be identified by 2D echocardiography alone.
Prompt recognition of acute MR due to structural abnormalities such as papillary
muscle dysfunction, ruptured chordae, and destruction of valve leaflets from endo-
carditis can significantly impact management. Myocardial ischemia can cause acute
MR from partial or complete papillary muscle rupture, usually affecting the pos-
teromedial papillary muscle due to its single blood supply (Fig. 5.26). Acute MR
can cause increased end diastolic volume (EDV) and reduction in stroke volume
(SV) resulting in elevated LA pressure and pulmonary edema, whereas chronic
severe MR can complicate resuscitative efforts in critically ill patients. Chronic MR,
on the other hand, can occur due to chronic LV dilation and widening of the mitral
valve annulus without structural changes in the valve leaflet itself.

The 2D examination should focus on identifying structural abnormalities such as
ruptured chordae, flail mitral leaflet, papillary muscle rupture, mitral annulus calci-
fication, endocarditis, and perforation. The valve should be imaged in multiple
views including PLAX, PSAX, and A4C. In the PLAX view, the posterior mitral
leaflet can be seen attached to the posterior LV wall and the anterior mitral leaflet is
the closest to aorta. In the PSAX view, at level of mitral valve, the characteristic
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Fig. 5.27 Parasternal long-axis and short-axis views in a patient with moderate to severe mitral
stenosis. Note the hyperechoic mitral annular calcification (MAC) of the anterior and posterior mitral
leaflets. LA left atrium, LV left ventricle, LVOT left ventricular outflow tract, RVOT right ventricular
outflow tract, MV mitral valve, AV aortic valve, AML anterior mitral leaflet, /VS interventricular sep-
tum, MV mitral valve, PML posterior mitral leaflet, RVOT right ventricle outflow tract

“fishmouth” appearance of mitral stenosis (MS) can be visualized, with the anterior
leaflet on top, closer to the RV, and the posterior leaflet at the bottom (Fig. 5.27). In
the A4C, the anterior leaflet is medial adjacent to the IVS and the posterior leaflet is
attached to the lateral wall. The SC view is not the best view to image for MR.
Using color Doppler over the mitral valve, turbulent flow (yellow-green jet) can
be seen over the MV, and a systolic blue jet indicating regurgitant flow from the left
ventricle to the left atrium is seen with severe MR. Although the regurgitant jet can
be directed either toward or away from the probe with PLAX view, color Doppler
will show yellow-red (toward the probe) or green-blue (away from the probe). The
amount of regurgitant flow back into the LA determines the severity of MR
(Figs. 5.15 and 5.28). When the area of regurgitant jet is more than 40 % of the LA
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Fig. 5.28 (a) Color Doppler in parasternal long-axis view in a patient with mild mitral regurgita-
tion (MR). AV aortic valve, IVS interventricular septum, LA left atrium, LV left ventricle, RVOT
right ventricular outflow tract. (b) Apical four-chamber view in a patient with severe mitral regur-
gitation (MR). MR is considered severe, if the area of regurgitant jet is more than 40 % of the left
atrial (LA) area or reaches the posterior wall of the LA

area or reaches the posterior wall of the LA, the MR is usually severe (Fig. 5.28)
[14]. Keep in mind that color flow imaging of MR is dependent on many factors
such as loading conditions, direction of jet, gain settings, depth, and pulsed repeti-
tion frequency.
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Fig. 5.29 Color Doppler in parasternal long-axis view in a patient with moderate aortic regurgita-
tion (AR) and stenosis. Note the mitral valves are closed during systole. LA left atrium, MV mitral
valve, AV aortic valve, RVOT right ventricular outflow tract

Aortic Valve

Severe aortic stenosis (AS) can cause significant hemodynamic impairment and
can complicate other causes of hypotension. Acquired degenerative calcific valve
stenosis is the commonest etiology, but other entities such as bicuspid aortic valve
and rheumatic heart disease may also cause aortic stenosis. With basic CCE train-
ing, the 2D study echocardiogram will show calcified (hyperechoic), restricted aor-
tic cusps and can be appreciated in PLAX view, PSAX view at level of aortic valve,
or ASC view.

Acute severe aortic regurgitation (AR) can cause significant hemodynamic com-
promise and needs to be identified immediately. Acute AR can be caused by condi-
tions such as aortic dissection and endocarditis, whereas chronic AR is from valve
malformation or due to aortic root and annulus dilation from conditions like Marfan
syndrome. 2D examination in the PLAX view, PSAX aortic valve view, and A5C
view can show abnormalities of valve architecture, vegetation, and aortic root dila-
tion. In cases with acute AR, the LV size will be normal with a hyperdynamic
LV. With color Doppler in PLAX view, the regurgitant jet may be perpendicular and
can be directed toward or away from the probe (Fig. 5.29). In A5SC view AR appears
as a yellow-red mosaic diastolic jet from the aorta to the LV.



104 G.B. Nair et al.
Advanced Competencies

Advanced CCE requires a comprehensive evaluation of all hemodynamic parame-
ters, mastery over all image acquisition techniques, and complete understanding of
Doppler evaluation [2]. Competence entails ability to integrate the finding from
CCE for bedside clinical management strategies. However, certain conditions like
prosthetic valve function, complex congenital heart disease, cardiac source of sys-
temic embolism, and stress echocardiography mandate cardiology consultation.
Intensivists practicing advanced CCE should be able to measure the size of LV
cavity, calculate stroke volume, LV ejection fraction, and LV fractional area change,
and quantify LV regional wall motion abnormalities (Box 5.6). Also, proficiency in
performing Doppler indexes to evaluate LV filling pressures, diastolic function,
and assessing severity of valvular regurgitation and stenosis are an important skill
set with advanced CCE.

Assessment of Left Ventricular Systolic Function

The ejection fraction is a number derived from the percentage of ventricular blood
that is ejected during systole. The normal range is considered to be between 55 %
and 65 % and is a crude measure of the amount of work of which the ventricle is
capable. The ejection fraction, however, does not always correlate with the patient’s
stroke volume or cardiac output. EF can be quite low when the SV is normal in the
setting of a compensatory dilated ventricle. Despite this limitation, the EF calcula-
tion is the most common reported index of LV function. LV function can be esti-
mated qualitatively or quantitatively. EF estimated by global visual assessment as
mentioned in the basic competency is a reliable index when performed by expert
echocardiographers.

Although there are more than eight different echocardiographic indices for estimat-
ing LV function, intensivists largely rely on a discrete number of relatively straightfor-
ward ones with the most common method being the simplest, the “global visual
assessment” [10, 11, 15]. Other intensivists have reported on using semiquantitative
methods such as fractional area of change or fractional shortening measurements [ 16—
18]. Advanced methods such as assessing the rate of pressure rise during mitral regur-

Box 5.6. Suggested questions when approaching a patient with LV or
valve dysfunction with advanced CCE

* What is the size of the LV cavity?

* What is the ejection fraction?

e What is the calculated cardiac output?

» Are there segmental wall motion abnormalities?

 Is there presence of significant valvulopathy? Quantify severity.
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gitant flow “dP/dt,” annular motion velocity, or tissue Doppler measurements require
either excellent views or more complex calculations. For these reasons, such measures
will only be mentioned briefly given their limited applicability in the ICU by the
majority of clinicians.

Qualitative Measurement of LV Function

Mitral Valve Leaflet Excursion Method

This is a simple, quantitative method for identifying decreased LV function and
relies on assessing the amount of mitral valve leaflet opening by measuring the
minimum distance between the anterior leaflet and the septum during diastole. This
method is based on the observation that when LV systolic function decreases, there
is a consequent decrease of left atrial filling and thus emptying into the LV. This
decreased transmitral flow results in a decreased separation of the leaflets during
diastole. Conversely, normal LV emptying and filling causes the anterior mitral
valve leaflet to open almost to the septum, normally approaching within 5 mm. This
septal separation, measured either by visual estimation or using 2D or M-mode
measurements, has been shown to be one of the most accurate methods of identify-
ing decreased LV function (Fig. 5.30). Cutoff points differentiating between normal
and depressed EF have been reported between 4 mm and 7 mm, with the most com-
monly used being 6 mm [19, 20].

Traditionally, cardiologists have performed this measure using M-mode at the
mitral valve leaflet tip in a parasternal long-axis view, denoting the tip of the mitral
valve leaflet as the E’ point and the leaflet tip to septum distance as the E’ point-
septal separation or EPSS. This distance can also be measured using 2D and simply

Fig. 5.30 Anterior mitral
leaflet — septal separation in
PLAX view. In patients with
normal ejection fraction, this
value ranges from 4 to 7 mm.
AML anterior mitral leaflet,
AV aortic valve, IVS
interventricular septum, LA
left atrium, LV left ventricle,
RVOT right ventricular
outflow tract, MV mitral
valve, PML posterior mitral
leaflet
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Fig. 5.31 E’point-septal separation (EPSS) with M-mode in a patient with normal ejection frac-
tion. EF can be calculated using the formula: EF=75.5-2.5 EPSS (mm). AML anterior mitral
leaflet; /VS interventricular septum

advancing frame by frame to the point of maximal opening of the valve during
diastole (Fig. 5.31). The mitral valve leaflet septum distance method is an attractive
index of left ventricular function (LVF) because it can be obtained rapidly, requiring
only a single view of the LV base or a single linear distance measurement, most
commonly using the PLAX or A4C views. Moreover, it is a cumulative marker of
function in that it reflects the net effect of wall motion throughout the ventricle,
obviating the visualization and assessment of each myocardial segment, and it
requires no geometric assumptions about ventricular shape.

Recent investigations have shown that the EPSS can also be used to quantify ejec-
tion fraction through the following formula: EF=75.5-2.5 EPSS (mm) [21]. EPSS
can be used as an adjunct to the global visual assessment to best identify the presence
and degree of LV dysfunction. However, there are a few limitations with this tech-
nique to bear in mind, including the presence of valvular abnormalities such as aortic
regurgitation (AR) or mitral stenosis (MS), septal or basal septal hypertrophy, and
mechanical valves which may cause inaccurate measurement; oblique axis of echo
beam to the LV can distort the leaflet-septum distance on M-mode; mistaking the
mitral valve chord for the leaflet tip on M-mode can cause erroneous measurement.

Movement of Mitral Annulus

Although this method should be used by more experienced practitioners, it is pru-
dent to discuss this method as it is easy to perform with 2D echocardiography.
With systole, the mitral annulus moves toward the apex and this motion is
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proportional to the ventricular shortening. Normally this movement is >8 mm and
can be appreciated with A4C view. If it is less than 8§ mm, the EF is usually less
than 50 % [12, 22].

Quantitative Measurement of LV Function

Simpson’s Method

EF can be directly calculated using the biplane method of discs or “Simpson’s”
method, as recommended by the American Society of Echocardiography [23]. This
method requires tracing the LV endocardial borders in two orthogonal views.
Calculation involves dividing the LV into cross-sectional disks. The total LV vol-
ume is then calculated from the summation of the cross-sectional disks. First, a
good A4C view is obtained and the image is optimized. Tracings are done in both
end-diastole (largest ventricular volume or first frame after MV closure; onset of
QRS waves on EKG) and end-systole (smallest ventricular volume or frame just
before MV opening; end of T-wave on EKG). These two areas, combined with the
measured length of the ventricle, allow the machine software to estimate a volume
of the ventricle.

(LV End Diastolic Volume — LV End Systolic Volume)
LV End Diastolic Volume

EF =

There are several limitations to this technique when performed in the ICU setting.
It requires adequate visualization of the endocardium in at least two views and may be
a technically difficult feat on ventilated patients. The operator has to avoid the inclu-
sion of trabeculae and papillary muscles when “tracing” the borders. This requires
considerable time to perform, rendering it somewhat impractical in a busy ICU.

Fractional Shortening (FS)

This is one of the more common quantitative measurements used in critical care and
uses the parasternal long-axis view for a single measurement of LV diameter in
systole and diastole. The measurement should be perpendicular to the long axis of
the ventricle and centered in short axis. An M-mode beam perpendicular to ventricle
at the mitral leaflet tip has a better resolution. The distance between the septal and
inferior wall endocardium at end-systole (end of T wave or minimum distance) and
end-diastole (beginning of the QRS wave or maximum distance) is measured
(Fig. 5.32). Normal FS is between 25 % and 45 % [23].

(LV diameter end diastole — LV diameter end systole)

Fractional Shortening =
& LV diameter end diastole
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Fig. 5.32 Fractional shortening in (a) 2D and (b) M-mode in parasternal long-axis view. The
measurement should be perpendicular to the long axis of the ventricle and centered in short axis in
2D mode. And in M-mode, the beam should be perpendicular to ventricle at the mitral leaflet tip.
The distance between the interventricular septum and inferior wall endocardium at end-systole and
end-diastole is measured. Normal values are between 25 % and 45 %. LA left atrium, LV left ven-
tricle, LVOT left ventricular outflow tract, LVDd left ventricular diameter in diastole, LVDs left
ventricular diameter in systole, RVOT right ventricular outflow tract

The main limitation of using FS as a measure of LV function is that it only mea-
sures myocardial excursion at the mid ventricle. Apical or basilar hypokinesis/aki-
nesis may be missed and these areas can contribute significantly to EF. To avoid this
limitation, simply assess for dysfunction in these areas using 2D imaging, and if
they appear normal, then FS is likely a valid estimate of overall function.
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Fractional Area of Change

Similar to the above methods measuring change in diameter (FS) or volume (EF),
this method relies on measuring change in area during systole and diastole.

(Area end diastole — Area end systole)

Fractional Area of Change = -
Area end diastole

The optimal view for measurement using the change in area is the parasternal
short axis view at the papillary muscle level. The area can be traced using the ultra-
sound software and automatically calculated by the machine. Care should be given
to avoid inclusion of papillary muscles when tracing. Limitation with using frac-
tional area of change (FAC) is similar to that using FS in that function is only mea-
sured at mid-ventricle. Abnormal apical or basilar geometry will not be included in
this measurement and can be a potential source of error. Additionally, the reliance
on good endocardial visualization can limit its use in some cases.

Advanced Measures of LV Function

In summary, one or more of the five methods above methods (global visual assess-
ment, mitral valve leaflet excursion/EPSS, Simpson’s method, fractional shorten-
ing, and fractional area of change) are used by intensivists. Other methods have
been developed and can be used, especially by the more advanced echocardiogra-
pher as they often times rely on the use of Doppler. These methods rely on various
aspects of left ventricular function for quantification, and all have been shown to
correlate with global estimates of LV function. Some examples include the measur-
ing the rate of pressure rise of the mitral regurgitant flow (“dP/dt” method), or the
velocity of mitral annulus descent or velocity of myocardial tissue (DTI method).
These methods are of little use for intensivists, as they rely on high levels of exper-
tise, are time consuming and require optimal imaging conditions, which are often
not present in the ICU. In reality, practicing cardiologists also rarely use these meth-
ods and the global visual assessment is relied on as the most pragmatic method of
assessment of LV function.

Estimation of Stroke Volume and Cardiac Output

The estimation of stroke volume (SV) and cardiac output (CO) by echocardiogra-
phy is not routinely assessed in a standard exam, but can be a useful method for the
assessment and monitoring of LV systolic function in the critically ill patient. Stroke
volume (SV in cm? or mL) is defined as the volume of blood ejected into the aorta
during a single cardiac cycle. Calculation of SV requires measuring the product of
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Fig. 5.33 Measurement of
LVOT diameter in parasternal
long-axis view. Measurement
is done just proximal to the
aortic valve (AV) leaflets. The
left ventricular outflow tract
(LVOT) diameter ranges from
1.8 to 2.2 cm. AV aortic
valve, IVS interventricular
septum, LV left ventricle, LA
left atrium, RVOT right
ventricular outflow tract

the cross-sectional area (CSA) of the left ventricular outflow tract (LVOT) multi-
plied by the distance the RBCs within the volume travel. This calculation of SV
assumes that the LV pumps the blood into a cylindrical aorta, that the flow is laminar
where all blood cells are moving in the same direction, and that the profile is flat:

SV=CSAxVTI

Measurement of CSA

The measurement of the CSA is relatively straightforward given that the base of this
cylinder is a circle formed by the LV outflow tract (LVOT). To calculate the area of
this base, the following formula is used, requiring only the measurement of the
LVOT diameter (D):

CSA=x (D/2)?

Stroke volume can be calculated across any structure where one can measure
CSA and velocity of blood flow. One must ensure that the site of flow velocity
recording is the same as the anatomic measurement of the CSA [24]. In addition,
CSA of'the orifice can change based on loading conditions, requiring re-measurement
of diameters to avoid erroneous measurements of SV. For this reason, the most pre-
ferred site for repeated SV measurements is the LVOT, given that the LVOT diam-
eter changes very little through systole and diastole and is assumed to be constant
and closely approximating a circle in shape [25].

When measuring LVOT CSA, the LVOT diameter is measured from the para-
sternal long-axis (PLAX) view, just proximal to the aortic valve (AV) leaflets
(Fig. 5.33). The image should be optimized by decreasing the depth or zooming in
on the image and adjusting gain. Placing a few beats in a cine-loop will allow mea-
surement of the annulus diameter during mid-systole from the inner edge of the
septal endocardium to the inner edge of the anterior mitral leaflet base. The LVOT
diameter ranges from 1.8 to 2.2 cm. Additionally, M-mode can be used to ensure
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Fig. 5.34 Illustration of the
red blood cell (RBC) column
a.nd cglculation of velpcity— APICAL 5 CHAMBER
time integral (VTI) using VIEW
Doppler stroke volume
calculation. It is important to
have the Doppler beam
orientation as parallel to the
RBC column as possible and
any angle higher than 20°
would lead to
underestimation of velocities
and inaccurate calculation of
hemodynamic parameters.
Image courtesy of Guy
Aristide, MD

CSA(CM) = 3.14 (D/2)?
SV - CSA XTI

further accuracy in measurement. Keep in mind that small inaccuracies in diameter
measurement can lead to large errors in CSA and SV measurements as the radius is
squared.

Velocity-Time Integral Measurement

The next step involves measuring the distance the column of blood travels during
the cardiac cycle. This distance is derived from integrating the range of RBC veloci-
ties over time, a number called the velocity-time integral or (VTI) or time-velocity
integral (TVI). In other words, VTI is the stroke distance that blood travels with
each stroke. The velocities of this “column” of RBCs are measured using Doppler
echocardiography (Fig. 5.34). The operator must gently position the ultrasound
(US) transducer to align the Doppler beam with the most parallel angle in order to
obtain the most accurate velocity (Fig. 5.35). Any angle higher than 20° would lead
to underestimation of velocities and inaccurate calculation of hemodynamic param-
eters [12, 26]. For VTI measurements, pulsed-wave Doppler (PWD) of LVOT
velocities is recorded from the apical five-chamber view, with the sample volume
positioned just proximal to the AV. The AV closing click on the LVOT velocity
recording ensures that the sample volume is located at the same site on the aortic
annulus as the diameter measurement. It is best to trace the outer edge of the densest
portion of the spectral tracing and ignore the dispersion that occurs near peak veloc-
ity. Normal LVOT VTI in adults range from 18 to 22 cm. For patients in sinus
rhythm, data from 3 to 5 cardiac cycles may be averaged. However, in patients with
irregular rhythms such as atrial fibrillation, 5-10 cycles may be required to ensure
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Fig. 5.35 Apical five-
chamber view with Doppler
beam orientation along the
left ventricular outflow tract
(LVOT). LA left atrium, LV
left ventricle, LVOT left
ventricular outflow tract, RA
right atrium, RV right
ventricle

accuracy of results. Performing measurements in at least two orthogonal planes and
averaging several beats can reduce error, although the time investment required may
not be feasible.

Cardiac Output

Cardiac output (L/min) is the effective volume of blood expelled per unit time and
is calculated as the product of heart rate and stroke volume, divided by 1,000 mL/L. In
adults, normal stroke volume ranges from 80 to 140 mL/beat and the normal cardiac
output ranges from 4 to 7 L/min. The cardiac index (CI in L/min/m?) is CO divided
by body surface area (BSA in m?), the normal values of which range from 2.8 to
4.5 L/min/m>

SV and CO are easily measured using Doppler echo and can aid in the manage-
ment of the critically ill patient by assessing baseline CO and response to various
interventions such as a fluid challenge, vasoactive agents, and medications that
reduce the afterload. Stroke volume can be calculated at any site (i.e., mitral annu-
lus, RVOT), where the diameter and VTI can be measured, but is most commonly
measured at the LVOT (Fig. 5.36). As described above, the intricate calculations and
assumptions necessary to derive these calculations can easily become inaccurate by
small errors in measurement of LVOT diameter or tracing of VTI; hence, these mea-
surements are operator dependent. Nevertheless, these measurements are underuti-
lized and can be of high utility for noninvasive hemodynamic monitoring.
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Fig. 5.36 Left ventricular outflow tract velocity time integral (LVOT VTI) measurement in apical
five-chamber view using pulsed-wave Doppler (PWD). It is best to trace the outer edge of the dens-
est portion of the spectral tracing and ignore the dispersion that occurs near peak velocity (indi-
cated by hashed lines). Normal LVOT VTI in adults range from 18 to 22 cm. For patients in sinus
rhythm, data from 3 to 5 cardiac cycles may be averaged

Assessment of Regional LV function

Whenever global systolic dysfunction is noted, a careful search for the active or
prior sequelae of ischemic heart disease must be performed, done largely by identi-
fying regional wall motion abnormalities (RWMA). The most common cause of
RWMA is ischemia caused by partial or complete coronary arterial thrombotic
obstruction in the vessel supplying that portion of the myocardium. This search for
RWMAA is particularly important in the patient who remains in a shock state despite
vasoactive therapy, as classic signs and symptoms of acute coronary syndrome
(ACS) may not be recognized due to sedation and unresponsiveness [27]. Patients
with preexisting atherosclerosis often develop ischemia causing an inability to meet
the myocardial demands from critical illness, resulting in supply—demand mismatch.
Ischemic ST-segment changes and anginal symptoms are often late manifestations
of ACS and are often preceded by diastolic dysfunction and RWMA. Myocardial
ischemia is well described in patients with septic shock and may only become appar-
ent after adequate fluid resuscitation and hemodynamic support [28].
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Myocardial Segmentation

Evaluation of regional systolic function is based on careful observation of all myo-
cardial segments for endocardial excursion and wall thickening. For proper docu-
mentation, monitoring, and guidance of interventions, the intensivists must learn
the myocardial segment nomenclature developed by the American Heart
Association (AHA), a 17-segment model [29]. In this system, the LV is divided
into basal, mid-ventricular, and apical segments along the long axis to correspond
to proximal, mid, and apical coronary lesions. The basal and mid-ventricular
regions are further subdivided into 6 segments each, and the apical segment into 4
segments, with the apical cap being the 17th segment. In the short axis view, the LV
is divided clockwise into 6 segments: anterior, anterior-lateral, inferior-lateral,
inferior, inferior-septal, and anterior-septal. It should be noted that the apical cap
can only be assessed by perfusion studies given that no excursion is normally seen
in this area on echocardiography [23].

The above segmentation of the LV is based on its corresponding coronary artery
blood supply. The left anterior descending artery (LAD) supplies the anterior wall,
anterior septum, and the apex. The left circumflex artery (CX) supplies the anterior-
lateral and inferior-lateral walls. The right coronary artery (RCA) supplies the infe-
rior wall and the basal and mid-ventricular segments of the inferior septum. There
is variability in the supply to the myocardial segments; however, segmental wall
motion abnormalities generally correspond closely to the coronary artery supply to
the impaired myocardial segment.

Regional Wall Motion Evaluation

It is recommended that each segment be analyzed individually and scored on the
basis of its endocardial motion and systolic thickening. Normal contraction results
in a spiral squeeze from the LV base to the apex. Excursion is measured by the
amount of decrease in endocardial wall separation during systole, normally decreas-
ing between 25 % and 50 %. Thickening is assessed by the degree to which the
thickness of the myocardial wall segment increases during systole, normally doing
so by greater than 40 %. A hyperdynamic LV has increased amplitude and velocity
of endocardial excursion and thickening, whereas a hypokinetic LV has reduced
endocardial motion and systolic wall thickening (see basic competencies section).
Akinesis is characterized as the absence of endocardial excursion and wall thicken-
ing, and dyskinesis is defined by paradoxical outward motion of the thinned LV wall
during systole. An aneurysmal segment is defined by thinning and bulging of the
wall during both systole and diastole. Segmental wall motion abnormalities are
visually assessed and scored as defined in Table 5.1. A wall motion score index is
devised by adding the sum of individual segments and dividing this by the number
of segments evaluated. Note that tethering of the myocardium can appear as normal
endocardial excursion but not thickening [30]. M-mode can be a useful adjunct to
further delineate normal endocardial excursion and thickening.
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Table 5.1 Scoring of segmental wall motion abnormalities

Score ‘Wall motion Definition

1 Normal Normal endocardial excursion and thickening (or hyperdynamic)

2 Hypokinesis | Decreased endocardial excursion and thickening (<30 %)

3 Akinesis Absence of endocardial excursion and negligible thickening (<10 %)
4 Dyskinesis Paradoxical outward motion during systole; thin, scarred myocardium
5 Aneurysmal Thinning and bulging during systole and diastole

Wall Motion Score Index (WMSI) =Sum of segmental scores
No. of segments visualized

Although this semiquantitative method is recommended for assessment of
RWMA, this can be both challenging and impractical for the critical care physician.
Nevertheless, a working knowledge of the coronary anatomy and the terminology to
appropriately characterize regional abnormalities is essential for communication
with other specialists and optimal multidisciplinary management of the patient.
Moreover, the WMSI has clinical implications as a WMSI greater than 1.7 is
associated with worse outcomes after a myocardial infarction [31].

Advanced Competencies Required for Assessment
of Valve Function and Integrity

Qualitative and quantitative assessments of severity with valvular lesions are not
routinely performed as part of routine CCE. Proficiency in advanced CCE necessi-
tates ample training in Doppler techniques and understanding the limitations. There
are several common principles to be cognizant of upon using Doppler in ICU. For
instance, the presence of an obstruction to flow will result in a significant increase in
velocity of blood across the valve in systole and can be used to calculate the pressure
gradient between the two chambers using modified Bernoulli equation (pressure
gradient=4 V?). The SV measured at one point in the heart should be equal to SV at
another point, in the absence of valvular regurgitation or shunt (Box 5.7). In other
words, what goes in must come out; this forms the basis of continuity equation.
Other techniques, such as measurement of proximal isovelocity surface area (PISA),
pressure half time, and vena contracta width, are laborious and time consuming in
the ICU setting and hence not mentioned in detail.

Mitral Stenosis (MS)

MS can be caused by rheumatic heart disease, mitral annular calcification, and con-
genital malformation (parachute mitral valve). Increased LA pressure causes pro-
gressive atrial dilation, atrial fibrillation, and transmitted pressure to the pulmonary
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Box 5.7. Continuity Equation
SV, =S8V,
A xVTI, =A, xVTI,

A AV
VT,

SV stroke volume, VTI velocity time integral, A area

circuit causing pulmonary edema. 2D imaging shows a thickened mitral valve;
thickening is seen at the tips and chordal level with rheumatic heart disease with a
hockey stick appearance of anterior leaflet in the PLAX view. Thickening and fusion
of the MV commissural edges and chordae can result in doming of the MV opening.
Annular calcification, on the other hand, results in a hyperechoic lesion at the level
of the mitral annulus. Left atrial enlargement and occasionally thrombus can be
seen. Long standing MS can lead to secondary pulmonary hypertension and right
ventricular enlargement.

An M-mode through the mitral valve in PLAX can show the anterior and poste-
rior leaflets moving anteriorly, rather than moving in opposite directions. Color
Doppler may not be optimal with severe calcification of the mitral valve causing
ultrasound reflections. When not severely calcified there can be a narrow, forward
jet with acceleration and spreading through the stenotic valve giving the appearance
of a “candle flame.” The severity of mitral stenosis can be assessed by measuring the
pressure gradient across the mitral valve using CW Doppler in A4C view. CWD
across the MV will determine the pressure gradient between the LA and LV. The
peak pressure gradient can be obtained using the modified Bernoulli equation. The
mean mitral gradient can be calculated by tracing the Doppler velocities above
baseline. A mean gradient greater than 10 mmHg is considered severe. Additionally,
the MV area can be calculated using the continuity equation. An MV area less than
1.0 cm? is considered severe. Pressure half time (PHT) is the time interval for the
peak pressure gradient to reach its half level. MV area is equal to 220/PHT, hence a
PHT greater than 220 milliseconds is consistent with severe MS.

Mitral Regurgitation
As mentioned above, MR is commonly encountered in ICU and can be due to acute

conditions such as papillary muscle or chordae rupture and endocarditis or due to
chronic conditions such as dilated cardiomyopathy. A 2D study will show,
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depending on the etiology, mitral valve prolapse, thickening of the valve, chordae,
mitral annular calcification, hyperechoic mass attached to mitral leaflet with endo-
carditis, or increased LA size. An M-mode in patients with MV prolapse shows
>3 mm movement posteriorly. Color Doppler demonstrates the systolic regurgita-
tion from the left ventricle to the left atrium in PLAX and A4C views as described
above. MR can be graded as mild or severe based on the Doppler data. Color
Doppler can be used to assess the jet size ratio to note if it is mild (MR/LA ratio
<20 %; jet width <0.3 cm) or severe (MR/LA ratio >40 %; jet width >0.7 cm). The
vena contracta is the narrowest portion of the MR jet downstream from the orifice.
A venacontractawidth greater than 0.7 cmis consistent with severe MR. Measurement
of proximal isovelocity surface area (PISA) and vena contracta allows quantitative
measurement of MR. CW Doppler uses jet density and jet profile to characterize
MR into mild, moderate, and severe. PW Doppler on the other hand uses increased
mitral inflow velocity and systolic pulmonary vein flow reversal to assess severity.

Aortic Stenosis

Etiology of AS is usually congenital, rheumatic, or degenerative. A 2D examination
will show a hyperechoic valve with reduced excursion of the leaflet with severe
valvular stenosis. Other features like number of cusps, systolic doming, and pres-
ence of supra- and subvalvular stenosis can be assessed at the same time. An
M-mode shows decreased excursion of the cusps throughout the cardiac cycle.
Instantaneous transvalvular gradient can be determined with CW Doppler. The peak
velocity across the valve is calculated and using the Bernoulli equation mentioned
above the average mean pressure between the aorta and left ventricle in systole is
measured. Conversely, with continuity equation, the aortic valve area can be mea-
sured assuming the CSA gy X VT 05 av=CSArvor X VT yor- However, one should
know that mixed lesions (coexisting AS and AR) can affect LVOT velocities with
continuity equation and mean gradient can be overestimated.

Aortic Regurgitation

Conditions such as flail leaflets, congenital defects, infections, and aortic root
abnormalities can cause AR. A 2D examination can assess the anatomy of the cusps,
vegetation, LV/LA size and function, and the size of ascending aorta. An M-mode
will show MV diastolic fluttering, early closure of the MV, and presence of B wave
(through MV). A Color Doppler can assess the direction of flow, jet size and con-
figuration, or flow reversal in aorta. PW Doppler assessment at the descending aorta
will show diastolic flow reversal and retrograde VTI>15 cm with severe AR. Pressure
half time calculated with CW can detect severe AR (<200 ms), however is load-
dependent and can be seen with a stiff noncompliant LV.
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Evidence Review and Evidence-Based Use

Clinicians must acquire the requisite skill and experience for accurate assessment of
LV function. Fortunately for the novice intensivists, the most commonly used and
achievable measures require skills that can be acquired with focused training
[13, 16]. A recent international consensus document recommended 30 fully super-
vised transthoracic echocardiographic examinations as a reasonable number to
achieve competence, based on a review of the available literature [32]. A number of
studies have been able to show both high accuracy and correct management deci-
sions by intensivists after minimal training in basic echocardiography [16, 33].
Melamed and associates showed that intensivists could correctly make categorical
assessments of LV function in 82 % of cases when compared to board-certified
echocardiographers. Training in this study consisted of 2 h of didactics and 4 h of
hands-on followed by unquantified independent study by the intensivists [13].
Manasia showed 84 % agreement in interpretation of LV function by surgical inten-
sivists after ten 1 h tutorials on TEE, and Vignon recently validated a 12 h training
program which showed trainees achieving a kappa of 0.84 when compared to expe-
rienced echocardiographers. It should be noted that one study showed a kappa of 0.7
between two experienced echocardiographers in a random sample of 20 hypoten-
sive patients [10]. Studies among ED physicians also show similar accuracy after
focused training [15]. In summary, the bulk of the literature demonstrates that inten-
sivists can achieve acceptable accuracy after focused training, in amounts easily
achievable in critical care training programs.

Pitfalls and Precautions

As mentioned above, when practiced in a standardized fashion, the use of goal-
directed echocardiography can be an invaluable tool in the care of critically ill
patients. However, it is extremely important to recognize some common situations
where imaging errors may be introduced and how these missteps will lead to flawed
interpretations. Listed below are selected common scenarios where one should rec-
ognize the possibility for such errors:

e Caution should be exercised when using PLAX view in the assessment of LV
size, as off-axis views can lead to erroneous assessment of LV size and
function.

* Inthe A4C view, an off-axis view will lead to foreshortening of the LV and incor-
rect conclusions in the assessment of LV wall thickness and EF.

* Global visual assessment of EF is highly operator dependent and requires formal,
structured training.

*  When examining for regional wall motion abnormalities, watch out for “tether-
ing” where abnormal myocardium appears to have excursion but without thick-
ening, as it is tethered to normal adjacent myocardium.
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When calculating LV dimensions using M-mode, if the ultrasound beam is not
aligned perpendicular to the long axis, LV size can be overestimated.

For fractional area of change measurements in PSAX view, oblique cuts make
measurements more difficult.

Fractional shortening assumes symmetric LV performance: hence, this is unreli-
able in the setting of regional wall motion abnormalities, specifically if apical or
basilar hypokinesis/akinesis is present.

EPSS measurements in the presence of valvular abnormalities such as aortic
regurgitation (AR) or mitral stenosis (MS), septal or basal septal hypertrophy,
and mechanical valves may cause inaccurate measurement.

When using Simpson’s method, improper tracing of the endocardium and
foreshortening of the LV cavity can lead to erroneous measurements of LV
volumes.

For CO measurements, since the LVOT radius is squared, small errors in mea-
surement can lead to erroneous measurements of stroke volume and cardiac out-
put. Also, it is common to forget that one is measuring the diameter and thus
must be divided by two prior to squaring it.
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Chapter 6
Critical Care Echocardiography:
Right Ventricular Dysfunction

Johannes Steiner and Gaurav Choudhary

Introduction

Right heart failure (RHF) is a common and severe complication during perioperative
and intensive care treatment. The most common causes are pulmonary hyperten-
sion, left heart failure, pulmonary embolism, sepsis, acute lung injury, right ven-
tricular (RV) infarction, and thoraco-surgical procedures [1]. In the critical care
setting, RV function is also altered by other conditions increasing RV afterload,
including hypoxia and high levels of positive end-expiratory pressure [2]. Acute
RHEF is not only a major contributor to morbidity and mortality [3-5], it also influ-
ences efficacy and outcome of routinely used therapies, such as vasopressors [6],
fluid loading [7], and thrombolytics [8]. In contrast to the left ventricle, the right
ventricle’s physiology and pathophysiology are understudied, and the diagnosis of
acute RHF is frequently challenging.

Echocardiography is playing an increasingly important role in the intensive care
unit to identify underlying right ventricular pathology and loading conditions. It
provides rapid and important data for diagnosing RV failure, elucidating precipitat-
ing causes, monitoring hemodynamics, and triaging patients into three groups: RV
failure with elevated pulmonary artery (PA) pressures (pulmonary embolus (PE),
exacerbation of pulmonary hypertension (PH), respiratory or left ventricular
failure), RV failure without elevated pressures (RV infarction, acute tricuspid
regurgitation (TR)), and pericardial disease (tamponade, pericardial constriction).
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In this chapter, we will discuss the use of echocardiography in assessment of RV
structure and function in the critical care settings, as well as describe commonly
encountered intensive care unit (ICU) scenarios involving RV pathologies.

Pathophysiology of Right Heart Failure

The normal pulmonary circulation is a high-flow, low-pressure system. Unlike the
left ventricle (LV), the thin-walled RV poorly tolerates acute increases in afterload.
After an initial insult that increases pulmonary vascular resistance (PVR) (e.g., PE)
or decreases RV function (e.g., RV infarct), RV dilation can increase the stroke vol-
ume of the RV by increasing preload and thus moving to a more favorable position
on the Frank-Starling curve. However, this compensatory response of the RV to
volume and pressure overload ultimately leads to an increase in myocardial oxygen
consumption, reduction in contractility, and functional TR resulting in diminished
cardiac output. Elevated pressure in the RV also compromises filling of the right
coronary artery by decreasing the pressure gradient between the aorta and the RV. In
addition, the dilated RV together with paradoxical intraventricular septal (IVS)
movement can compromise filling of the LV and distort its geometry resulting in LV
diastolic dysfunction and decreased stroke volume. In summary, the RV is particu-
larly sensitive to changes in afterload and is prone to failure with acute elevations in
PA pressure [1, 9].

Technical and Patient Considerations

The practical value of bedside ultrasonography in the management of critically ill
patients is now widely accepted, despite its inherent limitations. These limitations
are related mostly to the suboptimal imaging conditions that are often associated
with the critically ill patient and as a consequence of the constrained physical envi-
ronment of the ICU. In particular the RV can be difficult to image owing to its
complex morphology, its thin wall with coarse trabeculations, its anterior position
within the chest, and its marked load dependence [1]. For an ultrasound study to be
deemed adequate, a good acoustic “window” is required to allow accurate analysis.
Anything hindering the reflection of this acoustic signal, be it air, bone, calcium, a
foreign body, or another interposed structure, will interfere with ultrasound trans-
mission and will diminish the overall quality of the examination. In the critical care
unit, up to one third of patients may be receiving mechanical ventilation, and ade-
quate imaging is frequently limited due to interposition of the inflated lung between
the heart and chest wall. Other important factors limiting data acquisition in criti-
cally ill patients are related to surgical wounds and dressings, tapes, tubing, surgical
emphysema, obesity, and chronic obstructive pulmonary disease (COPD). In addi-
tion, lack of patient cooperation and the difficulty of moving patients into the
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optimal position contribute to a high prevalence of technically inadequate studies.
Although ultrasonography provides a window for the evaluation of structure and
function of the heart and other important organs and structures, acquisition of data
and interpretation of results are fraught with potential traps. Obtaining adequate
images and knowledge of the limitations and pitfalls is key to the performance of
ultrasonography in the ICU [10].

Image Acquisition and Interpretation

Adequate positioning of the patient is an important step in obtaining adequate image
quality. For performance of transthoracic echocardiography (TTE) and transesopha-
geal echocardiography (TEE), optimal imaging is usually obtained by having patients
in the left lateral decubitus position. Apical four-chamber, modified apical four-
chamber, left parasternal long-axis (PLAX) and parasternal short-axis (PSAX), left
parasternal RV inflow, and subcostal views provide images for the comprehensive
assessment of RV systolic and diastolic function and RV systolic pressure (Fig. 6.1).

Fig. 6.1 Graphic representation of the echocardiographic views used for evaluating the right ven-
tricle. (a) Parasternal long-axis view, (b) long-axis view of the inflow tract, (c) parasternal short-
axis view at the base of the heart, (d) parasternal short-axis view at the level of the papillary
muscles, (e) apical four-chamber view, and (f) subcostal view. Ao aorta, LA left atrium, LV left
ventricle, PA pulmonary artery, RA right atrium, RV right ventricle, RVIT RV inflow tract, RV LAX
RV long-axis, RV SAX RV short-axis, RVOT RV outflow tract (Reprinted with permission from
Jurcut R, Giusca S, La Gerche A, Vasile S, Ginghina C, Voigt JU. The echocardiographic assess-
ment of the right ventricle: what to do in 2010? Eur J Echocardiogr. 2010;11(2):81-96)
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Dimensions and Right Ventricular Wall Thickness

In the ICU setting, the bedside RV echocardiography begins with an assessment of
RV size. RV dimension is best estimated at end-diastole from a right ventricle-
focused apical four-chamber view. In this view the RV normally has a triangular
shape, which becomes more oval as its pathologic dilation occurs. The RV should
appear smaller than the LV and usually no more than two thirds the size of the LV
in the standard apical four-chamber view. There are many quantitative parameters
that can help the intensivist evaluate the RV size. Diameter >42 mm at the base and
>35 mm at the mid level indicates RV dilation [11] (Fig. 6.2). In all complete
echocardiographic studies, at least the RV basal measurement should be reported.
In practice however, the easiest way to do so is to compare the RV to the LV. The
RV inner surface area at end-diastole should normally be no more than 0.6 that of
the LV. Moderate RV dilation would elevate this ratio to 0.7-0.9 and severe dila-
tion to >1 [12]. RV dimensions are highly dependent on probe rotation by the user,
which can result in an underestimation of RV width. Care should be taken to obtain
the image demonstrating the maximum diameter of the RV without foreshorten-
ing. Relative RV enlargement, as suggested by an RV to LV end-diastolic diameter
ratio >0.9, is predictive of in-hospital mortality and may be useful in identifying
which patients require more aggressive therapy in patients presenting with acute
PE [13]. The distal right ventricular outflow tract (RVOT) diameter can be

Fig. 6.2 Apical four-
chamber view demonstrating
measurements of the right
ventricle obtained at
end-diastole. RV right
ventricle, RA right atrium, LV
left ventricle, LA left atrium,
D1 basal RV measurement,
D2 mid-RV measurement, D3
base-to-apex measurement
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b

Fig. 6.3 Measurement of the right ventricular outflow tract. (a) The left parasternal long-axis view
allows for the measurement of the proximal portion of the RVOT, also referred to as the “proximal
diameter.” (b) The left parasternal short-axis view demonstrating RVOT at the level of the pul-
monic valve yields the “distal diameter.” RVOT prox proximal right ventricular outflow tract, RVOT
dis distal right ventricular outflow tract, PA pulmonary artery

visualized in the left PSAX view at the level of the pulmonic valve, while the left
PLAX view allows for the measurement of the proximal diameter of the RVOT
(Fig. 6.3).

In patients receiving mechanical ventilation adequate imaging from the paraster-
nal view is frequently limited due to interposition of the inflated lung between the
heart and chest wall. Alternatively, a comparison of the areas of the RV and LV
cavities can be made from the subcostal four-chamber view as described in the api-
cal four-chamber view, either by measurement or visual gestalt. Additionally, the
subcostal four-chamber view affords a good look at the RV free wall. RV wall
thickness is measured in diastole using either M-mode or two-dimensional imag-
ing. Thickness >5 mm indicates RV hypertrophy (RVH) and may suggest more
chronic RV pressure overload in the absence of other pathologies (Fig. 6.4) [14]
(Table 6.1).
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Fig. 6.4 Measurement of RV
thickness. RV free wall
thickness measurement
obtained at end diastole at
level of the tricuspid valve
chordae tendineae in the
subcostal four-chamber view.
RV right ventricle, LV left
ventricle

Table 6.1 Suggested measurements

Suggested
Measurements | views
Dimensions
RV Apical four
dimensions chamber,
alternatively
subcostal
views
RV outflow Parasternal
tract three chamber
and short axis
RV thickness Subcostal
views

Brief description

Measurements of RV
chamber dimensions in
end diastole should
include the diameters
above the tricuspid valve
annulus and in the
mid-RV cavity, as well as
the distance from the TV
annulus to the RV apex

Subcostal four-chamber
view for measurements of
RV free wall thickness
has demonstrated a
higher reproducibility
than other views

J. Steiner and G. Choudhary

Abnormal Illustrations

RV basal

>42 mm

RV mid >35 mm
RV longitudinal
>86 mm [11]

Fig. 6.2

RVOT PLAX
Prox >33 mm
RVOT PSAX
Dist >27 mm [23]
RV wall

thickness >5 mm
[14]

Fig. 6.3

Fig. 6.4

(continued)



Table 6.1 (continued)

Suggested
Measurements | views
RA dimension | Apical four
chamber
IvC Subcostal
dimension views
RV function
TAPSE Apical four
chamber
RV S’ Apical four
chamber
FAC Apical four
chamber

RV and pulmonary hemodynamics
sPAP

mPAP

PVR

Brief description

The subcostal view
permits imaging and
measurement of the IVC
and also assesses
inspiratory collapsibility.
IVC diameter should be
measured just proximal
to the entrance of hepatic
veins

With the M-mode cursor
aligned through the
anterior tricuspid annulus
in the apical four-
chamber view,
longitudinal displacement
of the annulus toward the
apex during systole can
be recorded

The sample volume is
usually placed at or below
the tricuspid annulus
Planimetry of the RV
cavity area is traced
across the TV annulus
along the endocardium
and then around the apex
at the end-diastolic and
end-systolic frames

4(TR velocity
max)?+RAP [33]
4(early PI
velocity)®>+RAP

TR velocity (m/s) / TVI
RVOT (cm) x 10+0.16
(Woods units) [46]

Illustrations
Fig. 6.9

Abnormal

RA end-systolic
area >18 cm? [23]
Normal

(3 mm Hg):

<21 mm and

>50 %
collapsibility

Fig. 6.10

Intermediate

(8 mm Hg):

<21 mm and
<50 %
collapsibility or
>21 mm and
>50 %
collapsibility
High (15 mm Hg):
>21 mm and
<50 %
collapsibility [32]

<16 mm [28] Fig. 6.8

<10 cm/s [25] Fig. 6.7

<35 % [23] Fig. 6.6

>40 mm Hg Fig. 6.11

>25 mm Hg Fig. 6.11

>3 Wood units

RV right ventricle, RA right atrium, /VC inferior vena cava, TAPSE tricuspid annular plane systolic
excursion, S’ tricuspid lateral annular systolic velocity, FAC fractional area change, PLAX paraster-
nal long-axis, PSAX parasternal short-axis, RVD right ventricular diameter, RVOT right ventricular
outflow tract, sPAP systolic pulmonary artery pressures, mPAP mean pulmonary artery pressures,
PVR pulmonary vascular resistance, TR tricuspid regurgitation, P/ pulmonic insufficiency, RAP
right atrial pressure, TVI time-velocity integral
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Interventricular Septal Morphology

The normal septal curvature is convexed toward the RV cavity, imparting a crescentic
shape to the RV in cross section. An acute rise in the pulmonary pressure may fre-
quently occur in critically ill patients. In such conditions, during systole, the RV
faces an increased resistance in the pulmonary vasculature. As a result, the RV con-
traction time becomes prolonged and continues past the beginning of the LV dias-
tole. The LV relaxes, and the pressure inside it falls, while the RV pressure remains
high. This difference transiently pushes the IVS to the left, into the LV. Such para-
doxical septal wall motion can be readily appreciated on echocardiography, and it
represents a distinct sign of RV systolic failure. In the PSAX, the LV assumes a
progressively more D-shaped cavity as the ventricular septum flattens and progres-
sively loses its convexity with respect to the center of the RV cavity during diastole.
Although patients with relatively isolated RV volume overload have the most
marked shift of the ventricular septum away from the center of the RV at end-
diastole (with relatively more normal septal geometry at end-systole), patients with
relatively isolated RV pressure overload have leftward septal shift away from the
center of the RV at both end-systole and end-diastole, with the most marked defor-
mation at end systole (Fig. 6.5) [1].

Fig. 6.5 Assessment of interventricular septum. (a) In the parasternal short-axis view, the left
ventricle assumes a progressively more D-shaped cavity as the ventricular septum flattens and
progressively loses its convexity with respect to the center of the RV cavity during diastole. (b)
Paradoxical septal wall motion can be readily appreciated on apical four-chamber views, and it
represents a distinct sign of RV systolic failure. PSAX parasternal long-axis, RV right ventricle, LV
left ventricle
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RV Systolic Function

A knowledge of RV systolic function may be essential in making hemodynamic
decisions, considering thrombolysis in patients with PE and normal blood pressure
[4], and in prognostication in RV infarction [15] and chronic cor pulmonale [16].
A visual gestalt of the contractility of the RV can be made by looking at the two
major components of RV contraction: excursion of the free wall and the movement
of the tricuspid annulus toward the apex. RV systolic function has been evaluated
using several parameters, namely, myocardial performance (Right Ventricular
Myocardial Performance Index or RIMP) [17], tissue Doppler velocity and tricus-
pid annular plane systolic excursion (TAPSE) [16], 2-D RV fractional area change
(FAC) [18], 2-D RV ejection fraction (EF) [19], three-dimensional (3-D) RV EF
[20], tissue Doppler-derived tricuspid lateral annular systolic velocity (S”) [21], and
longitudinal strain and strain rate [22]. However, few are convenient and reliable for
everyday use. The RV has a complex geometry that makes calculation of RV vol-
ume (and thus RV EF) by 2-D echo challenging. However, this limitation does not
preclude alternative, non-volumetric methods of RV function assessment.

Fractional Area Change (FAC)

Two-dimensional FAC, defined as (end-diastolic area — end-systolic area)/end-
diastolic area x 100, provides an estimate of RV systolic function. FAC is obtained
by tracing the RV endocardium both in systole and diastole from the annulus, along
the free wall to the apex, and then back to the annulus, along the interventricular
septum (Fig. 6.6). Two-dimensional FAC <35 % indicates RV systolic dysfunction

Fig. 6.6 Assessment of RV systolic function: fractional area change. Fractional area change is
obtained by tracing the RV endocardium both in (a) end-systole and (b) end-diastole from the
annulus, along the free wall to the apex, and then back to the annulus, along the interventricular
septum. ES end-systole, ED end-diastole
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[23]. The RV FAC does not require geometric assumptions and correlates with the
RV EFE. However, incomplete visualization of the RV cavity (more common in the
setting of RV enlargement) as well as suboptimal endocardial definition leads to
relatively high inter- and intra-observer variability [24]. Nevertheless, FAC was
found to correlate best with the reference standard of MRI-derived RV EF [18].
Reduced FAC also represents an independent predictor of death in patients with
acute myocardial infarction and evidence of LV dysfunction [15].

S’ of the Tricuspid Annulus

Among the most reliably and reproducibly imaged regions of the right ventricle are
the tricuspid annulus and the basal free wall segment. These regions can be assessed
by pulsed tissue Doppler and color-coded tissue Doppler to measure the longitudinal
velocity of excursion [25] (Fig. 6.7). This velocity has been termed the RV S’ or sys-
tolic excursion velocity. To perform this measure, an apical four-chamber window is
used with a tissue Doppler mode region of interest highlighting the RV free wall.
Certain echo platforms also allow for color-coded Doppler-derived S’ analysis offline.

Fig. 6.7 Assessment of RV systolic function: RV S’ or systolic excursion velocity. An apical four-
chamber window is used with a tissue Doppler mode region of interest highlighting the RV free
wall at tricuspid annulus. S tissue Doppler velocity during systole, E tissue Doppler velocity during
early ventricular filling, A tissue Doppler velocity during atrial contraction
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The pulsed Doppler sample volume is placed in either the tricuspid annulus or the
middle of the basal segment of the RV free wall. A S’ <10 cm/s should raise the sus-
picion for abnormal RV function [21]. However, these measurements assume that the
function of a single basal segment represents the function of the entire RV, which can
be misleading in conditions that include regional wall motion abnormalities, such as
RV infarction or PE. S’ appears to have prognostic value in different clinical scenar-
ios including pulmonary hypertension [26] and inferior myocardial infarction [27].

Tricuspid Annular Plane Systolic Excursion (TAPSE)

The systolic movement of the base of the RV free wall provides one of the most
visibly obvious movements on normal echocardiography. TAPSE is a method to
measure the distance of systolic excursion of the RV annular segment along its
longitudinal plane, from a standard apical four-chamber window. TAPSE is usu-
ally acquired by placing an M-mode cursor through the tricuspid annulus and mea-
suring the amount of longitudinal motion of the annulus at peak systole (Fig. 6.8).

Fig. 6.8 Assessment of RV systolic function: tricuspid annular plane systolic excursion (TAPSE).
TAPSE is acquired by placing an M-mode cursor through the tricuspid annulus and measuring the
amount of longitudinal motion of the annulus at peak systole
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TAPSE is simple, less dependent on optimal image quality, and reproducible,
owing in part to the lack of reliance on RV endocardial definition or geometric
assumptions, and it does not require sophisticated equipment or prolonged image
analysis [28]. Therefore, it might represent the best validated tool to objectively
assess RV function in the ICU setting with similar limitations concerning the
assessment of possible regional dysfunction as described for S’. Current literature
indicates that a TAPSE cutoff value <17 mm yielded a high specificity for diagnosis
of RV dysfunction [29]. TAPSE has been shown to correlate well with MRI-derived
RV EF [30], and values below 1.8 cm predict long-term mortality in patients with
PH [16].

Right Atrium

The primary transthoracic window for imaging the right atrium (RA) is the apical
four-chamber view. From this window, RA area is estimated by planimetry, using an
upper reference limit of 18 cm? [23] (Fig. 6.9). Average indexed RA volume in
healthy adults obtained by 2-D echo has been reported to be 16.76+8.15 mL/m?
[31]; however, validated cutoff values associated with adverse outcomes have not
been defined as of yet.

Fig. 6.9 Right atrial size
measurement. RA area is
estimated by planimetry in
the apical four-chamber view.
RA right atrium
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Inferior Vena Cava (IVC) and RA Pressures

Estimation of right atrium pressure (RAP) is clinically relevant in many circum-
stances as an indicator of volume status and responsiveness to fluid challenge, as a
sensitive diagnostic sign in patients with suspected cardiac tamponade, or as part of
the echocardiographic estimation of PA pressures. The subcostal view permits
imaging and measurement of the inferior vena cava (IVC) and also assesses inspira-
tory collapsibility. IVC diameter should be measured just proximal to the entrance
of the hepatic veins (Fig. 6.10). For simplicity and uniformity of reporting, specific
values of RA pressure, rather than ranges, should be used in the determination of
systolic pulmonary artery pressure (SPAP). IVC diameter <2.1 cm that collapses
>50 % with a sniff suggests a normal RA pressure of 3 mm Hg (range, 0-5 mm Hg),
whereas IVC diameter >2.1 cm that collapses <50 % with a sniff suggests a high
RA pressure of 15 mm Hg (range, 10-20 mm Hg) [32]. In scenarios in which IVC
diameter and collapse do not fit this paradigm, an intermediate value of 8 mm Hg
(range, 5-10 mm Hg) may be used. To accurately assess IVC collapse, the change
in diameter of the IVC with a sniff and also with quiet respiration should be mea-
sured, ensuring that the change in diameter does not reflect a translation of the IVC
into another plane.

Fig. 6.10 Assessment of the
inferior vena cava for
estimating RA pressures.
The subcostal view permits
imaging and measurement of
the IVC and also assesses
inspiratory collapsibility. IVC
diameter should be measured
just proximal to the entrance
of hepatic veins. /VC Inferior
vena cava, RA right atrium
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TV and RVOT Doppler

Pulmonary hypertension is common in the critically ill patient and can be a
manifestation of various pulmonary, cardiac, and systemic processes. It is character-
ized hemodynamically as a mean pulmonary pressure >25 mm Hg. Systolic PA
pressures are determined from TR velocities (some degree of regurgitation is essen-
tial to be able to obtain a Doppler signal and subsequently determine pulmonary
artery pressure [PAP]). Peak TR velocity, usually obtained by continuous-wave
Doppler from the RV inflow or the apical four-chamber view position, reflects the
pressure difference during systole between the RV and the RA (Fig. 6.11a). Peak
systolic RV pressure (which would be similar to PA systolic pressure in the absence
of pulmonary stenosis or RVOT obstruction) is thus determined from the peak TR
Doppler velocity using the modified Bernoulli equation and combining this value
with an estimate of the RA pressure: PA systolic pressure=4(V)?*+RA pressure,
where V is the peak velocity (in meters per second) of the TR jet and RA pressure
is estimated from IVC diameter and respiratory changes [33]. The tricuspid valve
(TV) must be interrogated from multiple different views (i.e., RV inflow, short-axis,
apical four-chamber, and subcostal views) to ensure that the ultrasound beam is
parallel to the regurgitant signal, thus allowing optimal Doppler envelope quality
and an accurate peak transtricuspid flow velocity.

The use of echocardiography in assessment and management of PH remains an
area of much controversy [34, 35]. While echocardiography-derived PA systolic
pressures have been shown to be inaccurate compared to right heart catheterization-
derived PA systolic pressures, especially in more severe stages of PH [36, 37], the
sensitivity and specificity of echo-derived PA systolic pressures (>39 mm Hg,) has
been reported as 87 % and 81 %, respectively [38]. In general, echocardiographic
estimation of PA systolic pressures can be used to determine the presence or absence
of PH, but not necessarily the severity of disease.

Pulmonary artery diastolic pressure is frequently used as an estimate of LV fill-
ing pressure in the management of critically ill patients. Pulmonary artery diastolic
pressure can be estimated by measuring the end-diastolic regurgitant flow velocity
across the pulmonic valve (at the QRS complex on the electrocardiogram [ECG]),
converting it to a pressure gradient, and then adding the gradient to the estimated
RA pressure. Pulmonary flow velocity can be recorded by pulsed wave Doppler
from the PSAX view, with the sample volume located in the PA at the level of the
pulmonary valve (Fig. 6.11b).

Pulmonary artery acceleration time (PAAT) can be also used to estimate mean
PA pressure. The pulsed Doppler echocardiography sample volume should be posi-
tioned in the main PA. PAAT is the time in milliseconds from the beginning of the
Doppler envelope to the peak of the signal. On the basis of the formula 79-0.45 (x
PAAT), the mean PA pressure can be estimated. In addition to the shortening of the
PAAT in severe pulmonary arterial hypertension, the decreased compliance of the
PA and the transmission of a reflected wave of blood result in a characteristic mid-
systolic interruption of flow [39] (Fig. 6.12).



Fig. 6.11 Assessment of pulmonary artery pressures: tricuspid valve and RV outflow tract Doppler.
(a) Peak tricuspid regurgitation velocity, usually obtained by continuous-wave Doppler from the RV
inflow or the apical four-chamber view position, reflects the pressure difference during systole between
the RV and the RA (marked with crosshairs). (b) Pulmonary artery diastolic pressure can be estimated
by measuring the end-diastolic regurgitant flow velocity across the pulmonic valve (marked with a star)
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Fig. 6.12 Assessment of pulmonary artery pressures: shape of the right ventricular outflow tract
Doppler envelope. Examples of the distinct patterns appreciated in the flow velocity envelope
obtained from pulsed-wave Doppler interrogation from the right ventricular outflow tract. (a)
Representative Doppler tracings in a patient with normal pulmonary artery pressure. (b) Doppler
tracings with a late systolic notch, characterized by transient notching on the terminal aspect of the
Doppler, suggestive of elevated pulmonary artery pressures (arrow)



6 Critical Care Echocardiography: Right Ventricular Dysfunction 139

Identifying Particular Clinical Scenarios

Volume Overload

RV volume overload results from tricuspid or pulmonary regurgitation or septal
defects (Table 6.2). Volume overload results in RV dilation with little or no increase
in free wall thickness. In RV volume overload, because the RV intracavitary pres-
sure is higher than normal and the duration of systole is longer, RV pressure exceeds

Table 6.2 Clinical scenarios

Clinical
scenarios
RV volume
overload

RV pressure
overload

Pulmonary
embolus

RV infarction

Acute severe
dyspnea

Acute
respiratory
distress
syndrome

Sepsis

Brief description

RV pressure exceeds LV pressure during end systole and early diastole,
resulting in septal bowing and paradoxical motion; dilated inferior vena
cava with reduced respiratory variations

Septal flattening through the cardiac cycle, PA systolic pressure rarely
exceeds 50 mm Hg in the acute setting. In chronic pressure overload setting,
septal flattening will be accompanied by RV hypertrophy

Similar to acute pressure overload described above. Additional supporting
signs include small LV cavity size with normal LV systolic function and RV
dysfunction (McConnell’s sign). Typically, peak systolic pressures in the
pulmonary artery do not exceed 50 mm Hg. One also needs to look for
evidence of thrombi in transit, in the IVC, RA, RV, or main pulmonary
artery

Regional wall motion abnormalities mainly affecting lateral wall and IVS;
outward RV lateral wall dilation and displacement of papillary muscles
resulting in (usually) low velocity TR. Very unlikely for PA pressures to be
elevated

Studies have demonstrated the high accuracy of ultrasonography in aiding
differentiation between the common causes of acute respiratory failure; look
for sonographic signs of cardiac tamponade (early diastolic RV collapse in
setting of pericardial effusion), CHF (LV dysfunction), or signs of RV
failure/pulmonary hypertension. Occasionally, a saddle embolus may be
visualized by TTE at the proximal pulmonary arteries

ARDS patients have a high propensity to develop cor pulmonale, especially
if they are on escalating PEEP [2]. If cor pulmonale patterns are detected on
TTE, conservative volume management is indicated, as further fluid loading
may worsen the RV strain and ischemia

Sepsis causes global myocardial suppression. The RV dysfunction seems
well tolerated with adequate fluid loading, but with positive-pressure
ventilation, the increased RV afterload may precipitate cor pulmonale [7]. If
central venous pressures rise >10-14 mm Hg, additional volume loading
may further exacerbate RV dysfunction, leading to a net decrease in cardiac
output. In this setting, conservative fluid management is indicated, and
inotropic agents may be superior to pure vasopressors

ARDS acute respiratory distress syndrome, CHF congestive heart failure, /VC inferior vena cava,
IVS intraventricular septum, LV left ventricle, PA pulmonary artery, PEEP positive end-expiratory
pressure, RA right atrium, RV right ventricle, TTE transthoracic echocardiography, TR tricuspid

regurgitation
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LV pressure during end systole and early diastole, leading to the IVS being pushed
into the LV. However, at the onset of systole, the sudden increase in LV pressure
produced by LV contraction restores the normal transseptal pressure gradient, push-
ing the IVS toward the RV cavity. This results in IVS flattening and a D-shaped LV
only during early diastole [40].

Pressure Overload

RV pressure overload can be acute or chronic. Acute pressure overload is a result of
massive PE or acute respiratory distress syndrome (both are forms of acute cor pul-
monale) and is the most common pattern of RV overload seen in critically ill patients.
Echocardiographically, it is indistinguishable from a volume overload picture. RA
and RV enlargement is associated with flattening of the IVS in diastole and the
absence of RV free wall thickening. As the RV has not had time to hypertrophy, the
peak systolic pressures generated rarely exceed 50 mm Hg in acute cor pulmonale.

Chronic pressure overload is a result of chronic lung diseases such as COPD and
interstitial lung disease (ILD), chronic thromboembolism, or chronic pulmonary
venous hypertension secondary to left heart valvular or myocardial pathologies. In
addition to demonstrating RV enlargement, thickening of the RV free wall is also
apparent with increased trabeculation. Because RV adaptation has taken place, the
RV is able to generate very high RV systolic pressures, usually exceeding 50 mm Hg,
sometimes exceeding LV pressures. The IVS therefore is flattened into the LV cav-
ity during the entire cardiac cycle. Because of the overlap of features with acute
overload, it is difficult to diagnose acute or chronic cor pulmonale in the ICU using
echocardiography, unless serial RV systolic pressures are available. All forms of RV
overload also affect the LV, reducing diastolic function and resulting in higher fill-
ing pressures.

Pulmonary Embolism

Pulmonary embolism is not uncommon in critically ill patients. It is a complication
with a high morbidity and mortality and needs rapid diagnosis and specific treat-
ment [41]. The standard diagnostic algorithms for pulmonary thromboembolism
may be difficult to follow in the ICU as they require the patient to be transported for
computed tomography (CT) angiogram or ventilation-perfusion scans, which may
not be feasible in the critical care setting. Therefore, we may have to rely on echo-
cardiography to make a diagnosis before deciding on thrombolysis or catheter-
based interventions. The echo picture of pulmonary embolism is that of acute
pressure overload described above. Additional supporting signs include small LV
cavity size with normal LV systolic function and RV dysfunction, sometimes with a
particular pattern consisting of akinesis of the mid free wall but normal motion at
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the apex (McConnell’s sign) [42]. In addition, there may be a right-to-left shunt
through a patent foramen ovale. Typically, peak systolic pressures in the PA do not
exceed 50 mm Hg unless a PE has occurred on a background of chronic RV pressure
overload. One also needs to look for evidence of thrombi in transit, in the IVC, RA,
RV, or main PA. RV function assessment also has prognostic significance. In the
International Cooperative Pulmonary Embolism Registry, RV dysfunction on echo-
cardiography was an independent predictor of death [43].

Basic Competencies

Guidelines for competencies in critical care echocardiography have been published
[44], emphasizing for the basic user the ability to acquire and interpret views, allow-
ing an assessment of RV size and function and IVC size and variation. In these
guidelines, it is recommended that the basic user should be able to recognize echo-
cardiographic findings of acute cor pulmonale, including RV dilation and paradoxi-
cal septal motion, isolated RV dilation in the setting of RV infarct, and a dilated
non-collapsible IVC consistent with right atrial hypertension. More advanced users
are expected to have a competence in image acquisition and interpretation — similar
to that required for cardiologists trained in echocardiography — consistent with the
ability to perform and evaluate a complete echocardiography exam, including
detailed assessment of RV function as outlined above, and to integrate their findings
into the management of acute cardiopulmonary failure. According to American
Society of Echocardiography guidelines [23], the parameters to be performed and
reported in a comprehensive RV evaluation should include a measure of RV size, RA
size, RV systolic function (at least one of the following: FAC, TAPSE, with or with-
out RIMP), and SPAP with estimatation of RA pressure on the basis of IVC size and
collapse. Additionally, this may include competence in TEE (see below).

Advanced Competencies

Pulmonary Vascular Resistance

An elevation in SPAP does not always imply an increased PVR, as can be seen from
the relationship whereby A pressure=flow x resistance. PVR distinguishes whether
increased afterload is due to pulmonary arterial hypertension, secondary PH, or
hyperdynamic states [45]. PVR can be estimated using a simple ratio of peak TR
velocity (surrogate of pressure) to the RVOT velocity-time integral (surrogate of flow)
[46]. A normal invasively measured PVR is <1.5 Wood units (120 dyn ¢ cm/s?), and
for the purpose of clinical studies in PH, significant PH is defined as a PVR >3 Wood
units (240 dyn ¢ cm/s?). Previous literature showed that this echo-derived ratio closely
correlates to PVR in a population of patients with an average PVR of 2 Wood units.
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Transesophageal Echocardiography

In patients with suboptimal TTE images due to mechanical ventilation, surgical
wounds, medications, or drainages, TEE can provide a valuable alternative.
Although more difficult to study, the RV can be evaluated in terms of both systolic
and diastolic function. Useful views include mid-esophageal four-chamber, mid-
esophageal right ventricular inflow-outflow, transgastric mid-papillary short-axis,
and transgastric right ventricular inflow view (Fig. 6.13) [1].

RV systolic function can be estimated by measuring TAPSE using M-mode anal-
ysis or 2-D measurement. The application of tissue Doppler imaging to the myocar-
dial wall just below the tricuspid plane allows evaluation of systolic myocardial
velocity (S’), which is a good estimate of global RV systolic performance. The tis-
sue Doppler imaging also offers the opportunity to detect diastolic myocardial
velocities, thus providing a prompt evaluation of RV diastolic function. TEE evalu-
ation of RV function is crucial in many clinical scenarios when acute RV dysfunc-
tion, either primary (acute RV infarction) or secondary (PE, RV failure secondary to

ME four chamber

TG mid SAX TG RV inflow

Fig. 6.13 Views useful in assessment of right ventricle by transesophageal echocardiography
include mid-esophageal four-chamber view (fop left), mid-esophageal right ventricular inflow-
outflow view (top right), transgastric mid-papillary short-axis view (bottom left), and transgastric
right ventricular inflow view (bottom right). RA right atrium, RV right ventricle, PA pulmonary
artery, LA left atrium, LV left ventricle, LVOT left ventricle outflow tract, RVOT right ventricle
outflow tract (Adapted with permission from Lippincott Williams and Wilkins/Wolters Kluwer
Health: [Anesthesia & Analgesia] (Haddad et al, The right ventricle in cardiac surgery, a periopera-
tive perspective: I. Anatomy, physiology, and assessment. 108 (2): copyright 2009))
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pressure overload under mechanical ventilation), can influence the clinical course.
The recognition of RV failure can guide diagnosis and treatment, leading to
appropriate hemodynamic management.

TEE can also be used to detect thrombi in the pulmonary artery tree in patients
with a suspected PE. The main and right PAs can be easily identified. The main PA
can be followed until its division into two branches; often the left PA is not visual-
ized because of the interposition of the left bronchus. TEE can be used to diagnose
a PE through the direct detection of thrombi in the PAs rather than through the
evaluation of indirect criteria of RV pressure overload (such as RV enlargement,
paradoxical septal movement, TR, or loss of inspiratory collapse of the IVC).

Pitfalls and Precautions

— The study of the RV remains challenging due to its complex shape and marked
load dependence. Hence, appropriate acquisition of standard echocardiographic
windows is the key to evaluate RV size and function.

— Since qualitative assessments remain important in evaluating the RV and can be
the basis of important therapeutic decisions, the experience and competency of
the reader is important. It is advisable to seek consultation with experienced
echocardiographer in most cases.

Conclusions

Integration of echocardiography into the clinical assessment of the critically ill is
valuable in the assessment of right heart failure, allowing rapid assessment of RV
dimensions, septal morphology, RV systolic function, and an estimation of RA pres-
sures. Most quantitative echocardiographic measures outlined in this chapter are
easy to obtain and should be measured routinely to gain insight into the underlying
pathophysiology. In the near future, the use of novel tools including Speckle track-
ing and 3-D echocardiography may provide more objective assessments of the RV
with higher inter- and intra-rater reliability.
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Chapter 7
Critical Care Echocardiography: Pericardial
Disease, Tamponade, and Other Topics

Girish B. Nair and Joseph P. Mathew

Introduction

Echocardiography is a valuable tool in the comprehensive evaluation of critically ill
patients with suspected pericardial effusion and cardiac tamponade. Cardiac tam-
ponade is a life-threatening condition which requires timely identification and treat-
ment. In recent years, conclusive data has emerged on adverse outcomes related to
invasive hemodynamic monitoring in critically ill patients [1]. As a result, critical
care physicians have increasingly been relying on noninvasive techniques, particu-
larly ultrasonography, as preferred modalities for the hemodynamic assessment and
management of critically ill patients [2]. Advances in ultrasound imaging and device
portability have made bedside applications readily available in recent years [3].
Critical care echocardiography (CCE) provides real-time visualization of anatomic
structures and also provides an assessment of functional parameters [4, 5]. CCE is
increasingly being adopted by both intensivists and emergency medicine physicians
and is particularly helpful in the acute diagnosis of pericardial effusion and tampon-
ade [6, 7], allowing time-sensitive, lifesaving interventions to be performed at a
rapid pace compared to traditional cardiologist-driven echocardiography [8, 9].

In this chapter, we will review the technical considerations, image acquisition
techniques, and basic and advanced competencies required by intensivists when
approaching a patient with suspected pericardial effusion or tamponade.
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Technical and Patient Considerations

Ultrasound Principles

The improvements in transducer technology and miniaturization of the ultrasound
probe size have helped bedside echocardiography become feasible and accessible to
non-cardiologists. For optimal cardiac visualization, “microconvex” or phased array
probes with smaller footprints and lower frequencies are commonly used (1-5 MHz).
Phased array probes are more compact, allowing for easier imaging and maneuver-
ability within the intercostal space. The commonly used ultrasound modes are
“B-mode” or brightness mode, where structures are displayed in two-dimensional
(2D) images. This is the default mode on most ultrasound machines and is optimal
for evaluation of cardiac anatomy and function. A pericardial effusion can be seen
in B-mode as a black, echo-free space surrounding the cardiac chambers (Fig. 7.1).
The “M-mode” or motion mode displays images over time on a single plane when
a scan line is placed over the point of interest in the 2D-mode. M-mode is better for
assessing the rapid movements and excursion of cardiac structures in a single plane
(Fig. 7.2). Although this is especially useful in diagnosing a pericardial effusion,
advanced training is required to determine findings consistent with tamponade
physiology in M-mode. The Doppler mode utilizes the “Doppler shift” resulting
from interactions of the ultrasound waves with constantly moving particles to deter-
mine the direction and speed of tissue motion and blood flow. Doppler echocardiog-
raphy is useful to measure respirophasic variations in blood flow velocities through
right- and left-sided heart valves to diagnose cardiac tamponade.

2 /0
50 mm/s

Fig. 7.1 Apical four-chamber view, showing complete ventricular collapse in a patient with large
pericardial effusion and cardiac tamponade. RA right atrium, PE pericardial effusion, LA left
atrium, LV left ventricle
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Fig. 7.2 M-mode from parasternal long axis view in a patient with cardiac tamponade. Note the
right outflow tract collapse in diastole. PE pericardial effusion, LV left ventricle, RV right
ventricle

Basic Anatomy of the Pericardium

The pericardium is normally 1-2 mm thick and consists of an outer parietal layer
and an inner visceral layer. The parietal pericardium is a thicker fibrous layer that
surrounds the heart and the visceral pericardium and is contiguous with the epicar-
dium. The enclosed space between the two layers forms the pericardial sac, which
normally contains around 5-10 mL of fluid. The parietal pericardium meets with
the visceral pericardium around the great vessels to form the pericardial reflections.
The pericardium encases all four chambers of the heart and extends 1-2 cm up the
great vessels. The pericardial layers provide an enclosed chamber effectively isolat-
ing the heart from the rest of the structures in the mediastinum, allowing dynamic
movements during the cardiac cycle, aiding cardiac filling during diastole, and pro-
viding lubrication [10]. Usually, the pericardial pressure reflects the pleural pres-
sure and varies between — 5 cm H,O during inspiration and+5 cm H,O during
expiration [11, 12].
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Table 7.1 Various etiologies  [nfection

causing pericardial effusion Viral infections (Coxsackie, Echo, Adeno,

Cytomegalovirus)

» Bacterial (Staphylococcus, Pneumococcus, Salmonella,
Mycobacteria)

¢ Parasitic (amoebiasis, Echinococcus)

Malignant

* Metastatic (primary lung, breast, lymphoma, leukemia)

* Primary cardiac tumors (thabdomyosarcoma, angioma)

Inflammation

¢ Autoimmune (SLE, rheumatoid arthritis)

* Uremia

¢ Post-myocardial infarction

Traumatic

* Blunt trauma

* Penetrating injuries

Radiation

Drugs

Procedure related

* Post-cardiac surgery

* Pacemaker and catheter related

» Cardiopulmonary resuscitation

Idiopathic

Catastrophic causes

* Aortic dissection

* Post infarction LV rupture

e Penetrating chest trauma

Pericardial Effusion and Tamponade Physiology

Pericardial effusions can result from various causes including, but not limited to,
inflammatory or infectious etiologies, trauma, or malignancy (Table 7.1). Normally,
the pericardium can stretch up to a point, termed the reserve volume, to accommodate
changes in pericardial fluid volume; however, once the reserve volume is exceeded,
pericardial compliance decreases. Further increases in the pericardial volume will
then result in dramatic increases in pericardial pressure and hence affect atrioven-
tricular filling, as described in detail below, with resultant hemodynamic effects.

Pericardial Compliance
When pericardial fluid accumulates, the compliance of the parietal pericardium ini-

tially increases, resulting in a stable intrapericardial pressure. When the pericardial
reserve volume is exceeded, pericardial compliance begins to fall and the
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Fig. 7.3 Pericardial pressure-volume curves in relation to cardiac output. (a) Rapid accumulation
of pericardial fluid leads to a rise in the pericardial pressure. Once the fluid overcomes the pericar-
dial reserve volume and reaches the pericardial stretch threshold, the pressure in the pericardial
space increases dramatically causing chamber collapse and impairing cardiac output. (b) With
gradual accumulation of pericardial fluid, the pericardium is able to acclimate and stretch to a
further extent prior to reaching the pericardial stretch threshold where cardiac output falls.
Image courtesy of Guy Aristide, MD

intrapericardial pressure rises, and the central venous pressure must increase to
maintain a gradient that allows cardiac filling. When the stretch threshold of the
pericardium is exceeded, pericardial compliance markedly decreases, resulting in
rapid increases in pericardial pressure with increasing volume (Fig. 7.3). At this
point, the intrapericardial pressure may first equalize with the right ventricular dia-
stolic pressure, and then with the left ventricular diastolic pressure. Critical tampon-
ade occurs when all cardiac chambers have equal diastolic pressure. At this inflection
point, there is collapse of the right-sided cardiac chambers and the cardiac output
can suddenly drop (Fig. 7.3). Circulation at this point is maintained only through an
increase in heart rate, contractility, and peripheral arteriolar vasoconstriction. Left
untreated, this can result in circulatory failure and death [13].

Rate of Accumulation

The rate of accumulation of pericardial fluid and the total fluid volume determine
the relative hemodynamic impairment caused by excess fluid in the pericardial
space (Fig. 7.3). Conditions like uremic pericarditis or malignancy-related effusion
can cause gradual accumulation of a large volume (>2 L) of fluid in the compliant
pericardium, potentially causing minimal symptoms and no hemodynamic effects.
However, in acute conditions, such as cardiac free wall rupture from pacemaker lead
placement, rapid accumulation of even small amounts of pericardial fluid
(50-80 mL) can exceed the pericardium’s ability to stretch and can cause hemody-
namic compromise [14].
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Interventricular Dependence

As the pericardial pressure exceeds the central venous and pulmonary venous
pressure, diastolic filling is impaired and becomes increasingly influenced by the
respiratory variation in intrathoracic pressures. During inspiration, as the intratho-
racic pressure becomes more negative, central venous blood flow to the right atrium
and right ventricle (RV) is augmented; at the same time, there is pooling of blood in
the pulmonary veins, thereby reducing flow to the left atrium. As the RV is prefer-
entially filled during inspiration, the interventricular septum bows into the left ven-
tricle (LV), causing a drop in cardiac output and hence a drop in blood pressure with
inspiration (Fig. 7.4). The opposite holds true with expiration, when the intratho-
racic pressure increases and causes diminished return of blood from the vena cava
to the right side of the heart and increased flow from the pulmonary veins into the
left side of the heart. As more blood is accommodated in the LV, the ventricular
septum bows toward the RV. This over-filling and under-filling of the heart with
respect to respiration forms the basis for “pulsus paradoxus,” a classic clinical find-
ing associated with cardiac tamponade. Although not specific for cardiac tampon-
ade, an inspiratory drop in blood pressure of more than 10 mmHg in patients with
pericardial effusion has a pooled sensitivity of 82 % for cardiac tamponade [13].
Moreover, the severity of the pulsus paradoxus correlates with the severity of hemo-
dynamic compromise in cardiac tamponade [15]. However, caution should be used
when interpreting this finding in patients with severe obstructive lung disease,

| Inspiration | | Expiration |

Increased negative intrathoracic Pressure Increased positive intrathoracic Pressure
ATV inflow A MV inflow
Leftward Septal bulging RV and RA collapse
¥ MV inflow ¥ TV inflow

Fig. 7.4 Tllustration of respirophasic cardiac physiology in a spontaneously breathing patient with
pericardial effusion and tamponade. With inspiration, the intrathoracic pressure becomes more
negative leading to increased right heart filling and bulging of the interventricular septum into
the left ventricle and decreased left ventricular filling and stroke volume. The converse is true
with expiration where the left heart filling is increased, leading to septal bowing into the right
ventricle. Image courtesy of Guy Aristide, MD
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Fig. 7.5 Note the phased
array transducer is held
steadily like a pencil and
stabilized by resting the hand
on the patient’s body.

A steady hold with subtle
manipulations is required for
optimal cardiac images

severe volume depletion, right or left ventricular hypertrophy, or in those on invasive
positive pressure ventilation. The clinician must be cognizant that cardiac tampon-
ade is a clinical diagnosis and that neither presence of an elevated pulsus paradoxus
nor an echocardiography finding of a pericardial effusion establishes the diagnosis
of tamponade.

Patient Considerations

The patient should be examined in the supine or left lateral decubitus position.
Suboptimal positioning of the patient will result in unsatisfactory images, especially
in critically ill patients who are often on ventilatory support. It is worthwhile for the
intensivist to take the time to reposition the patient in a left lateral decubitus position
if adequate images are not obtained in a supine position. This position will move the
cardiac structures away from the sternum, allowing for improved imaging. The
ultrasound machine itself should be positioned such that the machine controls can
be easily adjusted by the intensivist. The transducer should be held like a pencil and
stabilized by resting the hand holding the transducer on the patient’s body (Fig. 7.5).
If the patient is able to follow directions, the left arm should be positioned under the
patient’s head when in the lateral decubitus position. Although electrocardiographic
(EKG) monitoring is helpful in determining timing of systole and diastole, it is not
an absolute necessity while performing emergency point-of-care ultrasonography,
when time is of the essence.

Image Acquisition and Interpretation

Image acquisition and interpretation requires an awareness of the plane in which
sound waves are transmitted by the footprint, or surface, of the ultrasound probe and
the resulting orientation of the 2-D images of the cardiac structures that are
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generated by the reflected waves. On the monitor, structures closest to the transducer
appear at the top of the screen (or near field) and deep structures appear on the bot-
tom (or far field). The leading edge of the beam is marked on the probe and corre-
sponds to the mark on the monitor. By convention, for cardiac imaging the marker
is typically on the upper right-hand corner of the screen. The gain can be adjusted
to amplify the sound beam and obtain a clearer view. Pericardial fluid can be visual-
ized in a long axis, or sagittal, plane as well as in short axis, or transverse, plane.

Image Acquisition

The cardiac and pericardial structures must be visualized in multiple echocardio-
graphic views to confidently rule out the presence of a pericardial effusion. The
pericardial layers appear as a thin, bright, echogenic line around the myocardium
(Fig. 7.6). The normal thickness of the pericardium is 1-2 mm. In the normal peri-
cardium, there is less than 25 mL of serous fluid in the pericardial sac formed by the
visceral and parietal pericardium. A simple pericardial effusion is visualized as an
anechoic (black) area on B-mode, contiguous to the adjacent cardiac structures and
separating the echogenic layers of the pericardium (Fig. 7.7). With advanced prac-
tice, M-mode and pulsed wave Doppler can be utilized to assess for findings of
cardiac tamponade.

Fig. 7.6 Parasternal long axis view showing the pericardium and adjacent structures. The pericar-
dium appears as a thin, bright, echogenic line around the myocardium. LV left ventricle, LA left
atrium, RVOT right ventricular outflow tract, LVOT left ventricular outflow tract
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Fig. 7.7 Parasternal long
axis view in a patient with
small pericardial effusion.
Note the black, echo-free
space adjacent to the left
ventricle. PE pericardial
effusion, LV left ventricle,
LA left atrium, RVOT right
ventricular outflow tract

Fig. 7.8 Parasternal long
axis view. The transducer is
placed in the third or fourth
intercostal space along the
left parasternal region. The
probe marker (arrow) should
be facing the 10 o’ clock
position toward the patient’s
right shoulder

Parasternal Long Axis (PLAX)

In the parasternal long axis view, the transducer is placed on the third or fourth
intercostal space along the left parasternal region with the probe marker pointing
toward the patient’s right shoulder (Fig. 7.8). If the views are suboptimal in the
supine position, the patient should be examined in left lateral decubitus position.
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Fig. 7.9 Parasternal long axis view in a patient with a pleural effusion. Note the black, echo-free
space located posterior to the descending aorta. LV left ventricle, LA left atrium, RVOT right ven-
tricular outflow tract, DA descending aorta

The depth and gain should be adjusted to optimize the image. Subtle rotation and
angling of the probe will ensure that the heart is visualized as a horizontal, elliptical-
shaped structure in this view (Fig. 7.7). The normal pericardium is a highly reflec-
tive, bright echogenic layer surrounding the cardiac chambers. A pericardial effusion
is visualized as a black, anechoic, or echo-free space within the pericardium, sepa-
rating the two echogenic layers (Fig. 7.7). When the volume of fluid is small, it can
be seen as an anechoic space present posterior to the left ventricle and may be seen
only in systole. Using the caliper feature, the pericardial fluid can be measured both
anteriorly and posteriorly. The right ventricular outflow tract (RVOT), which is seen
in the near field, can display diastolic chamber collapse with tamponade physiology.
This view is also useful to differentiate pericardial from pleural effusion, which
appears posterior to the descending aorta (Fig. 7.9). Localized pericardial effusions,
which sometimes can cause hemodynamic instability, can be seen with the PLAX
view. Echogenic material with stranding between the pericardial layers may also be
seen in this view, indicating the presence of an exudative pericardial effusion from
malignant, infectious, or inflammatory etiologies. Additionally, M-mode can be
employed from the PLAX 2-D view to closely assess for chamber collapse.

Parasternal Short Axis (PSAX)

From the PLAX view, the transducer is turned 90°, so that the probe marker is now
pointing toward the patient’s left shoulder to achieve the PSAX (Fig. 7.10). A cross-
sectional image of the left ventricle, with all four walls and part of the right
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Fig. 7.10 Parasternal short
axis view. From the
parasternal long axis view,
the transducer is turned
clockwise to the 2 0’ clock
position such that the probe
marker (arrow) is now
pointing toward the patient’s
left shoulder. Angling the
probe up and down allows
one to scan up and down
from apex to base

50 mm/s

Fig. 7.11 Parasternal short axis view showing left ventricle, right ventricle, and the interventricu-
lar septum. LV left ventricle, RVOT right ventricular outflow tract

ventricle, can be seen in this view (Fig. 7.11). The PSAX view is particularly useful
to study respirophasic movements of the interventricular septum. The dynamic
movements of the septum with respiratory variation should alert the clinician to the
possibility of increased pressure in the pericardial space. By gently angling anteri-
orly to the aortic valve level such that the probe is facing the right shoulder, the
RVOT, aortic, tricuspid, and pulmonic valves can be visualized. The RVOT can be
seen at the top of the screen and can be assessed for diastolic chamber collapse.

Apical Four Chamber (A4C)

In the apical four-chamber view, the footprint of the probe is placed near the apex of
the heart or point of maximum impulse with the probe marker pointing to the left
shoulder (Fig. 7.12). A left lateral decubitus position and subtle adjustment of the
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Fig. 7.12 Apical four-
chamber view. The transducer
is placed at the apex or point
of maximal impulse. The
probe marker (arrow) is
placed at the 2-3 o’ clock
facing the patient’s left
shoulder

Fig. 7.13 Apical four-chamber view in a patient with small pericardial effusion. Note that the
anechoic space adjacent to the LV apex. Note that the right ventricle is collapsed in diastole (mitral
valves are open in diastole). RA right atrium, RV right ventricle, LA left atrium, LV left ventricle,
PE pericardial effusion

probe will further optimize this view such that the heart appears elliptical and not
foreshortened (Fig. 7.13). Both the PLAX and the A4C views are optimal for visual-
izing pericardial effusions. The A4C view can demonstrate RA and RV diastolic
collapse and the paradoxical movement of the interventricular septum that occurs
with tamponade physiology. The Doppler sample box can be placed over the mitral
and tricuspid valves to assess Doppler velocities.



7 Critical Care Echocardiography: Pericardial Disease, Tamponade... 159

Apical Five Chamber (A5C)

This view is obtained by slightly angling the probe anteriorly from the A4C view to
bring out the left ventricular outflow tract (LVOT). Pulsed wave Doppler (PWD)
recordings can reveal exaggerated respiration-dependent phasic changes in the
LVOT outflow velocities reflecting changes in stroke volume.

Subcostal (SC)

The subcostal (or subxiphoid) view is especially useful in intubated patients. In the
supine position, the probe is placed in the subxiphoid area with the marker pointing
to the 3 0’ clock position and the probe angled at 15° cephalad (Fig. 7.14). The four
chambers and part of the liver are visualized in the SC view (Fig. 7.15). Occasionally

Fig. 7.14 Subcostal view.
With the patient in the supine
position, the probe is held on
the top surface and placed in
the subxiphoid area at a 15°
angle with the marker
(arrow) pointing to the
patient’s left at the 3 o’ clock
position

Fig. 7.15 Subcostal view in a patient with moderate pericardial effusion (seen as a black space
interposed between the right atrium/right ventricle and liver). RA right atrium, LA left atrium, LV
left ventricle
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a pericardial cyst or epicardial fat pad can be seen and should be distinguished from
an effusion. The entrance of the inferior vena cava (IVC) into the right atrium is seen
by angling the probe further posteriorly and rotating counterclockwise. This view is
critical when ruling out tamponade, as it is a quick and easy way to assess for inspi-
ratory collapse of the IVC [16]. The SC view is of high utility in evaluating the right
atrium for chamber collapse. Additionally, the SC view can be utilized for real-time
echocardiographic guidance for pericardiocentesis via the subxiphoid approach.

Image Interpretation

Identification of Pericardial Effusion

Pericardial fluid is seen as an anechoic, or echo-free, space adjacent to the heart
(Fig. 7.15). When evaluating for the presence of an effusion, using multiple echo-
cardiographic views is prudent. In the absence of a prior history of cardiac surgery
or pericardial disease, the effusion is usually diffuse and circumferential, separating
the parietal and visceral pericardium. Small effusions are located posteriorly and, as
the size increases, an echo-free space forms around the entire heart. Catastrophic
causes of pericardial effusion, such as ventricular wall rupture or post-cardiac sur-
gery effusions, can cause an echogenic effusion due to thrombus or fibrinous debris
in the pericardial space. Effusions can also appear as a grayish, hypoechoic layer
around the cardiac chambers. An isolated anterior, hypoechoic area should raise the
possibilities of either epicardial fat or a loculated effusion. Other conditions such as
a pericardial cyst or a pleural effusion can mimic pericardial fluid and should be
ruled out in the hypotensive patient (Table 7.2). Pleural effusions are very common
and are located posterior to the descending aorta in the PLAX view, whereas peri-
cardial effusions are visualized anterior to the descending aorta and are contained
within the echogenic pericardium. Pleural effusions can be further confirmed by
dedicated ultrasonography of the thorax. Congenital pericardial cysts, on the other
hand, are uncommon and can be unilocular or multilocular. Inflammatory pericar-
dial cysts often present as a loculated pericardial effusion and are a result of connec-
tive tissue diseases, infections, or trauma. Chest radiography will often show

Table 7.2 Mimics of ¢ Large pleural effusion
pericardial effusion on

* Epicardial cyst
echocardiography picardial cys

¢ Anterior epicardial fat

¢ Foramen of Morgagni hernia

¢ Inferior left pulmonary vein

¢ Left ventricular pseudoaneurysm
¢ Subphrenic abscess

e Pericardial thickening

* Pericardial tumors
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loculated fluid in the right cardiophrenic angle. Computed tomography (CT) scan or
magnetic resonance imaging can be used to further confirm this finding. Lastly,
pericardial fat may also be seen on echocardiography, especially in patients with
increased abdominal fat. Pericardial fat pads are usually localized anterior to the
right ventricular outflow tract. Some clues to the diagnosis of a fat pad are absence
of fluid posteriorly, a normal motion of the pericardium, and low intensity echoes or
speckles in the pericardium.

Measuring the Size of a Pericardial Effusion

The separation between the heart and the parietal pericardium can be used to gauge
the size of effusion. Pericardial effusions should be measured both in anterior and
posterior dimensions. Different schemes have been used to quantify the volume of
pericardial effusion. In general, a pericardial effusion is described as small if it is
less than 1 cm; moderate, if 1 cm to 2 cm; and large, if greater than 2 cm in size
[17, 18]. A trace pericardial effusion can be seen even with as little as 25 mL of
pericardial fluid. It will appear as a small echo-free space in the posterior atrioven-
tricular groove and may be visible only in systole, when the heart has pulled away
from the pericardium. In a small effusion, as much as 1 cm of posterior fluid can be
seen with or without fluid accumulation elsewhere. Moderate effusions have 1-2 cm
of echo-free space (Fig. 7.16). Large effusions have more than 2 cm of maximal
separation, and the heart may be seen swinging within the pericardial fluid (Fig. 7.1).
Cardiac tamponade can be seen with moderate to large pericardial effusions but can
also be present with small and/or loculated effusions.

50 mm/s

Fig. 7.16 Parasternal short axis view in a patient with moderate pericardial effusion. PE pericar-
dial effusion, LV left ventricle
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Fig. 7.17 Subcostal view in
a patient with anteriorly
loculated moderate
pericardial effusion. Note the
echogenic material in the
pericardial space. RA right
atrium, RV right ventricle, LA
left atrium, LV left ventricle,
PE pericardial effusion

Distribution of Pericardial Fluid

Pericardial effusions are usually diffuse, but in instances of prior inflammation or
surgery, the effusion can be loculated. Identifying these effusions is important, as
loculated effusions can cause hemodynamic compromise. Evaluation from multiple
acoustic windows is fundamental in ruling out a loculated effusion (Fig. 7.17). The
parasternal views help with excluding fluid collection at the base of the heart. In
apical views, lateral, medial, and apical fluid collections can be observed.

Differentiating Pleural from Pericardial Effusion

A left pleural effusion results in an echo-free space posterior to the heart and can be
easily confused with a pericardial effusion. Pericardial reflections surround the pul-
monary veins and tend to limit the potential space behind the left atrium. Hence,
fluid appearing exclusively behind the left atrium is more likely to represent pleural
rather than pericardial effusion. The pericardial reflection is typically anterior to the
descending thoracic aorta, and therefore, fluid appearing anterior to the aorta is
likely to be pericardial; whereas fluid appearing posterior to the descending thoracic
aorta is more likely to be pleural (Fig. 7.9; see also Fig 14.16 in Chap. 14).

Basic Competencies

In the evaluation of patients with dyspnea and hypotension, detecting an anechoic
area separating the pericardial layers on any of the basic echocardiographic views
will establish the diagnosis of a pericardial effusion. However, the characteristic
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findings of pericardial tamponade may not always be present on echocardiography,
and correlation with clinical findings is essential. Hence, the first step is always to
obtain vital signs and to check for jugular venous distention and pulsus paradoxus
in a patient suspected to have pericardial effusion and/or tamponade. Critical care
echocardiography can then be correlated with the clinical findings. The critical care
physician with basic echocardiographic training should be able to identify a
pericardial effusion, to distinguish a pericardial effusion from mimics, to assess the
distribution of the effusion, and to determine if the effusion is associated with echo-
cardiographic signs of hemodynamic impairment (see Box 7.1). The basic assess-
ment of hemodynamic compromise by CCE is discussed below.

Determining Hemodynamic Impairment

Bedside CCE can be performed to determine if a pericardial effusion is causing
hemodynamic impairment (Box 7.2). However, patients with pericardial effusion
and hypotension but without typical tamponade physiology findings on CCE should
still be considered for pericardial effusion drainage, if no other explanation for the
hypotension is felt to be present.

Box 7.1 Suggested approach with suspected pericardial effusion

The critical care physician with the help of CCE should attempt to answer the
following questions:

 Is this pericardial effusion or a mimic?

* Can the etiology of the effusion be determined with CCE?
* Is the effusion localized or diffuse?

 Is the effusion small, moderate, or large in size?

 Is the effusion causing hemodynamic compromise?

* Can it be safely drained percutaneously?

Box 7.2 basic critical care echocardiographic findings suggestive
of cardiac tamponade physiology

* Moderate or large pericardial effusion

* Right atrial collapse or inversion

* Right ventricular diastolic collapse

» Respiratory paradoxical septal motion

» Respiratory variation of left and right ventricular size
» IVC dilation and loss of respiratory variation
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Fig. 7.18 Apical four-chamber view in a patient with moderate effusion. Note that the right atrium
is inverted (arrow) in diastole (mitral valves are open in diastole). PE pericardial effusion, RA right
atrium, RV right ventricle, LA left atrium, LV left ventricle

Right Atrial (RA) Systolic Collapse

The RA is a low pressure chamber, and the RA free wall is relatively thin. When the
pericardial pressure surpasses the atrial pressure, the free wall may collapse during
atrial systole (ventricular diastole) (Fig. 7.18). RA systolic collapse is best assessed
in the A4C and SC views. The RA wall can remain collapsed through atrial diastole.
This inversion of the RA, when present for more than a third of the cardiac cycle,
has a very high sensitivity and specificity for diagnosis of tamponade [19]. RA col-
lapse typically occurs at lower intrapericardial pressures than will cause right ven-
tricular collapse. It may be seen as a lone finding in the absence of tamponade
physiology, hence other echocardiographic features of tamponade must also be
present to confirm cardiac tamponade [20].

Right Ventricular Diastolic Collapse

As the pericardial pressure exceeds the RV diastolic pressure, the free wall of the
RV, which is less thick than the LV free wall, may collapse. This can be appreciated
with PLAX, PSAX, A4C, or SC views. The RV outflow tract is the more compress-
ible area of the RV and tends to collapse earlier with increasing intrapericardial
pressure (Fig. 7.19). Diastolic collapse can be identified following the T wave by
employing real-time EKG monitoring. Using echocardiography, the frames can be
scanned back and forth to observe for the opening of the mitral or tricuspid valve
to estimate the onset of diastole and to assess for RV collapse at that time point [4].
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Fig. 7.19 Parasternal long axis view in a patient with large pericardial effusion. Note the right
ventricular outflow tract collapse (arrow) with cardiac tamponade. PE pericardial effusion, LV left
ventricle, RV right ventricle

In the PLAX view, an M-mode recording through the RV free wall and anterior
mitral valve leaflet helps with visualization and timing of the free wall collapse
(Fig. 7.2). RV collapse may be absent in conditions causing RV hypertrophy, such
as long-standing pulmonary hypertension. While the finding of RA systolic collapse
is highly sensitive, diastolic collapse of the right ventricle is highly specific for
diagnosing cardiac tamponade [10, 21].

Reciprocal Respiratory Changes

With cardiac tamponade, the total pericardial volume is fixed and there is an equal-
ization of diastolic pressures within the pericardium and the cardiac chambers. As
filling in the right-sided chambers increases with inspiration, there is a reciprocal
decrease in the left-sided volume. This is best appreciated in the four-chamber view.
During inspiration, there is a shift in the interventricular septum toward the LV and
vice versa with expiration (Fig. 7.4). An M-mode tracing can be obtained from the
PLAX view to delineate the movement of the septum.

IVC Plethora

Elevated right atrial pressures are reflected by a dilation of the IVC. In a spontane-
ously breathing patient, a dilated IVC without an inspiratory decrease in size, along
with dilated hepatic veins, is termed IVC plethora. This can be visualized best on
the SC view (Fig. 7.20). An M-mode tracing of the IVC shows the change in
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Fig. 7.20 A subcostal view of the point of entry of the inferior vena cava (IVC) into the right
atrium. There is IVC plethora with a size of more than 2 cm; loss of respiratory variation would
also be seen
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Fig. 7.21 An M-mode tracing through the inferior vena cava (/VC) in a patient with cardiac tam-
ponade. With inspiration, there is loss of respiratory variation in the size of the IVC

diameter with the respiratory cycle (Fig. 7.21). Less than 50 % inspiratory reduction
in the IVC diameter within 2 cm of the entrance into the RA is very sensitive but not
specific for diagnosing tamponade [22]. For other causes of IVC plethora, see
Pitfalls and Precautions below.
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Advanced Competencies

Advanced critical care echocardiography involves the use of Doppler recordings to
assess the volume of inflow across the mitral and tricuspid valves and RV/LV dia-
stolic filling to exclude tamponade physiology (see Box 7.3). During inspiration,
early diastolic filling velocity in the RV is augmented, while LV diastolic filling is
reduced. Normally, there is some variation in flow across the valves due to respira-
tion. In cardiac tamponade, this respiratory variation in blood flow across the valves
is exaggerated. If the respiratory variation in flow across the mitral or tricuspid
valve is more than 25 %, tamponade is suggested. The tissue Doppler through the
mitral annulus will show a reduced E’ when tamponade is present. Additionally,
analysis of Doppler flow provides information regarding velocities and direction of
flow. Velocities toward the transducer are displayed above the baseline, and veloci-
ties away from the transducer are displayed below the baseline. The returning
Doppler signal is a spectral tracing of velocity against time. The area under the
curve of the spectral trace is known as the Velocity Time Integral (VTI). In tampon-
ade, the VTI in the pulmonary artery increases with inspiration, while the stroke
volume and VTI of aortic velocity decrease. Once the diagnosis of tamponade is
established, the management should focus on maintaining hemodynamics while
preparing for percutaneous or surgical drainage.

Box 7.3 Advanced CCE features of cardiac tamponade

2-D Assessment

* Moderate or large pericardial effusion

* Right atrial collapse or inversion (>1/3 cardiac cycle)
* Right ventricular diastolic collapse

» Respiratory “paradoxical” septal motion

» Respiratory variation of left and right ventricular size
* Inferior vena cava plethora

M-Mode

 Interventricular septal shift with respiration

* Diastolic collapse of RVOT/RV

» IVC dilation (>2 cm) with no respiratory variation

Pulsed-Wave Doppler

» Increased respiratory variation of inflow across mitral valve >25 % or
tricuspid >35 %

* Phasic variation of LVOT and RVOT outflow velocities

» IVC with low-velocity flow
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Doppler Flow Velocities Across Mitral and Tricuspid Valve

Proceeding with the Doppler tracing, the ventricular inflow velocities are traced
across the tricuspid and mitral valve. A 2D image on A4C view is recorded for
several beats to correctly align the intercept angle of the Doppler beam parallel to
the direction of inflow [10]. Note that as the Doppler intercept angle increases
from the direction of inflow, Doppler flow velocities may potentially be underes-
timated. Inflow velocities can be calculated using the caliper feature of the
machine. With cardiac tamponade, there is an increased respiratory variation in
flow across the mitral valve of >25 % and across the tricuspid valve of >35 %
(Figs. 7.22 and 7.23).

Velocity Time Integral Across the Left Ventricular Outflow Tract

VTI is measured with PWD of LVOT velocities and is recorded from the apical five-
chamber view, with the sample volume positioned just proximal to the AV. It denotes
the distance that blood travels with each stroke. In patients with cardiac tamponade,
VTI across the LVOT is reduced with inspiration. However, measurement of VTI
may be time consuming and difficult in the critically ill patient.

135 BPM

Fig. 7.22 Pulsed wave Doppler velocities through the tricuspid valve in a patient with a large
pericardial effusion and tamponade. Note the large variation in Doppler flow across the tricuspid
valve. Respiratory variation of more than 35 % is indicative of cardiac tamponade
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Fig. 7.23 Pulsed wave Doppler velocities through the mitral valve in a patient with a large peri-
cardial effusion and tamponade. Respiratory variation of more than 25 % is indicative of cardiac
tamponade

Echocardiography-Guided Pericardiocentesis

With the patient in supine position, 2-D echo is performed in multiple views. The
angle and depth of penetration to reach the fluid is measured, and a site is marked.
Most physicians use the subcostal approach with the needle placed between the
xiphoid process and the left costal margin and advanced toward the left scapula in
the same orientation as the probe. Real-time echocardiography, using a sterile probe
cover, has been used for pericardiocentesis via other approaches including apical
and left parasternal, with a 97 % success rate [23]. Care must be taken to avoid the
internal mammary artery when using these alternative approaches. Visualization of
the needle tip may be difficult, so agitated saline can be injected to confirm that the
needle is in the pericardial space prior to insertion of the catheter. Post-procedure
echocardiography should be performed to determine residual fluid volume or com-
plications from the procedure.

Transesophageal Echocardiography (TEE)

TEE has a limited role in the spontaneously breathing patient with cardiac tampon-
ade, who may be decompensating. However, patients on positive pressure ventila-
tion, particularly those who are post-sternotomy and have suboptimal 2-D views,
may be good candidates for TEE. Postoperative effusions can be loculated and
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localized to the posterior and lateral aspects of the heart. Postoperative effusions are
by definition hemorrhagic in the immediate postoperative setting. An intrapericar-
dial hematoma will have an echogenic appearance similar to the myocardium. They
can cause isolated compression of one or more chambers. Transesophageal echocar-
diography may be the best imaging modality of pericardial effusion or hematoma in
these circumstances.

Evidence Review and Evidence-Based Use

Goal-directed critical care echocardiography in the intensive care unit (ICU) setting
is increasingly performed at the bedside to determine the cause of hemodynamic
impairment and to provide critical information about the cardiovascular status of the
patient [24]. In many instances, pocket/handheld devices can only provide 2-D
images and may not be able to perform Doppler studies [25]. Newer devices avail-
able on the market have overcome this limitation and are increasingly being used by
intensivists to perform goal-directed CCE.

Many common presentations of ICU patients, including shock, dyspnea, respira-
tory failure, and suspected pericardial effusion, are listed by the American Society
of Echocardiography as indications for transthoracic echocardiography [26]. Major
professional societies such as the American College of Chest Physicians, European
Society of Intensive Care Medicine, and networks such as WINFOCUS (World
Interactive Network Focused on Critical UltraSound) ECHO-ICU Group all recom-
mend that intensivists obtain necessary echocardiographic training such that they
are able to practice this anatomical and physiological investigation at a high level
[27-29]. Training in ultrasound techniques for intensivists should aim to achieve
competencies in three main areas: general critical care ultrasound, basic critical care
echocardiography, and advanced CCE [28]. The training in focused echocardio-
graphic techniques should be adopted as part of fellowship training or, if not avail-
able at the time of fellowship training, through training from relevant endorsing
professional societies.

A significant number of patients admitted to the medical ICU with noncardiac
illness can have cardiac abnormalities. In one series, up to 77 % of patients who
had surveillance echocardiography had cardiac abnormalities, including 5 % who
had moderate to large pericardial effusions [30]. In another series by Joseph et al.,
up to 63 % of patients who presented with shock were found to have a cardiac etiol-
ogy. After severe systolic dysfunction, cardiac tamponade was the second most
common cause of shock (17 %) in this series and prompted therapeutic interven-
tion. Of note, transthoracic echocardiography provided adequate imaging in nearly
all the cases [31]



7 Critical Care Echocardiography: Pericardial Disease, Tamponade... 171

Vignon and colleagues studied the use of handheld echocardiography performed
by critical care physicians and compared the exam to conventional transthoracic
echocardiography (TTE) interpreted by a cardiologist in 103 intubated patients
[32]. The diagnostic capacity of the 2-D imaging and the therapeutic impact based
on imaging were similar in both groups (44 % vs. 46 %, p=0.9). However, the mean
time required for completing the examination was shorter with the portable device
(5+4 min vs. 9+5 min, P=0.001). Both the portable device and conventional TTE
had similar capability in diagnosing pericardial effusion and tamponade (75 %
each). In another study involving 515 patients at high risk for pericardial effusion,
emergency medicine physicians trained in bedside echocardiography, as compared
to trained cardiologists, were able to identify patients with pericardial effusion with
a sensitivity of 96 %, specificity of 98 %, and overall accuracy of 97.5 % (95 % CI
95.7-98.7 %) [51.

Biais and associates performed a single-center, prospective study to compare the
diagnostic ability of ultra-miniaturized handheld ultrasound devices used by inten-
sivists to conventional TTE, read by a cardiologist blinded to the initial study [33].
Focused examinations showed a high concordance with conventional TTE and ade-
quately identified RV dilation, RV dysfunction, pericardial effusion, and tamponade
with good to excellent agreement (k values 0.63 — 1).

Pitfalls and Precautions

There are several potential pitfalls while performing CCE in diagnosing pericardial
effusion and tamponade [34].

» Diastolic chamber collapse can be seen with severe hypovolemia and large pleu-
ral effusion. On the other hand, patients with right ventricular hypertrophy, such
as with longstanding pulmonary hypertension, may not demonstrate diastolic
chamber collapse even in the presence of cardiac tamponade.

* An echo-free space limited to the anterior surface is a pericardial fat pad, which
appears as an isolated dark area with brighter speckles.

* A pleural effusion is usually located posterior to the descending thoracic aorta
and unlike a pericardial effusion, would not surround the heart on all sides.

* In post-surgical patients, a loculated or eccentric effusion may cause regional
cardiac compression and hemodynamic compromise.

* Rapid accumulation of even relatively small effusions can cause tamponade
physiology and should not be discounted based on size alone.

 Intrapericardial hematoma arising as a complication of cardiac surgery or proce-
dures may not be apparent on the initial examination, and serial echocardio-
graphic evaluations may be necessary to determine the cause of hypotension.

» IVC plethora may be seen with other loading conditions causing elevated right
atrial pressure such as pulmonary embolism and volume overload states.

* Cardiac tamponade is ultimately a clinical diagnosis established by a combina-
tion of physical exam and echocardiographic findings.
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Chapter 8
Ultrasound and Airway Management

Alan Susti¢ and Alen Proti¢

Introduction

Ultrasound (US) offers an extensive number of attractive advantages when compared
to the competitive imaging techniques or endoscopy for critically ill patients. Some
of the most important advantages of using bedside US are its broad availability,
repeatability, portability, relatively affordable price, safety, and painless applicabil-
ity. Even though some of the earliest reports on the US applications in clinical medi-
cine deal with the description of soft-tissue imaging of the pretracheal structures
and anterior tracheal wall [1, 2], the first thorough reports of using US as an assis-
tance tool in multiple applications in airway management have been supplied within
the last few years [3, 4]. What directly determines the usage of ultrasonography in
airway management in anesthesia and intensive care unit (ICU) is the availability of
portable and low-cost US capacities in daily practice in operative theaters and ICU.
Clinicians initially described US-guided central venous and arterial catheterization,
followed by US-guided regional anesthesia techniques, which led to the emergence
of increasing experience with the application of US toward airway management. In
this chapter, we will describe the sonographic anatomy of the upper respiratory
organs and highlight the crucial potential applications of ultrasonography in the
airway management of the critically ill patient.
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Technical and Patient Considerations

Ultrasound Anatomy of the Upper Airway
Ultrasound Examination of Upper Airway

The upper airway is a complex air-filled structure made of bones, cartilaginous,
muscular, and soft tissue, which can only be partially visualized by ultrasound (US).
US waves strongly reflect when meeting air, and the structures below the air com-
partment are therefore impossible to visualize. When adjoining the bones, US waves
are mostly absorbed or reflected by them, not allowing any further visualization of
the underlying structures. If a bony structure is present, US will show it in the form
of a bright hyperechoic line on the bone surface with acoustic shadow underneath.
On the other hand, cartilage and muscle have very similar impedances and are well
visualized by US as hypoechoic, well-distinguished structures, which allow the
underlying structures to be assessed by US. Additionally, muscles appear as hetero-
geneous, striated, and hypoechoic structures. Fat and connective soft tissue mostly
appear as hypoechoic signet-ring shape structure under the skin, not as well defined
as cartilages or muscles.

Anatomy of the Upper Airway

The upper airway starts with the pyramid of the nasal cavity, a bony and cartilagi-
nous structure divided into two nostrils and separated by septum nasi. Each nasal
cavity contains three nasal conchae forming superior, middle, and inferior nasal
meati that communicate with frontal, maxillary, sphenoidal, and ethmoidal sinuses.
The nasal cavity is mostly made by bones filled with air and therefore is not very
suitable for US analysis.

Through the nasal choanae, the nasal cavity communicates with the pharynx, a
cone-shaped muscular organ conventionally divided into three sections: superior
(epipharynx), middle (mesopharynx), and inferior (hypopharynx). The pharynx is a
part of the respiratory and digestive systems. The muscular structure of the pharynx
makes US assessment favorable, but its position prohibits a routine approach with
the US probe.

The succeeding part of the upper respiratory airway includes the larynx, a carti-
laginous and muscular organ positioned between the fourth and sixth cervical ver-
tebrae. The larynx connects the pharynx with the trachea and consists of four
cartilages (thyroid, cricoid, arytenoid cartilage, epiglottis) [which form two pairs of
joints (crico-thyroid and crico-arytenoid)] and several muscles (two posterior and
two anterior crico-arytenoid muscles, transverse arytenoid muscle, crico-thyroid
muscle, and two vocal muscles). US approach to the frontal and lateral parts of the
larynx is very good since these parts of the larynx lie closely under the skin. The
lower part of the larynx extends to the trachea, which is a cartilaginous and
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Fig. 8.1 Anatomic view of
the upper respiratory system
(cadaver model)

membranous tube measuring approximately 12 cm in length. The trachea starts at
the level of sixth cervical vertebra and ends at the level of fourth or fifth thoracic
vertebrae. The trachea is composed of imperfect rings of hyaline cartilage, which
are C-shaped, dorsally incomplete, and connected to each other by elastic tissue.
The ends of the rings are joined by the muscular tissue (Fig. 8.1).

Technique of the Upper Airway US Examination

The optimal positioning of the patient for US examination of the upper airway is the
“sniffing” position, which includes head extension and neck flexion. If this position
is not possible to perform due to reasons such as a cervical spine injury, the man-
dible needs to be moved into protrusion. This maneuver requires the help of an
assistant. Two main planes are usually used for the US examination: horizontal, also
called transverse view, and sagittal plane, called longitudinal view. Transverse view
is mostly used for the US assessment of the mouth floor, posterior part of the tongue
(Fig. 8.2), and supra- and infra-hyoid bone regions. For the US assessment from
larynx to the suprasternal notch, both views can be used, depending on the clinical
needs. According to the anatomy of the patient, any other plane can be used as long
as the structures under the US probe are discerned. Besides the planes where the US
probe should be at 90° in relation to skin (e.g., transverse and longitudinal), there
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Fig. 8.2 Tongue ultrasound view—posterior part. White arrow (tongue)

are four different movements of the US probe which can be useful to get a better
view on the screen:

Sliding—longitudinal or transverse US probe movement over the skin surface
without changing angle of the US probe in relation with the skin surface.
Rotation—around the vertical axis of the US probe without any lateral move-
ment. Usually used to distinguish muscles, tendons, blood vessels, and nerves
from other structures.

Tilting—manipulating the US probe about its horizontal axis thereby changing
the angle of the US wave in relation to the skin surface, but without longitudinal
or transversal movement across the skin surface. The best US screen view usu-
ally appears when the US wave comes at a 90° angle to the skin surface; it nev-
ertheless does not mean that all structures in the neck are parallel with skin.
Therefore, tilting is the maneuver which corrects the entrance of the US wave
into target organs, intending to get the best US screen view.
Pressure—moderate force applied with the US probe on the underlying tissue at
90° angle to the skin surface. This maneuver can be helpful to differentiate arter-
ies from veins.

A short linear US probe with a frequency of more than 7.5 MHz is appropriate

for the upper airway US examination, due to the higher frequency, which gives a
better resolution of the superficial organs and tissues. For this examination, the best
selected setting on ultrasound apparatus is the small parts or vascular setting.
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Image Acquisition and Interpretation
US Anatomy of the Upper Airway

An US probe with a frequency of more than 7.5 MHz is appropriate for the upper
airway US examination, due to the higher frequency, which gives a better resolu-
tion of the superficial organs and tissues. In spite of the high impedance of air-filled
spaces, analysis of the soft tissue and cartilages of the upper airway is possible,
including: the floor of the mouth, posterior part of the tongue, supra- and infra-
hyoid bone region, larynx, and trachea. The US examination of the floor of the
mouth usually includes the posterior part of the tongue and its base, which presents
the tongue as an iso- to hypoechoic organ (Fig. 8.2). Epiglottic vallecula is well
visualized from both sides of the tongue base, and it is considered to be a margin to
hypopharynx (Fig. 8.3). Moving the US probe from the mouth floor caudally (slid-
ing) in the transverse view, the hyoid bone with characteristically inverted U-shaped
hyperechoic line (reflection of the US wave) and the acoustic shadow underneath
can be assessed (Fig. 8.4). The hyoid bone and nearby laryngeal cartilages are
clearly visible due to its bony structure. By further sliding of the US probe caudally,
the main laryngeal cartilages (cricoid and thyroid) can be assessed. Although a
median approach of the US probe is the best one for the US examination of the
upper airway anatomy, para-medial approach would be preferable in the area of the
laryngeal prominence, since there is no perfect contact between the US probe and
skin. Thyroid and cricoid cartilages are visible as homogeneous, hypoechoic

L
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Fig. 8.3 Ultrasound view of the vallecula epiglottica (arrows)
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Fig. 8.4 Ultrasound view of the hyoid bone (arrow)

well-defined structures, connected with iso-echoic crico-thyroid ligament. Vocal
cords can be assessed by the transverse view by positioning the US probe on the
distal part of the thyroid cartilage or on the crico-thyroid membrane caudally and
tilting the US probe (Fig. 8.5). Vocal cords are visible as hypoechoic structures and
appear as triangle movement during phonation. Approximately half of the length of
the trachea is positioned in the neck and is available for US analysis. Caudally from
the cricoid cartilage, imperfect tracheal cartilage rings appear and can be assessed
by longitudinal and transversal view. Cartilage rings are clearly visible as
hypoechoic, well-defined, lens-shaped structures. Between tracheal cartilages and
tracheal air-filled space, there is a hyperechoic line, which is called the air-mucosa
interface. Sliding in a caudal direction, anterior to the trachea at the level of second
to fourth tracheal cartilage, a homogeneous hyperechoic structure (in comparison
with adjacent strap muscles) can be seen. This structure serves as a bridge connect-
ing two identical echoic oval structures anterolateral to the trachea, which represent
the isthmus and two lobes of the thyroid gland. Transverse view of the trachea is
usually used to examine the width of the air space at different levels of the view and
also to measure the width of the soft tissue from trachea to the skin surface
(Fig. 8.6). The longitudinal view in the median or para-median plane is suitable for
showing the line of tracheal cartilages, and their number as well (Fig. 8.7). Via the
longitudinal midline view, the distance from the skin surface to the anterior carti-
lage, as well as the distance from the posterior cartilage to the tracheal air space,
can be estimated.
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Fig. 8.5 Ultrasound view of the vocal cords (arrows)
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Fig. 8.6 The air space of the trachea and the pretracheal soft tissue—transverse view
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Fig. 8.7 Tracheal cartilage rings—Ilongitudinal view

Verification of Endotracheal and Double-Lumen Tube Position

When focusing on methods of definitive airway protection and control in critically
ill patients, endotracheal tube (ETT) insertion persists as the primary one. In order
to exclude esophageal or endobronchial intubation, with respect to the Advanced
Cardiac Life Support guidelines from 2000, a confirmatory procedure should be
undertaken after the insertion of the ETT [5]. Furthermore, the position of the ETT
tube must be constantly supervised during patients’ stay in ICU so that incidental
endobronchial intubation, with subsequent atelectasis, is forestalled. Even though
the physical examination comprising mainly auscultation of the left thoracoabdom-
inal area is advised to be the firsthand and everyday method of ETT positioning
confirmation, its sensitivity is nevertheless considerably low, which consequently
points out the necessity of a secondary method of confirmation. The end-tidal CO,
detection and esophageal suction device are the most often used bedside ones, but
both of these secondary methods are firstly limited in detecting endobronchial intu-
bation, and secondly they do not render direct anatomic evidence of accurate ETT
position [6].

On the other hand, US provides indirect but proper dynamic anatomic evidence
of the correct physiologic function of the ETT in paralyzed or apneic patients during
and after resuscitation; moreover, it effectively and quickly images the movement of
the diaphragm and pleura, both of them being the indirect quantitative and qualita-
tive indicators of lung expansion [3, 7]. If the ETT is in the correct position
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(i.e., trachea), bilateral and equal motions of the diaphragm toward the abdomen are
likely to be visible on ultrasound, representing equal bilateral expansion of the
lungs [7, 8] (see Chap. 10 for a complete discussion of diaphragm ultrasound imag-
ing). When using the intercostal ultrasonographic view, it is also easy to identify the
“sliding lung” sign at the lung-chest wall interface, a sort of “to-and-fro” movements
of the hyperechoic pleura synchronized with ventilation (see Chap. 9) [9]. If the
aforementioned sign is imaged on the left, or on both sides of the chest, it should
correspond to appropriate bilateral lung ventilation, thus verifying correct ETT
position. In contrast, if the ETT is in the esophagus, expansion of the lungs will not
occur as a result of mechanically delivered breath, but diaphragmatic movement
may be seen if the patient continues to spontaneously breathe. Furthermore, when
the patient is paralyzed or apneic, an esophageal intubation will result in an immo-
bile diaphragm or paradoxical movement of the diaphragm (due to the instillation of
positive pressure into the abdomen). An intercostal view in paralyzed or apneic
patients with an intra-esophageal ETT will result in absence of motion of the pleura
on both sides of the chest (i.e., absence of “lung sliding”) with assisted ventilation.
When the “lung sliding” sign is absent, the vibrations of the pleura will occur in
rhythm with the heartbeat, a sign known as the “lung pulse” (see Chap. 9) [10].
Finally, it will be either impossible to see the movements of the left diaphragm—or
the movement is significantly minimized—when the tube is in the right main bron-
chus; the movements of pleura (“lung sliding),” on the other hand, will occur only
on the right side of the chest, while the “lung pulse” should be visible on the left
side. As an important reminder, the presence of lung sliding indicates lung inflation
and the absence of pneumothorax, but, as is evident in these examples, the absence
of lung sliding does not necessarily indicate the presence of a pneumothorax.

In adults, successful imaging of the ETT correctly placed in the trachea can be
variable (Fig. 8.8). There have been limited reports of additional methods that can
augment one’s ability to capture the ETT position with US, such as increasing the
echogenicity of the tube by retaining a stylet in the tube or by filling the ETT cuff
with fluid and air bubbles. In contrast, in children, and especially in infants, correct
anatomic position of ETT can be visualized by bedside US in almost all cases [11].
Furthermore, in emergency settings US is highly useful in detection of the esopha-
geal malposition of ETT, since it is possible to verify esophageal position of ETT in
nearly all patients within just a few seconds [12].

In the case of a thoracic procedure or one-lung ventilation, the purpose of using
double-lumen tubes (DLT) is to both isolate and/or collapse a given lung. The place-
ment of a DLT must always be accurate in order to prevent injury to a patient or
endangerment of the procedure. The current methods used to confirm the DLT
placement are auscultation and fiberoptic bronchoscopy (FOB)—neither of which
is optimal. Auscultation is not fully dependable and appropriate to confirm the cor-
rect position of the DLT, and FOB is not always available in clinical practice, par-
ticularly for the narrow DLTs used for children or small stature patients. Moreover,
blood or mucus in the airway and anatomical distortion complicate the confirmation
of DLT position, making visualization more difficult or even impossible. In these,
albeit rare, cases, the FOB fails to guarantee success and positioning problems and
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Fig. 8.8 Endotracheal tube placement in the trachea

severe complications can occur; therefore, US is a new and highly useful tool for
confirming the proper DLT placement. The utility of US in confirming the proper
DLT position is identical to the verification of endotracheal position of
ETT. Movements of the right diaphragm will not be visible or will be significantly
reduced if the left DLT has been placed in the correct position (i.e., left main bron-
chus). The pleural movements (“lung sliding”) will be seen only on the left side of
the chest, while the “lung pulse” will be visible on the right. If the DLT is placed in
the trachea, bilateral equal movements of the diaphragm toward the abdomen and
bilateral “lung sliding” can be observed [13].

Basic and Advanced Competencies

Basic Competences:

— Visualization and measurement of the air space in trachea (transverse view)

— Measurement and evaluation of the tissue in front of the trachea (transverse or
longitudinal view)

— Doppler control during evaluation of the pretracheal tissue

— Identification and numbering of tracheal ring cartilages

Advanced Competences:

— Endotracheal tube identification
— Ultrasound-guided percutaneous tracheostomy
— Ultrasound-guided upper airway anesthesia
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Evidence Review and Evidence-Based Use

Ultrasound and Endotracheal Intubation
Preintubation Assessment

Unsuccessful intubation of a pharmacologically paralyzed patient leads to
devastating consequences, and since it can be challenging to predict a difficult air-
way with surety, other methods have to be considered. For instance, while one of the
most well-known independent predictors of a difficult intubation is obesity, increased
body mass index (BMI) does not sufficiently predict difficult laryngoscopy [14].
Interesting studies have recently been published regarding the usage of US in the
assessment of the upper airways in prediction of difficult intubation in obese patients
and particularly in patients with obstructive sleep apnea. Within the chosen group of
obese patients, Ezri et al. found that an abundance of fat tissue at the anterior neck
region, as measured by ultrasound, was a satisfactory independent predictor of dif-
ficult laryngoscopy, rather than BMI [15]. Hyomental distance, measured by US, in
the neutral- and head-extended positions (low hyomental distance ratio) is also con-
sidered as an excellent predictor of a difficult intubation in obese and morbidly
obese patients with a large neck circumference (Fig. 8.9) [16]. In the early nineties,
Siegel and coworkers had moreover concluded that, when analyzing patients with
sleep apnea, the upper airway US is a simple, reliable, and comfortable method to
identify the airway obstruction mechanism [17]. The role of a preintubation US
assessment elsewhere in the upper airway is also important, and there recently has
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been great interest in this subject [3]. For example, US can detect pharyngeal or
laryngeal pathology with a relevant impact on the airway management—e.g.,
tumors, trauma (e.g., aerodigestive tract injury), abscesses, or epiglottitis. Finally, in
the case of emergent preintubation assessment, a brief gastric US examination is
highly useful, since it can provide necessary information about gastric fullness and
the risk of vomiting and aspiration (Fig. 8.10) [18].

Proper ETT and Left Double-Lumen (LDL) Tube Selection

Within the framework of pediatric and neonatologic anesthesia and critical care
management, the selection of a proper dimension ETT is crucial and there are stud-
ies suggesting US as a useful tool for this. Recently, Shibasaki and coworkers found
that subglottic upper airway diameter measured by ultrasonography was an excel-
lent predictor of correct cuffed and uncuffed ETT sizes for pediatric patients [19].
In addition, one of the relevant parts of the lung separation procedure (e.g., one-
lung ventilation) is determining the proper size of the (left) DLT. The tube must be
the right size; otherwise, if too large, it will cause trauma and cuff over-inflation, and
if too small, it will be dislocated, consequently assuming the wrong position. Brodsky
and associates underline the usage of the measurement of the tracheal width from a
chest radiograph as a useful guideline in predicting which size left DLT is appropri-
ate [20]. US is also considered to be a highly functional method for specifying the
proper left-sided DLT size, and there is a statistically significant correlation between
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US measurement of the outer tracheal width and the inner tracheal and bronchial
width measured by multi-slice computed tomography (MSCT) scan [21]. The US
measurement of tracheal width is thus a simple noninvasive bedside method, which
additionally should be used for determining the proper left-sided DLT.

Extubation Failure

One of the most common and severe complications of the management of mechani-
cally ventilated patients is extubation failure, and therefore methods to predict extu-
bation failure are important. Extubation outcome is directly correlated with
respiratory muscle endurance, where diaphragmatic function has primary role (see
Chapter 10). Respiratory motions and excursions of the diaphragm, liver, and
spleen, which are easily detected by US, are in straightforward correlation with
respiratory muscular strength. Jung-Rern and associates discovered in their research
that a substantially larger displacement of liver and spleen (i.e., diaphragmal move-
ment) occurred in patients with successful extubation, compared to those in whom
extubation failure occurred [22]. The authors concluded that ultrasonographic mea-
surement of liver and spleen displacement during a spontaneous breathing trial
(SBT) before extubation is a highly important method for a good and successful
prediction of the extubation outcome. The evaluation of diaphragmatic motions by
US is thus likely to become a relevant tool when it comes to the evaluation of the
respiratory muscle endurance in critically ill patients [8]. Moreover, lung US pro-
vides critical information about aeration during the SBT, which is very important
and highly relevant in predicting postextubation distress [23].

Finally, it is worth mentioning that the US evaluation of vocal cords and laryn-
geal morphology in intubated patients is perceived as a useful method in identifying
patients facing high risk of postextubation stridor and laryngeal edema [24].

Percutaneous Tracheostomy and Cricothyrostomy

Percutaneous dilational tracheostomy (PDT) is a well-founded and safe tool for
gaining tracheal access in intensive care, but it nevertheless can lead to serious com-
plications, and bronchoscopic or US guidance is recommended for the procedure
[25]. Even though bronchoscopic guidance provides the best visualization and is
used frequently, there are certain disadvantages when compared to US. Firstly,
potential complications of bronchoscopy are compromised ventilation and signifi-
cant hypercarbia with resultant elevated intracranial pressure—which is not toler-
ated well by patients with severe head or spinal cord injury. Secondly, bronchoscopy
potentially can induce pulmonary hyperinflation and pneumothorax, since airway
resistance is significantly increased. Therefore, an alternative method for guidance
using airway US has been developed to guide the puncture of the trachea, and this
has been a highly successful method applicable even in difficult cases [26].
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The trachea and paratracheal soft tissues of the neck, due to their superficial
position, are easily examined at the highest resolution with high-frequency US
probes (e.g., 7-12 MHz). The anterior tracheal wall, thyroid and cricoid cartilages,
tracheal rings, and pretracheal tissue are also well imaged, enabling the clinician to
choose the optimal intercartilaginous space for tracheostomy tube placement [27].
Furthermore, the diagnostic US shows the relationship between the thyroid gland
and the vascular structures of the neck to the trachea as well. Pre-procedural US
plays a large role in patient safety, since if the US demonstrates unfavorable anat-
omy for PDT, open tracheostomy should be suggested.

The trachea is visualized in vertical medial section using a linear transducer,
prepared in a sterile sheath (short vascular probe, 5-10 MHz), with concurrent acti-
vation of a constant Doppler signal over the trachea on the level of the second ring
(or pulsed Doppler signal with sample volume in trachea). The endotracheal tube is
then withdrawn until the cuff is just underneath the vocal cords. After the tip of the
tube passes the second tracheal ring, the intensity of the Doppler signal is heavily
increased due to an enhanced signal from unencumbered, turbulent air, which at the
same time implies the confirmation of a proper position of the endotracheal tube.
The site of the puncture is normally selected between the second and third tracheal
rings, following a clear US verification of anatomy of the thyroid and cricoid carti-
lage and tracheal rings (Fig. 8.7). It is not mandatory to avoid the thyroid isthmus,
if situated alongside the planned puncture canal, since isthmus penetration is fre-
quent but generally harmless in PTD. The distance between the probe and the echo
of the anterior tracheal wall can be measured and marked on the cannula, for the
purpose of the puncture. The correct position of tracheostomy tube can ultimately
be confirmed using US, at the same time excluding a potential pneumothorax [9]. If
the tracheostomy tube assumes the proper position (i.e., in the trachea), “lung slid-
ing” signs can be identified with intercostal US view. In addition, when the afore-
mentioned sign is seen on the both sides of the chest, it corresponds to bilateral lung
ventilation and correct tracheostomy tube position, thus excluding pneumothorax.

Miscellaneous
Laryngeal Mask Airway

The laryngeal mask airway (LMA) is an adjunctive airway device, which consists
of a tube with a cuffed mask-like projection of the distal end. The precise position
of the cuff, sealing the larynx, is highly relevant for adequate ventilation through the
LMA. When the cuff is filled with fluid, the position of the LMA cuff is visible by
US from the lateral approach on the larynx, and if US fails to image LMA equally
on both sides of the larynx, repositioning should be performed. This application of
US as a quality control measure is significantly useful during clinical training in the
use of the LMA [28].
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Ultrasound-Guided Upper Airway Anesthesia

Airway management during laryngoscopy or endotracheal intubation in awake
critically ill patients is often associated with laryngospasm, coughing, and undesir-
able cardiovascular reflexes, which can be either abolished or blunted by anesthetiz-
ing the upper airway, including the superior laryngeal nerve. The precise position of
superior laryngeal nerve block, located between the hyoid bone and thyroid carti-
lage, can be seen with ultrasonography, and a guided block is therefore possible to
perform [4].

Pitfalls and Precautions

As in all other applications, the use of US in airway management is a skill that
requires training, practice, and expertise. One of the most common and important
mistakes of inexperienced operator during ultrasound examination of pretracheal
soft tissue before or during ultrasound percutaneous tracheostomy is excessively
strong pressure with transducer. Such pressure causes collapses of the pretracheal
vessels, especially veins, which lead to a failure to detect them.

Conclusion

There is a growing body of literature supporting the relevance of bedside ultraso-
nography in critical care, including its use in airway management. A broader access
to portable and affordable ultrasound devices with high resolution has resulted in
the increased use of ultrasound in the intensive care setting. Ultrasound can be espe-
cially useful in the examination of the superficial structures of the upper airway,
with potential roles in the preintubation assessment, confirmation of endotracheal
and laryngeal mask airway placement, and performance of bedside percutaneous
tracheostomy. These airway ultrasound techniques are highly likely to become rou-
tine practice in the future of airway management, particularly when it comes to
teaching and the management of difficult cases.
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Chapter 9
Lung Ultrasound in Respiratory
Failure and Pneumonia

Keith P. Guevarra

Introduction

The extensive availability of high-quality bedside ultrasound machines in intensive
care units (ICUs) provides the ability to acquire real-time diagnostic information
that was not previously available, and has fostered a new era in clinical decision-
making with bedside ultrasound’s incorporation into daily clinical practice. As dis-
cussed in other chapters in this textbook, in addition to the diagnostic data that one
can derive from scanning a patient’s thorax, ultrasound significantly augments the
safety and accuracy of bedside procedures in the ICU. The use of lung ultrasonog-
raphy is well suited for the ICU setting, given the restrictions that are often encoun-
tered when traditional imaging is desired in our patients (e.g., safety of moving very
critically ill patients off the unit, loss of nursing staff due to traveling, safety issues
with transferring patient from bed to scanner, etc.). Lung ultrasound may be per-
formed repeatedly and comparatively over time to document the evolution of a
patient’s clinical problem — without any further exposure to radiation or need to
transfer off the ICU. Lung ultrasound will not replace traditional imaging modali-
ties, but rather it provides data to augment one’s bedside clinical decision-making
and possesses the benefits of real-time performance.

Lung ultrasonography has become an important tool in obtaining information
regarding the etiology of respiratory distress and respiratory failure in patients in the
intensive care unit. This field was pioneered and developed extensively through the
work of Dr. Daniel Lichtenstein, and has evolved into a powerful modality that may
be used repeatedly to follow one’s patient at the bedside in the ICU. As discussed
below, it has been shown that a composite of lung ultrasonographic findings can
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help determine the cause of respiratory failure, and has been reported to provide
immediate guidance on the etiology of acute respiratory failure in over 90 % of
cases [1]. This chapter will guide the reader through the process of acquiring quality
images for interpretation, how to identify the findings on lung ultrasound that sup-
port various potential causes of respiratory distress/failure, and how to ensure the
reader recognizes the common pitfalls and limitations of lung ultrasonography.

Technical and Patient Considerations

Similar to other facets of goal-directed critical care ultrasonography, the selection
of the proper equipment and appropriate positioning of the patient are crucial in
obtaining valuable images for interpretation. As discussed in previous chapters, the
availability of several probes of varying frequencies allows one to choose the cor-
rect probe for the desired ultrasound task. In general, given that most of the struc-
tures of interest in the thorax are relatively deep structures, a low frequency probe
with a convex tip should be selected for the majority of lung ultrasounds. Exceptions
to this are the use of a linear high frequency probe for ultrasonography of the
pleura before and after placing a central venous catheter to assess for presence of
iatrogenic pneumothorax [2] (Figs. 9.1 and 9.2) (also discussed in other chapters in
this book).

ICU patients frequently present challenges regarding proper positioning for clin-
ical tasks, which can be due to many factors such as external devices (e.g., intra-
aortic balloon pump, intravenous lines, monitor leads, endotracheal tubes with
mechanical ventilator support), patient body habitus, and hemodynamic instability.
However, lung ultrasound can be adapted to the patient, and can be performed with
the patient sitting up or in the supine position. In mechanically ventilated patients,
the only possible way to scan the chest is often in a supine or semi-recumbent

High Frequency
Vascular Probe

Fig. 9.1 A low frequency
probe is normally used for
depth imaging but has less
resolution compared to a high
frequency probe. High

. Low Frequency
frequency probes are optimal Cardiac Probe

for imaging relatively
superficial structures like the
pleura
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Pleural image with a high frequency Pleural image with low frequency
(vascular) probe (cardiac) probe

Fig. 9.2 Contrast of pleural images obtained using a high frequency versus low frequency probe.
Arrow indicated hyperechoic pleural line

position. If a patient is able to maintain an upright position, the posterior aspect of
the chest can be readily scanned. When scanning the axillary area of the chest, the
patient’s arm on the ipsilateral side can be abducted away from the patient’s chest or
moved across the body to increase the viewing area. This maneuver also can be
performed in intubated patients provided that there is no restriction of movement
(e.g., arm injury, arm restraints/sling).

Patience is key in obtaining images using ultrasound. Oftentimes, minute move-
ments of the probe are necessary to improve image quality. Increasing gain does not
automatically improve the image caliber but may even worsen image quality by
increasing noise. Caution should also be observed when applying excessive pres-
sure on the chest with the probe since this may not improve image quality, but may
inflict pain on the patient.

The probe must sometimes be placed on the most posterior part of the thorax to
scan for consolidation, atelectasis, or pleural effusion in intubated patients. While
this can be uncomfortable for patient and operator, since these patients are typically
supine these findings are more likely to be found in the most dependent part of the
chest. A complete examination of the recumbent patient therefore necessitates
posterior scanning.

Image Acquisition and Interpretation

Lung ultrasound can be performed with the patient in a variety of positions, and as
such, approaching the patient systematically to ensure thorough scanning of the
entire thorax is important. The ultrasound transducer should be held like a pen to
allow for the ultrasound beam to be manipulated readily in all planes. The probe
marker should be oriented cephalad, and the marker dot should be oriented on the
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Fig. 9.3 Diagram of ultrasound scanning approach. Note that the transducer is placed in between
the ribs. The arrows correspond to the marker on the screen and on the transducer, which should
normally be oriented cephalad

left side of the ultrasound screen (i.e., the left side of the screen should correspond
to the cephalad part of the patient). The transducer is placed in between the ribs and
angled medially and laterally in a rib interspace, continuing to the next interspace
from cephalad to caudad (Fig. 9.3). Subtle changes in the rotation, tilt, and angle of
the probe are helpful in obtaining quality images — especially underneath the rib
since bone prevents ultrasound transmission.

In order to thoroughly scan a patient’s thorax, the chest wall is divided into four
zones to ensure systematic scanning. Zone 1 corresponds to the anterior part of the
chest, zone 2 to the lateral part of the chest, and zone 3 to the posterior and most
dependent part of the chest. [1] Zone 4 (not shown) corresponds to the postero-
medial part of the thorax, which can be scanned if the supine patient is placed in
lateral decubitus position (Fig. 9.4). Scanning the thorax completely is important,
especially including the most basal portion of the thorax bringing images of the
liver or spleen into view. Finally, understand that the nature of the ICU patient popu-
lation often presents limitations to obtaining adequate lung ultrasound images for
various reasons; these are listed in Table 9.1.
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Fig. 9.4 (a) Ultrasound
scanning zones (anterior
view). (b) Ultrasound
scanning zones (posterior
view). Zone 4 not shown

Table 9.1 Challenges * Morbid obesity with excessive pannus
in ultrasound image

acquisition [4, 19]

¢ Subcutaneous emphysema

» Cachexia (unable to place U/S probe in the rib
interspace)

* Chest wall dressings
* Lines, tubings, and electrocardiogram leads

» Inability to properly position the patient

* Inability to place ultrasound probe in the posterior
aspect of the chest

¢ Pneumothorax

* Shotgun pellets

e Pleural calcifications
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Basic Competencies

Normal Lung and A-Lines

As is the case with many facets of medicine, a firm grasp of “normal” is important —
and the image of the normal lung under ultrasound is no exception. Air prevents
ultrasound wave transmission, while fluid promotes it. Therefore, ultrasound waves
cannot transmit through organs that are gas-filled, and the waves that are reflected
in gas-filled organs, such as the lung, produce amorphous gray images on the
screen. Bones, such as the ribs, do not transmit ultrasound waves and appear as
anechoic “shadows.” A normally aerated lung ultrasound is depicted in Fig. 9.5,
showing first the hyperechoic pleural line, followed by amorphous gray paren-
chyma (due to lung being filled with air). The anechoic black images running lon-
gitudinally on the right side of the image are the normal appearance of rib shadows.
Finally, the regularly spaced echogenic horizontal lines (termed “A-lines”) are pro-
duced as reverberation artifacts reflecting the sliding pleural line and appear at mul-
tiples of the distance from the body surface to the pleural line, appearing to project
into the air-filled lung [3].

Pleural Line q p—
Aline q

4mmmmm Rib Shadow

Fig. 9.5 Ultrasound image of a normal fully aerated lung. The black veil-like structure that bor-
ders the lateral segments of the image corresponds to the rib shadow resulting from reflection of
the ultrasound beam. An A-line corresponding to a reverberation artifact is indicated. Repeated
A-lines may be seen at multiples of the distance to the pleural line
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Fig. 9.6 B-Lines (white
arrows) in a patient with
pulmonary edema. In the
presence of B-lines, A-lines
will be abolished

B Lines (Arrows)

B-Lines

An interruption or alteration in the normal aeration of the lung leads to abnormal
findings on lung ultrasound. The presence of fluid or other material in the lung inter-
stitium can be determined using ultrasonography. This can be seen as an increased
number of vertical artifacts arising from the pleural line called “B-lines” (also
referred to as “comet tails” or as “lung rockets” if several are present in a group)
(Fig. 9.6; also see, e.g., Figs. 14.25 and 15.33) [3]. B-lines begin at the pleural line
as a narrow hyperechoic beam that broadens as it goes deeper, extends the entire
depth of the image, and effaces the normally appearing A-lines (since there is a loss
of normal aeration of the lung) [4]. The intensity of B-lines increases with inspira-
tory movements. Random B-lines can be a normal finding at the lung bases due to
small areas of atelectasis in that region [5]. Therefore, when scanning for pathologic
B-lines or B-lines that have clinical relevance, start scanning at the least-dependent
part of the thorax first. In other words, start the scan at the apical part of the thorax
in an upright patient, or at the most anterior part of the chest in a supine patient. The
variations in the number and spacing of B-lines can be used in conjunction with
other findings to provide diagnostic relevance, as discussed in the sections below.
Z-lines should not be confused with B-lines — these are comet-tail-like artifact that
do not extend the entire depth of the imaging, are not as echoic as the pleural line,
and do not efface the A-lines [3]. They are of uncertain clinical significance and may
be present in healthy individuals [3].

Lung Sliding and Lung Pulse

A fully inflated lung, or more specifically the pleural surface of the inflated lung in
contact with the chest wall, can be visualized through ultrasonography. The pleura
appears as a hyperechoic shimmering linear structure (pleural line) that moves back
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and forth in concordance to the respiratory cycle (called “lung sliding”) [6] or the
cardiac cycle (called “lung pulse”) [7]. Lung sliding can be absent in the setting of
pneumothorax, but also with severe hyperinflation resulting in impaired diaphragm
excursion and poor lung ventilation. The presence of a lung pulse, not normally
visualized when ventilation is normal, indicates that pneumothorax is not present,
as the cardiac pulsation is being transmitted through the lung to the pleural surface.
These findings are further discussed in the chapter on pleural ultrasound, but the
presence or absence of these findings is important in the complete interpretation of
lung ultrasound for respiratory failure.

Alveolar-Interstitial Syndrome

As stated earlier, normal lung is air-filled with a very small amount of fluid. Air
has different acoustic impedance characteristics compared to fluid, and the image
produced is different once there is alteration of the air-fluid interface of the lung
interstitium (e.g., in cases such as pulmonary edema or inflammation). B-lines or
comet tail artifacts are seen when a small water-rich structure, such as an edema-
tous interlobular septa, is surrounded by air, resulting in a high impedance
gradient. It is absent under normal conditions and present in alveolar-interstitial
syndromes [8]. The alveolar-interstitial syndromes refer to a collection of disor-
ders that result in interstitial and/or alveolar fluid accumulation producing
increased B-lines on lung ultrasound and resulting in the impairment of the alveo-
locapillary gas exchange capacity of the lungs and acute, subacute, or chronic
respiratory failure. Examples include acute conditions, such as congestive heart
failure, acute respiratory distress syndrome, or other causes of pulmonary edema,
and chronic conditions such as pulmonary fibrosis [8]. The alveolar-interstitial
syndrome is therefore not a diagnosis itself, and the clinician must distinguish the
underlying cause of the alveolar-interstitial process. B-lines arising from alveo-
lar-interstitial syndrome with thickening of interlobular septa appear as regularly
spaced B-lines, on average a distance of 7 mm apart. B-lines that are positioned
closer to each other (generally less than 3 mm), are more typically seen in a gen-
eralized alveolar-filling process or in the setting of subpleural ground glass
lesions [8]. More irregularly spaced B-lines are from disseminated foci of pneu-
monia [2]. B-lines are more clinically relevant if there are more than three B-lines
per single field and they present all over the surface of the lung, especially in the
most apical portion, or in the anterior part of the thorax in a supine patient [2, 8, 9].
Presence of B-lines, in addition to the presence of lung sliding, also rules out
the possibility of pneumothorax when assessing for the cause of respiratory
distress [10, 11].
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Pneumonia and Consolidation

Pneumonia is a clinical diagnosis supplemented by radiographic findings. It is
sometimes difficult to make the diagnosis when the symptoms and/or the radio-
graphic findings are vague, such as in the setting of faint interstitial findings or ret-
rocardiac opacities on chest radiography. Lung ultrasonography can help elucidate
lung pathology that otherwise can be difficult to interpret on standard radiographic
testing. In general, consolidated lung can be visualized via ultrasonography due to
the loss of normal lung aeration, and will appear similar to other “tissue” images
(similar to the liver, i.e., “hepatization” or to the spleen) [2]. A consolidated lung
with persistent aeration of the airways will have the added appearance of hyper-
echoic small round structures — representing sonographic air bronchograms
(Fig. 9.7). The consolidated lung has an irregular border delineated by a normal
lung or by an effusion. This is called the “shred sign,” and the asymmetric border is
called the “shred line” [1]. If the consolidated lung moves with the respiratory cycle,
it is likely the airway leading towards the affected segment is nonobstructed [2].

A-lines and lung sliding are preserved unless concomitant pulmonary edema (i.e.,
acute respiratory distress syndrome) is also present, which would abolish A-lines.
Recruitment maneuver effect in the lungs of intubated patients who have acute lung
injury or acute respiratory distress syndrome can be seen as transformation of con-
solidation to B-lines in the anterior and lateral parts of the chest wall [12, 13].

If there is a mucous plug or an endobronchial blockage affecting the part of the
lung being scanned, lung sliding may not exist but lung pulse is preserved. In this
scenario, lung sliding is minimal since the lung does not have full excursion in rela-
tion to the breathing cycle. On the other hand, lung pulse is a motion that can be

Fig. 9.7 Ultrasound image of PLAPS - posterolateral alveolar and/or pleural syndrome. The
hyperechoic white specks (blue arrows) in the consolidated lung are sonographic air bronchograms
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Fig. 9.8 M-mode imaging of a lung surrounded by a pleural effusion. The “sinusoid” sign is the
movement of the lung during breathing excursion in relation to the pleura. White arrows indicate
expiratory phase

observed in this scenario since the lung remains in close proximity to the chest wall,
and while not being ventilated (“lung sliding” absent or minimal) it does moves in
sequence with the cardiac motion (“lung pulse” present). The non-affected/contra-
lateral normal lung should still have the normal findings such as A-lines, lung slid-
ing, and lung pulse, while the lung with consolidation may have B-lines.
Posterolateral alveolar and/or pleural syndrome (PLAPS) is seen as alveolar con-
solidation with a concominant pleural effusion in the posterior lateral aspect of
chest in a supine or semirecumbent patient (Fig. 9.7). It has a high specificity for
pneumonia (close to 96 %) if seen in conjunction with A-lines [1].

There may be times when consolidation from pneumonia may be difficult to
distinguish from complex pleural effusion, or the presence of an effusion may be
hard to identify when in close proximity to a consolidation especially if the effusion
is small in size. The “sinusoid sign” is an M-mode imaging sign that shows move-
ment of the lung surrounded by pleural effusion in relation to the pleura in real time
(Fig. 9.8). The lung movement occurs during breathing excursion when the lung
approximates with the pleura during inspiration [6].

Assessment of Failure to Wean of the Ventilator
and Diaphragm Function

Respiratory muscle weakness and dysfunction occurs quickly in controlled ventila-
tion patients, and ultrasound of the diaphragm potentially can be very helpful in
detecting this problem [14]. This subject is covered thoroughly in Chap. 11.
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Pneumothorax and Pleural Effusion

The expedient and accurate evaluation for a pneumothorax in an ICU patient is a
valuable utility of bedside ultrasound. This is discussed fully in Chap. 10.

Advanced Competencies

Parenchymal Lung Disease

Lung abscesses can be detected using ultrasound. They appear as round structures
with a hypoechoic center and irregular hyperechoic sharp borders within a consoli-
dated lung. Peripheral abscesses contiguous with the pleura are easier to visualize
and can be better delineated using a high frequency (vascular probe) although
depending on the size of the abscess, a low frequency probe might be necessary to
measure the size of the abscess. Lung masses bordering the pleura can also be seen
with ultrasound. If close to the visceral pleura, ultrasound guided needle biopsy can
be performed almost comparable to the computed tomography (CT) guided type.
Ultrasound can help find a safe site for placement of the needle. However, these
advanced imaging techniques and procedures are usually outside the bounds of
goal-directed, urgent critical care ultrasound of the lung.

Evidence Review and Evidence-Based Use

Over the past 10-15 years, there has been expanding evidence on the utility and
performance of bedside lung ultrasonography. As stated previously, the intended
purpose of this modality is not to replace traditional imaging with lung ultrasound,
but rather to offer an evidence-based addition to the clinical data available to the
ICU team. Below is a summary of the available literature on the performance of
lung ultrasound and a summary of how to interpret the constellation of imaging
findings that may support a particular pulmonary pathology. Keep in mind that
many of these studies were single-center studies performed by highly experienced
operators.

Lung ultrasound has been reported to be highly accurate in detecting alveolar
consolidation from acute respiratory distress syndrome (ARDS) or pneumonia. In a
study published by Lichtenstein et al. [1], the sensitivity, specificity, and diagnostic
accuracy of ultrasonography in diagnosing alveolar consolidation in a group of 32
patients with ARDS, using computed tomography as the gold standard, was 93 %,
100 %, and 97 %, respectively, vs. chest radiography that had a sensitivity of 68 %
and diagnostic accuracy of 75 %. In a multicenter study of patients with suspected
community-acquired pneumonia by Reissig et al. [15], lung ultrasonography for
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detection of pneumonia had a sensitivity of 93.4 %, specificity of 97.7 %, and
likelihood ratios of 40.5 for positive and 0.07 for negative results, compared to two-
plane chest radiography supplemented by low-dose CT in inconclusive cases. In com-
bination with auscultation, the positive likelihood ratio increased to 42.9 and decreased
the negative likelihood ratio to 0.04. In addition, the authors found that resolution of
pneumonia could also be followed sonographically with bigger lesions showing a
greater change. These results suggest that lung ultrasonography can be a useful bed-
side tool for the diagnosis of alveolar consolidation as in pneumonia or ARDS.

Lung ultrasonography may be used to assess for the presence of lung edema,
with the presence of B-lines/comet tail artifacts indicating edema. In a single-center
study, in distinguishing pulmonary edema from chronic obstructive pulmonary dis-
ease (COPD) exacerbation [ 1] presence of multiple disseminated or laterally located
B-lines had 100 % sensitivity and 92 % specificity for pulmonary edema. Lichtenstein
et al. [3], in a prospective study of mechanically ventilated patients, found that bilat-
eral A-lines in the anterior part of the thorax, without bilateral “lung rockets” (a
so-called A-predominance profile), indicating presence of dry lungs, corresponded
to a pulmonary arterial occlusion pressure (PAOP) <13 mmHg with a 90 % speci-
ficity, 67 % sensitivity, 91 % (positive predictive value) PPV, and 65 % NPV (nega-
tive predictive value). For PAOP<18 mmHg, A-predominance showed 93 %
specificity, 50 % sensitivity, 97 % PPV, and 24 % NPV. Volpicelli et al. [9] found
multiple and diffuse B-lines to be relatively sensitive and specific for the presence
of the “alveolar-interstitial syndrome” in emergency department patients, as com-
pared to chest radiography. They noted a sensitivity of 85.7 % and a specificity of
97.7 % with a positive predictive value of 93.0 % and a negative predictive value of
95.1 % for lung ultrasound showing multiple B-lines. Lung ultrasound took less
than 3 min when performed. When “comet tails” were compared to pulse contour
cardiac output monitoring (PiCCO), a negative ultrasound (rare or absent comet
tails, or present only just above the diaphragm) was 90 % sensitive and 89 % spe-
cific for extravascular lung water <500 mL. The sensitivity and specificity of “comet
tails” were 90 % and 86 % when the extravascular lung volume water is>500 mL
[16]. These studies suggest a role for noninvasive diagnosis and monitoring of pul-
monary edema using lung ultrasonography.

Utility of lung ultrasound may extend to conditions other than pneumonia and
pulmonary edema, but requires the imaging and accurate interpretation of the pres-
ence or absence of multiple ultrasonographic signs and artifacts. A lung ultrasound
profile consisting of anterior A-lines without PLAPS and with presence of lung
sliding (or if lung sliding was absent, no evidence of a lung point) had a 89 % sen-
sitivity and 97 % specificity for asthma/COPD exacerbation [1]. B-lines were noted
to be absent in 92 % of patients with suspected COPD exacerbation [1]. For pulmo-
nary embolism, presence of A-lines plus venous thrombosis had a 81 % sensitivity
and 99 % specificity [8]. In a study by Reissig et al. [15], 80 % of patients with a
pulmonary embolism had one or more lung parenchymal lesions detectable by
ultrasound. These consisted of wedge-shaped or rounded lesions, hypoechoic
lesions extending to the pleural surface, occasionally with a single echo in the



9 Lung Ultrasound in Respiratory Failure and Pneumonia 203

center. In this study, ultrasound had a sensitivity of 80 % and a specificity of 92 %
for detection of pulmonary embolism. These studies highlight the potential for lung
ultrasound in clinical diagnosis, but indicate a need for experience in imaging acqui-
sition and interpretation.

Clinical Applicability

Ultrasound findings can potentially be used to determine possible causes of respira-
tory distress or respiratory failure. Due to the portability of ultrasound machines,
scanning can be done quickly [16, 9] and in real time especially during medical
emergencies including rapid response calls or medical codes. Table 9.2 lists clinical
scenarios in which associated ultrasound findings can be helpful [1, 9, 17, 18].- Keep
in mind that ultrasound profiles may overlap between different conditions, high-
lighting the need to interpret lung ultrasound, as one would chest radiography, in the
appropriate clinical context.

In pulmonary edema, there will be an anterior-predominant B-lines that are
found in the bilateral chest. Lung sliding is preserved, but with the disappearance of
A-lines. PLAPS may be present. This profile can also be observed in pneumonia.

In COPD and status asthmaticus, there will be A-lines, but B-lines are usually
not present to a significant degree. Loss of lung sliding may occur especially if there
is hyperinflation that would prevent pleural excursion, but no lung point should be
present, as would occur in pneumothorax. Consolidation and/or effusion can also be
found if there is concomitant pneumonia, again indicating potential for overlap of
profiles.

In pneumothorax, disappearance of lung sliding in the anterior chest with preser-
vation of bilateral A-lines is visualized. If meticulous scanning of the chest is per-
formed, a lung point can be found where the separation between the parietal and
visceral pleura is precisely located. This sign appears to be relatively specific for
pneumothorax.

In pulmonary embolism, A-lines are found bilaterally while lung sliding can be
found in most. PLAPS can also be seen at times. Note that this type of profile can
overlap with that seen in COPD/asthma or pneumonia. Ultrasound findings in the
lung parenchyma related to pulmonary embolism are normally found as peripheral
lesions [18]. Typical parenchymal findings include hypoechoic lesions that can
also be seen in the pleural surface, wedge-shaped or rounded and at times contain
a single echo detected in the center of the lesion. Concomitant ultrasound exami-
nation of the lower venous system presenting as an echoic intraluminal thrombosis
or absence of compressibility in a venous vessel can help increase diagnostic
accuracy.
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Pitfalls and Precautions

— Meticulous scanning or minute movement may help find an ideal spot to
visualize the lungs.

— There are certain modifiable and nonmodifiable factors that can obstruct or hinder
imaging of the lungs such as body habitus, dressings/lines, or bony structures such
as the ribs or the scapula, so scanning the entire lung surface is not possible.

— When scanning for lung sliding or A-lines, decreasing the gain, the depth, or both
may improve the image quality on the screen.

— It is sometimes necessary to place the probe to the most dependent part of the
thorax between the patient and the bed to accurately scan for consolidation, atel-
ectasis, or pleural effusion on intubated patients. Since these patients are typi-
cally supine, these findings are more likely to be seen on the most dependent part
of the chest.

— As mentioned earlier, B-lines separated by more than 7 mm or single B line
seen in the dependent parts of the lungs is normal variant and is considered
non-pathologic.

— Z-lines are comet-tail-like artifacts of unclear significance that are shorter than
B-lines and do not erase A-lines, and so should not be confused with B-lines [3].

— Keep in mind the potential for overlapping ultrasound profiles in different clini-
cal conditions, and use ultrasound only as an additional piece of data when for-
mulating the clinical diagnosis and plan.

— When scanning for consolidation, the liver can be mistaken for a consolidated
portion of the lungs hence the term “hepatization™ [15]. Hence identifying the
diaphragm as a hyperlucent structure below the consolidated lung and above the
liver may help prevent confusion. In addition, the kidney is located right below
the liver or in close proximity to the liver.

— When scanning with a high frequency probe, certain linear hyperechoic struc-
tures can be mistaken for non-sliding pleura. It is important that the scanning part
of the probe is angled to face towards the thorax caudally until the sliding pleura
can be identified.

Summary

Lung ultrasonography is a useful imaging tool in assessment of causes of hypoxemia
and respiratory disease. The presence of pulmonary edema, alveolar-interstitial syn-
drome, lung consolidation/pneumonia, pleural effusion, or pneumothorax can be
determined with this diagnostic modality, and it can be performed quickly at the
bedside and can be easily repeated. Besides providing diagnostic data, it can help
guide with procedures and interventions, adding cost-effectiveness and safety. In
patients with pneumonia, ultrasonography may have better diagnostic ability than
regular chest radiography. Image acquisition and interpretation requires professional
training and repetition in order to avoid poor image quality and misinterpretation.
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Chapter 10
Pleural Ultrasound

Samuel K. Evans and Matthew Jankowich

Introduction

The use of ultrasound for the two major disorders affecting the pleural space in the
critically ill, pleural effusion and pneumothorax, is appealing due to the frequency
with which these conditions occur, the proximity of the pleural space to the body
surface, and the clear need for more effective imaging than extant portable chest
radiography for diagnosis and procedural guidance. Application of ultrasound to
these disorders also satisfies a basic tenet of point of care ultrasound that the bedside
practitioner is interested in obtaining through ultrasound a rapid diagnosis of a spe-
cific condition to augment clinical knowledge and enhance medical decision mak-
ing. The ease of serial bedside ultrasound examinations is also a unique strength of
this technology. Application of ultrasound to pleural effusions in the intensive care
unit (ICU) has become widespread and is often an entry point for the training of the
novice critical care practitioner in point of care ultrasound. Sonography for pneu-
mothorax is also becoming more widely accepted, though this application requires
a relatively deeper understanding of thoracic anatomy and technical aspects of
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ultrasound, and has significant potential pitfalls if images are not acquired and
interpreted appropriately. In this chapter, we will systematically examine the use of
critical care ultrasound in the setting of pleural effusion and pneumothorax sepa-
rately, recognizing the two conditions may coexist at times. Bedside ultrasound of
pleural tumors or masses will not be discussed, as this application is not routinely
needed by the critical care physician and is better served by comprehensive, nonur-
gent ultrasonography.

Ultrasound for Pleural Effusion

Introduction

Pleural effusions are caused by imbalances in hydrostatic and oncotic forces and/or
alterations in permeability within the pleural space. They are common findings in
critically ill patients and may portend a worse prognosis [1, 2]. Systemic diseases
such as sepsis, hypoalbuminemia, and volume overload states frequently cause
bilateral effusions. Local disease processes such as pneumonia, pulmonary infarct,
trauma, and malignancy are also commonplace and tend to cause unilateral effu-
sions. Timely diagnosis and management is particularly important in critically ill
patients. Expansion of effusions can lead to atelectasis and resultant respiratory
compromise, and pleural infection must be promptly addressed.

Conventional imaging modalities of portable chest radiography and computed
tomography (CT) scan have limitations in the critically ill patient. The cost, expo-
sure to ionizing radiation, and risk of transporting critically ill patients make routine
CT scanning a suboptimal diagnostic test when pleural disease (including effusion)
is suspected. Additionally, chest x-ray (CXR) has poor sensitivity in the diagnosis
of pleural effusion [3-5]. Pleural fluid volumes of 100-200 cc have been tradition-
ally cited as the minimum amount needed to cause blunting of the costophrenic
angle on standard upright chest radiography [4]. However, imaging patients in the
supine or semi-supine position can cause free-flowing pleural fluid to track up the
posterior wall of the thoracic cavity and diminish the radiographic appearance of a
fluid collection. This can lead to underestimation of the volume of an effusion.
Additionally, portable radiography, with its lack of a lateral view, poorly discrimi-
nates loculated pleural effusion from pleural or parenchymal mass, atelectasis, or
consolidation [6].

Stationary thoracic ultrasound (US) has been used since the 1960s for evaluation
of pleural effusions [7]. Bedside US is a safe, inexpensive, portable, and highly
accurate modality for rapid and longitudinal evaluation of pleural effusion in the
critically ill patient. It can also help to evaluate other processes such as consolida-
tion, interstitial disease, and atelectasis that may coexist with effusions [5, 8].
Methods have been described to quantify the volume of a pleural effusion, which
may be particularly helpful in the management of effusions that warrant sampling
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or tube thoracostomy [4—10]. Characteristics of the pleural fluid itself (e.g., simple
fluid, presence of septations or cellularity) can also be assessed ultrasonographi-
cally [11-13]. Many effusions in the ICU warrant diagnostic or therapeutic inter-
vention, and ultrasound can increase the yield and decrease the rate of complications
associated with thoracentesis [3, 14—-19].

Technical and Patient Considerations

The absence of air adjacent to the parietal pleura is necessary for effective visualiza-
tion of the pleural space; any degree of pneumothorax will reflect sound waves and
prevent imaging of deeper structures and fluid collections. The presence of chest
wall or parietal pleural disease (scar, metastatic disease, calcification) may com-
pletely attenuate sound waves and complicate visualization of a deeper effusion [20].

Given the greater depth of imaging required, a low frequency probe (1-5 MHz)
is needed for analysis of pleural effusions and imaging of relevant anatomic struc-
tures (e.g., diaphragm, liver, spleen, heart). A phased array cardiac probe (Fig. 10.1a)
or a curvilinear probe (Fig. 10.1b) should be used since they are better suited than
linear probes for directing sound waves through the narrow window of an intercos-
tal space. As with other pleural US applications, by convention the probe indicator
should be aimed cephalad and the marker on the left side of the US screen. Depth
should be adjusted to see the relevant structures listed above and the distance mea-
surements carefully noted prior to pleural fluid sampling.

Fig. 10.1 Cardiac probe (a) and curvilinear probe (b). Both are low frequency probes (2-5 MHz)
which allow for adequate visualization of pleural effusions and deeper thoracic structures
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Fig. 10.2 B-mode image of pleural effusions. L liver, S spleen, E effusion. Standard gain for
appropriate imaging of the liver (a) or spleen (b). Diaphragm (white arrowheads). In image b, a
pericardial effusion can be seen (white arrow)

Unlike in the abdomen, there are no cystic structures in the chest to assist in
optimizing gain on the US machine for visualizing fluid densities [6]. The liver and
the spleen may instead serve as reference structures for determining the gain needed
to image heterogeneous structures clearly (Fig. 10.2). At that level of gain, increas-
ingly anechoic findings will more likely represent fluid. Under normal conditions,
air-filled lung has high acoustic impedance that facilitates the distinction between
subcutaneous tissue, pleura, and pulmonary parenchyma. A free-flowing pleural
effusion (transudates, noncomplicated exudates) represents a homogeneous,
anechoic media compared to surrounding structures. Tissue-specific acoustic pro-
files are frequently blurred in the presence of exudative effusions, particularly when
the pleural space contains pus, cells (inflammatory or malignant), clot, or other rela-
tively echoic materials.

Scanning of the most dependent regions of the thorax is usually indicated in
order to evaluate an effusion. If a patient can be positioned upright, all areas of the
chest may be scanned for effusions. A short-handled probe may be wedged between
a supine or semi-recumbent, nonmobile patient and the bed in order to visualize
posterior collections, though this technique may be uncomfortable for both the
patient and the sonographer. Alternatively, patients may be situated in a lateral
decubitus position to facilitate ultrasound evaluation, especially for moderate to
large effusions. Patients with previously established pleural space infections may
warrant a more comprehensive examination of less dependent regions to maximize
the likelihood of locating clinically relevant and potentially drainable pleural fluid
collections. As is the case with other point of care ultrasound applications, “ruling
in” a pleural fluid collection with bedside ultrasound tends to be easier than compre-
hensively ruling out the presence of a pleural fluid collection, especially a loculated,
nondependent one.
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Patients on mechanical ventilation, particularly those on high levels of positive
end expiratory pressure (PEEP), may be at higher risk of complications from thora-
centesis. Particular care must be taken in this population to avoid iatrogenic pneu-
mothorax. A minimum amount of pleural fluid for thoracentesis in mechanically
ventilated patients is not known, but effusions 15 mm thick have been safely sam-
pled using US [17]. An experienced proceduralist using US guidance should be
required for pleural fluid sampling in patients on mechanical ventilation.

Image Acquisition and Interpretation

With the probe indicator pointing cephalad and the orientation marker on the upper
left corner of the US display screen, superior structures will be oriented screen-left.
The same superficial structures seen in pneumothorax evaluation (discussed below)
should be seen in pleural effusion analysis, but due to the deeper field of view, they
will often appear closer to the top of the screen (more superficially) and appear
smaller in comparison. These include subcutaneous tissue, ribs and rib shadows,
sliding lung (apposed parietal and visceral pleura), and B-lines.

A key anatomic landmark in the analysis of an effusion is the hemidiaphragm on
the side of interest. When imaging the lower thoracic area, the diaphragm appears
as a curved, band-like, smooth-bordered structure originating superficially and
inferiorly and arching deep and superiorly (Fig. 10.3). Respirophasic motion of
this structure, particularly in the spontaneously breathing patient, should aid in

Fig. 10.3 B-mode imaging
of diaphragm (white
arrowheads), effusion (E),
and atelectatic lung (white
arrow). The V-line, a
sonographic representation
of the thoracic spine
(double white triangles)

is also demonstrated
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differentiating the diaphragm from aerated lung. Identifying the diaphragm with
confidence will help the proceduralist locate an appropriate site for thoracentesis or
tube thoracostomy. As free fluid (e.g., ascites and cystic fluid collections) can also
be located below the diaphragm, identifying anechoic fluid while scanning the
lower thorax is insufficient to diagnose a pleural effusion. The hemi-diaphragm
must first be identified to ensure that the apparent fluid identified is cephalad to the
hemidiaphragm, thus preventing nondiagnostic or erroneous sub-diaphragmatic
punctures with potentially serious complications.

On the left side, concurrent pericardial effusion can sometimes be seen
(Fig. 10.2). When imaging the thorax from the mid-axillary line, Atkinson et al.
[21] reported that the ultrasonographic signature of the thoracic spine — a densely
echoic line extending cephalad from the deep portion of the diaphragm — is only
visible when pleural fluid has displaced the normally interposed lung. They argue
that visualization of the deep and posterior spine (termed V-line) is strongly sup-
portive of the presence of pleural fluid (Fig. 10.3).

Heterogeneously echoic structures below the diaphragm are the spleen (left side)
or the liver (right side). Ultrasonographic characteristics of pleural fluid can lend
clues to the etiology of the fluid itself. Pleural fluid will generally appear anechoic,
though the presence of cells, septations, clot, or air in the pleural space can cause a
heterogeneous appearance (Figs. 10.4 and 10.5). Free-flowing fluid usually appears
homogeneously anechoic. Complex fluid due to hemopneumothorax, parapneu-
monic, or malignant effusions can assume a range of ultrasonographic appearances.
However, for reasons discussed below (see Evidence Review and Evidence-Based
Use), use of the ultrasound appearance of pleural fluid alone to guide decision-
making regarding whether diagnostic sampling or other procedures should occur
should generally be avoided.

Fig. 10.4 B-mode image of a
complex pleural effusion with
visible loculations. E
effusion. Diaphragm (white
arrowheads), lung (black
arrow), complex loculated
effusion (asterisks)
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Fig. 10.5 B-mode picture of
septated (complex) pleural
effusion imaged with cardiac
probe. Note that cephalad is
to the right in this image.
Diaphragm (white
arrowheads), septations in
the pleural space (white
arrows). A single B-line
(white asterisk) can also be
seen projecting deep from the
visceral pleura. L liver

Basic Competencies

The principle goals for point of care US in the evaluation of pleural effusion should
be to identify the presence or absence of pleural fluid and to determine the feasibil-
ity of diagnostic or therapeutic thoracentesis. The initial ultrasonographic approach
to the patient should consider patient positioning and identification of key anatomic
landmarks. If a patient can sit up in bed and lean forward over a table, a detailed
examination of the lower posterior thorax can be performed to more thoroughly
assess dependent fluid collections.

The area from the mid-axillary line to approximately mid-scapular line should be
systematically scanned with a curvilinear or cardiac probe, and the diaphragm
should be clearly identified on the right side (inferior) of the screen. The probe
should be applied firmly to the skin, with adequate interposed gel, and oriented
perpendicularly to the skin at all times. Inspiration, either patient or ventilator-
driven, can help to identify the diaphragm through its downward motion. Inferior to
the diaphragm, the spleen or liver should be identified. We often mark with a sterile
marker the level of the diaphragm, keeping in mind that diaphragm motion will
change that level slightly during the respiratory cycle. Scanning above the level of
the diaphragm can then be performed to identify relatively anechoic collections
consistent with pleural effusion. Observation of atelectatic or consolidated lung in
the far field is helpful in confirming the presence of interposed pleural fluid between
the parietal and visceral pleura (Fig. 10.2). If pleural fluid is identified, the depth of
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the effusion should be measured with the gradations on the screen. The approximate
thickness of subcutaneous tissue should be noted and needle length adjusted
accordingly if instrumentation is being considered. We then typically scan superi-
orly, identifying the vertical height of the effusion; the interface where the effusion
diminishes in depth and eventually disappears, replaced by the bright reflection of
air-filled lung, marks the superior edge of the effusion. This upper border of the
effusion can also be marked with a sterile marker for reference.

Since images will only be obtained through intercostal windows, a skin mark
may be made superficially just above the superior border of the lower rib of the
appropriate intercostal space in order to guide subsequent thoracentesis or tube
thoracostomy. The ribs should be palpated, and marking the course of the ribs
above and below the procedural mark with a sterile marker can be helpful for ori-
entation. We usually identify a relatively dependent site to maximize ability to
extract pleural fluid while maintaining a margin of safety above the dome of the
diaphragm. Keep in mind that the diaphragm level may rise during the course of
pleural fluid drainage.

Pleural procedures should be carried out immediately following the ultrasound
and site marking, and should be performed in the same patient position and direc-
tional orientation as the ultrasound (perpendicular to the skin surface). Excessively
medial posterior (i.e., towards the spine) puncture sites for thoracentesis should be
avoided due to the risk of puncture or laceration of the intercostal artery, which is
more likely to be exposed below the rib in this region [22]. The site identified for
thoracentesis should be above the diaphragm, in a relatively lateral position, and
identified as having an adequate depth of fluid.

For chest tube placement, lateral positions in the “triangle of safety” should be
considered, depending on patient circumstance and fluid location. The “triangle of
safety” is denoted by the lateral border of the pectoralis major anteriorly, by the
lateral border of the latissimus dorsi posteriorly, and by a line extended along the
5th intercostal space inferiorly (Fig. 10.6) [23]. The chosen area should be cleaned,
then sterilely prepped and draped after ultrasound. We find that real-time ultra-
sound using a sterile probe cover is sometimes beneficial but is typically not neces-
sary during most pleural procedures.

The volume of pleural fluid can be estimated with one of the several published
techniques. Balik et al. [9] found the maximal distance between the diaphragm and
the base of the lung at end-expiration correlates with the volume of effusion
according to the following equation: volume of effusion (in mL)=20x distance of
separation (in mm). Another group [24] found that end-expiratory intrapleural dis-
tances>45 mm may reliably predict larger (around 800 mL) effusions. Remerand
et al. [10] calculated pleural fluid volume by multiplying the area of the effusion (as
measured in two ultrasonographic planes) in supine patients with free-flowing effu-
sions at the midpoint between caudal and apical limits of the effusion. No one
method has been exhaustively validated, but the method by Balik is frequently cited
in the literature [4, 9-11].
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Fig. 10.6 The “triangle of
safety” is the recommended
location for safe performance
of tube thoracostomy. The
triangle is demarcated
anteriorly by the lateral
border of pectoralis major,
posteriorly by the lateral
border of latisimus dorsi,
and inferiorly by the 5th
intercostal space

Advanced Competencies

Different disease processes of the pleura and pleural space may be elucidated
sonographically based on varying acoustic profiles [20, 25]. Four patterns have been
described to categorize the effusion in a manner that suggests a specific disease
process. Anechoic fluid is homogeneously dark and is most consistent with transu-
dative fluid. Complex nonseptated fluid contains more cellular debris, fibrin, blood,
and is more likely to be exudative. Complex septated fluid may have organized
locules, septations, and pleural adhesions, and is consistent with exudative fluid that
likely requires tube thoracostomy [26]. Homogeneously echogenic fluid is gener-
ally consistent with empyema. Establishing appropriate gain settings is crucial to
the correct interpretation of complex pleural fluid images, since overgain may cause
relatively anechoic fluid to appear more echogenic.

Color Doppler has been reported as a means to distinguish small effusions
from pleural thickening [27]. In patients suspected of having effusion based on
radiography, Doppler analysis can be performed in addition to standard B-mode
imaging. When B-mode images suggest the presence of effusion, a positive
Doppler signal suggests the presence of fluid (dynamic) rather than pleural thick-
ening (static). M-mode identification of the pleural fluid sinusoid sign can also be
helpful in distinguishing small effusions from pleural thickening [28]. As most
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point-of-care pleural ultrasound in the intensive care unit is done to determine an
optimal site for thoracentesis or tube thoracostomy, making a fine distinction
based on ultrasound between a very small pleural effusion that is unlikely to be
clinically significant and pleural thickening is not likely to be excessively impor-
tant in the critical care setting.

Evidence Review and Evidence-based Use

A growing body of evidence supports the use of US in routine evaluation and man-
agement of pleural effusions in the critically ill. As a diagnostic tool, US outper-
forms conventional chest radiography. Diacon et al. [3] prospectively compared
clinical exam and CXR to US for identifying a site of at least 10 mm of fluid for
thoracentesis in 255 cases for possible instrumentation. US increased the number of
accurate sites detected by 26 % and prevented possible organ puncture in 15 % of
clinically and radiographically determined sites. Kocijancic et al. [25] determined
that US had a positive predictive value of 92 % for detecting small effusions. In the
surgical intensive care unit, a focused thoracic US examination demonstrated
83.6 % sensitivity, 100 % specificity, and 93.6 % accuracy for detecting pleural
effusion [29].

In another study of pleural effusion in ICU patients the sensitivity of handheld
US and standard radiography was 91 % and 74 %, respectively (not statistically
significant). Specificity was 100 % for US versus 73 % for CXR (p=.008). The
authors attribute three cases of US false negative to the inability to diagnose a small
effusion (<50 mL) in patients with higher body mass indices (BMIs) [30].
Additionally, the ability of US to differentiate effusion from consolidation was dem-
onstrated in a study of 97 ICU patients with findings suggestive of effusion on
CXR. Effusion was better predicted by US (R?=0.74, ROC 0.99) compared to CXR
(R?=0.51, ROC 0.70). The lack of lateral chest radiography in the ICU may weaken
the ability of CXR to reliably identify pleural effusion [24].

Quantitation of pleural fluid volume by US has been well studied. Rothlin et al.
[31] used portable handheld US in trauma patients to quickly rule in the presence of
pleural fluid, which in that setting helped to diagnose traumatic hemothorax. More
specific techniques to ascertain the precise volume of pleural fluid have been
described by Balik et al. (discussed above) and Vignon et al. [24]. The latter group
found that end-expiratory intrapleural distances of >45 mm on the right and > 50 mm
on the left predicted effusions>800 mL with sensitivity of 94 % and 100 % and
specificity of 76 % and 67 %, respectively, for each hemithorax. Their model was
less robust for larger effusions. Roch et al. [32] conducted a prospective study of 42
ICU patients on mechanical ventilation who had effusion identified on CXR and in
whom drainage was considered. An ultrasound-measured distance of 5 cm between
the posterior chest wall and the lung base correlated with>500 mL effusions with
sensitivity 83 %, specificity 90 %, positive predictive value (PPV) 91 %, and nega-
tive predictive value (NPV) 82 %.
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US has been shown to be a useful but imperfect diagnostic adjunct to clinical
exam and standard radiography in the assessment of pleural fluid characteristics
prior to thoracentesis. In a study of 118 thoracenteses in febrile medical ICU patients
with effusions, 43 % of collections characterized as either complex septated, homo-
geneously echogenic, or complex nonseptated and relatively hyperechoic turned out
to be empyema on initial or follow-up thoracentesis [12]. Ultrasonographic pleural
fluid characteristics must be considered in the overall clinical context, however.
Hirsch et al. evaluated 50 patients (24 % in the ICU) and, in 46 aspirations, 16 were
complex septated, of which one was a transudate. Anechoic effusions were mixed
(6 transudates, 5 exudates, 1 hematoma) [33]. Chen et al. [11] reviewed the US find-
ings of 149 Light’s criteria-confirmed transudates and demonstrated that greater
than half had a complex nonseptated appearance. Kearney et al. [13] found that US
can better identify septations than CT scan, but that US characteristics did not reli-
ably predict the nature of fluid in empyema. The authors found that some stage I
exudates (pH>7.2, lactate dehydrogenase [LDH] < 1,000 IU/1, glucose >2.2 mmol/l,
no organisms) contained septations and that some anechoic collections turned out to
be frank pus when aspirated. These studies have considerable variation in the US
protocol used, timing of imaging, and sampling. Further study is needed before US
can be used as an effective prognostic tool for pleural effusion in ICU patients.

There is strong evidence that US increases the safety and yield of thoracentesis.
Safety has been addressed in small retrospective studies of patients on antiplatelet
medications (Abouzgheib 2012, n=24; Dammert 2013, n=43) who underwent
US-guided pigtail catheter placement and suffered no complications [15, 18].
A larger study of 450 thoracenteses (67.8 % performed with US, 32.2 % performed
without) revealed a significantly higher pneumothorax and tube thoracostomy rate
of 4.1 % in the non-US group compared to 0.7 % in the US-guided group [17].
Lichtenstein et al. [16] prospectively studied 40 mechanically ventilated patients
with effusions at least 15 mm and found no complications (pneumothorax or hemop-
tysis) in 45 procedures. However, in a prospective, randomized study, Kohan et al.
[34] found no difference in the rate of complications in 205 patients who underwent
thoracentesis with or without chest ultrasound. Most current studies of thoracentesis
or tube thoracostomy involve US guidance in their protocols, reflecting that routine
use of ultrasonography in this setting is effectively the standard of care.

The sensitivity and specificity of US operated by newly trained providers is vari-
able, however. After an 8.5 h multimodality training session in US-naive ICU resi-
dents, Chalumeau-Lemoine et al. demonstrated in 23 patients with confirmed
pleural effusions a sensitivity of 58.3 % and specificity of 70 % [35]. This suggests
the need for adequate and protocolized training in the use of point-of-care US.
A questionnaire-based study of pulmonary and critical care fellowship directors
identified significant interest in nonvascular applications of US (including evalua-
tion of pleural effusion). Insufficient faculty expertise, lack of knowledge of the data
supporting its use, and financial considerations were cited as barriers to more wide-
spread use of US in critical care medicine fellowships [36]. There is also evidence
that bedside US may facilitate care of patients with pleural effusion in nonindustri-
alized countries [37].
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Pitfalls and Precautions

— User proficiency in both pleural ultrasound and associated pleural procedures
must be optimized for effective and safe performance. Guidelines for mini-
mal competencies in pleural ultrasound have not been published, but regular
training and use of this technology under the instruction of experienced operators
is vital.

— Technical proficiency with the US machine will help to avoid errors in depth and
gain selection as well as probe orientation. Overgain will mischaracterize pleural
fluid as more complex than it really is. Undergain can lead to poor visualization
of the lung and overestimation of the size of an effusion.

— An assessment of the integrity of the subcutaneous tissue across which the US
waves must project is important. Subcutaneous air will rapidly attenuate sound
waves and impair visualization of deeper structures, which can lead to false-
negative examinations [31].

— Always start a pleural ultrasound exam by identifying the hemidiaphragm to
avoid subdiaphragmatic punctures. Marking the levels of both the diaphragm
and the superior extent of the effusion, as well as careful marking of the chosen
site for a procedure, can aid in orientation following sterile draping of the
patient.

— Noting the depth of the subcutaneous tissues and the relative depth of the pleural
fluid pocket on ultrasound can help increase operator confidence and allow for
appropriate anesthesia infiltration prior to procedures.

— Carry out pleural procedures in the same positioning and orientation as the ultra-
sound. Avoid excessive time delay between ultrasound and pleural procedure,
and rescan if delays or patient movement do occur.

— Certain pleural diseases may mimic effusion. Lymphomas and neurogenic
neoplasms transmit US with the production of few or little echoes [20].

— The stage at which an effusion is imaged is an important consideration. In empy-
ema, for example, fluid at the early exudative stage will appear different than
during the late organizing phase [12]. Care must always be taken to interpret US
findings in the context of the clinical situation and the established natural history
of various pleural effusions [13].

— Serial US exams are readily performed and may help to better characterize the
evolution of disease processes within the pleural space.

— Avoid overreliance on pleural fluid US characteristics to guide decision-making
about sampling and drainage — simple-appearing effusions may be exudative in
nature, and transudative effusions may appear complex in the setting of preexist-
ing pleural or parenchymal lung disease.

— Some pleural fluid may simply abut the lung and not be walled off in a discrete
locule. The relatively higher attenuation of lung tissue relative to fluid could lead
to misinterpretation of the fluid-lung interface as a septation [6].
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Ultrasound for Pneumothorax

Introduction

In the critically ill patient, pneumothorax (PTX) is associated with high morbidity and
mortality and can be readily treated. Despite an incidence of only 3—-6 %, mortality
ranges from 22 % to 68 % [38—40], hence timely diagnosis and management are
essential. Under the best of circumstances, diagnosing pneumothorax can be difficult.
The ICU setting imposes additional challenges including comorbid hemodynamic
instability, patient positioning limitations, inaccessibility of advanced imaging modal-
ities due to patient transport safety concerns, staffing limitations, and others [40].

Historically, the gold standard for diagnosing pneumothorax has been non-contrast
enhanced computed tomography (CT). However, the cost, exposure to ionizing radia-
tion, and safety of ICU patient transport make routine CT scanning a suboptimal diag-
nostic test when PTX is suspected. Chest radiography, usually performed in the supine
or semi-recumbent position, has been shown to lack diagnostic accuracy [41-45].

Bedside thoracic ultrasound (US) has been increasingly reported in the literature
as a safe, inexpensive, portable, and highly accurate modality for rapid evaluation of
PTX in the critically ill patient. First described in the veterinary literature for the
assessment of horses with suspected thoracic disease [7], thoracic US has been sub-
jected to increasingly rigorous study in the setting of PTX in humans since the
1980s. Expansion of provider awareness and skill in obtaining and correctly inter-
preting US images has created a powerful new tool for the ICU provider. Additionally,
portable US machines have become commonplace for use in vascular access, hence
many ICUs are already equipped with the necessary technology for US evaluation
of PTX.

Pneumothorax in the ICU is generally due to iatrogenic causes (mechanical ven-
tilation, post-procedure) or secondary to a range of conditions, including blunt or
penetrating trauma, or rupture of preexisting bullous disease [46]. Air enters the
pleural space and occupies the least dependent location in the thorax, most com-
monly anteromedial and subpulmonic recesses based on retrospective studies of
PTX in supine and semi-recumbent ICU patients [41]. Still, a significant number of
pneumothoraces are missed by portable chest radiography. Particularly in the set-
ting of mechanical ventilation, many progress to exhibit tension physiology, a high
mortality yet generally treatable condition if addressed early [40, 41].

Technical and Patient Considerations

Of overarching importance is the fact that ultrasound waves do not penetrate air, thus
air in the pleural space will create a characteristic ultrasound image based on the
differing acoustic impedance characteristics of aerated or nonaerated tissue. This
aspect of pleural ultrasound will be revisited in greater detail in the subsequent dis-
cussion of normal and abnormal findings that are key to accurate diagnosis of PTX.
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Fig. 10.7 Standard US probes for evaluation for pneumothorax. High frequency linear probe
(5-13 MHz) (a), 2.5-5 MHz curvilinear probe (b). The higher frequency enables greater resolution
of pleural and other superficial structures and may be preferred

The thoracic ribcage enables only small windows for sonographic visualization
of the pleural space. Probe selection must account for this window as well as for the
depth of structures of interest. Convex/curved or linear array transducers in the
5-9 MHz range are frequently used for pleural analysis (Fig. 10.7). Freestanding
portable US units are most commonly reported in the literature. Handheld units are
being increasingly studied in the trauma setting [47].

The supine or semi-recumbent position of most ICU patients dictates that pleural
air commonly settles in an anteromedial location [41, 48]. Therefore, attention to
this area is important when searching for PTX. Preexisting pleural abnormalities
such as scarring, adhesions, or plaques may alter the expected anatomic distribution
of PTX. A systematic approach to thoracic US has not been firmly established in the
literature, however, Lichtenstein et al. [42, 49] outline a method that evaluates the
most likely locations in which to identify PTX.

As shown in Fig. 10.8, the anterior and posterior axillary lines divide the thorax
into roughly three areas: anteromedial (area 1), lateral (area 2), and posterolateral
(area 3). The paraspinal and apical regions have been termed “area 4” and are
involved in more comprehensive US examinations of the chest than are routinely
performed in clinical practice. The examiner should begin in the second intercostal
space in area 1, with the probe marker oriented cephalad (Fig. 10.9). Appropriate
anatomic and pleural landmarks (soft tissue, ribs, rib shadows, and pleura —
Fig. 10.10) should be identified in this area. If these findings are not seen, the probe
should be moved inferiorly until an adequate window is achieved. Scanning of
areas 2 and 3 may be performed based on the clinical suspicion for PTX. Imaging
of areas 3 and 4 in the supine patient requires the patient to be placed in the lateral
decubitus position and/or the use of a short probe to access the chest between
patient and hospital bed.
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Fig. 10.8 The three zones of
the chest recommended for
routine evaluation of
pneumothorax. Area 1 is on
the anterior chest and is
demarcated medially by the
sternum and laterally by the
anterior axillary line. Area 2
covers the lateral chest and is
demarcated medially by the
anterior axillary line and
postero-laterally by the
posterior axillary line. Area 3
covers the posterior chest and
is defined laterally by the
posterior axillary line and
medially by the mid-scapular
line

Fig. 10.9 A linear probe
oriented cephalad on the
upper anteromedial chest,
with areas 1 and 2
demarcated by the anterior
axillary line. In the supine or
semi-recumbent patient, area
1 should be scanned carefully
for lung sliding and B-lines,
as air in the pleural space will
typically settle in the least
dependent region of the chest

Image Acquisition and Interpretation

221

Anterior
axillary line

Accurate evaluation of PTX requires detailed understanding of the normal and
abnormal findings of thoracic and pleural ultrasound. Conceptualization of the rel-
evant anatomy is best achieved by progressing stepwise from the most superficial to
the deeper structures. In the normal state, soft tissue and superficial musculature is
first seen on the top of the screen (Fig. 10.10). This zone contains the ribs, which
cast widening columns of shadow distally due to periosteal reflection of sound
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Fig. 10.10 B-mode image of
normal pleura acquired with
linear probe. Centimeters
indicated at right.
Subcutaneous tissue (dark
bar), pleural interface (white
arrowheads), lung (white
bar), ribs (white arrows), and
rib shadows (white asterisks)

waves. Subcutaneous emphysema and foreign bodies (e.g., shotgun pellets) in the
chest wall can significantly affect image acquisition and complicate the interpreta-
tion of pleural findings; care must be taken in such circumstances [50].

The visceral and pleural surfaces appear as a hyperechoic line running parallel to
the body surface, between adjacent rib shadows, just distal to the zone of soft tissue
(Fig. 10.10). A respirophasic motion of these apposed pleural surfaces, visualized
sonographically as a horizontal shimmering, is a key finding called “lung sliding,”
which is universally present in the absence of PTX (Video 10.1 — sliding lung).
Physiologically, lung sliding is due to the differential echoprofiles of the static pari-
etal pleura and the dynamic visceral pleura during spontaneous respiration or
mechanical ventilation. Entry of air into the pleural space creates a barrier to sound
wave transmission, and as a result, lung sliding disappears in the presence of
PTX. Doppler mode can be used to enhance US sensitivity to detect subtle differ-
ences in motion of the two pleural surfaces.

B-mode assessment of lung sliding can be confirmed in M-mode (motion
mode). The static subcutaneous tissues and the moving lung create different sono-
graphic signals that are easily interpreted: the former as a zone of tight horizontal
parallel lines, the latter as a zone of homogeneous granular densities (Fig. 10.11).
This pattern has been dubbed the “seashore sign” — the parallel lines resemble
waves, and the aerated lung the shore. An intact pleural interface allows this sign
to be seen in the absence of PTX. This sign is lost when air has entered the pleural
space and the image assumes an appearance resembling a “barcode” (see Basic
Competencies below).
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Fig. 10.11 Simultaneous [
B-mode (upper panel) and =
M-mode (lower panel)

images of normal pleura

d - :F—:—'—-"_ -
SubcutaneouS Tisske =
obtained with a linear probe. =

The M-mode image (seashore ~—H — 1
sign) is obtained in the plane = ¢ <.
selected by the indicator in — |
the center of the B-mode =
image. In the M-mode image,
the boundary between
subcutaneous tissue
(horizontal lines — waves) and
lung (granular — seashore) is
the white horizontal line
representing an intact pleural
interface (white arrowheads).
The seashore sign has a high
negative predictive value for
ruling out PTX

Lung

Two ultrasonographic artifacts are important in the interpretation of images
obtained during an evaluation for PTX. A-lines are roughly parallel, horizontal
hyperechoic-appearing lines that appear in the lung at intervals equal to multiples of
the distance between the probe and the parietal pleura. They result from reverbera-
tion of sound waves from the pleural interface and an artifactual projection of simi-
larly shaped echodensities in the far (lung) field. These reverberation artifacts can
be found in the presence or absence of PTX (Fig. 10.12).

B-lines are sharp vertical projections of echodensity projecting distally from the
pleural line, which usually reach the bottom of the screen. Though sometimes vis-
ible at the bases of normal lungs (due to greater perfusion), they are usually evi-
dence of subpleural interstitial disease that may or may not be clinically related to
the scenario prompting investigation for PTX. Based on a linear and outwardly
spreading pattern (Fig. 10.13), the terms “lung rockets” and “comet-tail artifact”
have been used to describe any collection of vertically oriented artifacts (including
but not limited to B-lines) projecting from the pleura. B-lines can only be seen
when the parietal-visceral pleural interface is intact. As a result, B-lines disappear
in PTX [50, 51]. The comet-tail artifact, lung rockets, and B-lines are functionally
synonymous in the evaluation of PTX, as all require an intact pleural interface to be
visualized.

It is important to note that the absence of lung sliding and B-lines/comet-tail
artifact is suggestive, but not diagnostic of PTX. Other conditions in which the
motion of the adjacent pleural surfaces is compromised can lead to the disappear-
ance of these findings. Right main stem bronchus intubations, severe hyperinflation
as in chronic obstructive pulmonary disease (COPD) or asthma, and pleural scarring
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Fig. 10.12 B-mode image of
pleural surface acquired with
curvilinear probe. Rib
shadows (white asterisks).
A-lines (white arrows) are
horizontal artifacts caused by
sound wave reverberation
between the US probe and
parietal pleura (pleura
marked by white
arrowheads). Since A-lines
are reverberation artifacts
generated by a structure
superficial to the pleural
space, they may be seen

in the absence or presence

of PTX

S.K. Evans and M. Jankowich

Fig. 10.13 B-mode image acquired with phased array cardiac probe. (a) White asterisk denotes a
B-line, a vertical artifact caused by subpleural interstitial disease, which projects from the pleura
(white arrowheads) to the bottom of the screen. (b) White asterisks indicate a collection of B-lines
which together are termed “lung rockets” or the “comet-tail artifact.” The presence of the comet-
tail artifact essentially rules out pneumothorax
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can mimic PTX ultrasonographically. In the setting of lung collapse, such as in a
main stem intubation, the ultrasonographic “lung pulse” may be seen in the col-
lapsed lung. The “lung pulse” describes pulsatile pleural movement, seen in B- or
M-mode, caused by the transmission of cardiac activity through completely atelec-
tatic lung [52].

Other ultrasonographic artifacts have been described and may help to minimize
confusion about the artifacts most salient to the evaluation of PTX. Lichtenstein
et al. discuss Z-lines, which, in contradistinction to B-lines, are ill-defined, vanish
2-5 cm into the field, do not abolish A-lines, and are independent of lung sliding.
They are found in normal and in abnormal lungs. E-lines describe a heterogeneous
array of vertical artifacts of differing depths that arise superficial to the pleural line.
E-lines are seen in the setting of subcutaneous or parietal emphysema (E for emphy-
sema), which will frequently abolish the normal anatomy (rib shadows, clear pleu-
ral window) needed to evaluate PTX. Assessing for PTX in the presence of E-lines
is therefore not feasible [42].

A full pleural US examination has been reported to take different amounts of
time depending on the experience of the user and the positioning of the patient. In
the most experienced hands a comprehensive bedside US study may take as little as
3-5 min [42, 53]. When performed by ICU residents newly trained in pleural US, a
full examination was reported to take 35+/—34 min [44]. Learning effective bedside
critical care US of the pleura involves an initial learning curve which, once sur-
passed, leads to rapid, accurate, and repeatable evaluations. Even in more experi-
enced hands, care must be taken to ensure that key anatomic areas suggested by the
patient’s clinical scenario are studied rigorously and that all relevant ultrasono-
graphic findings are found.

Basic Competencies

The ultrasonographic approach to the patient with possible PTX should first con-
sider the patient’s position in the hospital bed. Since air will rise to the least depen-
dent area of the thorax, attention should be paid to the more superior regions in the
upright or semi-upright patient. In the supine patient consideration of the lower
chest is also warranted. Sufficient ultrasound gel should be used to ensure efficient
transmission of sound waves into the body. The correct probe frequency (5-10 MHz
usually allows adequate resolution of pleural structures) and shape (a convex probe
may help to focus the beam in the intercostal space) should be selected. As in the
analysis of pleural effusions, the probe is oriented with the indicator pointed cepha-
lad and placed on the anteromedial chest wall, in or near the second intercostal
space. A clear window between adjacent ribs should be obtained.

Lung sliding should be determined to be present or absent. If lung sliding is not
identified (Video 10.2), suspicion of PTX should increase, and there should be
prompt consideration of alternate causes of absent lung sliding [54]. For example, if
sliding only is absent on the left side of a recently intubated patient, a right main
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“Stratosphere” or “barcode’

Fig. 10.14 B-mode (above) and M-mode (below) of patient with CT-confirmed pneumothorax.
The M-mode image is termed the “stratosphere sign” or “barcode sign” and indicates pneumothorax

stem intubation should be ruled out (See Image Acquisition and Interpretation).
Doppler function may also be used to better assess differential motions of the pleu-
ral surfaces (helping to rule out PTX), but this technique has not been studied as
thoroughly as simple lung sliding and presence or absence of B-lines.

M-mode should next be employed to correlate the pleural findings seen on
B-mode. In a single sagittal plane, the “seashore sign” should be identified. In the
presence of a PTX, the proximal parallel lines (the waves in the seashore) should
be seen uninterrupted throughout the depth of the image (Fig. 10.14). This has
been dubbed the “stratosphere sign” or “barcode sign.” This pattern can be repeated
in areas 2 and 3 depending on the patient’s known pleural history (i.e., presence of
mesothelioma, adhesions, or pleural plaques) and the clinical suspicion of PTX.

A-lines and B-lines should next be identified. A-lines may be seen in normal or
diseased states, and should be differentiated from pleura, but otherwise may be
largely ignored in the evaluation for PTX. B-lines (“lung rockets” or “comet-tail
artifact”), however, are a key finding which, when present, effectively rule out
PTX [50].
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Advanced Competencies

Identifying lung sliding and B-lines is necessary and sufficient for the bedside
ultrasonographic evaluation of PTX in the critically ill patient. However, additional
techniques have been reported to better characterize PTX. The “lung point” is a sign
that delineates the boundary between PTX and normal lung. The location of the
transition from normally apposed pleura to PTX moves with respiratory motion.
Visualization of the lung point requires an assessment of both lung sliding and the
B-line artifact. In one image, sliding lung and B-lines (PTX absent) and nonsliding
lung and absent B-lines (PTX present) are seen. This sign can be identified in either
B-mode or M-mode (Video 10.3; see also Fig. 14.29 in Chap. 14). The lung point
sign is highly specific for PTX [55].

Lung point can also be employed to evaluate the extent of a PTX [55, 56].
A small anteromedial PTX will likely be seen with US in the second intercostal
space in area 1 (see above). Identifying the lung point can give a graphic representa-
tion of the underlying lung and pleural pathology. Lung that has collapsed more
extensively might demonstrate a lung point sign farther down the lateral and poste-
rior reaches of the chest wall. This information might be useful for assessing the
clinical relevance of a PTX and may prompt more urgent intervention (e.g., tube
thoracostomy) [42, 55-57]. The size of a PTX has been estimated using the location
at which lung sliding disappears (i.e., a more posterior location indicates a larger
PTX). Good agreement has been demonstrated between the location of absent lung
sliding and size of PTX [45].

Routine US examinations (as opposed to examinations driven by a specific clini-
cal question) are performed in some institutions. Another potential adaptation of
bedside US in the ICU is the serial examination in certain patients at risk of develop-
ing or known to have PTX. This might include patients with severe acute respiratory
distress syndrome (ARDS), poor lung compliance and high airway pressures, and
severe bullous disease at risk of rupture [46]. Serial US examinations for PTX have
not been reported, but the portability and feasibility of bedside US make it an
appealing approach to monitoring for the development of a deadly yet treatable
condition.

Evidence Review and Evidence-Based Use

Bedside thoracic US in the evaluation of PTX has been well studied since the tech-
nique first appeared in the literature in the mid-1980s [58]. Research on the accu-
racy of this imaging modality has been carried out predominantly in two overlapping
but distinct critically ill patient populations: ICU patients and Emergency
Department trauma cases. Overall, US outperforms CXR in the diagnosis of PTX,
though CT scan remains the gold standard for determining the presence and extent
of PTX.
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Early small studies have shown that lung sliding, B-lines, and the lung point
are the most robust diagnostic signs for PTX [43, 50, 54, 55]. In a comparison of
US (5 MHz) findings in patients with occult pneumothoraces (missed by CXR but
diagnosed on CT scan), lung sliding alone has a sensitivity of 100 %, specificity
78 %, NPV 100 %, and PPV 40 %. For ruling in PTX, the presence of A-lines and
the complete absence of B-lines, (termed the A-line sign) when combined with
lung sliding, had a sensitivity of 95 %, specificity 94 %, NPV 99 %, and PPV
71 % [42]. The lung point alone is a uniquely specific marker for PTX: while less
sensitive (79 %, NPV 97 %), specificity and PPV were 100 %. Interestingly, the
authors note that the location of the lung point correlated with the need for chest
tube placement. As a proxy for the volume of PTX, the more lateral the location
of the lung point, the greater the volume of air in the pleural space and the higher
likelihood of chest tube placement: 90 % of patients (n=10) with a lateral lung
point received a tube thoracostomy compared to 8 % (n=24) with an anterior lung
point [42, 55].

Xirouchaki et al. [57] compared lung US with bedside CXR in ICU patients,
with CT scan as the gold standard. In a prospective study of 42 mechanically ven-
tilated patients, the authors used US (5-9 MHz) to evaluate lung consolidation,
effusion, PTX, and interstitial disease. Using the A-line sign (horizontal reverbera-
tion artifacts without B-lines), stratosphere sign (M-mode finding of uninterrupted
horizontal lines), and lung point to diagnose PTX, US showed sensitivity of 75 %,
specificity 93 %, and diagnostic accuracy of 92 %. CXR was 0 % sensitive, 99 %
specific, and 89 % accurate. The two missed PTXs in the US group were small and
apical, highlighting the need to consider this region in the examination. There were
five false-positive US exams, attributed to subcutaneous emphysema in three and
severe COPD/hyperinflation in two. This highlights the need for caution and clini-
cal synthesis of ultrasound findings to avoid hastily pursuing tube thoracostomy
based on a false-positive test.

A systematic review and meta-analysis of eight studies including 1,048 patients,
mostly trauma victims (73 %), compared US findings to CXR. Using lung sliding
and comet-tail artifacts, they found the overall sensitivity for US was 90.9 %
(95 % confidence interval [CI]: 86.5-93.9 %), specificity 98.2 % (95 % CI: 97.0—
99.0 %), PPV 94.4 %, and NPV 97.0 %. CXR performed poorly in comparison,
with sensitivity 50.2 % (95 % CI: 43.5-57.0 %), specificity 99.4 % (95 % CI:
98.3-99.8 %), PPV 96.5 %, and NPV 85.6 %. Their findings differed minimally
when limited to analysis of the trauma subgroup. These results highlight the
inability of CXR to reliably detect PTX [43] and the need to consider alternative
diagnostic modalities.

In the emergency department (ED) population, US outperforms CXR and offers
considerable practical advantages compared to CT scan. However, the ED setting
poses additional challenges. Kirkpatrick et al. prospectively evaluated a handheld
US system (5—10 MHz) for identifying traumatic PTXs in 208 patients. Comparison
was made to CT, which was not always performed, CXR, or aspiration of air on
tube thoracostomy. They assessed lung sliding (including Doppler) imaging and
B-lines. Interestingly, the overall performance for US in this population was less
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robust than in the ICU, with sensitivity of 59 %, specificity 99 %, PPV 92 %, NPV
94 %, accuracy 94 %, likelihood ratio (LR) of positive test 69.7, and LR of negative
test 0.41. They reported false-positive results in three cases of US-diagnosed PTX:
one was due to initially inapparent subcutaneous air and two in right main stem
intubations. The authors attribute their lower NPV compared to previous studies to
the difficulty in trauma scenarios of differentiating a normal from an abnormal
lung. Whereas bilateral pneumothoraces are less common in the ICU population,
where the uninvolved hemithorax can serve as an individual patient’s negative con-
trol, comparison of a diseased to a healthy lung was not always available in this
population [47].

Bedside thoracic US has been studied in the post-procedural setting. Since many
patients in the ICU require invasive interventions (e.g., central line placement, tho-
racentesis), better understanding of US performance after instrumentation may be
useful. In a prospective study of 285 patients who underwent US-guided biopsy of
peripheral lung lesions, Sartori et al. [59] observed PTX in 2.8 % of patients.
Sensitivity, specificity, PPV, NPV, and overall accuracy were 100 % for US
(5-7.5 MHz), and 87.5, 100, 100, 99.6, and 99.6, respectively, for CXR. The authors
also performed serial assessments to determine worsening or resolution of the initial
PTX. Given the high morbidity and mortality in patients with iatrogenic PTX, these
results may suggest a role in the longitudinal management of patients at risk of or
with known PTX [60].

A prospective observational study compared CXR and US to evaluate for resid-
ual PTX after evacuation of pneumothorax (70.5 % primary spontaneous, 15.9 %
trauma, 13.6 % emphysema and iatrogenic) in ICU patients. In the primary sponta-
neous group US had a PPV of 100 %. In the other groups the overall PPV was 90 %
and improved to 100 % with the utilization of the lung point sign. CXR missed 39 %
of pneumothoraces that were identified by US. Interestingly, US examinations were
performed by both an experienced user and newly trained ICU residents. A two-
hour training was given, and the overall K value was .78 for agreement between the
primary investigator and the residents. This suggests that bedside US for evaluation
of PTX can be learned quickly and effectively [44].

Pitfalls and Precautions

— Asin the setting of ultrasound imaging of pleural effusion, user proficiency must
be optimized. In the studies reviewed herein, operators included ED physicians,
ICU physicians, and radiologists. Specific guidelines for minimal competencies
have not been published, though several professional societies have issued con-
sensus statements advocating the training and routine use of US in the ICU
[61-63].

— Simple breath holding can abolish lung sliding, as can ARDS, extensive pneu-
monia, or severe hyperinflation due to COPD [42].
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— In the ED, chaotic trauma scenarios and handheld US machines may introduce
opportunities for device or user error [47]. There may be difficulty interpreting
contralateral lung findings in the setting of bilateral pneumothoraces, and chest
wall trauma, subcutaneous air, or foreign bodies in the chest wall or parietal
pleura may complicate image acquisition or interpretation.

— In the ICU, caution must be used in patients with preexisting pleural disease,
such as adhesions, plaques, and loculated pneumothoraces, or in patients with
severe parenchymal or airways disease including ARDS and severe emphysema
[64]. The absence of lung sliding or B-lines in these situations must prompt care-
ful thought about potential coexisting diseases before invasive treatments are
undertaken.

— Assessment of the left lung pulse may be useful if right main stem intubation is
suspected and lung sliding is absent on the left.

— Patients with preexisting pleural disease may warrant more detailed US evalua-
tion of the chest wall. Searching for the lung point sign and examining the lateral
and posterior reaches of the chest should be considered in these patients.

Conclusions

Pleural effusion and pneumothorax are common problems in critically ill patients.
Bedside US performs better than clinical exam or standard radiography for the diag-
nosis and quantitation of pleural effusion, and it allows accurate site marking for
subsequent thoracentesis and tube thoracostomy when indicated. Ability to use US
for thoracentesis guidance is “strongly recommended” by the American Board of
Internal Medicine guidelines for trainees in Critical Care Medicine [63]. British
Thoracic Society guidelines published in 2010 make a grade B recommendation for
the routine use of US in indwelling chest catheter placement [65]. Training of inten-
sivists in the use of bedside US in critically ill patients will be helpful in optimizing
the safe management of pleural effusions in the ICU.

Bedside ultrasound for evaluation of PTX is increasingly being used for rapid
and accurate diagnosis of a high mortality condition that is readily treatable. Since
its inception in the mid-1980s in the veterinary literature, US has been studied and
validated in several critically ill patient populations. Traditional means of diagnos-
ing PTX lack sensitivity (CXR) and feasibility (CT scan) compared to US. The
portability, low cost, reproducibility, and lack of ionizing radiation make US a more
appealing modality for assessing PTX. The primary US artifacts needed to assess
for PTX are lung sliding and B-lines, which are easily recognized with a reasonable
amount of practice. In summary, while caution must be used in certain clinical sce-
narios, bedside US is on aggregate a powerful tool for the point-of-care evaluation
of two major categories of pleural disease in the ICU setting.
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Chapter 11
Diaphragm Ultrasound in the Intensive
Care Unit

F. Dennis McCool and Taro Minami

Introduction

Knowledge of diaphragm function is crucial when caring for patients with
respiratory failure and determining the optimal time to discontinue mechanical ven-
tilation. However, unlike most skeletal muscles, the diaphragm is relatively inacces-
sible to direct study. Diaphragm strength can be determined by measuring
transdiaphragmatic pressure, but this requires the positioning of gastric and esopha-
geal catheters. By contrast, diaphragm ultrasound utilizes a technology which is
noninvasive and can provide information regarding diaphragm position, mass, and
motion; all parameters which reflect diaphragm function. Ultrasound can be readily
used at the bedside, requires minimal to no patient effort, and delivers no ionizing
radiation. This technology is available in most intensive care units and physicians
are quickly gaining familiarity with its use for line placement, evaluating volume
status, and for other utilities such as those discussed in this textbook [1]. This chap-
ter reviews the principles of ultrasonography in reference to the diaphragm and the
practicalities of using ultrasound to evaluate diaphragm function in the intensive
care unit.
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Technical and Patient Considerations

The ultrasound transducer is comprised of a transmitter and receiver. It transmits
high frequency (typically 3.5-15 MHz) bursts of sound through the body surface to
underlying structures [2]. As the sound waves penetrate into the body, they encoun-
ter tissue boundaries with different impedances. When there is an abrupt change in
acoustic impedance, sound is partially reflected back to the receiver. Acoustic
impedance is determined by tissue mass, density, and elastance. These properties
differ sufficiently between muscle, serous membranes, fat, and fluids such that par-
tial reflections occur at boundaries between these tissues. The ultrasound receiver
analyzes the returning echo for its time delay and for the direction from which it
comes. The time delay and direction, respectively, indicate the depth and direction
of the reflected boundaries. This data is used to construct an image which can be
displayed using two different methods. With the Brightness (B)-mode technique,
the sound path is swept through an arc, by an electronically controlled linear array
of transmitter/receivers. With this mode, the information is displayed as a two-
dimensional image with the brightness of the image representing the intensity of the
reflected signal. With the Motion (M)-mode technique, the depths of reflecting
boundaries along a selected sound path are recorded as a one-dimensional tracing
against time (Fig. 11.1). Studies of diaphragm function in the critically ill have been
performed using both M- and B-modes with high- and low-frequency transducers.
Differences in acoustic impedance between tissue interfaces can be exploited in
the zone of apposition (ZAP) of the diaphragm to the rib cage to visualize the dia-
phragm and its adjacent structures. As the sound wave penetrates into body tissues,
differences in acoustic impedance at boundaries between the parietal pleura, dia-
phragm, peritoneum, and liver are used to identify these structures. Muscles, such
as the intercostals and diaphragm, will scatter sound and appear as a speckled image
at higher ultrasound frequencies. A collection of homogenous fluid, such as a sim-
ple pleural effusion, has no internal boundaries and, therefore, no changes in acous-
tic impedance. Therefore, it is not echogenic, and appears featureless (black on
B-mode). By contrast, air is so echogenic that the sound wave is nearly completely
reflected back to the transducer and does not penetrate into deeper structures. Such
differences in acoustic impedance have been used to distinguish the diaphragm
from its adjacent structures such as the pleura and peritoneum (Fig. 11.2). Because
the lung contains air, structures lying deep to it do not appear on the image. When
imaging the diaphragm, the unique acoustic-reflective characteristics of the lung
can be used to identify the location of the lower border of the air-containing lung.
As the lung inflates, its lower border moves caudally and can be used to identify the
pleural boundary of the diaphragm. The pleural boundary appears as a thin, echo-
genic structure inferior to the lung border and deep to the chest wall, which is then
masked by the lung as it descends during inspiration. The peritoneal boundary of
the diaphragm can be recognized as a second, somewhat thicker, echogenic bound-
ary deep to and separated from the pleura by the diaphragm itself, which appears in
between these two membranes as a less echogenic, speckled structure (Fig. 11.2).
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Image Acquisition and Interpretation
Diaphragm Zone of Apposition

The ZAP of the diaphragm refers to the area where the diaphragm abuts the lower
rib cage (Fig. 11.3). In this region the diaphragm is a relatively superficial structure.
Since structures close to the body surface can be imaged with high frequencies, a
transducer in the range of 5—15 MHz is typically used to image the diaphragm in the
ZAP and has a resolution of 0.1 to 0.2 mm. This higher frequency-range transducer
provides an image of greater resolution than lower frequency transducers. Once
obtained, the image can be displayed in either the M-mode or B-mode (Fig. 11.4).
The advantage of using the B-mode is the ability to visualize the diaphragm in two
dimensions rather than as a point in time.

To visualize the diaphragm in the ZAP, the transducer is placed on the skin sur-
face in the coronal plane [3, 4] (Fig. 11.3). The diaphragm in the ZAP is best visual-
ized in the mid-axillary line in the region of the lower rib cage, usually in the 8th or
9th intercostal space. Typically the B-Mode is used to create a two-dimensional
coronal image of the ZAP. The diaphragm is identified as a three-layered structure
just superficial to the liver, comprised of two parallel echogenic lines (peritoneal
and diaphragmatic pleura) sandwiching a relatively non-echogenic layer, the dia-
phragm muscle itself (Fig. 11.5). On occasion, a 4th noncontinuous line may be
seen within the diaphragm muscular layer which may represent a neural or vascular
structure. The diaphragm can be further identified dynamically as the most superfi-
cial structure which is obliterated by the leading edge of the lung during inspiration.
On occasion, the transducer may have to be moved cephalad to the 6th or 7th inter-
costal space to identify the leading edge of the lung, especially when the diaphragm
is elevated. However, obliteration of the diaphragm by the leading edge of lung may
not be present when the diaphragm is paralyzed or during mechanical ventilation.

Once the diaphragm is identified, the image is frozen at end-expiration and
the thickness of the diaphragm (tdi) measured as the distance from the middle of
the diaphragmatic pleura to the middle of the peritoneum to the nearest 0.1 mm.
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Fig. 11.4 B-Mode and M-Mode of the diaphragm in the zone of apposition. With B-Mode, the
diaphragm muscle is visualized as the minimally echogenic structure “sandwiched” between the
pleura and peritoneum. Similar information can be displayed using M-Mode

A subsequent image is obtained at end-inspiration, and tdi is measured at this lung
volume (Fig. 11.6). The change in diaphragm thickness between end-inspiration
and end-expiration (Atdi) is then calculated along with a thickening fraction
(Atdi% = Atdi/tdi end-expiration x 100). The thickening fraction can be measured
over a range of inspired volumes and tends to be alinear with more thickening at
higher lung volumes [4]. The change in diaphragm thickness during inspiration can
be measured either using B-mode or M-mode, with subjects in the standing, seated,
supine, or prone positions. Normal values for diaphragm thickness at end-expiration
generally fall between 2.0 and 3.5 mm. Normal values for diaphragm thickening
with inspiration (Atdi%) fall between 20 % and 100 %. Because the inherent thick-
ness of the diaphragm in this region varies only slightly from place to place, thick-
ening of the diaphragm in the ZAP is representative of general thickening of the
diaphragm muscle and not movement of an adjacent relatively thicker part of the
diaphragm under the transducer [4].
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Diaphragm Dome

A subcostal approach is typically used to visualize the diaphragm dome (Fig. 11.7).
The distance from the anterior abdominal wall to the posterior diaphragm is much
greater than the distance from the skin surface to the diaphragm in the ZAP. Because
sound penetrates further at lower frequencies, the dome of the diaphragm typically
is visualized using a 3.5-5 MHz transducer. The longer wavelength of sound in this
frequency range allows for deeper penetration of the ultrasound beam, but the reso-
lution of the lower frequency transducer is reduced to approximately 0.3 to 0.6 mm.
When using a subcostal approach to visualize the dome, the liver provides a good
acoustic window allowing one to assess movement of the right hemidiaphragm.
Unfortunately, air in the gastrointestinal tract may interfere with visualization of the
left hemidiaphragm when using a subcostal approach. This can be circumvented, in
part, by using the spleen as an acoustic window. Motion of the diaphragm dome
towards the transducer during inspiration is generally assessed using the M-mode
but also can be viewed using B-mode [5-8].

Note that when imaging the dome, the diaphragm muscle itself is not visualized.
As previously discussed, air is strongly echogenic. Since the lung reflects all sound
transmitted towards it, the image of the diaphragm dome is comprised of the
intensely reflected sound at the interface of the diaphragm and lung and not the
diaphragm muscle itself. The motion of the diaphragm can be inferred from move-
ment of the lung—diaphragm interface but the thickness of diaphragm muscle cannot
be measured. When using this approach, the diaphragm muscle can only be seen
when there is a pleural effusion between the dome and the lung.

Motion of the diaphragm dome is not uniform from region to region. Normally,
there is greater displacement in the middle and posterior regions than in the anterior
region in supine subjects during large inspirations [9]. Similar findings have been
described in children [10]. These differences in regional motion in the supine posi-
tion have been attributed to the larger abdominal pressure that acts on the posterior
diaphragm, which passively displaces the posterior diaphragm higher into the

Ultrasound
Transducer

Diaphragm '
Dome

Fig. 11.7 Schematic illustrating ultrasound transducer placement for visualizing the diaphragm
dome using a subcostal approach
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thoracic cavity at end-expiration than the anterior hemidiaphragm. Consequently
the posterior portion of the diaphragm has to descend further during inspiration to
move towards its relatively flattened configuration at full inspiration.

To visualize the diaphragm dome, alow frequency ultrasound transducer (3.5-5 MHz)
is placed on the right or left side in the subcostal region well below the lower border of
the lung and angled upward [11, 12]. The right or left mid-clavicular lines or the right
or left anterior axillary lines can be used for transducer placement depending on the
quality of image. The transducer is directed cephalad and dorsally towards the posterior
third of the hemidiaphragm. With this approach, the dome is viewed in a sagittal (lon-
gitudinal) plane with the liver or spleen providing acoustic “windows.” Alternatively
the diaphragm dome can be visualized by placing a low frequency transducer
(3.5-5 MHz) over the xiphoid process and scanning in the transverse plane. This place-
ment may allow both hemidiaphragms to be viewed simultaneously. The diaphragm
typically is initially identified with the B-mode as a two-dimensional structure, then
M-mode is used to follow the motion of a single point in time (Fig. 11.1). Note that this
point does not represent a single anatomic point on the diaphragm but several points of
the diaphragm as they cross the path of the ultrasound beam.

Normal values for diaphragm motion have been reported for quiet breathing and
deep inspiration. During quiet breathing, the posterior dome of the diaphragm is
displaced anteriorly and caudally with a mean displacement of 1.6 cm [11, 13].
With deeper breaths, the mean displacement was 4.8 cm with about two-thirds of
the diaphragm movement occurring by the time of mid-inspiration [9]. An M-mode
tracing of diaphragm motion allows for calculation of the inspiratory and expiratory
times, the amplitude of diaphragm motion (maximum height in cm), and the speed
of diaphragm contraction (slope in cm/s).

A number of pathologic processes affect motion of the diaphragm dome.
Subphrenic fluid accumulations or developmental defects, such as eventration, may
reduce regional or global diaphragm motion. In patients with ascites, diaphragm
excursion may be decreased, especially if the ascites is due to a malignant process.
In this instance, motion may be reduced secondary to splinting from pain or fixation
of the diaphragm from the malignant process [2]. With a subphrenic abscess, dia-
phragm motion may be impaired, absent, or even paradoxical in the presence of
inflammation [14]. Overall diaphragm displacement is less with passive mechanical
ventilation than is seen during an active breath, and the posterior displacement is no
longer dominant over the anterior displacement [10]. The lesser diaphragmatic dis-
placement during passive inspiration may reflect more symmetrical action of the
positive inflation pressure on rib cage/diaphragm partitioning or differences in dia-
phragm tension between active and passive breaths.

Basic and Advanced Competencies

Imaging of the diaphragm in the ZAP using B-mode, with measurement and inter-
pretation of tdi, Atdi, and Atdi%, is the basic core competency in diaphragm ultra-
sound. Mastery of this competency will allow for the most straightforward
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assessment of suspected diaphragm paralysis and dysfunction. Imaging of the
diaphragm dome using M-mode, with both quiet breathing and with performance of
maneuvers such as a sniff test (see below), and the appropriate interpretation of
diaphragm motion with these maneuvers, should be viewed as more advanced com-
petencies in diaphragm ultrasound. This is due to the technical challenges of image
acquisition, especially of the left hemidiaphragm, and also to the challenges in
appropriate interpretation of diaphragm motion discussed below.

Evidence Review and Evidence-Based Use

Functional Correlates

Measurements of diaphragm thickness at end-expiration and diaphragm thickening
during inspiration reflect diaphragm strength and shortening, respectively. In gen-
eral, the resting cross-sectional area of skeletal muscle is proportional to the maxi-
mal tension it can develop. Similarly, the resting thickness of the diaphragm (tdi at
end-expiration) should be proportional to the maximal transdiaphragmatic pressure
(Pdimax) it can develop. Both Pdimax and maximal inspiratory pressure (PImax)
were significantly correlated with diaphragm thickness measured at end-expiration
in the ZAP in healthy subjects (R=0.94 and 0.76, respectively) [15]. Further evi-
dence supporting the notion that measures of tdi reflect diaphragm strength is
derived from studies of longitudinal measures of changes in diaphragm thickness
and strength following recovery from diaphragm paralysis [16], studies of strength-
training activities and diaphragm thickness [17-19], and calculations of specific
tension which are similar to those reported for other skeletal muscle groups [20, 21].
Recovery from diaphragm paralysis and strength training of the diaphragm lead to
significant increases in diaphragm thickness, Pdimax, and PImax.

A second functional correlate is that between diaphragm thickening during inspi-
ration and diaphragm muscle shortening [4]. The volume of diaphragm muscle
mass (vdi) is related to its width (wdi), thickness, and length (Idi) as follows:
vdi=1di x wdi x tdi. With the assumptions that vdi is constant and wdi varies little
with inspiration (wdi is related to the perimeter of the thoracic cavity), 1di will vary
inversely with tdi. This relationship can be applied to ultrasound measures of dia-
phragm thickening as follows: Atdi= 1/Aldi. Using this relationship, calculation of
Aldi from measures of Atdi during a breath to total lung capacity (TLC) is in the
range of what has been measured in humans [22]. A very practical application
derived from measures of Atdi relates to determining the presence or absence of
diaphragm paralysis [23]. A paralyzed diaphragm does not thicken and a normally
functioning diaphragm thickens by more than 20 % during inspiration. Measures of
resting diaphragm thickness and thickening during inspiration provide powerful
tools to assess serial changes of diaphragm function and should give insights into
identifying factors that are myopathic or myotrophic to the diaphragm.
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Diaphragm Paralysis

Ultrasound can be of diagnostic value when assessing the presence of unilateral or
bilateral diaphragm paralysis [24]. Unilateral diaphragm paralysis results in para-
doxical motion of the affected hemidiaphragm during inspiration. This paradoxical
motion can be appreciated using M-mode imaging of the diaphragm dome and is a
consequence of the normal action of the contralateral hemidiaphragm raising
intra-abdominal pressure and displacing the passive paralyzed diaphragm cephalad.
It can be elicited by instructing the patient to sniff or to forcefully inhale. Ultrasound
is more sensitive than fluoroscopy in diagnosing unilateral paralysis [11]. However,
false positive results occur in as many as 6 % of patients without diaphragmatic
paralysis [25], and false negative tests occur when recruitment of rib cage muscles
produce caudal displacement of the paralyzed hemidiaphragm [26]. These limita-
tions may be circumvented by directly visualizing the diaphragm muscle in the ZAP
in either the B- or M-mode. A paralyzed diaphragm will not thicken, whereas a
normally functioning diaphragm will thicken by >20 % [23].

Bilateral diaphragm paralysis may be difficult to diagnose when using M-mode
to assess motion of the diaphragm dome. Normal caudal motion of the paralyzed
diaphragm can be seen and is a consequence of strategies employed by patients to
compensate for diaphragm paralysis. Specifically, actively contracting the abdomi-
nal muscles will displace the paralyzed diaphragm cephalad. When the abdominal
muscles are “turned off,” the passive recoil of the respiratory system results in inspi-
ration and caudal motion of the paralyzed diaphragm. Alternatively, using the rib
cage muscles to inhale will generate negative pressure in the sub-diaphragmatic
regions displacing the passive diaphragm caudally [27]. By contrast, visualizing the
diaphragm muscle itself in the ZAP will circumvent issues related to diaphragm
motion and allow the clinician to determine if the muscle is contracting or not with
more accuracy.

Diaphragm Dysfunction in the ICU

Diaphragm dysfunction may be seen following upper abdominal, neck, or cardio-
thoracic surgery [28-30]. Damage to the phrenic nerve may be due to transection,
stretching, crushing, or hypothermia. With cardiac surgery, the use of cold saline
solutions containing ice chips or slush to lower myocardial temperature may directly
injure the phrenic nerve [31]. The use of cardiac insulating pads has minimized the
risk of phrenic frostbite [32]. Diaphragm dysfunction may be seen in patients with
sepsis, multiorgan failure, hyperglycemia, critical illness polyneuropathy and
myopathy, undernutrition, and with the use of aminoglycosides and other medica-
tions which interfere with neuromuscular transmission [33]. Metabolic abnormali-
ties such as hypokalemia, hypocalcemia, hypophosphatemia, hypomagnesemia, and
thyroid disturbances also can contribute to diaphragmatic dysfunction.
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Ultrasound evaluation of the diaphragm dome has been used to document
abnormal motion of the diaphragm in the intensive care unit in patients without a
prior history of diaphragmatic disease [30]. Diaphragm dysfunction was present in
29 % of medical patients that required mechanical ventilation for a duration of 48 h
or more. Patients with diaphragm dysfunction had higher rates of weaning failure
and required a greater duration of mechanical ventilation than patients without dia-
phragmatic dysfunction.

Weaning from Mechanical Ventilation

Diaphragm ultrasound has been used to predict weaning success or failure [34, 35].
Caudal motion of the diaphragm dome during spontaneous breaths of more than
1.1 cm had a sensitivity and specificity of 84.4 % and 82.6 %, respectively, in predict-
ing successful extubation. Because diaphragm motion is influenced by breath size and
differs from region to region, direct measures of diaphragm thickening using B-mode
in the ZAP may enhance the utility of M-mode in predicting extubation outcomes.

Disuse Atrophy

Atrophy of the diaphragm has been described following periods of mechanical venti-
lation as brief as 24 h. Both fast-twitch and slow-twitch myofibers are involved in the
mypopathic process which leads to a reduction in muscle force [36—40]. Accordingly,
ventilator-induced diaphragm atrophy may be expected to impede weaning from
mechanical ventilation. Other conditions that contribute to diaphragm dysfunction
which are commonly encountered in the critically ill include administration of para-
lyzing agents, undernutrition, and metabolic abnormalities. B-mode ultrasound in the
ZAP has been used to identify the presence of ventilator-induced diaphragm injury
[37]. Progressive thinning of the diaphragm occurred in 7 patients within 48 h of the
initiation of mechanical ventilation. These findings indicate that ultrasound may be
used to identify patients with ventilator-induced diaphragm dysfunction and has
the potential to be used to monitor the efficacy of interventions designed to prevent
atrophy. Ultrasound was used to demonstrate that 20 min of phrenic nerve stimulation
was sufficient to prevent atrophy in a C-2 tetraplegic individual [18].

Pitfalls and Precautions

A 3.5-5 MHz transducer is used to image the diaphragm dome. This frequency
transducer will penetrate further but has less resolution than a higher frequency
(7.5-10 MHz) transducer, which is typically used to image the diaphragm in the
zone of apposition.
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The diaphragm dome and the diaphragm in the zone of apposition may be
difficult to visualize in patients who are obese.

The diaphragm can be visualized using either the M-Mode or B-Mode. B-Mode
enables the operator to visualize the diaphragm in 2 dimensions. M-mode enables
the operator to visualize one region of the diaphragm over time. The distances dis-
placed by the diaphragm are more easily measured using M-Mode, whereas the
thickness of the diaphragm is more easily measured using B-Mode.

The image of a single point on M-mode does not represent a single point on the
diaphragm but represents multiple points on the diaphragm passing through the
ultrasound beam.

An observation which can be used to help identify the diaphragm in the zone of
apposition is the obliteration of the diaphragm by the leading edge of lung during
inspiration. This helpful observation may not be seen with diaphragm paralysis or
during mechanical ventilation.

The image of the diaphragm dome is comprised of sound that is intensely
reflected from the lung-diaphragm interface. Measurements of diaphragm thickness
using such images are not representative of thickness of the diaphragm muscle
itself. When visualizing the dome, a true image of the diaphragm muscle itself will
only be present when there is a pleural effusion between the diaphragm dome and
the lung.

The caudal movement of the diaphragm is not uniform from region to region and
differs between passive ventilation and active breathing. In addition, pathologic pro-
cesses due to inflammation or malignancy may alter regional or global diaphragm
motion.

Diaphragm paralysis may be difficult to diagnose when only evaluating dia-
phragm motion. False negatives and false positives may occur. These limitations
may be circumvented by directly visualizing thickening of the diaphragm in the
zone of apposition using a higher frequency transducer either in the B- or M-mode.

Conclusion

Ultrasound provides a promising new approach to study the diaphragm in the inten-
sive care setting. It is particularly attractive in that it is noninvasive, can be used at
the bedside, and delivers no ionizing radiation. Ultrasound can be used in the
B-mode, which provides a 2-dimensional image, or in the M-mode, which tracks
one point in time. The diaphragm can be assessed by measuring the caudal displace-
ment of the dome during inspiration or by measuring its thickness in the zone of
apposition. Diaphragm ultrasound provides a real-time image and a permanent
record of function. It can be applied to address questions of diaphragm structure,
configuration, and motion in health and disease and may allow us to assess biologi-
cal determinants of diaphragm structure and structural change with disease.
Diaphragm ultrasound has been applied to diagnose diaphragm paralysis and the
presence of diaphragm dysfunction and to predict extubation success.
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Chapter 12
Abdominal Ultrasound and Genitourinary
Ultrasound in the Intensive Care Unit

Taro Minami

Introduction

Ultrasound of the abdomen in critical care can be valuable in the assessment of the
critically ill patient. A few examples of how ultrasound can assist in the bedside
evaluation of the critically ill patient are rapid assessment of kidneys and bladder in
patients with acute kidney injury to rule out obstruction; evaluation of the urinary
tract in patients with urinary tract infections; imaging and guidance for drainage of
ascites in liver disease or abdominal sepsis; assessment of volume status by
examination of the inferior vena cava (IVC) in the patient with shock; and scanning
of the abdominal aorta in patients with back or abdominal pain to assess for possible
aneurysm rupture.

While a computed tomography (CT) scan of the abdomen provides detailed
information to assess abdominal pathologies in the critically ill and thus prevails in
a global assessment of acute abdominal pathology, ultrasound of the abdomen has
its own unique advantages in the intensive care unit (ICU). In fact, ultrasound exam-
ination of the abdomen in the critically ill is superior to CT scan in some respects.
First, it can be performed at the bedside; thus, there is no need for transportation,
avoiding potentially compromised safety during the transfer. Second, the examina-
tion, if needed, can be repeated as many times as desired without the risk of radia-
tion or contrast-induced nephropathy. This can be especially important for young
patients or patients with renal failure. Third, the information can be obtained and
clinically acted upon immediately. As is the case with all other aspects of critical
care ultrasound, the bedside ultrasound imaging needs to be appropriately acquired
and interpreted — a skill that comes with systematic practice and supervision.
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General Technical and Patient Considerations

Learning to utilize ultrasound is similar to learning to use a stethoscope. Not only
must one master the knowledge of where to place the instrument, variations in posi-
tioning, anatomy, or body habitus may alter how sounds are produced or images are
created. The experience with ultrasound additionally requires one to be comfortable
manipulating the rotation, angle, and tilt of the probe, as well as sonographic param-
eters of gain and depth, to obtain the optimal image. In the end, as with the use of a
stethoscope, once accustomed to these prerequisites and well practiced in technique,
ultrasound images can be acquired, interpreted, and incorporated into the clinical
assessment within minutes.

Technical Considerations for Abdominal
Ultrasound Examination

Ultrasound Transducer

Given that most of the abdominal structures are deeply located, a lower frequency
transducer should be used to allow the sound waves to penetrate into deeper struc-
tures. A 1-5 Mhz phased array probe is recommended for abdominal ultrasound
(Fig. 12.1).

Orientation*marker

Fig. 12.1 Transducer
suitable for abdominal
examination. 1-5 MHz
phased array transducer; note
the orientation marker
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Machine Setup
Orientation

The orientation marker on the probe should be directed toward the patient’s head
(cephalad: sagittal or coronal section; Fig. 12.2), but sometimes you may want to
put the marker to the patient’s right to scan the body horizontally (transverse sec-
tion; Fig. 12.3). On the screen, an orientation marker should be on the left upper
corner of the screen.

R

Orientation Marker

Depth in CM

Fig. 12.2 Sagittal view of the right upper quadrant. The transducer is oriented with the probe
marker toward the patient’s head (cephalad), corresponding to the left side of the screen (green-
blue orientation dot). Also pay attention to the depth, which is 21 cm in this image

Fig. 12.3 Transverse view of
the right upper quadrant. This
time, the orientation marker Front
on the transducer is facing : s
patient’s right. This image is  [{Ri{e|alf (at=Uil=1a}})}

analogous to a transverse —

image on a CT scan of the
abdomen. /VC inferior vena
cava, Ao aorta. Note depth is
13 cm in this image
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Fig. 12.4 Depth and gain controls. Though there are so many buttons on a console as shown
above, important ones are very few (pictured: SonoSite M-Turbo, SonoSite Inc., Bothell,
Washington, USA). Note each console (key layout) varies between machines

Depth

Start with the depth set at 13—19 cm, and, occasionally, even more depth is required.
Always start with sufficient depth so that important structures or pathology located
deep in the abdomen are not missed.

Gain

Overgain is another common error made by the novice ultrasonographer. Try to
undergain as much as possible.
Figure 12.4 illustrates control layout on a typical portable ultrasound machine.

Patient Considerations for Abdominal Ultrasound in the ICU

The nature of the ICU patient may present several challenges to obtaining
quality ultrasound images. Oftentimes, many of these obstacles can be overcome by
technical or operator adaptations, and examples of such strategies are presented
below.
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The Obese Patient

If abdominal subcutaneous tissue is preventing an effective examination of the
anterior abdomen, depth may be increased. If the machine function allows selection
of different frequencies, choose a lower frequency for better penetration. Some
structures, such as the inferior vena cava (IVC) or aorta, occasionally are better
observed from a lateral approach.

Abdominal Gas

Gas has a high attenuation coefficient, meaning abdominal gas will prevent ultra-
sound from penetrating deep to a gas-filled viscus to examine other intra-abdominal
structures. Performing ultrasound from a frontal approach is difficult in patients
with abdominal gas. In such a setting, important vascular structures, such as the IVC
and aorta, may not be well examined from a frontal examination, and laterally plac-
ing the probe in the anterior to mid-axillary line can prove helpful.

Supine Patients

Very few people in the ICU are not supine. The diaphragm may therefore be higher
than expected in these patients. Therefore, identifying the diaphragm is of particular
importance when you are planning procedures, such as thoracentesis or paracente-
sis. Scan higher in the thorax to definitively identify the diaphragm level prior to
deciding on a spot for a procedure.

When examining the retroperitoneal organs, particularly the kidneys (espe-
cially the left one), a supine position makes the ultrasound more difficult. Place the
transducer deep into the small space between the patient’s back and the bed.
Sometimes help from other members of the critical care team in lifting the subcu-
taneous tissue or repositioning the patient is needed so that a space to scan can be
created.

Other Patient Considerations: Age, Gender, and Body Size

Age, gender, and body size have to be taken into consideration as the size of organs
is affected by the patient’s age, gender, or height. For example, longitudinal length
of the kidney is longer in men and in younger or taller patients [1].
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Competencies in Critical Care Abdominal Ultrasound

No definitive qualification or certification currently exists to dictate full competency
in abdominal ultrasonography in the critically ill. In order to begin to help guide
training programs and practicing critical care physicians, the American College of
Chest Physicians (ACCP) and La Societe de Reanimation de Langue Francaise
(SRLF) together published a statement on competence in critical care ultrasonogra-
phy in 2009 [2].

Image Acquisition and Interpretation: A Location-Specific
Approach to Abdominal Ultrasound in the ICU

Points of Interests: FAST Examination
and the Location-Specific Approach

When imaging the abdomen, an ultrasonographer can take an organ-specific or a
location-specific approach. A so-called organ-specific approach will focus on one
specific organ at a time and then move, if desired, to the next organ. This is the typi-
cal approach taken in comprehensive abdominal ultrasounds performed in the radi-
ology suite. Focused Assessment with Sonography for Trauma (FAST) examination
[3] (see Chap. 14) is an example of a context-driven, location-specific ultrasound
approach that was introduced to assess rapidly for the presence of free fluid as a
sign of intraperitoneal injury following trauma. In the FAST exam, the examination
is limited to a few key points of interest to allow a quick, stereotyped examination
that can be carried out in the chaotic trauma bay. The concept of limiting the num-
ber of points of interest can be applied to the general critical care abdominal ultra-
sound as well.

A location-specific approach focuses on one specific point of examination, and
all of the important organs are visualized from that location. This approach is effi-
cient, and provides a logical and consistent framework to follow, so that with
repeated examinations the ultrasonographer will gain confidence and experience in
obtaining and interpreting a few critical views. There are inherent limitations in the
comprehensiveness of this approach, and this must be kept in mind when assessing
for specific pathologies, such as possible abdominal aortic aneurysm, in which
imaging of a more complete extent of the organ is needed.

Point A: Right Upper Quadrant
Right mid- to anterior axillary line at the 8—10th intercostal space. What can be

evaluated: right hemidiaphragm, liver, pleural effusion, ascites, right kidney, IVC,
and aorta.


http://dx.doi.org/10.1007/978-1-4939-1723-5_14
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Point B: Subcostal Point

Common structures to be evaluated: IVC, aorta, pancreas, liver, gallbladder,
common bile duct, ascites, and stomach.

Point C: Left Upper Quadrant

Left mid-axillary line at the 8—10th intercostal space.
Common structures to be evaluated: left hemidiaphragm, spleen, left kidney,
and ascites.

Point D: Suprapubic Window

Structures to be evaluated: bladder, prostate gland, uterus, and ascites.

Point A: Right Upper Quadrant

Point A should be the starting point of an abdominal ultrasound examination in the
critically ill. Not only can the diaphragm, liver, and right kidney be examined, but
the IVC and aorta can also be imaged from this view. Below, I will describe each
organ accessible from this viewpoint.

Right Hemidiaphragm

Examination of the diaphragm is important for two reasons [1]. The diaphragm is
an important landmark that separates the abdomen from the thorax [2]. Evaluation
of the diaphragm itself gives you important information in the critically ill. By
observation of how much it thickens during inspiration, inspiratory muscle function
can be assessed. Evaluation of diaphragmatic function is discussed in detail in
Chap. 10.

Locating the diaphragm is of primary importance since this is the major structure
that separates the abdomen from the thorax (Fig. 12.5). Since free fluid may be
located above or below the diaphragm, failure to identify this structure may lead to
preventable errors during procedures, such as an inadvertent sub-diaphragmatic
puncture during a thoracentesis.


http://dx.doi.org/10.1007/978-1-4939-1723-5_10
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Fig. 12.5 Ultrasound image:
right diaphragm, liver, and
kidney. The diaphragm in this
ultrasound image is the
hyperechoic curved line. Do
not confuse the diaphragm
with the hyperechoic line in
the hepatorenal recess
(Morison’s pouch)

Fig. 12.6 Position of the
transducer at Point A. Start
scanning at this point in a
critical care abdominal
ultrasound examination.
Place the transducer in the
right anterior to midaxillary
line at the 8th—10th
intercostal space to examine
the right hemidiaphragm.
Note the orientation marker is
facing up (cephalad). The
liver and kidney can be
imaged here, as well as the
diaphragm. Rotate the
transducer (orientation
marker) to 10-11 o’clock to
minimize artifact from the rib
cage (acoustic shadowing).
Carefully select the depth
(usually 16-19 cm) so that
you do not miss important
structures

Diaphragm

T. Minami

Hepatorenal Recess
Liver

Kidney

Technical Aspects: How to Locate the Diaphragm

When using the phased array 1-5 MHz transducer at Point A, the orientation marker
should be facing cephalad (Fig. 12.6) or directed toward the right shoulder, thus
slightly rotated to the back (parallel to rib). Place the transducer at the mid-axillary
line at the level of the 8th to 10th intercostal space. The probe may be rotated so that
the acoustic shadow of the rib does not interfere with the image.
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Pitfalls and Precautions

— Do not confuse the right hemidiaphragm with the hyperechoic line between liver
and kidney representing Gerota’s fascia.

— Supine patients usually have their diaphragm in higher position. Where you nor-
mally expect lung, there may be liver or kidney. Move the transducer cephalad
and caudad freely to make sure you identify the diaphragm. If you have trouble
finding the diaphragm, usually there are a few specific reasons:

1. The transducer is positioned either too high (imaging the lung) or too low
(imaging part of the liver or kidney).

2. The transducer is placed too far anteriorly.

3. The transducer rotation is suboptimal.

Right Kidney

With rare exception, every patient who comes to the ICU with acute renal failure or
low urine output should have ultrasound scanning of the genitourinary system rap-
idly carried out to rule out obstruction (hydronephrosis, full bladder with outlet
obstruction, etc.) and to assess for evidence of chronic kidney disease. When a UTI
is suspected, look for fluid collections around the kidney and/or signs of hydrone-
phrosis. Pathology can subsequently be confirmed with a comprehensive ultra-
sound, but early identification of these findings can allow appropriate early
interventions, further imaging, and consultations to be initiated quickly.

Technical Aspects: Imaging the Right Kidney

To scan the kidney, start the scan from the mid- to posterior axillary line, moving
slowly forward to the anterior axillary line. Start scanning from the back so that the
hand holding the transducer is almost touching the bed when the patient is in a
supine position. If orientation is lost, look for the diaphragm, an important land-
mark. Placing the patient in the left lateral decubitus position, if possible, may be
helpful. The transducer may be rotated slightly to minimize the effect of the acous-
tic artifact from the rib cage. Novice examiners may find it difficult to locate the
kidneys; this is often due to the fact that they start scanning too far anteriorly. Because
the kidney is a retroperitoneal organ, scanning from back to front allows the sonog-
rapher to identify the kidney more easily (this is particularly the case with the left
kidney). Angulation is also important: angle the transducer so that the beam is
aimed posteriorly, almost scanning in a sagittal plane, i.e., not with the beam in a
perpendicular position (coronal view), which is more suitable for assessment of
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Hepatorenal
recess

) ‘ﬁ‘

Diaphragm

Fig. 12.7 The hepatorenal recess (Morison’s pouch). The potential space that exists between the
kidney and the liver constitutes the hepatorenal recess, or Morison’s pouch. The echogenic line of
Gerota’s fascia should not be confused with the echogenic pleural line of the diaphragm. Fluid
accumulation in the hepatorenal recess will result in a relatively hypoechoic space forming
between the liver and the kidney (see also Fig. 12.11 below)

IVC and aorta. Look for free fluid in the hepatorenal recess (Fig. 12.7) between the
right kidney and the liver (Morison’s pouch). Be sure to image the kidney through
its inferior pole to avoid inadvertently missing free fluid in the most inferior aspect
of Morison’s pouch.

Basic Competencies: Kidney

Goals when scanning the kidney include an assessment of kidney size, observation
of the pelvis for evidence of hydronephrosis, and qualitative examination of renal
cortex echogenicity. First, assess kidney size. Freezing an image and using calipers
may be helpful. The size of the normal kidney usually ranges from 9 to 12 cm [1].
Reduction in kidney size typically indicates chronic/irreversible renal pathology,
i.e., chronic kidney disease with atrophy [4]. Next, observe the renal pelvis to see if
there is any sign of hydronephrosis (dilation of renal pelvis and collecting system)
(Fig. 12.8). This will appear as hypoechoic regions that communicate and coalesce
in the renal pelvis and drain into the ureter. More subtle evidence of early hydrone-
phrosis may require comprehensive abdominal ultrasound for confirmation. Finally,
assess the renal cortex. The normal renal cortex appears thick; a thin cortex suggests
the presence of chronic kidney disease. In acute kidney injury, the cortex is usually
hyperechoic. By contrast, in chronic kidney disease the renal cortex is usually thin
and hypoechoic.
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Fig. 12.8 Hydronephrosis:
Note hypoechoic lesions
which are dilated calyces
connected to the renal pelvis.
Unlike renal cysts, these
structures can be shown to be
connected. Move the
transducer carefully to
observe and document
connectivity and drainage
into the renal pelvis

Fig. 12.9 Renal cysts:
Though this image looks
similar to the one with
hydronephrosis, the
hypoechoic regions are cysts,
as the structures have a clear
boundary and no connection
to the calyx. To confirm this,
the transducer must be moved
carefully by the sonographer
to confirm that there is no
connection between these two
structures and no connection
to the renal pelvis

Pitfalls and Precautions

Avoid mistaking renal cysts (Fig. 12.9) for dilation of the collecting system. Dilated
elements of the collecting system should join together in the renal pelvis, so change
the transducer tilt and angulation for comprehensive assessment of any hypoechoic
region visualized in the kidney.
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Inferior Vena Cava and Aorta

Images of both the IVC and aorta can be obtained from Point A. The IVC in this
position will appear as a tubular structure deep to the liver (Fig. 12.10). The aorta
will also be visualized, in a deeper position still. If there is any confusion regarding
whether the IVC or aorta is being visualized, the use of Doppler signaling may be
helpful. Following the drainage of the hepatic veins into the IVC can also be helpful
in identifying the IVC. Imaging of the IVC, useful in the assessment of volume
status and fluid responsiveness, is more fully discussed in Chap. 4. Examination of
the IVC from Point A is not extensively examined from an evidence-based point of
view. Thus, the evidence is not sufficient to state that measurement of the IVC from
this approach can be substituted for the measurement of the IVC from the anterior
abdomen or from the subcostal view. However, since imaging of the IVC from an
anterior or subcostal position may be technically difficult, owing to factors such as
patient body habitus or presence of intra-abdominal gas, gaining experience in
imaging the IVC from Point A is important.

Imaging of the abdominal aorta with ultrasound can be critical in the rapid triage
of the patient with back or abdominal pain and hypotension/shock. The goal is to
assess for abdominal aortic aneurysm (dilation of the aorta to a size greater than
3 cm) [5, 6]. Imaging from Point A can offer a valuable initial reference point in the
assessment of the aorta, but for more comprehensive imaging of the aorta, see the
discussion of aortic imaging under Point B below.

Fig. 12.10 IVC and aorta from Point A (coronal view). The transducer is placed in the same posi-
tion as in imaging of the liver and the right kidney. The only difference is that the transducer is
angled so that it is more perpendicular (coronal view). This approach is particularly useful for
obese or ventilated patients as the IVC or aorta may not be visible from the frontal approach
because of abdominal fat or gas. (/VC inferior vena cava)


http://dx.doi.org/10.1007/978-1-4939-1723-5_4
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Technical Aspects

The transducer is placed in the same position as described above for the kidney. The
angulation of the transducer should be more perpendicular to image the inferior
vena cava and aorta, i.e., a coronal view. Carefully change the angle of the trans-
ducer so that the plane is not off-axis. Complete examination of the aorta to rule out
aneurysm cannot be performed solely from Point A, but the aorta may be imaged
both proximally and distally with angulation changes.

Pitfalls and Precautions

— The IVC may be confused with the aorta, as both structures can be observed
from the same point but typically with slightly different angulations of the ultra-
sound beam. Note that there should be pulsatile Doppler flow in the aorta, but not
the IVC, and that the aorta should be located deeper than the IVC.

— The draining hepatic veins can be followed to their entrance into the IVC to con-
firm that the IVC is correctly identified.

Ascites/Pleural Effusion

From Point A, both a right pleural effusion and ascites may be identified.

Ascites

Identification of ascites is a key goal of critical care abdominal ultrasonography.
From Point A, you can assess the hepatorenal recess, or Morison’s pouch, an impor-
tant dependent area where ascites or free fluid first gathers in the abdomen. This is
therefore an excellent location to assess for the presence of early ascites. Ascites
typically appears as an anechoic space surrounding the normal organs (Figs. 12.11
and 12.12). Complicated ascites, as in infection, may have some internal or swirl-
ing/scintillating echogenicity (the so-called plankton sign) or even contain internal
septations (Fig. 12.13). Therefore, recording an assessment of the qualitative
appearance of the fluid may be helpful. Again, do not confuse ascites in Morison’s
pouch with a pleural effusion. Confirmation of the location of the diaphragm is criti-
cal. Keep in mind that fluid may be present both above and below the diaphragm
(see Fig. 12.12); therefore, simply locating anechoic fluid from this viewpoint is not
sufficient to determine whether the fluid is intrathoracic or intra-abdominal.
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Fig. 12.11 Ascites in
Morison’s pouch (the
hepatorenal recess). Note that
in large volume ascites, as in
this case, fluid is easily
recognized in Morison’s
pouch, but in small volume
ascites, signs may be more
subtle and ascites may be
only visualized as the
presence of a slit-like line in
Morison’s pouch (see also
Fig. 14.5 in Chap. 14)

Fig. 12.12 Large volume
ascites and hepatic
hydrothorax. Note the
simultaneous presence of
pleural effusion above the
diaphragm, illustrating the
importance of identifying the
diaphragm

Fig. 12.13 Complex ascites.
The hemidiaphragm (in this
case, the left hemidiaphragm)
is a critical landmark to
distinguish ascites from
pleural effusion. Note the
internal septations, indicating
complex fluid. Complex
features typically implies
inflammation, but an absence
of apparent fluid complexity
does not always rule out
inflammation

T. Minami
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Fig. 12.14 Portal and hepatic
veins. Note the highly
echogenic wall of the portal
vein, in contrast to the
non-discernible wall of the
hepatic vein. The hepatic
veins will be observed to
drain into the IVC with
transducer manipulation ¥~Hepatic Vein

Portal Vein

Liver and Biliary Tree

Examination from Point A also enables examination of the liver and biliary
structures. A comprehensive analysis of the liver is beyond the scope of our discus-
sion; however, a few important structures are worth mentioning.

There are three vessels or vessel-like structures within the liver: the hepatic
veins, portal vein, and the intrahepatic biliary tree. Of these three structures, the
intrahepatic biliary ducts are usually not discernable by ultrasound unless there is
specific pathology (dilation). Distinguishing hepatic vein from portal vein is typi-
cally easy, as the hepatic vein usually does not have a discernable vessel wall,
whereas the portal vein has a highly echogenic vessel wall (Fig. 12.14). Anatomically,
the hepatic veins flow into the IVC; thus, vascular structures in the liver without
discernible walls that are connected to IVC are hepatic veins. If the splenic vein,
which runs behind the pancreas, is carefully followed, this structure should lead to
the portal vein, but this technique is beyond the scope of this chapter.

The intrahepatic biliary ducts run parallel to the portal veins, but usually they are
hard to detect in ultrasonographic examination. If two vascular structures are imaged
running in parallel, and one set of these structures is the portal veins with highly
echogenic walls, the parallel set of structures are likely to be dilated intrahepatic
biliary ducts.

Point B: Subcostal

From Point B, several structures important in the assessment of hemodynamics can
be imaged, such as the heart and pericardium, the inferior vena cava (IVC), and the
aorta. The gallbladder may also be visualized from this position with tilting and
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angulation of the probe. Assessment of the heart/pericardium from the subcostal
view will be discussed in Chaps. 5, 6, 7, but here I would like to primarily discuss
the technical aspects of how the IVC and aorta can be imaged from this
viewpoint.

Inferior Vena Cava
Technical Aspects: Identification of the Inferior Vena Cava

Many novice examiners spend excessive amounts of time struggling to locate the
IVC. A common misconception is that the IVC will be located in the middle of the
abdomen. Rather, the IVC is located slightly to the right of midline. The other com-
mon technical pitfall is placing the transducer perpendicular to the abdominal wall.
The transducer should be tilted up almost 45° (Fig. 12.15) so that the beam is aimed
at the diaphragm dome. Simply placing the transducer slightly to the patient’s right
and tilting the transducer upwards makes the examination of this vascular structure
much easier. A basic approach is to start by finding the heart from the subcostal
approach, then rotating the transducer counterclockwise until you see the IVC flow-
ing into the right atrium. Manipulate the transducer angle until the hepatic vein
entrance is visualized.

For uniformity, the IVC diameter should be assessed proximal to the entrance of
the hepatic veins. As discussed in Chap. 6, an IVC diameter <2.1 cm that collapses
>50 % with inspiration suggests a normal right atrial pressure (range 0-5 mmHg),
while an IVC diameter greater than 2.1 cm that fails to collapse at least 50 % with
inspiration suggests a high right atrial pressure (range 10-20 mmHg).

Fig. 12.15 Transducer
placement to examine the
IVC. Note the transducer is
slightly shifted to the
patient’s right from midline.
Also note it is tilted almost
45° to cephalad
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Pitfalls and Precautions

— Abdominal gas can complicate IVC visualization. Use the liver as an imaging
window. Follow the hepatic veins to the IVC if localization is difficult.

— Avoid imaging the midline, where the IVC won’t be found. Place the probe just
to the right of midline and tilt the transducer upwards 45°.

— Be sure that movement of the IVC into a different imaging plane is not mistaken
for diameter change or collapsibility.

Aorta
Technical Aspects: Identification of Abdominal Aorta

With a similar approach to imaging the IVC, the aorta can be localized. Place the
transducer in the midline of the abdomen with the transducer slightly tilted cepha-
lad, and the probe marker oriented cephalad to catch the aorta in a longitudinal view
(Fig. 12.16). Rotation of the probe counterclockwise, with the probe marker ori-
ented to the patient’s right, will reveal a transverse view (Fig. 12.17). The spine will
be visualized as a hyperechoic line adjacent and posterior to the aorta with posterior
acoustic shadowing. The IVC will be visualized to the patient’s right. The ultraso-
nographic image of the aorta is similar to the IVC, but different in that [1] the aorta
has a thicker wall; [2] the aorta has pulsatile flow on Doppler; and [3] the IVC will
have a respirophasic variation in diameter. For a complete examination of the length
of the intra-abdominal aorta, the ultrasound transducer should be moved caudad
toward the umbilicus. The celiac axis and superior mesenteric artery will be observed
as branches off the aorta when the transducer is moved distally. The aorta should be

Fig. 12.16 Abdominal aorta,
longitudinal view. Carefully
note the diameter of the aorta,
with a diameter greater than
3 c¢m indicating aneurysmal
dilation. Freeze an image and
use calipers for accurate
measurement
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Fig. 12.17 Abdominal aorta,
transverse view. Again, note
the diameter from the outer
wall to outer wall, using
image freeze and calipers for
accurate measurement

followed until it branches into the iliac arteries. This should be done in both the
transverse view and longitudinal view. A transverse view avoids the problems of
shifting off-axis as can occur in the longitudinal view.

Basic Competency: Identification of Abdominal Aortic Aneurysm

Detecting abdominal aortic aneurysm by ultrasound scanning is sensitive and spe-
cific, and may improve patient care [7, 8]. External wall diameter (from outer wall
to outer wall) of more than 3 cm was considered aneurysmal in these studies.
Imaging the aorta from Point B alone is insufficient to rule out an aneurysm. If aneu-
rysm is in the differential, the aorta should be followed caudally along its length to
its bifurcation into the iliac arteries to ensure a comprehensive examination.

Pitfalls and Precautions

— Avoid confusing the aorta and the IVC. A few tips to tell IVC from aorta: the
visualized structure is the IVC if it flows into the right atrium; the hepatic veins
flow into the IVC; and the IVC is just adjacent to the liver. The aorta is located
to the left of midline, with IVC to the right, thus location can be helpful; but
above all, the aorta is a pulsatile structure with a thicker wall. Use Doppler imag-
ing to assess for pulsatile flow if there are any doubts.

— Similarly, don’t mistake the spine for the aorta. Again, Doppler flow measure-
ment can be helpful.

— Assessing the aorta in a longitudinal view can underestimate the size of the aorta
if the aorta is imaged off the central axis.

— Measure the aorta from the outer wall to outer wall, not across the inner lumen
of the aorta, to assess for aneurysm. Measuring the inner lumen will result in
underestimation of aortic size.
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Pancreas

While the pancreas can potentially be imaged from this point [5], it has been
suggested that “Not too much energy should be devoted to this organ by the inten-
sivist who has not full mastery of priority targets (lungs, veins, basic heart, etc.)”
[5], a statement with which I agree. The ACCP/SRLF statement by Mayo et al. [2]
also does not include imaging of the pancreas as a competency in abdominal
ultrasonography.

Point C: Left Upper Quadrant

Observation of organs from this point is technically more challenging because their
anatomic locations are more posterior than the liver or the right kidney. Locating the
left hemidiaphragm is also more challenging because the landmark of the liver is
not present. The organs to be identified from Point C are the left hemidiaphragm,
spleen, and left kidney. As with imaging from Point A, identification of the hemidia-
phragm allows classification of free fluid as pleural or peritoneal, and thus this
structure should be identified first. Figure 12.18 shows the typical structures visual-
ized from this imaging window.

Left Hemidiaphragm

The left hemidiaphragm is usually better imaged from the posterior axillary line
than from the mid-axillary line, thus the hand holding the transducer should be
touching the bed (i.e., “knuckles on the stretcher”) if the patient being imaged is in

Fig. 12.18 Normal view of
left upper quadrant structures
from Point C. A spleen, B left
kidney, C left hemidiaphragm
(Image courtesy of Amie

H. Woods, MD)
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the supine position. The probe marker should be oriented cephalad, with the probe
at the level of the 8th to 10th intercostal space. Carefully rotate the transducer to
minimize the effects of rib shadow. The left hemidiaphragm will be visualized as a
curving hyperechoic line (Fig. 12.18).

Spleen

The spleen can be imaged at the same time as the left hemidiaphragm. Spleen echo-
genicity is almost the same as the liver. It will be more posteriorly located and
smaller than the liver. The spleen is mainly utilized as a guide to locate the left
kidney or the diaphragm and to identify fluid in the adjacent splenorenal recess.
Examination of the spleen itself is of less utility to the intensivist compared to other
organs; however, the splenorenal recess should be carefully imaged to assess for the
presence or absence of free fluid/ascites.

Left Kidney
Technical Aspects: Identification of the Left Kidney

Ultrasound of the left kidney is technically more challenging than the right kidney
due to its more posterior anatomical position. The ultrasound probe needs to be
positioned more posteriorly than on the right. First, locate the spleen, which should
be located just beneath the left diaphragm. Carefully move the transducer caudally
to see if you can visualize the left kidney, normally just beneath the spleen. Observe
closely the splenorenal space for ascites/free fluid. Be sure to image the entire length
of the kidney to its inferior pole.

Basic Competencies: Left Kidney

The basic competencies when examining the left kidney are identical to the right
kidney outlined above. Kidney size should be measured, the renal pelvis should be
examined for hydronephrosis, and a qualitative evaluation of the renal cortex, espe-
cially its echogenicity, should be done systematically, as on the right.

Ascites and Pleural Effusion
Analogous to Point A, Point C is a convenient window to rapidly assess for the pres-

ence of ascites (in the splenorenal space) and for a left pleural effusion (an anechoic
space above the left hemidiaphragm).
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Point D: Suprapubic
The Bladder

Technical Aspects: Imaging the Bladder

When scanning the bladder, the transducer should be placed just above the pubic
symphysis, with the probe orientation marker positioned facing the patient’s right
for a transverse view of the bladder (Fig. 12.19). The transducer should be angled
very low, almost parallel to the body surface. A common mistake is that the exam-
iner will angle the transducer too high or perpendicular to the body surface. The
bladder will be visualized as a rectangular structure with a hypoechoic internal
space and hyperechoic wall. By rotating the probe marker cephalad, a longitudinal
view of the bladder can be obtained.

Note that the seminal vesicles and prostate (in men) can be visualized deep to the
bladder on the transverse view, with the seminal vesicles appearing as paired
hypoechoic structures deep to the hyperechoic far bladder wall. The prostate appears
more echogenic, and may indent the posterior bladder wall if hypertrophic; and the
rectum may be visualized deep to the prostate. On longitudinal view, the prostate
will be seen along the caudad aspect of the bladder. The uterus (in women) can simi-
larly be visualized from the suprapubic view relatively deep and superior to the
bladder.

Basic Competencies: Assessment of Bladder Filling and Free Fluid

If a patient is oliguric or anuric, assessment of the bladder by ultrasound may help
to determine the cause of the lack of urine output. In an anuric patient with a full or
overdistended bladder, the point of urinary tract obstruction is likely distal, at the

Fig. 12.19 Full Bladder
(transverse view). The full
bladder can be seen as a
rectangular structure with
hyperechoic walls and a
hypoechoic internal space
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Fig. 12.20 Blocked Foley
catheter in bladder
(transverse view). Note that
the bladder is full of urine -
despite the presence of the Foley Balloon
Foley catheter. Changing the Bladder

Foley catheter relieved the
obstruction, allowing urine
flow

Fig. 12.21 Blocked Foley
catheter (sagittal view). Same
view of Foley catheter in the
bladder from a different -

orientation Catheter Tip Bladder/
_\\‘ :

<

Foley Balloon

T

=

A
-

-

bladder outlet or urethra. When a Foley catheter is visualized surrounded by
hypoechoic urine in the bladder, that means the catheter itself is obstructed and
should be flushed or replaced (Figs. 12.20 and 12.21). However, if the bladder is
collapsed in an anuric patient, this indicates either more proximal obstruction(s) or
simply a lack of urine production. Imaging information from this view should thus
be correlated with the views of the kidneys at Points A and C in this imaging schema.
Stones may be seen as bright structures within the bladder lumen with acoustic
shadowing. When imaging from point D, also assess for anechoic spaces posterior
to the uterus and between uterus and bladder (in women) or between the bladder and
rectum (in men) indicating the presence of free intraperitoneal fluid. Larger amounts
of free fluid may also be observed to collect superior to the bladder.
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Evidence Review and Evidence-Based Use of Critical
Care Abdominal Ultrasound

The use of the FAST exam in trauma has been the most well-studied application of
emergency abdominal ultrasound. This evidence is reviewed in Chap. 14. While there
is agreement that aspects of abdominal ultrasound should be incorporated into the
assessment of the nontrauma critically ill patient [3], a generalized approach to this
aspect of critical care ultrasound has not been well studied. A combined abdominal
and cardiac evaluation for patients with shock has been proposed, and is intuitively
appealing, though without systematic supportive evidence [8] (approaches such as
the Abdominal and Cardiac Evaluation with Sonography in Shock [ACES] evalua-
tion and this location-specific approach require validation through further study.

However, there are studies to support specific aspects of the proposed critical
care abdominal ultrasound exam. For example, there is relatively extensive data on
the use of point-of-care abdominal ultrasound in the emergency setting in symptom-
atic patients to assess for abdominal aortic aneurysm. A systematic review of stud-
ies of emergency department bedside ultrasound for suspected abdominal aortic
aneurysm showed very high pooled sensitivity and specificity (99 %, 95 % CI
96-100 % and 99 %, 95 % CI 97-99 %, respectively) [9]. Additionally, emergency
physicians have been shown to attain reasonable sensitivity (86.8 %, 78.8-92.3 %)
[10] and specificity (92 %, 84-100 %) [11] for the diagnosis of hydronephrosis.
These studies suggest that aspects of abdominal ultrasound carried out in an emer-
gency setting and focused on specific diagnostic problems can be highly successful.
However, incorporating a more systematic examination into the daily care of the
intensive care unit patient may pose different challenges, and the diagnostic and
clinical return on the investment of time deserves further examination.

Conclusions

The proposed location-specific approach to abdominal ultrasound in the critically ill
allows for a systematic framework for an intensivist-driven bedside ultrasound eval-
uation of intra-abdominal pathology. This approach provides an extensive, though
not comprehensive, evaluation of numerous organ systems and potential patholo-
gies to supplement the clinical examination and may aid in the rapid diagnosis and
triage of specific conditions in the ICU.
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Chapter 13
Intensive Care Unit Ultrasound for Venous
Thromboembolism

Genese Lamare and Chee M. Chan

Introduction

Venous thromboembolism (VTE) remains a major concern for the intensivist, both
de novo in the form of a massive pulmonary embolus (PE) leading to intensive care
unit (ICU) admission and when VTE is acquired within the ICU as a complication
of other critical illness. Nonspecific symptoms associated with PE render it difficult
to diagnose. Symptoms can range from simple shortness of breath to syncope to
shock to cardiac arrest. The vague clinical presentation of PE requires astuteness on
the part of the clinician to pursue diagnostic testing, particularly in those patients
who are unable to express their symptoms. Adding to this diagnostic conundrum are
limitations in available testing modalities and in the critically ill patient’s ability to
travel due to hemodynamic derangements. For example, computed tomography
(CT) of the chest with PE protocol is often not feasible in those who suffer from
impaired renal function, while intubated patients are unable to make conscious
inspiratory efforts, thus precluding much meaningful information to be gained from
ventilation perfusion scintigraphy (V/Q scan).

Further complicating this equation is the high incidence of deep vein thrombosis
(DVT) and PE among critically ill patients. Despite numerous available options for
thromboprophylaxis, up to 12 % of patients in a mixed medical-surgical ICU [1, 2]
and approximately 30 % of trauma patients still develop DVT [3]. More concerning

G. Lamare, M.D. (<)

Department of Pulmonary & Critical Care Medicine, MedStar Washington Hospital Center,
110 Irving St. NW #2A-68, Washington, DC 20010, USA

e-mail: genese.lamare @ gmail.com

C.M. Chan, M.D., MPH, FCCP

Department of Pulmonary & Critical Care Medicine, Washington Hospital Center,
110 Irving Street NW #2B-39, Washington, DC 20010, USA

e-mail: chee262 @hotmail.com

© Springer Science+Business Media New York 2015 273
M. Jankowich, E. Gartman (eds.), Ultrasound in the Intensive Care Unit,
Respiratory Medicine, DOI 10.1007/978-1-4939-1723-5_13


mailto:genese.lamare@gmail.com
mailto:chee262@hotmail.com

274 G. Lamare and C.M. Chan

is the close relationship between DVT and PE, whereby the majority of PEs
originate from a lower extremity (LE) DVT [4]. This worrisome nexus between
undiagnosed DVT leading to subsequent PE is a critical missed opportunity when
PE is massive and compromises hemodynamic stability, as this situation is associ-
ated with mortality rates of approximately 25 % [5]. This illustrates the need to
maintain a high clinical suspicion for VTE, since limitations in the cardiopulmo-
nary reserve of critically ill patients will result in substantial morbidity and mortal-
ity from undiagnosed VTE. Exemplifying this point are multiple autopsy reports
documenting that PE is the most commonly missed major diagnosis in the ICU [6, 7].
Conversely, coagulopathy associated with critical illness contributes to the need to
definitely diagnose VTE so that the risk-benefit ratio of bleeding from full dose
anticoagulation can be carefully weighed in this high-risk population. Since timely
treatment has been demonstrated to affect vital outcome for VTE, timely diagnosis
is imperative.

The many limitations to obtaining definitive imaging for VTE in critically ill
patients underscore the need for portable, bedside tests to aid in making a diagnosis.
The increasing use and accessibility of ultrasonography in the ICU setting provide
an ideal opportunity to improve VTE diagnosis. Although ultrasound may be unable
to provide a definitive diagnosis of PE, the presence of a DVT strengthens clinical
suspicion and allows the clinician to initiate treatment for VTE. In conjunction with
the appropriate clinical setting, other ultrasonographic findings, such as thrombus in
the right atrium (RA) or right ventricle (RV), RV strain, and McConnell’s sign,
assist in the diagnosis and management of VTE in the critically ill patient.
Furthermore, in patients already diagnosed with PE, ultrasound will assist in deter-
mining both the level of care required by the patient as well as whether more aggres-
sive therapy is necessary.

One of the most appealing characteristics of ultrasound is the ability to acquire
crucial information rapidly, at the bedside, and in a noninvasive fashion. For the
diagnosis of DVT, venous ultrasonongraphy is already the first-line modality. With
a sensitivity of 97 % and specificity of 94 % in symptomatic patients, clinicians
should not hesitate in initiating treatment when a DVT is found by ultrasound or in
withholding treatment for DVT if the examination is negative [8—10]. Currently, the
biggest rate-limiting step associated with LE ultrasonography is the availability of
skilled technicians to perform such studies 24 h aday and 7 days a week. Furthermore,
a radiologist is typically required to review and interpret the ultrasound images.
However, waiting for others to perform this test can cause substantial delays in
therapy or can needlessly subject critically ill patients to the bleeding risk of full
dose empiric anticoagulation. It therefore behooves the intensivist to become profi-
cient at performing a focused bedside vascular ultrasound. With proper training and
experience in using portable handheld ultrasound devices, rapidly obtained and
interpreted images can be applied in combination with clinical factors to expedite
VTE diagnosis and treatment.
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Technical and Patient Considerations

The first bedside test used to diagnose VTE in the ICU is LE ultrasonography.
Complete color-flow duplex ultrasonography, combining B-mode with Doppler
flow analysis, is the most common examination performed when DVT is suspected.
However, a full duplex ultrasound of the LEs is time consuming, taking approxi-
mately 30 min to complete. Also, color flow analysis has not been shown to improve
sensitivity or specificity when compared to limited compression ultrasonography
(CUS), which is just as accurate, sensitive, and specific for diagnosing DVT
[11-13]. In fact, the sensitivity and specificity of a limited compression exam is
100 % and 98 %, respectively [12]. The trained practitioner can perform a limited
CUS in 5 min and at any time of the day or night at the bedside, precluding the need
to wait for vascular technicians and/or radiologists when the diagnosis is time sensi-
tive. The CUS exam is performed while the patient is lying supine, with the head of
the bed raised at 30-45° to maximize venous return (consider also reverse
Trendelenburg position in patients who have spinal precautions), making this exam-
ination ideal for the intubated or hemodynamically compromised patient.

A high-resolution linear array transducer is needed to examine the peripheral
vascular system. Probe frequencies typically range from 7 to 10 MHz, with higher
frequencies allowing for better resolution and more detail, at the price of decreased
depth of penetration. Occasionally, lower frequency 5 MHz probes can be consid-
ered for obese patients or in the presence of significant LE edema to overcome depth
limitation. Although color and pulse-wave Doppler are not required for the exami-
nation, most portable machines currently have these capabilities, which can aid in
delineating vasculature. Applying color allows the sonographer to view color pulsa-
tions indicating an arterial pattern of blood flow when placed over an artery. When
placed over a vein, some color might be seen in the vessel, but flow will not be
pulsatile (Fig. 13.1). Similarly, when pulse-wave Doppler is placed over an artery, a
pulsatile flow tracing is seen.

Fig. 13.1 Color Doppler is
used to distinguish the
superficial (a) and deep

(b) femoral arteries from the
common femoral vein (c)
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In situations where PE is a major concern, identification of a DVT allows
the clinician to institute immediate anticoagulant therapy. However, caution must be
exercised when no DVT is identified as up to 40 % of patients with a PE do not have
a DVT [14]. Additionally, it is important to remember that the diagnosis of PE can-
not be made explicitly with ultrasound. The utility of bedside echocardiography in
the evaluation of PE augments clinical suspicion in hemodynamically unstable
patients who cannot safely undergo a definitive test. Thus, ultrasonographic testing
for PE is most helpful when typical findings of RV strain are absent, so that massive
PE can be ruled out as part of a differential for shock of unknown etiology.
Conversely, when submassive or massive PE is suspected in someone already
known to have VTE, the presence of RV strain confers higher mortality.

Limited bedside echo performed to evaluate for signs consistent with PE is done
using a phased-array, 2—4 MHz probe. The standard echo views are the parasternal
long, parasternal short, subcostal long, and apical four-chamber. These views are
easiest to obtain with the patient lying on the left side; however, this positioning is
often not feasible for critically ill patients who cannot follow commands. Thus,
these views are frequently obtained with the patient lying supine.

Image Acquisition and Interpretation

Sonographic diagnosis of a DVT is made by visualizing echogenic material within
the lumen of a vein and/or by identifying a non-compressible venous segment.
Determination of venous compressibility (visualizing complete collapse of the ves-
sel lumen when adequate pressure is applied) or incompressibility (absence of
venous collapse with adequate pressure) is the most reliable diagnostic sign when
determining the presence or absence of a DVT [13]. Pressure is considered adequate
when the walls of the adjacent artery become mildly deformed when attempting to
compress the vein.

Lower Extremity

Examination of the LE venous system begins proximally at the common femoral
vein and ends distally at the trifurcation of the popliteal vein, covering the entire
proximal deep vein system. Vessels should be compressed every 1-2 cm between
these two points while traveling down the leg. For symptomatic patients, a shorter
exam with compression at only two separate points (the common femoral and pop-
liteal veins) is adequate to identify most DV Ts (sensitivity: 100 %; specificity: 99 %
[15]; PPV 94 % [16]). However, clear evidence to demonstrate the diagnostic
accuracy of this shorter examination when screening for asymptomatic DVT is
insufficient. One study consisting of 2,704 symptomatic and asymptomatic subjects
who required LE ultrasounds found that approximately 20 % of DVTs were missed
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Fig. 13.2 Deep venous
anatomy of the lower
extremity

Common Femoral Vein

Deep Femoral Vein Greater Saphenous Vein

Superficial Femoral Vein

Popliteal Vein

when using the shorter exam compared to standard testing [17]. It remains unclear
if this high rate of missed DVT was due to the inclusion of asymptomatic patients.
Given that the critically ill patient is often unable to communicate, and missing a
DVT in this population can have devastating consequences, compressive ultraso-
nography of the entire proximal venous system of the lower limb is recommended.
Veins in the proximal deep venous system that should be visualized include the
common femoral, greater saphenous, superficial and deep femoral and popliteal
veins (Fig. 13.2). Of note, the misleadingly named superficial femoral vein is a part
of the deep venous system, and thrombus identified in this vein must be treated.
Moving from proximal to distal the external iliac artery and vein become the com-
mon femoral vessels, with the common femoral vein generally seen medial to the
artery. Continuing distally, the greater saphenous vein enters the common femoral
vein from the superficial plane. There is no artery accompanying the greater saphe-
nous vein. After this junction, the common femoral vessels divide into the superfi-
cial and deep femoral vessels, with all four vessels visible in the transverse
ultrasound plane (Fig. 13.3). The superficial femoral artery and vein then become
the popliteal artery and vein. Even more distal examination reveals the trifurcation
of the popliteal vein into the anterior tibial, posterior tibial and peroneal veins.
Typically, the superficial greater saphenous vein traverses the medial aspect of
the leg from ankle to proximal thigh, emptying into the common femoral vein near
the inguinal ligament. Because thrombus in the greater saphenous vein has a high
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Fig. 13.3 Venous anatomy moving from proximal to distal lower extremity. (a) Typical relation-
ship of the common femoral artery (CFA) and common femoral vein (CFV), in inguinal region.
(b) Moving distally, the greater saphenous vein (GSV) enters the CFV medially. (¢) Continuing
down the leg, first the CFA bifurcates into the superficial femoral artery (SFA) and deep femoral
artery (DFA). (d) After the artery bifurcates, the CFV bifurcates into the superficial femoral vein
(SFV) and deep femoral vein (DFV)

likelihood of extending into the common femoral vein, this vein should be carefully
evaluated and considered part of the deep venous system [18].

Deep veins of the calf include the anterior tibial, posterior tibial, and peroneal
veins; however, debate exists regarding the management of calf DVTs, since the risk
of embolization or extension into the proximal system is variable [19]. Routine full
examination of the calf is not considered a necessary component of the bedside
examination. In moderate to high-risk patients who have a negative initial study for
proximal DVT, repeat CUS at a one-week interval is recommended [20]. This
allows evaluation for any missed DVT that might have extended from the less con-
cerning distal region into the more dangerous proximal region.

Lower Extremity Image Acquisition and Interpretation

The LE should be exposed from the inguinal region to the popliteal fossa. The leg
should be externally rotated and the knee slightly flexed (Fig. 13.4). On the rare
occasion when a barrier, such as a dressing, is obscuring the ability to perform an
ideal exam, consider removing the barrier and using a sterile probe cover to create
a clean interface between the probe and the patient’s skin.

A high-resolution ultrasound machine with grayscale imaging and a high-
frequency 7-10-MHz linear probe are needed for the examination. Place the trans-
ducer just below the inguinal ligament, holding the transducer in a transverse
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Fig. 13.4 Proper positioning
of the lower extremity: the
leg is externally rotated and
flexed at the knee

orientation with the indicator pointing toward the operator’s left. The common
femoral vein and artery should be immediately visible where the vein is typically
more medial than the artery (Fig. 13.5). Apply downward pressure until the vein
completely collapses to the extent that the walls touch each other. When adequate
pressure is applied (demonstrated by visualizing simultaneous deformity of the
artery with downward pressure) and the vessel lumen does not collapse or if echo-
genic material is noted within the vein, the study is diagnostic for a thrombus. If the
walls of the vein are seen to completely collapse, pressure is released, and the probe
is moved distally by 1-2 cm to find the junction of the greater saphenous vein with
the common femoral vein. The greater saphenous vein will be seen entering the
common femoral vein medially. When compressed, the lumen of both the greater
saphenous and the common femoral veins should completely disappear (Fig. 13.6).

After inspecting the greater saphenous vein, the next important landmark is the
bifurcation of the common femoral artery into the superficial and deep femoral arter-
ies, adjacent to the accompanying common femoral vein (Fig. 13.1). The common
femoral vein then divides into the deep femoral and superficial femoral veins
(Fig. 13.7). In this region distinguishing artery from vein may be difficult, especially
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Fig. 13.5 Common femoral
artery (CFA) and common
femoral vein (CFV) with
typical relationship of vein
medial to artery in the groin
region. Lateral designated by
green dot in the left corner

Fig. 13.6 Dual screen mode. Left: greater saphenous vein (GSV) enters the common femoral vein
(CFV). Right: With compression, there is complete obliteration of the GSV and CFV lumen
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NO COMPRESSION WITH COMPRESSION

Fig. 13.7 Superficial femoral artery (SFA), superficial femoral vein (SFV), deep femoral artery
(DFA), and deep femoral vein (DFV). With compression, none of the vessels collapse in this
patient with a DVT in both the SFV and DFV

with larger legs. Use of pulse wave and/or color Doppler is extremely helpful in
distinguishing the superficial and deep arteries from the veins. Next, the superficial
and deep femoral veins are evaluated in 1-2 cm segments until the deep femoral vein
disappears, leaving the superficial femoral vein to be followed as distally as possible.

With the knee flexed 45°, place the transducer in the popliteal fossa to begin
examination of the lower leg and popliteal region. After the popliteal artery and vein
are identified, and compression of the vein is demonstrated (Fig. 13.8), move down
the leg slightly until the veins just distal to the trifurcation of the popliteal vein are
visualized and compressed. Though identification of a DVT in the calf veins (distal
to the popliteal vein) does not mandate automatic treatment, knowledge of its pres-
ence warrants close follow-up with repeat CUS. The consideration to initiate full
dose anticoagulation must be carefully weighed in high-risk ICU patients found to
have a distal DVT [20].

Once transverse imaging is complete, longitudinal views of the veins serve as a
quick check and balance. Returning to the common femoral vein and rotating the
ultrasound probe 90°, scan through the common femoral, superficial femoral, and
popliteal veins in the longitudinal plane to ensure no intraluminal thrombus is seen.
Just like with transverse views, compress the vessels with the probe to ensure that
the vessels collapse completely. If thrombus was previously found in the transverse
plane, the longitudinal view helps visualize the extent of intraluminal thrombus.
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Fig. 13.8 Popliteal artery (PA) and popliteal vein (PV). Left screen shows no compression; right
screen shows disappearance of lumen with compression

Augmentation can sometimes be used in difficult cases (e.g., morbid obesity or
edema) to distinguish vasculature. This maneuver requires the application of color
Doppler to the vein being visualized, then squeezing the leg at any area distal to the
placement of the probe. Augmentation results in a rush of increased venous flow at the
level of the probe. Theoretically, greater flow in the vessel rules out thrombus between
the level of the vessel being visualized and where the leg is squeezed. However, aug-
mentation does not provide additional meaningful information to the compression
study [21] and 17-35 % of patients with DVT still show augmentation [22, 23]. For
these reasons, augmentation is not a required part of the LE evaluation and should
only be reserved for use when standard LE ultrasonography is inconclusive.

Upper Extremity

Upper extremity (UE) DVTs are not as rare or harmless as once thought. Though
less common than LE DVT, they comprise between 10 % and 18 % of all DVTs and
carry a risk of embolization, prompting current guidelines from the American
College of Chest Physicians to recommend treatment of all proximal (axillary vein
or higher) UE DVTs [24-26]. The incidence appears to be rising [27, 28], likely
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due to the association between UE DVTs and central venous catheters and an
increased recognition that these DVTs are not benign. Because of frequent central
venous catheterization, the critically ill population is particularly susceptible to UE
DVT, and the possibility of an UE DVT must be given careful consideration in
these patients.

The deep venous system of the UE begins with the radial and ulnar veins which
meet in the antecubital fossa to become the brachial vein. This vein comprises of
two vessels that travel on either side of the accompanying brachial artery throughout
the upper arm. Continuing proximally, the basilic vein (a superficial vein) joins the
brachial vein and forms the axillary vein; vessels proximal to and including the axil-
lary vein encompass the proximal UE deep venous system. After passing under the
clavicle the axillary vein becomes the subclavian vein, which joins the internal jug-
ular (IJ) vein to become the brachiocephalic vein. Similar to the LE deep venous
system, ultrasound examination of the UE system requires 1-2 cm compressions
between the brachial and IJ veins.

Upper Extremity Image Acquisition and Interpretation

Starting in the supine position, identify the IJ in the transverse plane, sitting adja-
cent to the carotid artery. Evaluate the lumen of the 1J for visible thrombus, and
perform compression. Typically, the IJ can be traced starting at the mastoid and
progressing distally to its entry into the brachiocephalic vein. Since compression of
the brachiocephalic is not possible because of the overlying clavicle, place color
Doppler over the vein and watch for luminal filling from wall to wall. Pulse wave
Doppler is then applied to look for presence of flow. Absence or reduction in flow
is considered positive for the presence of a DVT. The subclavian vein is then found
and traced toward the shoulder above the clavicle, but similar to the brachiocephalic
vein, it is not compressible. Doppler interrogation with both pulse wave and color
should be used throughout the course of the subclavian vein. Not only will pulse
wave Doppler help to identify an area of the vein with clot, it will help to distinguish
artery from vein in a confusing and difficult region. Small pulsations will be seen
when pulse wave Doppler is applied to the vein, but these pulsations are generally
less pronounced than in the artery. Further assisting in differentiation between
artery and vein is the demonstration of respiratory variation with venous pulsations.
Nearing the shoulder, the proximal portion of the axillary vein will also be obscured
by the clavicle, therefore necessitating the continued use of Doppler interrogation
of the vessel. Consider elevating and extending the arm outward to help engorge the
veins if the distal subclavian and axillary veins are not visualized [29]. Once in the
axilla, the brachial vein is compressible as it runs distally toward the antecubital
fossa before splitting into the radial and ulnar veins. Throughout the UE examina-
tion, visible clot, a non-compressible segment, or lack of Doppler flow is diagnostic
for a DVT.
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Right Ventricular Evaluation

Limited echocardiography is used to risk-stratify a patient already diagnosed with
PE or to determine whether PE might be causing shock. The basic four echocardio-
graphic views to assess RV function are the subcostal long axis, parasternal long
axis, parasternal short axis, and apical four-chamber views. On each of these views,
the focus is on the RV to evaluate its function, appearance (dilation), and whether
the interventricular septum intrudes into the left ventricle (LV), causing obstructive
shock. Additionally, visible clot seen swirling in the RA or RV would further
strengthen the case for an acute PE.

Right Ventricle Image Acquisition and Interpretation

A 2—4-MHz phased-array transducer is used to find four standard echocardiography
windows: parasternal long axis, parasternal short axis, apical four-chamber, and
subcostal long axis. Though all four windows should always be obtained, the most
helpful windows are the parasternal short axis and the apical four-chamber. A good
parasternal short view is generally created after successfully obtaining a clear para-
sternal long picture. The transducer is placed just to the left of the sternum in the
3rd—4th intercostal space, with the indicator facing toward the patient’s right shoul-
der. Once a clear parasternal long view is obtained showing the RV, LV, mitral valve,
aortic outflow tract, and aortic valve (Fig. 13.9), the probe is then rotated 90° clock-
wise in the same position to produce the parasternal short axis view. This view
provides a clear picture of the LV (typically round in appearance) with the RV seen
to the top left of the image screen (Fig. 13.10). The transducer should be adjusted
until the papillary muscles are clearly seen in the LV. The presence of RV strain is
demonstrated by a dilated RV as it wraps around the LV. In cases where a PE is
causing obstructive shock secondary to RV pressure overload, the septum between

Fig. 13.9 Parasternal long
axis view showing the right
ventricle (a), left ventricle
(b), left atrium (c¢), aortic
valve and aortic outflow tract
(d), and descending thoracic
aorta (e)
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Fig. 13.10 Parasternal short
axis view at the level of
papillary muscles showing
the right ventricle (RV) and
circular left ventricle (LV)

Fig. 13.11 Parasternal short
axis view showing a large and
dilated right ventricle (RV)
with a flattened D-shaped
septum and an almost
obliterated left ventricle (LV)
cavity during systole, due to
pressure overload

the RV and LV will be pushed into the LV lumen. The LV will then lose its round
appearance and adapt a flattened shape, commonly referred to as a “D-shaped
septum” (Fig. 13.11). The apical four-chamber view is obtained by sliding the probe
laterally to the apex of the LV, at the point of maximum impulse, with the indicator
facing the patient’s left side. This view shows the RA, RV, left atrium, and LV with
the corresponding valves (Fig. 13.12). Knowing that the RV is normally approxi-
mately 60 % of the size of the LV, evidence of a large, dilated RV or an interven-
tricular septum that pushes into the LV suggests hemodynamically significant PE in
undifferentiated shock. This view also allows for evaluation of McConnell sign
(normal apical movement with decreased RV free wall contractility) and for pres-
ence of abnormal echogenic densities within the RA or RV signifying the presence
of clot. Absence of all of these findings makes PE an unlikely cause of shock.
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Fig. 13.12 Apical four-
chamber view showing the
left atrium (LA), left ventricle
(LV), right atrium (RA), and
right ventricle (RV)

Basic Competencies

Examination of the LE deep venous system with compression ultrasonography
remains the most rapid and straightforward evaluation for deep vein thrombi. This
technique should be mastered prior to moving on to more advanced evaluations for
VTE, such as upper extremity ultrasonography and right heart echocardiography.
These more advanced evaluations require additional time, knowledge, training, and
technical skill.

Advanced Competencies

Evaluation of the Upper Extremity Venous System

Though an important consideration in the ICU patient, ultrasound examination of
UE veins is more challenging than the LE evaluation, and is less accurate with a
sensitivity and specificity of 82 % and 82 %, respectively [30]. Much of the exami-
nation’s difficulty arises because the axillary and subclavian veins are not easily
compressible. This is in contrast to the LE examination where all veins are easily
compressed throughout the leg. Indirect confirmation of vein patency becomes
much more important in this study, and the use of color and pulse wave Doppler to
assist with determining blood flow is key.
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Evaluation of the Right Ventricle

The role of echocardiography for PE is twofold. In the ideal and classic scenario, it
is used to risk stratify those who have already been diagnosed with PE. In the more
difficult scenario, this modality of testing is used to augment the clinical suspicion
for PE. Echocardiography to evaluate for PE is reserved for the subset of patients
who are acutely hemodynamically unstable. The intent is not to definitively diag-
nose PE via ultrasound but rather to rule out PE as the immediate cause of shock.
Evidence of clot within the RA, RV, or pulmonary artery and/or the presence of RV
pressure overload or dysfunction are the key echocardiographic findings associated
with hemodynamically significant PE. Absence of any RV abnormality essentially
excludes PE as the etiology for hemodynamic instability [31]. The combined
approach of evaluating the LEs and the RV for signs consistent with thrombus will
allow the clinician to more confidently rule out VTE as a cause of shock.

Lung Evaluation for PE

Thoracic ultrasound is an additional potential bedside modality that can aid in the
diagnosis of PE. In cases of pulmonary infarction after PE, typical round- or wedge-
shaped pleural lesions can develop as rapid breakdown of surfactant causes atelec-
tasis, transudation of fluid, and cell infiltration of the affected lung [32]. This
examination requires the provider to carefully scrutinize the pleura for well-
demarcated, triangular- or circular-, hypoechoic lesions, and is considered positive
for PE when one or more pleural-based lesions are appreciated. In approximately
42-50 % of cases, a concomitant pleural effusion is also noted [32, 33]. Studies
evaluating the utility of thoracic ultrasound in diagnosing PE resulted in sensitivi-
ties between 74 % and 90 % and specificities ranging from 60 % to 95 %. In these
studies, individuals suspected of having PE received thoracic ultrasonography while
undergoing confirmatory testing for their PE. Complicating the feasibility of this
modality is that experienced thoracic sonographers performed testing in these stud-
ies [32-34]. Thus, the variation in sensitivity and specificity, the experience of the
bedside clinician, and the clinical suspicion for PE must be considered carefully
when using thoracic ultrasound to look for PE.

Evidence Review and Evidence-Based Use

Accuracy and Speed

The cornerstone of peripheral venous system DVT evaluation hinges on venous
compressibility. Much of the data comparing CUS with gold-standard venography
was compiled using symptomatic patients. In these patients, CUS had a high



288 G. Lamare and C.M. Chan

sensitivity and specificity (97 % and 94 %, respectively) [8]. Some caution must be
exercised in asymptomatic patients, as the sensitivity of CUS in this group decreases
to 62 %, though the specificity is similar (94 %) [8]. Few studies have specifically
looked at CUS in ICU patients, but current evidence demonstrates that specificity is
maintained (>95 %) [35, 36]. For example, Kory and colleagues performed a multi-
center, retrospective study on 128 critically ill patients with physical examination
findings concerning for DVT or in whom there was a high clinical suspicion for PE
[36]. These patients had bedside CUS by pulmonary and critical care fellows and
attending physicians. When compared to formal vascular ultrasound studies, bed-
side CUS yielded a sensitivity of 86 %, a specificity of 96 %, and a diagnostic
accuracy of 95 %. A recent systematic review further confirms the accuracy of bed-
side CUS among emergency physicians. In a pooled analysis consisting of 16 stud-
ies (n=2,379 subjects suspected of having DVT), the mean sensitivity was 96.1 %
(95 % confidence interval [CI]: 90.5-98.5 %) and the mean specificity was 96.8 %
(95 % CI: 94.6-98.1 %) [37]. Further, after proper training and experience, CUS of
the LE can be performed accurately in less than 4 min. In a prospective study that
included 112 emergency department patients suspected of being high risk for hav-
ing a DVT, physicians were timed while performing color duplex ultrasound exami-
nations of the LEs [22]. Median examination time was 3:28 min (95 % CI: 2:45-4:02;
interquartile range: 3:09). There was minimal interobserver variability between
examinations performed by these physicians and official studies performed by the
vascular laboratory with 98 % agreement (95 % CI: 95.4—100 %; kappa=0.90).

UE CUS has comparable sensitivity and specificity for the detection of DVT.
A systematic review evaluated the ability of CUS, Doppler ultrasonography, and
Doppler ultrasonography with compression to accurately diagnose UE DVT when
compared to venography [38]. A total of 17 studies were included yielding a sample
size of 793 subjects. Sensitivity estimates were 97 % (95 % CI: 90-100 %) for CUS,
84 % (95 % CI: 72-97 %) for Doppler ultrasonography, and 91 % (95 % CI:
85-97 %) for combined Doppler ultrasonography with compression. The estimated
specificities were 96 % (95 % CI: 87-100 %), 94 % (95 % CI: 86—100 %), and 93 %
(95 % CI: 80—100 %), respectively. However, there were substantial limitations to
the studies included in this analysis. The operators were radiologists or vascular
technicians, many of the studies included outpatients, and the methodological qual-
ity was often poor. Presently, there is a lack of data pertaining to this topic in criti-
cally ill patients, and the accuracy of clinician-performed ultrasonography for upper
extremity DVT in the ICU is therefore unknown.

Right Ventricular Evaluation

Echocardiographic evidence of clot in the RA, RV, or pulmonary artery is the most
helpful sign. Unfortunately, this finding is extremely rare (4 %), necessitating fur-
ther evaluation for signs of RV strain [39]. The evidence base for the following RV
strain signs is the most robust: (1) signs of RV overload such as increased RV
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diastolic dimension or systolic flattening of the intraventricular septum; (2) the
“60/60 sign” which describes a RV ejection acceleration time of <60 ms in the set-
ting of a tricuspid insufficiency jet of <60 mmHg; and (3) the McConnell sign. RV
strain indicating massive or submassive PE, as demonstrated by echocardiography,
is a poor prognostic sign. In a randomized, controlled trial where subjects with sub-
massive PE were randomized to unfractionated heparin (UFH) and alteplase versus
UFH alone, the overall mortality ranged from 2.2 % to 3.4 % [40]. More concern-
ing, the mortality rates for those with massive PE were found to be even higher in a
systematic review that compared the use of thrombolytic therapy versus placebo
[41]. When thrombolytic therapy was administered, the mortality rate in this pooled
analysis of 5 trials (n=254) was 6.2 % but was as high as 12.7 % for those who
received placebo. Moreover, approximately 20 % of patients with RV strain at the
time of diagnosis of PE will die within 3 months [42, 43]. Thus, the use of echocar-
diography is essential to risk stratify patients with acute PE.

When echocardiography is used to facilitate the diagnosis of PE, its use is most
helpful in the setting of hemodynamic instability. Kucher and colleagues deter-
mined that PE can safely be ruled out when signs of RV strain are absent for these
subjects [43]. In a prospective intervention study, 204 consecutive patients sus-
pected of having PE were risk stratified according to the shock index and clinical
pretest probability for PE. Of the 21 subjects who were in shock, all 7 subjects who
had preserved RV function were excluded from PE with confirmatory spiral CT of
the chest. The remaining 14 subjects who had echocardiographic evidence of RV
dysfunction had confirmatory testing diagnostic for PE. Hence, the absence of signs
of RV dysfunction safely rules out VTE as the cause of undifferentiated shock.

In patients who are hemodynamically stable, echocardiogram findings of RV
dysfunction are insensitive for VTE. Of the above signs, the McConnell sign and the
60/60 sign have the highest specificity, but both tests have very low sensitivity [44, 45].
Among 100 consecutive patients with acute PE, the sensitivity and specificity for
the McConnell sign was 19 % and 100 %, respectively, and 25 % and 94 % for the
60/60 sign [44]. In the setting of patients with known cardiorespiratory disease, the
specificity and PPV of the 60/60 sign decrease to 89 % and 82 %, respectively. In
this same study, RV overload signs had better sensitivity (81 %) but poor specificity
(45 %) for PE. Though the sensitivity of RV overload signs for PE is better than that
seen with the McConnell sign or the 60/60 sign, this sensitivity also decreases dra-
matically in patients with known cardiopulmonary disease [31]. Furthermore, pres-
ence of the McConnell sign is also often noted in patients with RV infarction. In a
retrospective study of 201 patients with either massive or submassive PE or RV
infarction, two experienced echocardiographers who were blinded to diagnosis
reviewed cardiac ultrasound images for McConnell sign [46]. The sensitivity, speci-
ficity, positive, and negative predictive values of the McConnell sign for the diagno-
sis of PE were 70 %, 33 %, 67 %, and 36 %, respectively. Thus, given the limitations
associated with these echocardiographic findings to diagnose PE when shock is
absent, these findings must be used in combination with the appropriate clinical
scenario when definitive testing for PE is not possible.
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Pitfalls and Precautions

There are many benefits to focused bedside ultrasound, but the limitations of this
test must also be appreciated. First, it is oftentimes difficult to distinguish the artery
from the vein. This can be due to the patient’s body habitus, the presence of ana-
sarca, or clinician inexperience. In these cases, consider the use of color or pulse
wave Doppler to assist in differentiating the vasculature.

Second, proficiency and confidence using the ultrasound machine requires a sub-
stantial amount of time and experience. With practice, the technical aspects of the
examination will become much easier. Small adjustments in the probe angle lead to
major changes in the picture obtained. Thus, nuanced manipulation of the probe has
higher yield than large movements. For example, in a DVT study, if the probe is not
perpendicular to the vein during compressions, the vessel may not fully flatten.
Conversely, when using color Doppler over a vessel, flow will not be seen unless the
probe is angled.

A third potential pitfall for ultrasound is the need to perform the same steps sys-
tematically for each exam. Incomplete studies will produce more false negative
results. For a LE DVT study, the entire proximal deep venous system must be ade-
quately visualized with compression of the common femoral vein, greater saphe-
nous junction, and then continuously down the leg and through the superficial
femoral vein in 1-2 cm increments. This should be completed with an evaluation of
the popliteal vein. Similarly, for the UE, visualization of the 1J, brachiocephalic,
subclavian, axillary, and brachial veins must be diligently obtained. When assessing
the heart for signs of PE, all four cardiac images should be performed. A single view
that appears to show RV dilation is not sufficient to claim the presence of
PE. Abnormal images must be confirmed with additional views. Given the sensitiv-
ity and specificity of the 60/60 and McConnell signs, the presence of these signs
should not automatically conclude a diagnosis of PE but must be carefully corre-
lated to the clinical scenario.

Finally, visualization of a clot is challenging. Slow-flowing blood has a wispy
echogenic appearance that may easily be mistaken for clot. Artifact caused by body
habitus or technical issues with the connection of the ultrasound transducer can cre-
ate bright reflections leading to misidentification of thrombus. In each of these situ-
ations, the vessel should still be compressible if clot is absent. Further complicating
this issue is that lymph nodes are often confused as clots within a vessel. They typi-
cally have a classic hypoechoic rim with a hyperechoic center. Comprehensive
knowledge of the anatomy and clearly identifying the expected vessels will help
avoid this pitfall. More importantly, it is crucial to remember that absence of visual-
ization of clot does not rule out DVT, as many clots are anechoic. When no clot is
visualized, venous compressibility or Doppler flow must be performed to confirm
vessel patency. Regardless of any of the above limitations, when inadequate or
unclear images are obtained leading to uncertainty regarding the study results, addi-
tional confirmatory testing should be performed to ensure patient safety.
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Conclusion

The use of ultrasound in the ICU is becoming increasingly more common. With
dedicated hands-on practice and an understanding of anatomy, bedside sonography
assessing for VTE can be incorporated into the routine assessment of patients in the
ICU. The ability to obtain immediate, noninvasive information on DVT and to rule
out RV dysfunction from PE as a cause of undiagnosed shock using bedside sonog-
raphy is invaluable and exciting. This useful skill can save time and allow for safe
and appropriate treatment of critically ill patients.
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Chapter 14
Ultrasound in Trauma Critical Care

Amie Hall Woods

Introduction

Some of the earliest descriptions of ultrasound as a rapid and noninvasive tool in the
evaluation of the trauma patient date back to the early 1970s [1]. By 1976, Asher
and colleagues had published data describing reliable use of ultrasound in the diag-
nosis of splenic injury [2]. Widespread adoption of ultrasound in the American
medical and surgical communities progressed quickly in the 1990s [3, 4]. An earlier
example of the role of ultrasound in triage and patient management occurred in
1988 during a major earthquake in Armenia, highlighting the utility and signifi-
cance of this evolving diagnostic tool. During this mass casualty event, death toll
estimates reached 25,000 with an additional 150,000 injured. Medical centers left
standing were overwhelmed. In an attempt to triage those needing immediate surgi-
cal intervention, screening ultrasounds were performed in the reception area of one
hospital on 400 patients within the first 72 h after the quake. The average time spent
on each patient was 4 min. Trauma-related pathology of the abdomen and/or retro-
peritoneal space was identified, correctly, in 12.8 % of patients, with only 1 % false
negatives and no false positives [5]. False negative cases included solid organ hema-
tomas and retroperitoneal injury, highlighting important limitations that must be
considered when using ultrasound as an examination or diagnostic tool.

In current practice, point of care ultrasound training is recommended for resi-
dents by both the American College of Surgeons and the American College of
Emergency Physicians [6]. The Focused Assessment with Sonography in Trauma
exam, or FAST exam, has existed in the curriculum for the advanced trauma life
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support (ATLS) course since 1997 [7], and has become standard of care for
evaluating the unstable trauma patient. In the transition from the trauma bay to the
medical, surgical, or trauma critical care unit, trauma patients continue to remain
ideal candidates for this portable, noninvasive, and rapid technology. Patients in the
intensive care unit (ICU) frequently require ventilatory support, may be hemody-
namically unstable, and are difficult to transport. The ability to perform serial ultra-
sound exams provides valuable clinical information without adding additional
radiation risk to the patient. Furthermore, ultrasound assists in the monitoring of
patients for whom nonoperative management of traumatic abdominal injuries is
preferred, e.g., splenic lacerations.

In this chapter, we will examine the use of ultrasound in the setting of trauma,
both in the initial patient evaluation and the critical care setting. We will illustrate
and discuss both normal and abnormal images of the abdomen, heart, and lung. We
will also explain standard techniques of image acquisition and comment briefly on
evolving uses of ultrasound in trauma. The extended FAST (eFAST) exam asks the
additional questions of whether fluid is visible above the diaphragm, or if a pneumo-
thorax is present. At the chapter’s conclusion, we will illustrate a sample clinical
protocol for integrating the FAST and eFAST exams into the management of the
trauma critical care patient.

Technical and Patient Considerations

Successful diagnostic ultrasonography results from a combination of operator skill
and the right equipment. Similar to computers and smartphones, companies produc-
ing ultrasound machines have responded to increased consumer demand for minia-
turization and have created handheld ultrasound machines which may to be carried
in the pocket of a white coat. While these devices are attractive in their advanced
design and portability, their diminutive size makes theft or misplacement a costly
possibility in the busy environments of trauma and critical care. Additionally, the
small screen size can make image interpretation difficult for other team members,
decreasing its utility as a teaching tool for early learners. In contrast, older ultra-
sound machines of significantly larger size may be difficult to maneuver in the
crowded trauma bay and limited space of the ICU. A compromise of size, durability,
and quality will ultimately guide an appropriate machine selection. For probe selec-
tion, a phased array or curvilinear probe ranging in frequency from 2 to 5 MHz
(Fig. 14.1) is most commonly used to acquire images in the FAST exam. The lower
frequency sacrifices some resolution but improves penetrance, a critical component
in the search for deeper visceral injury.

The target patient population for the eFAST exam is any patient with a history of
blunt or penetrating thoracoabdominal trauma and/or any patient with unexplained
hypotension or shortness of breath in a known or suspected trauma. Other accurate
modalities exist for detecting pathologic thoracoabdominal free fluid, such as com-
puted tomography, but ultrasound is ideal in that it may be performed at the bedside
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Fig. 14.1 (a) Curvilinear a
probe, (b) phased array probe

of the unstable patient for whom transport to radiology poses too great a risk.
Previous gold standard diagnostic methods, such as peritoneal lavage, have an
extremely high sensitivity for detecting abdominal free fluid (98 %) [8], but pose the
risk of exposing the patient to a nontherapeutic laparotomy [9]. For this reason, their
use in practice has waned in favor of less invasive methods [10]. Both morbid obe-
sity and the presence of subcutaneous air dramatically reduce the sensitivity of the
FAST exam. Patients with these conditions should be approached with caution
when the suspicion for the presence of abdominal or pericardial free fluid is high.
One method of increasing the sensitivity of the FAST exam is placing the patient in
the Trendelenburg position, a feasible maneuver as most trauma patients arrive
supine with cervical spine immobilization [11]. Further limitations of the FAST
exam will be discussed later in the chapter.
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Image Acquisition and Interpretation

The traditional FAST exam is performed with a goal of obtaining three views of the
abdomen and a single view of the pericardial space, or four views in total:

1. Right upper quadrant (RUQ) or Morison’s pouch/hepatorenal space
2. Left upper quadrant (LUQ) or splenorenal space

3. Pelvic view

4. Subxiphoid or other pericardial view

The exam addresses the focused question of whether free fluid is present in the
abdomen and/or pericardium. Some authors have traditionally taught that the first
view acquired is the subxiphoid or other pericardial view, with a goal of allowing
the operator to adjust the gain based on the appearance of intracardiac fluid. Our
current discussion will focus on the patient with blunt or penetrating abdominal
trauma, for whom the first view obtained should be that of the most dependent space
in the peritoneum, known as Morison’s pouch.

A discussion of orientation is important, as this component of ultrasonography
may be difficult for the novice and is crucial for accurate image interpretation.
Figure 14.2 illustrates the relationship between the probe marker, the orientation
mark on the screen, and the operator. Understanding that the probe uses a credit card
thin beam to create a two-dimensional image from three-dimensional structures
takes some practice; one analogy used is that of “shining a flashlight in a dark
room.” What is visible on the screen is only that which is present in the probe
beam’s path; once the beam moves beyond the object, the image is no longer visible,
but it does not mean that the object does not exist.

Fig. 14.2 The yellow star
denotes the corresponding
direction between the screen,
the probe, and the operator
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Varying clinical circumstances and space availability hinder the practice of
performing the FAST exam on a dedicated side of the patient and require flexibility
on the part of the operator. Therefore, while the exam may be performed from
either side of the patient and with either hand, depending on the operator’s comfort,
the image planes should remain consistent. Images will then be dutifully replicated
with attention to marker consistency and operator orientation to patient. We recom-
mend one-handed scanning, whether right or left, with the operator’s other hand
free to adjust the gain, depth, and other components of the image. All images
should be obtained by the operator from the same side of the patient, with skilled
ultrasonographers dividing their attention among the screen, the probe, and the
patient as needed.

Due to its higher specificity than sensitivity the FAST exam is suited for use only
as a screening tool for thoracoabdominal free fluid, and should be interpreted
accordingly — negative exams should be regarded with caution. Trauma patients
with abdominal pain and an absence of abdominal free fluid on ultrasound should
be observed with serial exams and undergo a repeat ultrasound or be further evalu-
ated with an additional imaging modality such as CT scan [12].

RUQ View

Each patient will bring unique anatomic characteristics to the clinical scenario;
thus, accurate images will be obtained using slightly different movements each
time. A starting point for the RUQ view begins at the intersection of the anterior- to
mid-axillary line and the horizontal subxiphoid line or at the seventh to tenth inter-
costal rib spaces on most patients (Fig. 14.3). The probe marker is oriented toward

Fig. 14.3 Probe position for RUQ view. The marker is oriented toward the patient’s head
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Fig. 14.4 A normal RUQ view. A liver, B renal cortex, C renal medulla, D diaphragm. Note the
dashed line indicating the potential space between the echogenic liver and hypoechoic renal cor-
tex, or Morison’s pouch

the patient’s head, and the image created is a coronal plane. The lateral aspect of the
body correlates with the near field of the image, while the far field of the image
demonstrates medial structures. In other words, Images at the top of the screen rep-
resent structures closest to the skin’s surface, and images at the bottom of the screen
represent structures deeper in the body. Recognizing that the ribs run obliquely
across the body, the probe may be rotated slightly so that the thin ultrasound beam
is able to penetrate through the narrow rib space. Figure 14.4 demonstrates the nor-
mal RUQ FAST view. Visible here is the normal homogenous, echogenic liver, the
hyperechoic (compared to liver, which serves as the reference for echogenicity)
renal medulla, the hypoechoic renal cortex, and the hyperechoic diaphragm.
Morison’s pouch, the most dependent space in the peritoneum and the potential
space between the liver and the right kidney, is the visual zone on which the opera-
tor should focus, searching for a hypo- or anechoic area between the two organs
which represents free fluid (Fig. 14.5). Vigilance must be maintained to ensure that
the entirety of Morison’s pouch is evaluated, lest a small amount of free fluid “hide”
near the inferior portion of the liver. Visualization of the inferior pole of the right
kidney is an effective way to do this. After the liver, the superior pole of the right
kidney, and the bright respirophasic diaphragm are visualized, the probe may be slid
caudally to reveal the kidney’s inferior pole. Figure 14.6 demonstrates how free
fluid may be missed in absence of attention to this fact.
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Fig. 14.5 A Free fluid in Morison’s pouch, indicated by the black, or anechoic stripe of fluid in the
hepatorenal space

Fig. 14.6 A Free fluid in the RUQ at the inferior kidney pole, which may be missed without a
complete survey of the right kidney

LUQ View

The splenorenal space is visualized in similar fashion to Morison’s pouch, with the
probe marker toward the patient’s head and the probe placed in the horizontal sub-
xiphoid line, with the corresponding intersecting line as the middle to posterior
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Fig. 14.7 Probe position for the LUQ view. The probe marker is oriented toward the patient’s head

Fig. 14.8 Normal LUQ view. A spleen, B left kidney, C diaphragm

axillary line (Fig. 14.7). The smaller size of the spleen provides less of an acoustic
window than the liver, and the more posterior position of the left kidney requires
positioning adjustment. A direction frequently given to trainees standing on the
right side of the patient performing this component of the FAST exam is to put their
“knuckles on the stretcher,” extending the probe-holding hand posteriorly enough to
orient the probe beam in a retroperitoneal direction, which will adequately visualize
the splenorenal space. Figure 14.8 demonstrates the normal LUQ view; note the
echogenic spleen, left kidney, and diaphragm. Because the phrenicocolic ligament
creates a barrier to the splenorenal space, fluid generally accumulates in the



14 Ultrasound in Trauma Critical Care 303

subphrenic space prior to the splenorenal space. For this reason, attention should be
paid to adequately visualize the border of the spleen and diaphragm, where free
fluid may be missed (Fig. 14.9). After this, the search for free fluid continues to the
splenorenal space (Fig. 14.10).

Fig. 14.9 A Free fluid in LUQ in subdiaphragmatic space, B spleen, C diaphragm. Fluid accumu-
lates here before the splenorenal recess due to the phrenicocolic ligament

Fig. 14.10 A Free fluid in splenorenal recess
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Pericardial View

Due to the anatomic position of the heart, penetrating trauma to the chest wall often
injures the right ventricle. The classic pericardial image obtained in a FAST exam is
that of a subxiphoid image. On initial positioning, the probe marker is on the
patient’s right, and the probe itself is aimed toward the patient’s head or slightly
toward the patient’s left shoulder (Fig. 14.11). An overhand grip of the probe is
encouraged here, as the probe must be angled closely to the body to provide an
adequate view into the thoracic space, and an underhand grip may inhibit this. The
normal subxiphoid view of the heart uses the liver as an acoustic window and dem-
onstrates the hyperechoic pericardium and cardiac septum and the four anechoic
chambers of the heart (Fig. 14.12). The border of the liver and the right side of the
heart, found in the near field of the image, is the focal zone in the search for anechoic
fluid (Fig. 14.13). In some cases, the subxiphoid view may not be attainable either
due to cutaneous abdominal or chest trauma or patient anatomy (e.g., those with a
long thoracic cage or narrow subxiphoid space). An alternative view in the search
for pericardial free fluid is the parasternal long view. Teaching varies in regard to
screen and probe marker orientation, but probe placement is consistent in that it is
placed in the left mid-clavicular line at the second through fourth intercostal space,
in plane with a sagittal cut through the heart. Care should be taken to decrease the
depth of the image, as the parasternal long heart is much more shallow than the
subxiphoid image previously described. Obtained is the image seen in Fig. 14.14;
visible is the left atrium and ventricle, the aortic outflow tract, the right ventricle,
and the descending thoracic aorta in cross section. This last structure is crucial, as

Fig. 14.11 Probe position for the subxiphoid view. The probe marker is toward the patient’s right
side. An overhand grip is used to flatten the probe against the xiphoid process
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Fig. 14.12 Normal subxiphoid view of the heart. RA right atrium, RV right ventricle, LA left
atrium, LV left ventricle

Fig. 14.13 Subxiphoid view of fluid in pericardium. The liver is used as an acoustic window to
visualize the echo-free stripe of fluid (A) shown between the liver and right side of the heart

the anechoic stripe seen in Fig. 14.15 between the descending thoracic aorta and the
posterior pericardium represents pericardial fluid, whereas Fig. 14.16 also shows an
anechoic stripe of fluid, but its location behind the descending thoracic aorta indi-
cates that this is a pleural effusion or hemothorax. Further discussion of echocar-
diography is available in Chaps. 5, 6, and 7. We will discuss the search for fluid
above the diaphragm in the description of the eFAST exam in the “advanced
competencies” section of this chapter.


http://dx.doi.org/10.1007/978-1-4939-1723-5_5
http://dx.doi.org/10.1007/978-1-4939-1723-5_6
http://dx.doi.org/10.1007/978-1-4939-1723-5_7

306 A.H. Woods

.
.
.
+*

.
.

. e e

T

Fig. 14.14 Normal parasternal long view. LA left atrium, LV right ventricle, RV right ventricle, Aot
aortic outflow tract, TA descending thoracic aorta in cross section

Fig. 14.15 Parasternal long view with pericardial fluid. Note the location of fluid (A) between
the descending thoracic aorta (B) and the posterior pericardium, indicating that the effusion is
pericardial

Pelvic View

The pelvic view is obtained by placing the probe in the midline just superior to the
symphysis pubis, angled 30° caudal with the probe marker toward the patient’s right
side; this provides an axial view of the bladder. An additional view is obtained by
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Fig. 14.16 Parasternal long view with pleural fluid. Note the location of fluid (yellow) behind the
descending thoracic aorta (red), rather than the pericardium (blue), indicating that the effusion is
pleural
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Fig. 14.17 Probe position for pelvic view. The left image shows the probe marker oriented toward
the patient’s head, producing a sagittal pelvic view. The right image shows the probe marker ori-
ented toward the patient’s right side, producing an axial pelvic view

placing the probe in the same location and position with the probe marker oriented
toward the patient’s head; this provides a sagittal view (Fig. 14.17). In the axial
view, the probe is fanned cranially and caudally, visualizing the superior and infe-
rior portions of the bladder and, in women, the uterus in cross section (Fig. 14.18).
In the sagittal view, the bladder and uterus are visualized in sagittal or long-view
(Fig. 14.19). In women, the search for fluid should include the space posterior to the
bladder and uterus, and among loops of bowel. In men, views should include the
posterior bladder and anterior rectal space. The paired, hypoechoic seminal vesicles
may be noted posteriorly to the bladder. In contrast to the pericardial view just
obtained, adjustments of both gain and depth are often necessary to obtain a
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Fig. 14.18 Normal
transverse view of the female

pelvis with the anechoic

bladder in the near field (A) Patient’s left
Patient’s right E

and the uterus in the far field
(B). The probe is oriented so
that the marker is pointed
toward the patient’s right

Fig. 14.19 Normal sagittal
view of the female pelvis.
Again seen is the anechoic
bladder in the near field (A)
and the uterus in the far field
(B). The probe is oriented so
that the marker is toward the
patient’s head

satisfactory search for pelvic free fluid. If the preceding view obtained was of the
subxiphoid heart, minimal depth increase may be needed. However, if the image
obtained was that of the parasternal long heart, a depth increase will likely be
required to properly search for pelvic free fluid. A full urinary bladder provides an
excellent acoustic window through which pelvic free fluid may be visible
(Fig. 14.20). Posterior enhancement, an artifactual phenomenon which causes
structures deep to an area of anechogenicity to appear bright, may result in a need
for gain adjustment. A greater challenge is the patient with an empty bladder who
lacks an acoustic window through which free fluid may be visible. Gain adjustment
may be necessary in this scenario to find small pockets of anechogenicity among the
surrounding structures. Free fluid located adjacent to the bladder may also be indic-
ative of traumatic bladder rupture, especially in the patient with gross hematuria and
suprapubic abdominal trauma or a high clinical likelihood of pelvic fractures [13].
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Fig. 14.20 This transverse
view of the bladder (A) shows
a small area of free fluid

(B) on the left side of this
image, which is the patient’s
right side

Basic Competencies

The FAST exam is approached from the standpoint of whether or not free fluid is
present in the peritoneal or pericardial space. As described above, while free fluid
in Morison’s pouch may be easily noted by an experienced sonographer, free fluid
in other locations such as the pelvis or LUQ may be more difficult to visualize and
will require careful technique. Once the exam is performed, the appropriate use of
the information gained is crucial. Figure 14.21 illustrates an algorithm for use of the
FAST exam in the setting of blunt abdominal trauma, with the hinge point for action
resting on hemodynamic stability. In the hemodynamically unstable patient with a
history of trauma and free fluid visible on FAST exam, operative management is
indicated. A notable and complex exception here is the patient with a past medical
history significant for ascites (e.g., patients with a history of liver disease, cancer,
or dialysis). These patients may also have a baseline low blood pressure, and this
clinical information must be integrated into their management. One solution is a
brief and small volume diagnostic paracentesis, using ultrasound in real time or for
marking the fluid’s location. If straw-colored fluid is retrieved, clinical management
may be redirected accordingly; if blood is obtained, the pathway described above
stands [14].

In the hemodynamically stable patient, some trauma and critical care providers
may elect to perform a FAST exam; others may not. However, as systemic hypoten-
sion has been validated as a late marker of shock [15], we recommend the FAST
exam for all patients with a history of blunt abdominal trauma as long as it does not
interfere with the primary/secondary survey. The stable patient with a positive
FAST exam may be directed for expedited CT; the stable patient with a negative
FAST exam may be managed with serial exams, CT as indicated, or observation.
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Blunt Abdominal
Trauma
Unstable Indications Stable
for OR
] FAST \ ] OR \ ] FAST \
Free fluid ‘ l No free fluid ‘ l Free fluid ‘ l No free fluid

? Pelvis, Chest,

Long bone fx, Blood CT
OR loss or other cause Expedited CT or
shock Resuscitate serial exams

and redo FAST

Fig. 14.21 Blunt abdominal trauma algorithm

The unstable patient with a negative FAST exam and a history of blunt abdominal
trauma is one who requires clinical problem solving on the part of the providers.
Has the patient suffered a long bone injury and lost blood into an extremity? Was
blood loss significant enough on the scene of the event that tachycardia and/or hypo-
tension has resulted? Is there another cause of shock that must be considered given
the patient’s medical history? In these cases, resuscitation is continued and the
FAST exam may be repeated as needed. A trauma patient for whom immediate
operative management is indicated based on primary/secondary survey alone is a
patient for whom management should never be delayed for purposes of ultrasound
examination. In such cases, the FAST exam does not add any information that will
help guide patient management further, and therefore should not be performed.

Recommendations for teaching and establishment of competency vary by spe-
cialty, but a combination of didactic and hands-on instruction has been demon-
strated to be an effective teaching tool for the clinician sonographer [16]. While no
established competency exam exists, the use of an objective structured clinical
examination (OSCE) is one effective method of evaluating knowledge base and
ultrasound interpretation skills [17], while others direct competency assessments
and clinical privileges to the institution’s designated ultrasound or medical director
[6]. For a further discussion of educational issues, see Chap. 2.

Advanced Competencies

The extended FAST, or eFAST exam, expands the purpose of the FAST exam in its
search for intra-abdominal injury to ask the questions “is there fluid above the dia-
phragm?” and “is there a pneumothorax?”” These advanced competencies add mini-
mal time to that required to complete the FAST exam and may aid the clinician in
the diagnostic evaluation of a patient, as well as enhance understanding of the
patient’s risk for morbidity/mortality.


http://dx.doi.org/10.1007/978-1-4939-1723-5_2
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Evaluation of the thoracic cavity for fluid above the diaphragm may be seam-
lessly incorporated into the FAST exam, and is a reliable method of diagnosing
traumatic hemothorax [18]. In obtaining the first two FAST views, the RUQ and
LUQ views, respectively, the operator identifies the hyperechoic, respirophasic line
of the diaphragm, slides the probe cephalad, and looks for an anechoic stripe of
fluid. An absence of fluid above the diaphragm will not reveal lung tissue in the
image, but rather the echogenic appearance of liver or spleen above the diaphragm.
This is because of the phenomenon of mirror image artifact. In the absence of fluid,
the bright reflective surface of the diaphragm causes the ultrasound beam to produce
a mirror image of the solid organ on the opposite side (Fig. 14.22). Thus, in the
normal FAST exam, mirror image artifact will be present in both the upper quadrant
views, and absent in the presence of thoracic free fluid (Fig. 14.23).

Fig. 14.22 Normal RUQ
image with mirror image
artifact. A mirror image, B
diaphragm, C liver

Fig. 14.23 Traumatic pleural
effusion. Note the echo-free
fluid (A) above the diaphragm
(B) and liver (C), with
absence of mirror image
artifact
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Fig. 14.24 Probe placement
for pneumothorax (PTX) at
2nd/3rd intercostal space.
The probe marker is oriented
toward the patient’s head.
Black lines denote additional
locations for probe placement
during a complete evaluation
for PTX

A component of the eFAST exam performed separately from the abdominal/
diaphragmatic evaluation is the search for a pneumothorax (see Chap. 10 for a com-
plete discussion of ultrasound for pneumothorax). Portable chest x-ray is tradition-
ally used for this purpose, but due to the supine position of most trauma patients and
variability of air location in the setting of pneumothorax, the sensitivity of supine
chest x-ray is exceeded by lung ultrasound when performed correctly [19]. A higher
frequency, lower penetration probe (a probe used for vascular access is typical) is
optimal for this exam, although a curvilinear or phased array probe will also work.
The exam is begun with the probe placed anteriorly in the mid-clavicular line, at the
second or third intercostal space (Fig. 14.24), the probe marker oriented toward the
patient’s head. Note that this location is toward the lung’s apex. The goal is identifi-
cation of the intercostal pleura. The probe may be rotated 10-20° clockwise when
evaluating the right lung, or counterclockwise when evaluating the left lung, to
assume a position perpendicular to the rib/pleural complex. Once the intercostal
space is identified, the image produced is that of the bright, hyperechoic pleura mid-
screen, with the two rib shadows on either side. In the normal lung, the movement
of the visceral and parietal pleura creates the appearance of “sliding” or movement
of the hyperechoic pleural lines on the screen. At times, the normal sliding pleura
will produce several bright, vertical, artifactual lines extending from the pleura,
referred to as “comet tails” or “B-lines” (Fig. 14.25). These lines are reverberation
artifacts produced by the ultrasound beam moving rapidly between two fixed struc-
tures and, while not always seen, are a marker of normalcy if present. The presence
of a pneumothorax will reveal the hyperechoic pleura in the intercostal space, with
no sliding evident, as air has separated the visceral and parietal pleura (Fig. 14.26).
While the absence of pleural sliding is highly suggestive of a pneumothorax, an
additional technique to confirm this finding is the use of motion mode (M)-mode. In
this technique, the M-mode cursor is placed through the pleura in question and
either detects pleural motion (Fig. 14.27, commonly referred to as a “sandy seashore”
sign) or not (Fig. 14.28, commonly referred to as a “barcode” sign). The anterior


http://dx.doi.org/10.1007/978-1-4939-1723-5_10

14 Ultrasound in Trauma Critical Care 313

Fig. 14.25 Normal pleural sliding next to rib shadow with comet tails or B-lines

Fig. 14.26 Pneumothorax. Note the two rib shadows and the absence of lung sliding and B-lines
seen beneath the bright pleural line. This finding is seen best during a clip or real-time scanning

chest wall must be evaluated at two to four additional intercostal spaces bilaterally,
as a pneumothorax may not be present at the apex of the lung in the supine patient.
Additional views also increase the likelihood of identifying the junction of pneumo-
thorax and normal lung, known as the “lung point,” where the sliding pleura abuts a
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Tissue (Mocean™)——>

Lung (“sandy shore™) —>

Fig. 14.27 M-mode image of normal lung (“sandy shore”) with tissue in the near field (“ocean”)

Fig. 14.28 M-mode image of a pneumothorax. The absence of pleural sliding creates a continuous
“barcode” sign

non-sliding region (the pneumothorax) in the intercostal space. M-mode may also
be used to confirm the finding, producing an image with both the “sandy shore” and
the “barcode” present, meeting at the “lung point” (Fig. 14.29). The absence of the
lung point increases the sensitivity of the exam, and its presence has been found to
be 100 % specific for pneumothorax in the supine patient [20]. Potential limitations
of ultrasound for pneumothorax are discussed in Chap. 10.


http://dx.doi.org/10.1007/978-1-4939-1723-5_10
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Lung point l

Fig. 14.29 M-mode image of lung point

Diaphragmatic rupture from blunt abdominal trauma, while relatively infrequent,
is difficult to diagnose via the conventional methods of chest radiography or com-
puted tomography (CT). Magnetic resonance imaging is more sensitive and specific
but may not be obtainable in a timely fashion. One case series describes three cases
of diaphragmatic rupture diagnosed on initial evaluation with FAST exam, using the
M-mode cursor directed through the diaphragmatic line [21]. In all three cases,
when diaphragmatic excursion was noted to be minimal or absent on FAST exam,
the M-mode cursor confirmed lack of movement and correctly identified diaphrag-
matic rupture. Of these three cases, one was unstable on initial evaluation and
unable to receive imaging outside the trauma bay, and one had a normal CT scan.
The third’s diagnosis was confirmed via abnormal appearance of NG tube on post-
placement chest x-ray. This report represents a small number of cases, and further
studies with a greater number of patients are required to validate this technique.

The pregnant trauma patient represents a unique challenge to providers. In cases
where viability is confirmed or suspected, the number of patients requiring treat-
ment has now become two. Assessment of the fetus, legally considered viable
between 24 and 28 weeks [22] is beyond the scope of this discussion, but the mother
remains a valid candidate for FAST evaluation due to the limitations of imaging in
pregnancy. Accurate images are often obtained by probe adjustment with allow-
ances made for the space-occupying uterus; at 28 weeks fundal height is found
approximately 3 fingerbreadths above the umbilicus. Both RUQ and LUQ views
should therefore be obtained with probe adjustment superiorly and posteriorly, and
the pelvic view just above the symphysis pubis and angled caudal. Often the subxi-
phoid cardiac view will be impossible due to the gravid abdomen, and a parasternal
long view is recommended. Limited data is available validating the accuracy of the
FAST exam in the pregnant trauma patient, but initial reports suggest that as a test
it performs less well on the pregnant than the nonpregnant trauma patient [23].
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Evidence Review and Evidence-Based Use

Lessons learned from early success in European centers of the utility of bedside
ultrasound in management of the trauma patient began populating the North
American literature in the 1990s. In a large early study, Tiling et al. found a sensitiv-
ity of 89 % and a specificity of 99 % with an accuracy of 99 % for the detection of
free intraperitoneal fluid in a prospective study of 808 blunt trauma patients [24].
With these results validated in future studies [25-27], ultrasound quickly became a
viable and widespread tool used in the trauma evaluation, with the term “FAST”
cemented as the accepted term describing the exam by Rozycki and colleagues in
1996 [28]. With a growing body of data supporting the use of ultrasound in the
setting of blunt abdominal trauma, the utility of ultrasound in the setting of the
patient with penetrating abdominal trauma remained less quantified. Udobi and col-
leagues prospectively evaluated 75 patients presenting with either stab or gunshot
wounds to the abdomen, flank, or back, comparing results of the FAST exam with
diagnostic peritoneal lavage (DPL), triple-contrast CT, or laparotomy. The sensitiv-
ity of FAST was 46 % and the specificity was 94 %, concluding that while ultra-
sound exam plays a role in the evaluation of penetrating abdominal trauma, negative
results should be interpreted with caution [29].

On average, a FAST exam of the abdominal and thoracic cavities can be per-
formed with the accuracy described above in an average of 4 min [30]. While iden-
tification of free fluid has been demonstrated with a single RUQ view in less than
20 s [31], the standard four-view FAST exam has retained higher sensitivity and
accuracy for detection of free fluid when compared to a single-view technique [32]
and remains the currently recommended method. In 2006, Melniker and colleagues
performed a randomized controlled trial to assess the use of a protocol which
included point of care ultrasound to evaluate patients with suspected torso trauma.
The study was conducted during a 6-month period at two Level I trauma centers.
The primary outcome measure was time from emergency department arrival to
transfer to operative care; secondary outcomes included CT use, length of stay,
complications, and charges. For patients whose trauma evaluation included bedside
ultrasound, time to operative care was 64 % less, days spent in the hospital were
reduced by 27 %, and hospital charges were reduced by 35 %. Those patients also
underwent fewer CTs and had fewer complications when compared to control
patients who did not receive an ultrasound inclusive protocol [33].

Patients presenting with penetrating cardiac trauma are at a distinct disadvantage
in that the physical diagnosis of effusion or tamponade can be difficult and
unreliable. The use of ultrasound in the diagnosis of serious cardiac injury resulting
in acute hemopericardium has been shown to be effective, with a sensitivity
approaching 100 % and a specificity of 97 % [34, 35]. Plummer and colleagues
retrospectively evaluated patients with penetrating cardiac injury who received a
cardiac ultrasound compared to controls who were not evaluated with ultrasound.
Time to operative management and survival was compared between the two groups.
Patients with penetrating cardiac injury who received an ultrasound arrived in the
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operating room in 15 min and had a 100 % survival rate, compared to 57 % survival
in control patients who did not receive an ultrasound, who arrived in the operating
room in 42 min [36].

To assess the utility of ultrasound in the diagnosis of hemothorax, Ma and col-
leagues compared clinician-performed trauma ultrasound with the results of the ini-
tial plain chest radiograph in 245 patients at a level I trauma center. Findings
indicated that both modalities were comparably sensitive and specific in the diagno-
sis of hemothorax but that ultrasound may provide the diagnosis faster [37]. Sisley
and colleagues addressed this question in their evaluation of 360 patients with blunt
and penetrating torso injuries. All patients had a surgeon-performed thoracic ultra-
sound in addition to supine portable chest radiography. Sensitivity and specificity of
x-ray versus ultrasound were comparable, but the standout data point was perfor-
mance time: an average of 1.3 min for ultrasound versus 14.2 min for x-ray for the
detection of traumatic effusion [38]. Further comparisons of ultrasound to tradi-
tional chest imaging were made when Rowan and colleagues prospectively com-
pared the accuracy of ultrasonography with that of supine chest x-ray in the detection
of traumatic pneumothoraces. Using CT as the reference standard, ultrasound was
more sensitive than supine chest x-ray and as sensitive as CT, in the detection of
traumatic pneumothoraces [39].

The use of ultrasound in the triage and assessment of trauma lies not only in the
identification of injury but also in the incorporation of that knowledge into the clini-
cal picture of the patient. Free fluid may be identified on the initial trauma evalua-
tion but may not warrant immediate surgical intervention, as seen by the increasing
prevalence of nonoperative management of intra-abdominal injuries [40]. Two scor-
ing systems have been developed and prospectively evaluated in an attempt to cor-
relate ultrasound findings with need for surgical intervention. The first assigned a
score based on presence (one point), depth of fluid (two points for fluid>2 mm in
either upper quadrant), and floating bowel loops (one point). Scores ranged from
zero to 8. Investigators found that 96 % of patients with a score greater than or equal
to three required therapeutic laparotomy, while only 38 % of those with a score of
less than three received operative management [41]. A later study also assigned a
score based on presence and depth of fluid but compared that score with initial sys-
tolic blood pressure and base deficit to assess the ability of sonography to predict
the need for a therapeutic laparotomy. McKenney and colleagues concluded that
sonography was 83 % sensitive in determining the need for therapeutic laparotomy,
compared to 28 % for systolic blood pressure and 49 % for base deficit [42].

As future studies continue to work toward investigating and validating known data
regarding the utility of ultrasound in the management of the acutely ill trauma patient,
current consensus guidelines and expert opinions have remained consistent. In the
hemodynamically unstable patient with abdominal, thoracic, or pericardial free fluid
noted on ultrasound, procedural/operative management is usually indicated. The
stable patient with free fluid is directed toward further imaging studies, such as CT,
while the unstable patient without abdominal or pericardial free fluid requires further
clinical problem solving. The stable patient who receives a FAST exam without sig-
nificant findings, but remains symptomatic, may undergo varying routes of manage-
ment, including serial exams and observation, repeat ultrasound, or CT [12].
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Pitfalls and Precautions

* Obesity and subcutaneous air greatly decrease both the sensitivity and specificity
of the exam.

* Findings that may mimic free fluid in the RUQ due to their anechogenicity
include the gallbladder, duodenum, inferior vena cava, and hepatic vessels.

 Failure to visualize the inferior pole of the right kidney may cause small pockets
of free fluid to be missed.

e In the LUQ, knowledge of movement patterns of free intraperitoneal fluid will
prevent inadequate visualization of the subphrenic space, which is more depen-
dent than the splenorenal recess.

* The slightly superior and posterior position of the left kidney requires concomi-
tant probe adjustment; directing the probe cephalad and posterior usually solves
this issue.

* An accessory splenic lobule or more commonly a fluid-filled stomach may be
mistaken for free fluid as well. Figure 14.30 depicts the LUQ view of a 30-year-
old woman presenting with a history of pregnancy, vaginal bleeding, and hemor-
rhagic shock. On initial evaluation the picture may suggest subphrenic free fluid,
but closer inspection reveals the well-circumscribed nature of the fluid collec-
tion, which was indeed a fluid-filled stomach. The presumptive diagnosis of rup-
tured ectopic pregnancy was avoided with knowledge of this ultrasonographic
pitfall; rather than receiving a subtherapeutic laparotomy, she was resuscitated
and underwent successful dilation and curettage for an incomplete abortion.

* Both ascites and bladder rupture can mimic hemoperitoneum and can fool the
unaware clinician. In the case of the former, we discussed bedside paracentesis as
a branch point in diagnostic decision making [14]. In the latter, the finding should
be correlated clinically and operative management directed accordingly, as most
extraperitoneal ruptures can be safely managed with simple catheter drainage
[43], while most intraperitoneal bladder injuries require surgical exploration [44].

Fig. 14.30 Fluid-filled
stomach mimicking free fluid
in the LUQ. A diaphragm, B
stomach, C superior pole of
the left kidney, D spleen
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* Fluid-filled loops of bowel, the seminal vesicles, and ovarian cysts can also
mimic the anechogenicity of free fluid; adjusting the gain and depth may help.

e A full bladder is a significant aid in improving acoustic throughput. If empty,
improved results may be obtained by instilling 250 mL of normal saline through
an inserted Foley catheter and repeating the exam if pelvic free fluid is suspected.
This is contraindicated in patients for whom urethral injury may be present.

e Inaprior section we discussed the evaluation of a pericardial versus pleural effu-
sion. A large left hemothorax can either prevent visualization of a pericardial
effusion due to displacement of the pericardial sac or be confused with a pericar-
dial effusion due to its proximity. The parasternal long view is especially helpful
in this scenario, as visualization of the descending thoracic aorta and subsequent
identification of fluid anterior (pericardial) or posterior (pleural) to this structure
can help differentiate the two findings.

* Another common pitfall is incorrectly labeling an epicardial fat pad as a
pericardial effusion [45]. This common anatomic variant, which will not be visu-
alized posteriorly, is an accumulation of fat between the parietal pericardium and
the parietal pleura. The ability to differentiate a fat pad versus a potential effu-
sion in multiple views will aid an operator’s diagnostic abilities.

Like any diagnostic tool, ultrasonography in the setting of trauma and critical
care must be used and interpreted correctly to add successfully to the trauma evalu-
ation. While the FAST exam has been shown to reliably identify as little as 250 mL
of free fluid in Morison’s pouch [46], it has not been shown to be a reliable indicator
of solid organ injury [47]. Additionally, in patients with penetrating torso trauma,
the specificity for the FAST exam remains high, but the sensitivity drops signifi-
cantly [48]. Clinicians are cautioned to avoid overreliance on an initially negative
FAST exam and to perform repeat exams on patients with evolving symptoms or a
changing hemodynamic profile. Bearing these principles in mind, skilled clinician
sonographers can use the FAST and e-FAST exam(s) to greatly improve diagnostic
accuracy and thereby improve patient care.
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Chapter 15
Ultrasound in the Neurointensive Care Unit

Venkatakrishna Rajajee

Introduction

Bedside ultrasound has long played an important role in the neurointensive care
unit, although mostly in the form of transcranial Doppler (TCD) for the detection
of cerebral vasospasm following subarachnoid hemorrhage (SAH) [1]. More
recently, however, the range of potential clinical applications for bedside ultra-
sound in the neurointensive care unit has greatly expanded. Optic nerve ultrasound
(ONUS) has been extensively investigated as a noninvasive tool for the detection of
raised intracranial pressure (ICP) [2—6]. Similar to patients in any other unit, bed-
side ultrasound is also invaluable for the assessment of shock, acute hypoxic respi-
ratory failure, suspected deep venous thrombosis, and for the performance of
several common bedside procedures. Patients with aneurysmal subarachnoid hem-
orrhage (aSAH) may particularly benefit from the use of bedside ultrasound: in
addition to the risk of cerebral vasospasm, they are at considerable risk for severe
left ventricular dysfunction and neurogenic pulmonary edema. While cranial ultra-
sound in the neonate and carotid ultrasound in ischemic cerebrovascular disease
are among the most common applications of ultrasound relevant to neurological
disease, they are beyond the scope of this chapter, which will focus on common
applications of multipurpose point-of-care (POC) ultrasound in the adult neuroin-
tensive care unit.
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Transcranial Color-Coded Sonography

Technical and Patient Considerations
Transcranial Doppler vs Transcranial Color-Coded Sonography

Transcranial Doppler sonography has traditionally been performed using dedicated
portable machines and transducers that display a spectral Doppler waveform only.
Acquisition of the Doppler signal from intracranial vessels with these machines
requires “blind” manipulation of the probe and adjustment of depth of the sample
volume. “Blind” TCD can therefore be technically challenging, particularly for
inexperienced operators. While traditional TCD is an established and well-validated
tool, this technique requires dedicated equipment separate from the multipurpose
point-of-care machines typically available in the intensive care unit (ICU). The
angle of insonation of vessels cannot be known, and an insonation angle of greater
than 60° may easily occur, leading to marked inaccuracy in measured velocities.
Transcranial color-coded sonography (TCCS) is performed using multipurpose
machines with standard phased array probes to obtain grayscale images of cerebral
parenchyma and duplex images of intracranial vessels, permitting rapid acquisition
and identification of multiple intracranial vessels. The pulse Doppler spectral wave-
form is obtained guided by the duplex images, with appropriate consideration for the
angle of insonation. More recently, TCCS capability in hand-carried POC ultrasound
machines more familiar to intensive care professionals has become more widely
available, obviating the need for dedicated TCD equipment. Image-guided acquisi-
tion of Doppler waveforms with TCCS can be much easier than “blind” acquisition
of Doppler signal using traditional TCD, particularly for trainees and inexperienced
sonographers. For these reasons, this chapter will focus on the use of TCCS instead
of “blind” TCD. Potential disadvantages of TCCS are the relatively larger footprint
of the probe and the relative insensitivity of duplex ultrasound for low flow signals.

Equipment

A phased array (5—-1 MHz) transducer (Fig. 15.1) is used, and the transcranial preset
(Fig. 15.2) selected. Transcranial imaging cannot be performed with the cardiac and
abdominal presets available on most multipurpose POC machines.

Patient Factors

The patient is positioned supine with the head resting comfortably back on the bed
during transtemporal insonation. During transforaminal insonation the patient is
ideally positioned sitting up with the head flexed forward; however, the patient can
also be positioned on his/her side with the chin in contact with the chest. While
no specific adverse effects have been reported with the diagnostic use of standard
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Fig. 15.1 Phased array
transducer used for TCCS.
IM index mark on the probe
corresponds to index mark
on the screen

Fig. 15.2 Selection of
transcranial preset. Select
“Transcranial” from the 1

ist of presets available Abdomen(Abd)

for the phased array , OB

transducer probe Cardiac(Crd)
Transcranial(TCD)
Orbital{Orb)
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TCD/TCCS probes, the general principle of ALARA (as low as reasonably
achievable) must be kept in mind, with the duration of insonation restricted to that
which is clinically essential. This is particularly true because transcranial insonation
typically requires maximal acoustic power output. About 5-20 % of patients have
an inadequate transtemporal window for performance of TCCS [7, 8]. Risk factors
for absence of transtemporal window include older age, female sex, and measured
skull thickness [7, 8].

Image Acquisition and Interpretation
Image Acquisition

The sector-shaped image on the screen obtained from the phased array probe is
oriented with the index mark on the upper left aspect of the image. The examiner
ideally stands behind the patient’s head, although any position that allows the elbow
to rest on the patient’s bed or be held close to the examiner’s side is acceptable; arm
fatigue can be expected to develop rapidly. Insonation is initially performed through
the transtemporal acoustic window, with the transducer placed immediately anterior
to the upper border of the tragus and superior to the posterior zygomatic arch
(Fig. 15.3). The index mark on the probe is directed anteriorly and rotated at a
10-20° angle superior to the axial plane (Fig. 15.4) with the transducer itself tilted
at a 10-20° angle cephalad to the axial plane (Fig. 15.5). If the desired image is not
obtained, the probe can be moved within the approximate area delineated by the
circle in Fig. 15.3 until the desired initial grayscale image is obtained. If no recog-
nizable anatomical features are seen, it is possible that the patient does not have an
acoustic window on that side.

Fig. 15.3 Transtemporal
window. The phased array
probe can be moved within
the circle until the midbrain
is identified on B-mode
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Fig. 15.4 Probe position for
TCCS - lateral view of
transtemporal insonation. The
transducer is rotated slightly
so the index mark on the
phased array probe points in
the direction A, which is at
about a 10-20° angle to the
anatomical axial plane,
depicted by line B

Fig. 15.5 Probe position for
TCCS - anteroposterior view
of transtemporal insonation.
The transducer is tilted
slightly cephalad, at a 10-20°
angle to the anatomical axial
plane

The single most important anatomical feature to identify at this point is the
midbrain (Fig. 15.6), at a depth of about 5-8 cm, with the “Mickey Mouse ears” of
the crus cerebri seen turned on their side. This is comparable, but not identical, to
the image obtained with computed tomography (CT) imaging at this level (Fig. 15.7).
Once this plane of imaging is obtained, other prominent anatomical features can be
rapidly identified, including the lesser sphenoid wing of the temporal bone and the
basal cisterns, particularly the interpeduncular and quadrigeminal cisterns
(Figs. 15.6 and 15.7). The normal anatomical distribution of the major intracranial
arteries and the circle of Willis is shown in Fig. 15.8. Once the midbrain is identified
on the grayscale image, the color box is positioned over the expected anatomical
location of the vessel(s) of interest, with “red” typically depicting flow toward and
“blue” flow away from the probe. The most important intracranial artery to identify
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Fig. 15.6 B-mode image at level of the midbrain. Compare to Fig. 15.7, which depicts CT imag-
ing at the same level in the same aSAH patient, with the same anatomical features labeled. /M
index mark (corresponds to Index Mark on transducer), MB midbrain, LSW lesser sphenoid wing,
AC aneurysm clip, QC quadrigeminal cistern, /PC interpeduncular cistern

Fig. 15.7 CT axial image at
level of midbrain. Compare
to Fig. 15.6, which depicts
B-mode image at the same
level in the same aSAH
patient, with the same
anatomical features labeled.
The CT image has been
rotated 90° to the left for
easier comparison to the
ultrasound image. MB
midbrain, LSW lesser
sphenoid wing, AC aneurysm
clip, QC quadrigeminal
cistern, /PC interpeduncular
cistern

is the middle cerebral artery (MCA), seen as a curved vessel extending out toward
the probe with flow directed toward the probe (depicted in red in Fig. 15.9) from a
point anterior and lateral to the midbrain that is the point of bifurcation of the inter-
nal carotid artery, at about 4—6 cm depth. The A1l segment of the anterior cerebral
artery (ACA) is seen extending from the internal carotid artery (ICA) bifurcation
in the opposite direction, anteriorly, and toward the midline, with flow away from
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Fig. 15.8 Normal anatomical distribution of intracranial arteries. Compare to Fig. 15.9, which is
a duplex image of the circle of Willis in approximately the same anatomical plane with the same
labeling. / Ipsilateral MCA, 2 ipsilateral ACA Al segment, 3 ipsilateral PCA P1 segment, 4 con-
tralateral MCA, 5 contralateral ACA Al segment, 6 contralateral PCA P1 segment, 7 ipsilateral
ICA, 8 contralateral ICA, 9 lesser sphenoid wing, /0 zygomatic arch, // bilateral ACA A2 seg-
ments (This figure was adapted from http://en.wikipedia.org/wiki/File:Transcranial_doppler.jpg
under the terms of GNU Free Documentation License, Version 1.3 by Rune Aaslid)

28 CIRCLE OF WILILgES

Fig. 15.9 TCCS duplex image of the circle of Willis. Compare to Fig. 15.8 which depicts normal
anatomical distribution of intracranial vessels in approximately the same anatomical plane with the
same labeling. / ipsilateral MCA, 2 ipsilateral ACA Al segment, 3 ipsilateral PCA P1 segment, 4
contralateral MCA, 5 contralateral ACA Al segment, 6 contralateral PCA P1 segment, // bilateral
ACA A2 segments (cannot be distinguished on TCCS)


http://en.wikipedia.org/wiki/File:Transcranial_doppler.jpg
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the probe (depicted in blue in Fig. 15.9). The ipsilateral (blue) and contralateral
(red) A1 segments appear to meet in the midline (where the anterior communicating
artery is typically not visualized) with the two A2 segments (which can often not be
individually distinguished) extending anteriorly from this point, in the midline, with
flow away from the probe (blue in Fig. 15.9). Minimal downward (caudal) angula-
tion of the probe from this plane will reveal the distal internal carotid artery (ICA)
following its entry into the skull, in continuity with proximal MCA, with flow
directed toward the probe. Placing the color box around the midbrain itself, in the
original plane of insonation, will reveal the posterior cerebral artery (PCA) curving
around the crus cerebri and the midbrain from its point of origin (the bifurcation of
the basilar artery) in the interpeduncular cistern. The ipsilateral PCA P1 segment
demonstrates flow toward the probe (red in Fig. 15.9), which changes to flow away
from the probe (blue) in the P2 segment following the completion of the bend in the
PCA around the crus cerebri.

Increasing the depth of insonation to 13 cm or greater and extending the color
box will sometimes reveal the contralateral intracranial vessels, depending on the
quality of the acoustic window. This is most feasible when performing insonation
through a large decompressive craniectomy defect. When visible, the contralateral
ACA A1 segment and PCA P2 segments are seen with flow toward the probe (red),
while the contralateral MCA and PCA P1 segment are seen with flow away from the
probe (blue), as seen in Fig. 15.9. An attempt at interrogation of the contralateral
vessels may be the only recourse when a patient has a viable transtemporal acoustic
window on only one side.

To visualize the vertebrobasilar circulation, the patient’s head is flexed forward
and the transducer firmly positioned in the suboccipital region with use of copious
conductive gel to permit acoustic transmission through the hair at the nape of the
neck. The probe is angled so that the long axis of the probe passes through the
nasion, permitting insonation through the foramen magnum (Fig. 15.10). The most
important structure seen on the grayscale image will be the foramen magnum, a
large circular hypoechoic structure in the midline between about 2—7 cm of depth
(Fig. 15.11). The color box is placed so that it covers the foramen magnum and the

Fig. 15.10 Probe position
for TCCS - transforaminal
(suboccipital) window. Probe
is placed below occipital
protuberance with head
flexed (head flexion not
demonstrated in this image),
probe points toward the
nasion
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Fig. 15.11 Transforaminal view of vertebral and basilar arteries. The hypoechoic circular struc-
ture labeled 1 is the foramen magnum. Right (2) and left (3) vertebral arteries meet to form the
basilar artery (4), producing the characteristic Y shape on duplex imaging

expected location of the basilar artery deeper to the foramen, within the cranial
vault. The two vertebral arteries are visualized on either side of the foramen mag-
num, with flow away from the probe (blue in Fig. 15.11), extending intracranially to
a point of confluence at about 6-8 cm of depth, beyond which the basilar artery is
seen extending distally into the cranial vault, also with flow away from the probe
(blue in Fig. 15.11). This confluence typically results in the “Y” shape seen in
Figs. 15.11 and 15.12. The distal bifurcation of the basilar artery is typically not
visualized with TCCS.

Once the vessels of interest are identified, pulse Doppler is selected with a sam-
ple volume size of about 3—10 mm. The sample volume is then placed on the arterial
segment of interest (Fig. 15.13). Since the anatomical orientation of the artery can
be clearly visualized, an effort must be made to obtain an insonation angle as close
as possible to zero degrees for flow toward the probe and 180° for flow away from
the probe (Figs. 15.13 and 15.14). When this is not possible, most POC machines
with TCCS capability permit angle correction through manual delineation of the
direction of flow within the vessel. The machine then corrects the calculated veloc-
ity using a formula that includes the angle of insonation. Using angle correction is
generally not recommended when the angle of insonation is greater than 60° or
when a sufficiently long arterial segment is not available to accurately depict the
direction of flow. Once the sample volume is appropriately positioned (and angle
correction performed if so desired), the spectral Doppler reading is obtained
(Fig. 15.15). The Doppler frequency shift recorded within the sample volume is
converted to flow velocity, depicted on the y-axis, against time, on the x-axis.
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Fig. 15.12 Aliasing in the vertebrobasilar circulation. Repeat TCCS performed on the same
patient with aSAH several days following Fig. 15.11. Identical image to Fig. 15.11, except aliasing
is seen in the distal right vertebral (5) and proximal basilar (4) arteries. / foramen magnum, 2 right
vertebral artery with aliasing in the distal segment labeled 5, 3 left vertebral artery, 4 basilar artery
now with aliasing

Fig. 15.13 Placement of sample volume on MCA, good angle of insonation. Duplex color image
rendered in black and white. The sample volume has been placed in the MCA M1 segment. Note
excellent angle of insonation, in-line with direction of flow in the MCA. MB midbrain, MCA
middle cerebral artery
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Fig. 15.14 Placement of sample volume on MCA, suboptimal angle of insonation. Duplex color
image rendered in black and white. Same patient and examination as in Fig. 15.13. Probe has been
moved slightly and the sample volume is again placed on the MCA M1 segment; however, there is
now a relatively steep angle of insonation to the direction of flow in the MCA, which will artifi-
cially lower the measured mCBFV. Probe position needs to be altered slightly to optimize angle of
insonation, seen in Fig. 15.13
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TAP: 83.1cm/s PSV: 118.7cmfs EDV: 56.4cm/s
Pl: 0.75 RI: 0.52 S/D: 2.10 Gate Depth: 4.87cm

Fig. 15.15 Spectral Doppler waveform. Spectral Doppler waveform obtained from sample vol-
ume placement on MCA shown in Fig. 15.13. The mCBFV is depicted here as the time averaged
peak (TAP). PSV peak systolic velocity, EDV end-diastolic velocity, PI pulsatility index
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One complete cardiac cycle on the spectral Doppler waveform is then traced out and
the machine calculates the parameters of interest, including the peak systolic veloc-
ity (PSV), end-diastolic velocity (EDV), the mean cerebral blood flow velocity
(mCBFV - otherwise known as the time averaged peak or TAP), and the pulsatility
index {PI=(PSV-EDV)/mean flow velocity or MFV}.

When the blood flow velocity within an arterial segment is relatively high rela-
tive to the set color scale, aliasing may occur. Aliasing is visible as an abrupt change
in color duplex examination within a segment of the artery (but not the entire artery)
from the expected color appropriate to the direction of flow to the opposite color:
red to blue or vice versa. The presence of aliasing can be clinically useful, since
regions of aliasing are more likely to represent higher velocities and can be prefer-
entially sampled when looking for vasospasm (Fig. 15.12). Most aliasing does NOT
represent vasospasm; however, and if so desired, aliasing can be eliminated by
increasing the range of the color scale.

Once the intracranial vessels have been interrogated, measuring the velocities in
the distal cervical internal carotid arteries, immediately prior to their entry into the
skull, should be performed when evaluating for vasospasm. These extracranial ICA
(exICA) velocities are used to calculate the Lindegaard ratio (mnCBFV;ca/mCB-
FVeica). The transducer is placed in the submandibular region at the angle of the
jaw and directed upward and slightly medially, toward the ipsilateral eye (Fig. 15.16).
The exICA is a linear (sometimes tortuous) vessel with flow away from the probe
(blue in Fig. 15.17) and is typically medial to the internal jugular vein, which is
distinguished by the presence of flow toward the probe (red) and a venous pattern of
pulsation. The most important distinguishing feature of the exXICA, compared to the

Fig. 15.16 Probe position
for TCCS - submandibular
insonation. Probe is placed
below angle of the jaw and
directed upward and slightly
medially
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Fig. 15.17 Extracranial ICA and IJV seen on submandibular insonation. Duplex color image ren-
dered in black and white. ICA internal carotid artery, was blue in original duplex image depicting
flow away from probe. I/V internal jugular vein, was red, with flow toward the probe

external carotid artery, is the presence of substantial diastolic flow in the exICA.
As with intracranial vessels, obtaining an angle of insonation as close to 0° or 180°
as possible is important; otherwise, perform angle correction.

Image Interpretation

The most important parameter obtained from TCCS is the mCBFYV, since most
angiographic correlation to vessel caliber has been performed with this parameter.

The range of “normal” velocities used at the University of Michigan is shown in
Table 15.1.

1. Cerebral vasospasm after aSAH
Reduction in vessel caliber caused by cerebral vasospasm following aSAH will
result in an elevation in mCBFYV, since velocity of blood flow is inversely propor-
tional to the square of the vessel radius [9]. A mCBFV <120 cm/s in the MCA is
reliable for the exclusion of hemodynamically significant vasospasm and
mCBFV >200 cm/s is specific for severe vasospasm [1, 10]. Elevations in veloc-
ity between 120 and 200 cm/s may be caused by either hyperdynamic flow or
vasospasm. Hyperdynamic flow frequently results from factors such as the cat-
echolamine surge following aSAH, anxiety, pain, fever, anemia, and the use of
inotropic agents. The Lindegaard ratio (nCBFVyca/mCBFV,ca) can be used
to differentiate hyperdynamic flow from vasospasm [1, 10]. A ratio >3 likely



336 V. Rajajee

Table 15.1 Normal range Normal range of
of mean c§r§bral blood Intracranial artery mCBFV (cm/s)
flow velocities Middle cerebral artery (MCA) 37-81

Anterior cerebral artery (ACA) 25-77

Posterior cerebral artery (PCA) 18-58

Intracranial internal carotid artery ICA) | 19-69

Vertebral artery 16-56

Basilar artery 21-57

Extracranial internal carotid artery 28-48

(EXICA)

represents mild vasospasm and a ratio >6 severe vasospasm. Thresholds for the
identification of vasospasm have been validated primarily in the MCA. However,
normal MCA velocities are almost always higher than ipsilateral normal ACA,
ICA, and PCA velocities. Therefore, an elevation in the velocity (or correspond-
ing ratio to ipsilateral exICA velocity) in any of these other arteries above thresh-
olds validated for vasospasm in the MCA are very likely to represent vasospasm
in those vessels as well; this is especially true when the mCBFV in any of these
other arteries exceeds 200 cm/s. Normal velocities in the posterior circulation are
typically lower than in the anterior circulation. In one study, a basilar velocity
>85 cm/s and a ratio of basilar to extracranial (measured in the neck, not trans-
foraminal) vertebral mCBFV >3 had 92 % sensitivity and 97 % specificity for
basilar narrowing of more than 50 % on angiography [11]. While mCBFYV iden-
tifies large vessel vasospasm and not tissue ischemia, a PI<0.58 may identify
patients with large vessel vasospasm at higher risk for subsequent clinical neuro-
logical decline [12].

2. Determination of brain death
The American Academy of Neurology’s Quality Standards Subcommittee
requires that the determination of brain death using TCD/TCCS be made on the
basis of reverberating flow (Fig. 15.18) or short systolic spikes (Fig. 15.19)
recorded in the anterior circulation (typically the MCA) bilaterally as well as in
the posterior circulation (basilar) [1]. While the presence of such diffuse rever-
berating flow or short systolic spikes is considered incompatible with clinical
recovery, the absence of flow signal cannot be used to determine brain death,
since the inability to detect signal is commonly the result of inadequate windows
or other technical factors.

3. Recanalization following acute ischemic stroke
The spectral Doppler waveform obtained from the vessel targeted by reperfusion
therapy, either intravenous tissue plasminogen activator (tPA) or endovascular
therapy, may be used to assess the degree of recanalization. The consensus on
grading intracranial flow obstruction (COGIF) score has been proposed as a tool
for assessment of recanalization in clinical trials of acute ischemic stroke using
TCCS and is shown in Table 15.2 [13].
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+ 5mm

Right

Fig. 15.18 Reverberating flow in brain death. Reverberating systolic/diastolic flow seen in the
MCA. When present in both MCAs and the basilar, this is incompatible with clinical recovery

TAP: 23.4cm/s PSV: 33.3cm/s EDV: 5.79cm/s
PI: 1.18 RI: 0.83 S/D: 5.75 Gate Depth: 5.24cm

Fig. 15.19 Short systolic spikes in brain death. Short systolic spikes with no diastolic flow in the
MCA. When present in both MCAs and the basilar, this is incompatible with clinical recovery
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Table 15.2 Consensus on grading intracranial flow obstruction (COGIF) scale for assessment of
recanalization following thrombolysis for acute ischemic stroke

COGIF grade | Hemodynamic pattern on TCCS Clinical significance

1 No flow Absent recanalization OR suboptimal
acoustic window

2 Low systolic flow velocities, Minimal recanalization OR downstream/
absent diastolic flow upstream severe narrowing or obstruction

3 Low systolic flow velocities with Partial recanalization OR downstream/
some diastolic flow upstream severe narrowing or obstruction

4 Established perfusion Established perfusion

(a) Flow velocities equal to contralateral side Normal flow

(b) High focal flow velocities Focal intracranial stenosis

(c) High segmental flow velocities Hyperperfusion

Basic and Advanced Competencies in TCCS

There is, as yet, no consensus on what may constitute basic or core competencies in
the performance and interpretation of TCCS in the neurointensive care unit. As the
most common and well-established indication for TCCS in the neuroIlCU, the detec-
tion of vasospasm following aSAH would likely be considered a core competency,
while the use of TCCS for brain death determination and assessment of recanaliza-
tion are used less commonly than vasospasm monitoring and may therefore be con-
sidered relatively advanced competencies.

Evidence Review and Evidence-Based Use

Vasospasm of the large intracranial arteries evaluated by TCCS occurs in up to 70 %
of patients with aneurysmal subarachnoid hemorrhage (aSAH) in a time window
between 3 and 14 days following ictus (peak 8—10 days), although a majority of
these patients remain asymptomatic [14—16]. About 20-30 % of patients will, how-
ever, develop delayed cerebral ischemia (DCI), presumably from severe vasospasm
resulting in compromised distal flow to the brain, with 15-20 % of patients pro-
gressing to death or cerebral infarction [17-19]. Delayed infarction can result in
severe morbidity and long-term functional disability [19].

The evidence that the use of TCD/TCCS is useful, although not definitive, for the
prediction of large vessel (angiographic) vasospasm in the MCA following a SAH
is robust [1, 10, 14, 15]. The predictive value appears to be substantially lower for
vessels other than the MCA [10]. In one meta-analysis of 26 studies assessing the
predictive value of TCD for vasospasm, sensitivity was 67 % (95 % CI 48-87 %),
specificity 99 % (98—-100 %), positive predictive value (PPV) 97 % (95-98 %), and
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negative predictive value (NPV) 78 % (65-91 %) for the MCA. For the ACA,
however, sensitivity was 42 % (11-72 %), specificity 76 % (53—100 %), PPV 56 %
(27-84 %), and NPV 69 % (43-95 %) [10]. The frequency at which TCD/TCCS
should be performed following aSAH is unclear, although many institutions per-
form daily TCD/TCCS evaluation while the patient is within the risk period for
vasospasm.

In 2004, the Therapeutics and Technology Assessment Subcommittee of the
American Academy of Neurology specified clinical indications for which the use of
TCD/TCCS is well established on the basis of the existing evidence [1]. Detection
and monitoring of large vessel vasospasm following aSAH was found to be a “set-
ting in which TCD is able to provide information and in which its clinical utility is
established,” based on a moderately high level of evidence. In contrast, confirmation
of cerebral circulatory arrest in the patient with suspected brain death was determined
to be a “setting in which TCD is able to provide information, but in which its clini-
cal utility, compared with other diagnostic tools, remains to be determined,” while
the monitoring of thrombolysis of acute MCA occlusions was determined to be a
“setting in which TCD is able to provide information, but in which its clinical utility
remains to be determined.”

Pitfalls and Precautions

While considering the evidence base for the use of TCD/TCCS in prediction and
monitoring of vasospasm following aSAH, several factors must be taken into
account. While accurate at predicting large vessel vasospasm, TCD/TCCS is not
consistently accurate at predicting the development of DCI and delayed infarction
[20]. It is now recognized that DCI and angiographic vasospasm are distinct
entities — patients with even severe angiographic vasospasm may continue to per-
fuse cerebral tissue adequately and DCI may occur in the absence of severe vaso-
spasm [21]. The treatment of cerebral vasospasm with either hemodynamic
augmentation or endovascular therapy, although widely performed, has not been
evaluated in clinical trials with meaningful outcome measures. The presence of
severe angiographic vasospasm, however, is strongly correlated with the subse-
quent occurrence of DCI [19], and the expectation that a severe reduction in luminal
diameter will eventually compromise tissue perfusion is reasonable. The presence
of TCCS evidence of severe vasospasm should, therefore, be a “red flag” that war-
rants close monitoring of the patient’s hemodynamic and neurological condition,
with hemodynamic and endovascular intervention considered for any neurological
decline.

As previously mentioned, an important limitation in the use of TCCS is the rela-
tively frequent (5-20 %) absence of adequate acoustic windows [7, 8]. As with any
other ultrasound examination, TCCS is an operator-dependent tool and is prone to
error in the hands of less experienced operators. The ACA in particular is often chal-
lenging to detect on duplex examination. Angle-corrected velocities obtained from
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TCCS are significantly higher than those obtained from TCD and may lead to
overestimation of vasospasm when using criteria established using “blind” TCD.
Therefore, in the absence of large studies correlating angle corrected velocities to
angiographic vasospasm, the University of Michigan protocol is to attempt to obtain
as narrow an angle of insonation as possible using image guidance but not to per-
form angle-correction.

B-Mode Imaging of the Cerebral Parenchyma

While transcranial ultrasound is routinely used for the detection of intracranial hem-
orrhage in neonates, there has been interest more recently in the use of B-mode
imaging of the cerebral parenchyma in adults, particularly when a decompressive
craniectomy defect permits adequate acoustic transmission. Imaging of the cerebral
parenchyma can be performed by first identifying the plane of the midbrain, as
described above, then tilting the probe minimally upward/cephalad until the third
ventricle and lateral ventricles are seen. This is typically possible only in the patients
with the very best temporal acoustic windows, primarily patients with decompres-
sive craniectomy and a large skull defect. While the lateral ventricles are hypoechoic
from their fluid content, in the absence of hydrocephalus, it is the hyperechoic
choroid plexus within the ventricles that is often visualized (Figs. 15.20 and 15.21).

FROM RIGHT SIDB

A 13.1cm B 6.89cm

Fig. 15.20 B-mode measurement of midline shift — measurement from right. Patient with large
right MCA infarction. Third ventricle (TV) is identified by the presence of the hyperechoic double
line (“tram track”) of the choroid plexus and marks the midline. Distance from surface to TV is
6.89 cm from the right and (see Fig. 15.21) 6.19 cm from the left. Midline shift is therefore (6.89—
6.19)/2=0.35 cm, almost identical to the midline shift measured on CT (see Fig. 15.22)
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FROM LEFT SIDEw

A 12.9cm B 6.19cm

Fig. 15.21 B-mode measurement of midline shift — measurement from left. Patient with large
right MCA infarction. Third ventricle (TV) is identified by the presence of the hyperechoic double
line (“tram track”) of the choroid plexus and marks the midline. Distance from surface to TV is
6.19 cm from the left and 6.89 cm from the right (see Fig. 15.20). Midline shift is therefore
(6.89-6.19)/2=0.35 cm, almost identical to the midline shift measured on CT (see Fig. 15.22)

The third ventricle can be used to identify the midline, and midline shift in the setting
of space-occupying lesions (such as malignant MCA infarction) is calculated as the
difference in the distance from the probe to the midline from each side, divided by
two (Figs. 15.20 and 15.21) with good correlation to measurement using CT
(Fig. 15.22) [22]. Assessment using B-mode also has good correlation to CT imag-
ing for determination of lateral ventricular size in hydrocephalus (Figs. 15.23 and
15.24) as well as for the detection and measurement of intraparenchymal hemato-
mas (Figs. 15.25 and 15.26) [23, 24]. While B-mode imaging of the brain appears to
hold significant promise, it is considered investigational at this time, and its clinical
role not yet defined.
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Fig. 15.22 CT measurement
of midline shift. Same patient
as in Figs. 15.20 and 15.21,
same day as B-mode
evaluation. Midline shift on
CT (3.6 mm) is almost
identical to midline shift
calculated from B-mode
imaging (see Figs. 15.20

and 15.21)

s
~ B 156.1mm

V. Rajajee

Fig. 15.23 Measurement of lateral ventricular size through craniectomy defect. Measurement of
frontal horns for quantification of lateral ventricular size. Distance measured (3.68 cm) is almost
identical to distance measured on CT (3.69 cm) in Fig. 15.24. I Right lateral ventricle, 2 external

ventricular drain
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Fig. 15.24 Measurement of
lateral ventricular size on

CT. Same patient as in

Fig. 15.23, on same day as
B-mode examination.
Distance measured (3.69 cm)
is almost identical to distance
measured on B-mode

(3.68 cm) in Fig. 15.23. The
external ventricular drain is
seen in the same position in
the right lateral ventricle as in
Fig. 15.23

Fig. 15.25 B-mode for imaging of intracerebral hematoma through craniectomy defect. Large left
hemispheric intracerebral hematoma (/). Compare to CT in Fig. 15.26 — same patient, same
labeling. 2 External ventricular drain, 3 hyperechoic choroid plexus in left lateral ventricle, 4 skull
defect
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Fig. 15.26 Intracerebral
hematoma on CT. Same
patient as in Fig. 15.25, same
day as B-mode evaluation.
Same labeling. / hematoma,
2 external ventricular drain, 3
left lateral ventricle, 4 skull
defect

Optic Nerve Ultrasound

Management of raised intracranial pressure is a cornerstone of patient management
in the neuroIlCU. The assessment of ICP in a variety of acute neurological condi-
tions typically requires the placement of an invasive monitor, either an external
ventricular drain or a parenchymal catheter. Since there is expense and risk associ-
ated with the placement of invasive catheters, there is significant interest in potential
techniques for the noninvasive detection of raised ICP. Of the available noninvasive
techniques, ONUS appears to be among the most promising. The optic nerve sheath
is a continuation of the dura and contains the subarachnoid space. An elevation in
the ICP is transmitted down the subarachnoid space and results in distension of the
optic nerve sheath (ONS), which can be detected using ocular ultrasound. While the
same mechanism eventually results in papilledema, this can take hours or days, and
papilledema can persist for hours to days following return of ICP to normal levels.

Technical and Patient Factors
Equipment

A linear array (13—6 MHz) transducer probe (Fig. 15.27) with an ophthalmic preset
(Fig. 15.28) is recommended for this application, since not all probes and settings
meet the Food and Drug Administration (FDA) requirements for ultrasound



15 Ultrasound in the Neurointensive Care Unit 345

Fig. 15.27 Linear array
transducer used for ONSD
measurement. /M index mark
on the probe, corresponds to
index mark on the screen

Fig. 15.28 Selection of
ophthalmic preset. Select
“Ophthalmic” from the list of
presets available for the

13-6 MHz linear array Supel‘flCla“SUp)
transducer S — MSK

Vascular{Vas)
Nerve(Nrv)
Venous(v_en)

examination of the eye. Theoretical concerns for thermal injury to the eye have led
the FDA to limit the acoustic exposure during ocular ultrasound to a derated
spatial-peak temporal-average intensity (Igprs3) of <17 mW/cm? and mechanical
index <0.23 [25].
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Patient Factors

Patients with known optic nerve pathology or evident injury to the globe have typi-
cally been excluded from studies of ONUS [2-6].

Image Acquisition and Interpretation
Image Acquisition

The probe is placed on the superior and lateral aspect of the orbit against the upper
eyelid, with the eye closed. The transducer is angled slightly caudally and medially
(Fig. 15.29) until the optic nerve is visualized as a linear hypoechoic structure with
clearly defined margins posterior to the globe (Fig. 15.30). The probe is never placed
in direct contact with the cornea or sclera to avoid corneal abrasion. Contact with the
eye must be gentle at all times, as excess pressure can result in nausea, vomiting, and
a vagal response. The University of Michigan protocol is then to perform magnifica-
tion and to use calipers to identify a point 3 mm behind the retina. The optic nerve
sheath diameter (ONSD) is measured at this level using a second set of calipers. Very
careful probe manipulation is performed to obtain clear margins of the ONS, distinct
from the hypo- and hyper-echoic artifacts that are common posterior to the globe.

Fig. 15.29 Probe position
for ONSD measurement.
Transducer is placed on the
upper outer margin of the
orbit with the eye closed and
angled slightly downward
and medially
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A 0.30cm

Fig. 15.30 ONSD measurement. The optic nerve sheath (ONS) is seen as a linear hypoechoic
structure extending posterior to the globe (G). Caliper A measures a standard distance 3 mm
behind the retina (R). Caliper B measures the ONSD at this level. ONSD is 0.58 cm, higher than
the 0.50 cm cutoff. This patient was found to have ICP>40 mmHg following placement of an
external ventricular drain

Image Interpretation

The optimal ONSD cutoff for the identification of raised intracranial pressure (ICP),
typically defined as >20 mmHg, is a matter of debate. The validation study per-
formed at the University of Michigan identified an optimal ONSD cutoff >0.50 cm
for the detection of intracranial hypertension (defined as ICP>20 mmHg) with sen-
sitivity 90 % (95 % CI 79-97 %), specificity 98 % (94-99 %), PPV 92 % (95 % CI
81-98 %), and NPV 97 % (93-99 %). For patients not on mechanical ventilation the
optimal ONSD cutoff was >0.48 cm with sensitivity 99 % (93-100 %), specificity
95 % (91-97 %), PPV 85 % (76-92 %), and NPV 100 % (98-100 %).

Evidence Review and Evidence-Based Use

Several investigators have performed blinded correlation of ONSD measurement to
the gold standard of simultaneous invasive ICP measurement [2—6]. These studies,
as well as a subsequent meta-analysis, concluded that ONSD measurement was an
accurate tool for the detection of raised ICP (>20 mmHg) [26]. The sensitivity of
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this tool has ranged from 74 % to 96 % and specificity 74-99 % in different studies
[2-6]. Agreement does NOT exist, however, on the optimal ONSD threshold for
identification of raised ICP (>20 mmHg), with the suggested cutoff ranging from
0.48 cm to 0.58 cm. This variability may be related to variations in techniques of
measurement and the presence of artifacts. In view of the discrepancy in the optimal
ONSD threshold across studies, significant caution must be used in the interpreta-
tion of this test, unless validation of the specific technique being used at the clini-
cian’s institution against invasive ICP monitoring has been performed. Based on
such a validation study [6] we use the cutoffs mentioned in the earlier section but
always integrate ONSD measurement into a comprehensive clinical evaluation that
includes history, physical examination, and imaging before decisions are made to
treat intracranial hypertension. The presence of an ONSD above the threshold value
should lead to consideration for the placement of an invasive ICP monitor.

Pitfalls and Precautions

The variation in optimal ONSD threshold for detection of elevated ICP has been
discussed above. While this variation may be partly related to technique, it may also
be related to the frequent presence of linear hypoechoic and hyperechoic artifacts
posterior to the globe, which can significantly confound ONSD measurement.
Figures 15.31 and 15.32 illustrate how inclusion of hypoechoic signal beyond the

L EYE ICP 11MMHG

A 0.30cm

Fig. 15.31 Artifact and ONSD - incorrect measurement. Inclusion of hyperechoic structures pos-
terior to the globe other than the content of the optic nerve sheath can lead to serious error. In this
case, ONSD is mistakenly measured at 0.64 cm, which would suggest a very high ICP. The ICP
recorded from the external ventricular drain was only 11 mmHg
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L EYE ICP 11MMHG

A 0.30cm

Fig. 15.32 Artifact and ONSD - correct measurement. Same examination as in Fig. 15.31. More
careful measurement of only the content of the optic nerve sheath reveals ONSD is 0.38 cm, con-
sistent with the normal ICP (11 mmHg) measured from the external ventricular drain

content of the ONS may result in misidentification of raised ICP. A delay in
reversibility of ONS distension following a period of raised ICP may also possibly
result in a decreased PPV in the setting of active treatment of raised ICP [27, 28].
Remember that ONUS is a qualitative (high vs normal) and not a quantitative
assessment of ICP. Also, it is a snapshot assessment in time and not a continuous
measure of ICP.

Cardiopulmonary Evaluation in Subarachnoid Hemorrhage

Technical considerations, image acquisition and interpretation of bedside echocar-
diography, and thoracic ultrasound have been described in detail elsewhere in this
book. This section will briefly detail considerations specific to the neurointensive
care unit.

Cardiomyopathy

Up to 30 % of patients with aSAH develop significant cardiac injury, with more
severe grades of aSAH incrementally associated with more severe cardiac injury [29].
This injury may be a consequence of the catecholamine surge that accompanies
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aSAH, leading to both acute endocardial and myocardial injury [30]. While cardiac
injury can manifest as transient electrocardiogram changes or troponin elevation,
severe left ventricular (LV) failure can occur, leading to cardiogenic shock and pul-
monary edema. The occurrence of cardiac injury is also predictive of DCI, poor
functional outcomes, and death [31].

Patients with aSAH and LV failure typically demonstrate a pattern similar to
Takotsubo cardiomyopathy, with apical and/or mid-ventricular hypokinesia or aki-
nesia and sparing of the basal segments [32]. Left ventricular dysfunction is typi-
cally maximal soon after ictus and almost always resolves over a period of days to
weeks. Rapid identification of the severity and pattern of LV dysfunction in the
setting of cardiogenic shock permits the initiation of appropriate therapy, includ-
ing the addition of inotropic agents such as dobutamine or vasopressors such as
norepinephrine.

Pulmonary Edema

Neurogenic pulmonary edema is relatively common following aSAH but may also
occur in a range of acute neurological conditions [33]. Neurogenic edema is thought
to result from an abrupt increase in pulmonary hydrostatic pressure and capillary
permeability and can result in severe hypoxic respiratory failure but is transient and
typically resolves over several days. Similar to cardiac injury, the incidence and
severity is highest at admission. The use of thoracic ultrasound can be very valuable
for the diagnosis of acute pulmonary edema. Using the “BLUE” (bedside lung ultra-
sound in emergency) protocol for assessment of respiratory failure, the presence of
bilateral B-lines in the anterior fields in the patient with aSAH likely suggests the
presence of aSAH (Fig. 15.33) [34].

Hemodynamic Augmentation for DCI

The mainstay of treatment of DCI along with endovascular therapy is hemodynamic
augmentation to promote perfusion of ischemic cerebral tissue. The use of ultra-
sound can be helpful in this regard, allowing for assessment of volume status and
optimization of cardiac output. The presence of complete end-systolic obliteration
of the left ventricular cavity implies significant hypovolemia and the need for fluid
resuscitation (Fig. 15.34) [35]. Respiratory variation in the inferior vena cava (IVC)
diameter is a useful predictor of fluid responsiveness in the patient on the ventilator
without respiratory effort [36]. When severe LV dysfunction is identified on echo-
cardiography, the addition of dobutamine to vasopressors may be valuable in pro-
moting cerebral perfusion [37]. Inotropic therapy and fluid resuscitation can be
titrated to the measured stroke volume, obtained either by the fractional shortening
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Fig. 15.33 B-lines on thoracic ultrasound. Patient with SAH and severe neurogenic pulmonary
edema. PL pleural line, AS acoustic shadow of rib, B B-lines, extending from pleural line to edge
of screen

Fig. 15.34 Echocardiography M-mode demonstrating hypovolemia. Patient with aSAH, cerebral
salt wasting, and delayed cerebral ischemia. M-mode examination performed in the parasternal
short axis view at the papillary muscle level. Black vertical arrows demonstrate end-systolic
obliteration of the left ventricular cavity, suggesting significant hypovolemia and the need for fluid
resuscitation
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method or by measurement of LV outflow tract diameter and aortic valve Doppler,
both of which are described elsewhere in this book. While performing fluid resusci-
tation for DCI, the appearance of new B-lines bilaterally on thoracic ultrasound may
be useful in the early identification of fluid overload and pulmonary edema.

Other Applications of Ultrasound in the Neuro-ICU

Similar to their use in other ICUs, the following applications of bedside ultrasound
find common use in the neuroIlCU:

1. Echocardiography for assessment of shock and preload

2. Measurement of IVC for assessment of fluid responsiveness

3. Thoracic ultrasound for the assessment of acute respiratory failure (“BLUE”
protocol)

4. Extended focused assessment with sonography in trauma (eFAST) for patients

with severe traumatic brain injury and multisystem injuries

Diagnosis of deep vein thrombosis

6. Real-time guidance for bedside procedures: central venous and arterial catheter-
ization, thoracentesis, paracentesis, and percutaneous tracheostomy

e

Conclusion

While TCD has long been an integral part of evaluation and management of patients
with acute brain injury, more recently the range of applications of ultrasound in the
ICU have greatly expanded. Gaining proficiency in all aspects of critical care ultra-
sound is likely to empower the neurointensivist to significantly enhance the range
and depth of clinical care provided to patients in the neurolCU.
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Chapter 16
Ultrasound in the Neonatal Intensive
Care Unit

Hussnain S. Mirza, Gregory Logsdon, and James Padbury

Part I: Practice and Training Guidelines

Introduction

Point-of-care ultrasound is a routine practice in neonatal intensive care units
(NICUs) in many parts of the world, including Australia, New Zealand, United
Kingdom, and many other countries in Asia and Europe. In North America, point-
of-care ultrasound has been adopted in clinical practice in emergency rooms, adult
intensive care units, obstetrics and gynecology. Recently it has gained some accep-
tance in NICUs as well [1]. The potential for medicolegal problems and lack of
uniform training for different applications of point-of-care ultrasound in the NICU
are the biggest challenges to more widespread adoption of this valuable practice. It
is important to emphasize that clinical sonography performed by providers in the
NICU entails limited, goal-directed ultrasound imaging at the bedside for a rapid
assessment of an acute or subacute clinical problem. It is intended to be an exten-
sion and augmentation of the clinical examination, and should not be considered a
replacement for formal clinical imaging.
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The utility of point-of-care ultrasound in the NICU lies in its portability,
reliability, and lack of invasiveness or radiation exposure. Point-of-care ultrasound
can be adopted in NICU for a wide range of indications, such as research, proce-
dural guidance, and rapid assessment of critical emergencies like cardiac tampon-
ade. Similar to other intensive care settings, ultrasound guidance can improve the
safety and success rate of clinical procedures, such as umbilical vein catheter
(UVC) placement, and other lifesaving interventions, such as pericardiocentesis to
relieve cardiac tamponade. Given its availability and reliability, ultrasound can be
used frequently and longitudinally to follow-up subacute or evolving problems,
such as monitoring the progress of post-hemorrhagic hydrocephalus. Point-of-care
ultrasound can decrease the use of and dependence on x-rays to confirm the appro-
priate placement of umbilical lines, central venous lines, endotracheal tubes, or
feeding tubes.

A basic requirement for point-of-care ultrasound in NICU is the easy availability
of a suitable machine with the required hardware and the application-specific soft-
ware. Every machine is different, and the required specifications differ depending
upon the application of ultrasound. Due to the extremely small size of infants in
NICU, high frequency (>8 MHz) and smaller size transducers are required for neo-
natal point-of-care ultrasound. Depending upon the spectrum of clinical practice,
two separate transducers are preferable (6—10 MHz and 12-18 MHz). Oftentimes,
two-dimensional (2-D) imaging is not sufficient to offer a complete exam, so the
addition of pulse wave (PW), continuous wave (CW), and color Doppler modes are
also helpful. Doppler imaging is particularly important for the study of cerebral or
mesenteric blood flow and for other hemodynamic studies. M-mode is required for
targeted neonatal echocardiography (TnECHO). If point-of-care ultrasound is
intended for use in sterile field (e.g., for securing central venous access), a foot
switch with programmable pedal should be added to the device. Similarly, for neo-
natal ultrasound, NICU-specific software packages should be installed on the
machine including a comprehensive software application for annotation, measure-
ments, and calculations. An automatic image optimization package will help for
reliable imaging by the providers who are not well versed with sonographic optimi-
zation techniques.

Indications for Ultrasound in the NICU

Ultrasound can be valuable in the evaluation of life-threatening emergencies,
screening and monitoring for certain subacute clinical conditions, to guide clinical
procedures, and for research purposes. The breadth of available indications for
point-of-care ultrasound in the NICU are summarized in Table 16.1. We highly
recommend developing local guidelines to define the limitations for any particular
application based on local experience, training, and proficiency. The Australian
Society for Ultrasound in Medicine (ASUM) has recently published a policy state-
ment for safe and proficient practice of point-of-care ultrasound in NICU. These
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Table 16.1 Indications for point-of-care ultrasound in NICU

Critical assessment | Screening and monitoring | Clinical procedures Research
Pericardial Intraventricular Thoracocentesis SVC blood flow
tamponade hemorrhage
Pleural effusion Periventricular Peritoneal tap Cerebral blood
leukomalacia flow
Ascites or Hydrocephalus Suprapubic tap Mesenteric blood
hemoperitoneum flow
Intraventricular
hemorrhage
Patent ductus arteriosus Confirmation of Miscellaneous
normal placement
Pulmonary hypertension UVC/UAC
Hemodynamic studies Central venous line
Necrotizing enterocolitis ETT

Gastric/jejunal
feeding tube

Abbreviations: ETT endotracheal tube, SVC superior vena cava, UAC umbilical arterial catheter,
UVC umbilical vein catheter

guidelines can be helpful to develop a new point-of-care ultrasound program in the
NICU. With appropriate boundaries in place, the introduction of point-of-care ultra-
sound into clinical practice should not be delayed until full competencies are
reached in all facets, given that many of its applications are relatively simple and
can dramatically improve care. In turn, as experience builds and local clinicians
gain experience and expertise, a more expanded service can evolve over time.

Training Recommendations

Multiple ultrasound applications are available in the NICU for different clinical indi-
cations, and each application has unique training requirements. Ultrasound applica-
tions in the NICU can be broadly classified into four categories: head ultrasound,
targeted neonatal echocardiography (TnECHO), general sonography, and critical
imaging. For certain applications, detailed training and practice guidelines are avail-
able, e.g., TnECHO [2]. On the other hand, some applications have been adopted
less formally into clinical practice over many decades based on local experience and
expertise (e.g., general sonography and critical imaging). The Australian Society for
Ultrasound in Medicine has developed a standard curriculum for point-of-care ultra-
sound training and certification for neonatology trainees, accessible online at
ASUM’s website: http://www.asum.com.au/newsite/Education.php?p=CCPU

In the United States, formal training or certification for point-of-care ultra-
sound in NICU is not available. It is of paramount importance to develop local
guidelines before adopting this new practice in NICU. To establish a new program,
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collaboration with an advanced-level user (e.g., a pediatric radiologist or a
pediatric cardiologist) is essential to ensure adequate training and supervision of
NICU providers. Furthermore, as more advanced competencies are sought by the
NICU clinician, the involvement of trained neonatologists becomes increasingly
important. Ultimately, in the future the goal of all training programs should be to
create and adopt a uniform set of core competencies that should be attained while
completing a critical care training program, perhaps through national consensus or
specialty organizations like the American Academy of Pediatrics.

Proposed Training Model

The basic training for any ultrasound application begins with an introduction to the
required hardware and software, basic ultrasound physics, point-of-care ultrasound
indications and limitations. Hands-on training starts in the 2nd phase, followed by
the consolidation of skills in the 3rd phase (Fig. 16.1). After demonstrating

Advance Level User

Trainee-| Trainee-l Trainee-|

Advance Level User
i [ands_ On Consolidation
Experience

Trainee-ll Trainee-ll ainee-ll

consondaliw

Advance Level

Trainee-lll Trainee-ll| Trainee-ll|

Hands On Consolidation
Experience

‘

dvanced Training

Basic Competency

Basic Training

Fig. 16.1 Proposed training model for the point-of-care ultrasound in NICU
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proficiency with all core competencies, a provider may be upgraded to an advanced
level user. Training requirements and duration of each phase are different depending
upon the application of point-of-care ultrasound. Proposed training guidelines and
suggestions for different applications are summarized in Table 16.2. We recommend
to maintain a log book for all trainees during the basic and advanced level training.

Maintenance of skill should be ensured for advanced level users by performing a
minimum required number of scans for any particular application, continued medi-
cal education or CME (courses and workshops), peer review, and quality assurance
(review by consultants) of acquired images and interpretation. Requirements and

Table 16.2 Training guidelines and suggestions for different applications of point-of-care

ultrasound

Basic Advanced Maintenance
Application training training of skill Remarks
“Echocardiography 150 studies 150 additional | 100 studies/ Normal studies
(TnECHO) performed studies year should
performed be <20 % of the
150 studies 150 additional | CME: 24-48 b/ | total
reviewed studies year
reviewed
Duration: Duration: Peer review:
4—6 months additional 4-6 | once/week
months Consultant
review: once/
month
"Head ultrasound 25-50 25-50 50 studies/year | Normal studies
studies additional should be
performed studies 3040 % of
performed total
25-50 25-50 CME: 6-12 h/
studies additional year
reviewed studies
reviewed
Duration: Duration: Peer review:
2-4 weeks additional 1-2 | once/week
months Consultant

review: once/
month

(continued)
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Table 16.2 (continued)

Basic Advanced Maintenance
Application training training of skill Remarks
®General sonography for | 15-25 15-25 25 studies/year | Training should
placement confirmation | studies additional separately focus
of UVC, PICC line, performed studies on each skill,
ETT, NGT and for performed e.g., confirming
suprapubic tap 15-25 15-25 CME: 6-12h/ | UVCor PICC
studies additional year position
reviewed studies
reviewed
Duration: Duration: Peer review:
24 weeks additional 1-2 | once/week
months Consultant
review: once/
month
°Critical imaging for Basic or advanced level Peer and Simulation for
cardiac tamponade or training in functional consultant lifesaving
pleural effusion echocardiography or general review after procedures can
sonography applications every incidence | also be helpful

in practice
*Adapted from: Mertens L, Seri I, Marek J, et al. Targeted neonatal echocardiography in the neo-
natal intensive care unit: practice guidelines and recommendations for training. Eur J Echocardiogr.
2011;12:715-36
Local guidelines or author’s suggestions

suggestions for maintenance of skills for different applications are also given in
Table 16.2.

After basic or advanced training, certain competencies are expected for each
application of point-of-care ultrasound. Basic and advanced competencies for dif-
ferent applications are summarized in Table 16.3. Like training guidelines, compe-
tencies have thus far only been defined for targeted neonatal echocardiography. For
other applications, most institutions depend upon the local guidelines, developed in
collaboration with pediatric diagnostic imaging consultants.



Table 16.3 Basic and advanced competencies for different applications of point-of-care ultrasound

Application

“Echocardiography
(TnECHO)

"Head ultrasound

"General
sonography (UVC/
PICC line/pericardial
or pleural effusion,
ascites, and
suprapubic tap)

°Critical imaging

Competencies

Basic

Imaging

1. Initial
comprehensive
study

2. Initial focused
study

3. Follow-up
comprehensive
study

4. Follow-up focused
study

Interpretation

No independent

interpretation except

for follow-up focused

studies

Imaging

1. Initial
comprehensive
study

2. Initial focused
study

3. Follow-up
comprehensive
study

4. Follow-up focused
study

Interpretation

No independent

interpretation

Imaging

1. Initial focused
study

2. Follow-up focused
study

Interpretation

No independent

interpretation except

for suprapubic tap

Basic or advanced level competency in functional

Advanced
Imaging
Basic competencies

Interpretation

All types of functional
echocardiography

Imaging
Basic competencies
Interpretation

All types of head
ultrasound

Imaging
Basic competencies

Interpretation
All or few variants of

initial or follow-up
studies; determined by

the training in all or few

variants of general
sonography

echocardiography or general sonography and
appropriate clinical training for lifesaving

intervention

Remarks

Functional
echocardiography
is not
recommended in
the presence of
clinical suspicion
for congenital
heart disease

Initial
comprehensive
studies should be
considered for
review by a
pediatric
cardiologist

Initial
comprehensive
studies and all
other studies with
any clinically
significant finding
on interpretation
by an advanced
user should be
considered for
review by a
pediatric
radiologist

Studies with any
significant finding
on interpretation
by an advanced
user should be
considered for
review by a
pediatric
radiologist

All images should
be considered for
review by a
pediatric
radiologist

*Adapted from: Mertens L, Seri I, Marek J, et al. Targeted neonatal echocardiography in the neo-
natal intensive care unit: practice guidelines and recommendations for training. Eur J Echocardiogr.

2011;12:715-36

Local guidelines or author’s suggestions
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Part II: Common Applications in Clinical Practice

Neonatal Head Ultrasound
Introduction and Patient Considerations

The diagnosis of severe intraventricular hemorrhage (IVH), especially with extreme
prematurity, may impact the decision for redirection of medical care. Due to the
significant clinical implications of diagnosing severe IVH in extremely premature
infants, their head ultrasounds should be interpreted by a pediatric radiologist. After
a diagnosis is made by the radiologist, point-of-care ultrasound can be utilized for
follow-up imaging. However, in critical circumstances where imaging by a sonog-
rapher or a radiologist is not immediately available, neonatologists may need to
evaluate for severe IVH [3] and in this situation a limited head sonography can be
performed using point-of-care ultrasound in the NICU. However, all interpretations
should be verified either by a pediatric radiologist or an advanced-level user, espe-
cially when severe IVH is suspected. This may be facilitated during off-hours by
transferring the images via secure email or, in some instances, images can be directly
uploaded onto the radiology department’s server.

Post-hemorrhagic hydrocephalus (PHH) is a common complication of IVH. Close
monitoring of the ventricular size helps to guide the need for clinical interventions
(e.g., serial lumber puncture, ventricular taps, or need for a temporary or permanent
ventricular shunt). Daily measurement and plotting of the head circumference on a
centile chart is a common practice. However, the increase in head circumference
lags behind the development of persistently elevated intracranial pressure. This
elevated intracranial pressure can induce brain parenchymal injury before a pro-
vider recommends any clinical intervention based on an enlarging head circumfer-
ence. Point-of-care ultrasound can be adopted to monitor the progress of
PHH. Ventricular dimensions can be plotted on a nomogram, and frequent and
objective evaluation of ventricular size may better guide timely intervention and
may improve the clinical outcome of PHH.

Periventricular leukomalacia (PVL) is a selective white matter injury to the
developing brain. Incidence of PVL varies between 1.2 % and 1.5 % [4, 5]. Although
magnetic resonance imaging (MRI) brain is indicated to evaluate the presence and
severity of white matter injury when the index of suspicion is high, MRI brain is not
recommended to screen for white matter injury in all preterm infants. Head ultra-
sound is a suitable test for evaluation and screening of cystic PVL. Depending upon
the timing of brain injury, PVL can be evident at birth or as late as 4-6 weeks of
postnatal life. Routine screening for PVL is carried out at 46 weeks of age.
However, point-of-care head ultrasound can be helpful for more frequent screening
and early diagnosis. Additional possible indications for point-of-care head ultra-
sound may include Doppler studies performed for research on cerebral blood flow
changes during transition after delivery or, rarely, for another clinical indication
(e.g., middle cerebral artery resistive index for assessing the severity of hypoxic
ischemic encephalopathy).
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Discussing the clinical status of the infant with the bedside nurse is of utmost
importance before imaging. Sick and extremely preterm infants are prone to instan-
taneous desaturation and bradycardia just by touching them. In such an event, one
should stop scanning and wait until the infant is completely recovered from the
acute event before resuming the imaging. One should be able to perform head ultra-
sound in an open crib, radiant warmer, or through the portholes in an isolette. For
head ultrasound, ideally an infant should be supine on a flat bed with the head kept
in midline position. However, most sonographers are trained to scan in any position
and still acquire standard images. This flexibility allows head ultrasound to be per-
formed in critically sick or extremely preterm infants without changing their posi-
tion in the isolette. One should be careful about the endotracheal tube, arterial and
venous lines while performing sonography.

Technical Considerations

The following are technical considerations in point-of-care head ultrasound in
neonates:

— During the procedure these high-risk infants shall be handled gently. Avoid
procedure-related hypothermia, and follow standard asepsis protocol in the unit.

— A sector or curved linear probe of appropriate size to fit the anterior fontanelle
should be used.

— Commonly, the 5-8 MHz transducer is used for best combination of penetration
and resolution. For extremely premature infants, the 8—12 MHz transducer also
can be used to achieve a higher resolution image.

— For standard imaging, the reference point on the transducer should be facing
right for a coronal view and anteriorly for a sagittal view.

— Image orientation: The standard orientation of the coronal image is that the
baby’s right side is on the left side as you face the image. For the sagittal plane,
anterior or rostral is on the left as you face the image.

— Focus point: The focus point should be at the depth of the ventricles or the peri-
ventricular region. In individual cases it may be useful to adapt the focus point,
aiming at a region of interest (e.g., on PVL or cerebellar hemorrhage). Also,
many transducers have multiple focal zones that can be adjusted to examine a
larger region of interest.

— Compatible software for neonatal head ultrasound should be installed

— Doppler studies and additional imaging from posterior, temporal, and mastoid
fontanelle are optional depending upon the expertise and indications for the
point-of-care ultrasound.

— Some experts recommend saving point-of-care ultrasound in a video format.
This will facilitate the interpretation of the scan as the frame-by-frame review
will be possible in video format.
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Image Acquisition and Interpretation

Several windows are used to perform a comprehensive head ultrasound to look into
various parts of the brain. The anterior, posterior, mastoid, and temporal fontanelle
views are recommended for comprehensive imaging. However, for a point-of-care
ultrasound, conventional views via the anterior fontanelle may be sufficient.

Conventional views are obtained through the anterior fontanelle as shown in
Fig. 16.2. Start imaging with the coronal planes: the reference point on the trans-
ducer should be on the right side for coronal views. Both Sylvian fissures, frontal
horns of both lateral ventricles, and the third ventricle should be clearly visible in
the midline coronal view. Sweep from orbits to occiput; save 5—6 images in coronal
view as shown in Fig. 16.2. Appropriately mark the frontal and occipital views
while performing an anteroposterior sweep in the coronal plane.

Subsequently switch to the sagittal plane. The reference point on the transducer
should be anterior for the sagittal views. The corpus callosum, basal ganglia, fourth
ventricle, anterior portion of cerebellum, and part of the brain stem should be visible
in the midline sagittal view. In the midline sagittal plane, tilt the transducer slightly
to either side to examine the caudothalamic groove, a linear echogenic line between
the head of the caudate and thalamus for evaluation of Grade 1 hemorrhages. Sweep

1-B Frontal Sweep 1-A Frontal Sweep 0-Midline Coronal 2-A Occipital Sweep 2-B Occipital Sweep

Coronal plane views.

1-B Right Sweep 1-A Right Sweep 0-Midline Sagittal 2-A Left Sweep 2-B Left Sweep

Sagittal plane views

Fig. 16.2 Transducer position and sonographic views for the point-of-care head ultrasound
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Grade | Grade Il

Coronal Sagittal

Sagittal

Grade llI Grade IV

Coronal Sagittal Coronal Sagittal

* Grade |: Bleed in to the germinal matrix only
Grade II: Intraventricular bleeding (10-50% of ventricular area on sagittal view)
Grade llI: Intraventricular bleeding (>50% of ventricular area or distends ventricle)
Grade IV: Bleed extending in to the brain parenchyma, also known as Intraparenchymal Echodensity
(IPE) or Periventricular Hemorrhagic Infarction (PHI)

Fig. 16.3 Sonographic imaging and IVH grading

from midline to either side until the Sylvian fissures and insulae are visible. The
posterior part of probe is angled slightly laterally to get a complete view of the lat-
eral ventricles. A midline image and two views on either side are recorded as shown
in Fig. 16.2. Appropriately mark right and left on the lateral ventricle sagittal views.

The widely accepted classification of IVH is described in Fig. 16.3. Post-
hemorrhagic hydrocephalus (PHH) and ventriculomegaly are the most common
sequelae of severe IVH. Ventricular size can be subjectively assessed by looking at
the lateral ventricle from multiple sonographic views. However, objective assess-
ment is preferable for point-of-care head ultrasound. There are many ventricular
parameters that may be assessed using ultrasound (Fig. 16.4). Ventricular index (VI)
is defined as the distance between the falx and the lateral wall of the anterior horn
in the coronal plane. Other parameters are anterior horn width (AHW), which is the
diagonal width of the anterior horn measured at its widest point in the coronal plane,
and the thalamo-occipital distance (TOD), defined as the distance between the out-
ermost point of the thalamus at its junction with the choroid plexus and the outer-
most part of the occipital horn in the parasagittal plane. Different ranges of normal
values in association with the gestational age have been described for all these
parameters. We recommend to plot these measurements on the new cross-sectional
and longitudinal reference value curves published by Brouwer et al. [6]. Quantitative
assessment of ventricular size provides an opportunity for accurate and timely inter-
vention for infants with progressive hydrocephalus.
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VI Ventricular Index TOD: Thalamo-Occipital Distance
AHW: Anterior Horn Width:

Fig. 16.4 Assessing ventricular size and dilatation

Grade 1 Grade 2 Grade3 Grade 4
Cystic Periventricular Leukomalacia (PVL)

Grade 1: Areas of increased periventricular echogenicity without any cyst formation persisting for > 7 days
Grade 2: Periventricular echogenicity has resolved into small periventricular cysts.
Grade 3: Extensive periventricular cysts in the occipital and fronto-parietal region.

Grade 4: Periventricular echogenicity in the deep white matter developing into extensive subcortical cysts
(Multicystic encephalopathy)

Fig. 16.5 Sonographic imaging and grading of periventricular leukomalacia (PVL)

Point-of-care ultrasound for PVL screening can be used for early identification
or to document interval changes in the cystic lesions. PVL grading is described in
Fig. 16.5 [7, 8].

Image interpretation depends upon the quality of the images, anatomical knowl-
edge of different parts of the brain, and the training and experience of the NICU
provider to review neonatal head ultrasounds at different gestational ages. For struc-
tured reporting of point-of-care head ultrasounds, we recommend adopting a tem-
plate for interpretation of the studies. The following components should be included
in all reports:

(i) Are the anatomical structures distinguishable and do they appear normal? It is
essential to identify the following structures — ventricular system, interhemi-
spheric fissure, corpus callosum, Sylvian fissure, thalamus, and basal ganglia.
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(i) Does the maturation of the brain appear appropriate for the gestation?
(iii) Does the size, lining, and echogenicity of the ventricular system appear
normal? Is there any evidence of IVH?
(iv) If the ventricles are enlarged, size of the ventricles should be measured and
compared with the nomogram.
(v) Is there a midline shift?
(vi) Is there any evidence of PVL?

Basic Competencies

Any NICU provider with basic level training in point-of-care head ultrasound
should be able to scan and save conventional images in coronal and sagittal planes
through the anterior fontanelle. However, at the basic level, interpretation of the
imaging is restricted to follow up studies only (Table 16.3).

Advanced Competencies

In addition to all skills required at the basic level, an advanced level user should be
able to interpret all initial and follow-up head ultrasounds with precision compara-
ble to a pediatric radiologist. Imaging through the posterior, temporal, and mastoid
fontanelles can be performed by the advanced level user to screen for cerebellar
hemorrhage. Training for cerebral Doppler studies to calculate resistive index in
anterior or middle cerebral arteries for research or clinical indications (hypoxic
ischemic encephalopathy or HIE) is optional at the advanced level (Table 16.3).

Evidence Review and Evidence-Based Use

Head ultrasound is an optimal test for screening and diagnosis of IVH, PVL, hydro-
cephalus, and other structural anomalies of the brain [9, 10]. Following an adequate
period of training, NICU providers reliably can produce quality head ultrasound
images that are equivalent to those obtained in the traditional manner [4].
Furthermore, the utility of the point-of-care head ultrasound for rapid diagnosis of
IVH in newborns has been shown in different clinical settings [11].

Pitfalls and Precautions
Head ultrasound is the most common screening test for diagnosis of brain injury in
preterm infants. However, several common errors or misinterpretations can occur:

— Due to their similar sonographic appearances, differentiating between Grade 1
IVH and simply a bulky normal choroid plexus may be difficult even in very
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experienced hands. Follow-up sonography is required to make the correct
diagnosis.

— Due to the variable angle of insonation, inter-observer and intra-observer vari-
ability exists in sonographic measurements of the ventricular size. Depending
upon changes in head circumference, follow-up ultrasound may be needed up to
twice a week if ventricular dilation is suspected.

— For assessment of cerebellar hemorrhage, posterior fontanelle and mastoid views
are needed, which require advanced level expertise.

— Several brain pathologies are not well visualized with ultrasound, such as extra-
cerebral hemorrhage, cerebral ischemia, and damage to the basal ganglia, and
diffuse PVL. Alternative imaging should be considered if such conditions are
included in the list of differential diagnoses.

— Sonographic findings in PVL can at times be very subtle and easily missed —
especially the non-cystic variant of PVL. MRI has been shown to be more sensi-
tive in detection of PVL due to white matter signal changes and better ability to
detect white matter volume loss.

Umbilical Venous Line (UVC) Placement
Introduction and Patient Considerations

Insertion of an umbilical venous catheter (UVC) is a routine procedure in the clini-
cal care of extremely premature infants or sick term or near-term infants, and assur-
ance of proper placement is key. UVC placement in the hepatic venous channels can
cause liver abscess, hepatic parenchymal injury, or portal vein thrombosis [12].
Potential complications of UVC tip placement in the cardiac chambers include car-
diac arrhythmias, endocarditis, and myocardial perforation leading to pericardial
effusion and cardiac tamponade. Possible pulmonary complications may be pleural
effusion, embolism, infarction, or hemorrhage. Due to the spectrum of possible
complications, ensuring the optimal position of UVC tip at the junction of right
atrium and inferior vena cava (IVC) is extremely important.

Most providers rely on single-view x-ray imaging to confirm UVC placement,
although some centers perform both AP and lateral views to enhance the accuracy
of this method. X-ray assessment of the UVC tip is not very precise. Since x-ray
imaging is not done in real time, multiple images are necessary if the UVC has to be
repositioned. In contrast, compared to conventional radiography, sonographic eval-
uation of UVC positioning is superior, more precise, and reliable [13]. For UVC
placement, ultrasound can be performed in real time to make necessary adjustments,
avoiding multiple x-rays.

UVC placement is carried out under sterilized conditions in NICU. Infants are
lying supine on a flat bed and covered by sterile drapes. The transducer can be
placed in a sterilized plastic bag along with some ultrasound gel. These bags are
specifically designed for use with ultrasound for central venous access. An assistant
can help to control the machine settings during the procedure or a foot pedal with
control panel can be used.
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Technical Considerations

— Avoid procedure related hypothermia and follow standard asepsis protocol.

— Generally, the convex probe (8—12 MHz) or a linear probe (12—18 MHz) can be
used for UVC placement. For extremely premature infants, a high resolution
transducer (>10 MHz) is preferable to achieve a clear image of smaller umbilical
catheters (2.5 or 3.5 Fr G).

— Focus point: It is best to have the focus point on the IVC (subcostal sagittal view)
or on the heart for echocardiography (subcostal/parasternal short axis or four-
chamber view).

— Acoustic window: Use the liver as the acoustic window to enhance image quality
and avoid interference from gas in adjacent bowel.

— Software: Although an abdominal point-of-care ultrasound can be used to iden-
tify the UVC tip, a cardiac package for neonatal echocardiography is preferable
to view the UVC tip in the heart chambers. A cardiac package can be installed on
a point-of-care ultrasound device for basic echocardiography.

Image Acquisition and Interpretation

Multiple views are helpful to confirm the optimal position of UVC tip.
Echocardiography with saline contrast injection has been described as a gold stan-
dard to confirm the anatomical location of the UVC tip [14]. However, conventional
sonography results are comparable for assessment of UVC position [15]. In
extremely premature infants, saline injections for imaging should be avoided if pos-
sible due to the risk for IVH or fluid overload.

A basic scan can be performed by conventional sonography via the subcostal
acoustic window. The transducer should be placed in the midline, just below the
xiphoid sternum. For subcostal imaging in newborns, vertically inverting the image
orientation (upside down) is preferred for easy recognition of structures as shown in
Fig. 16.6a, b. For sagittal views, the transducer should be held vertically with the

PERICARD TAP PERICARD TAP

189 bpm

Fig. 16.6 (a) Four-chamber view showing pericardial effusion/cardiac tamponade. (b) Four-
chamber view showing minimal pericardial effusion after pericardiocentesis
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reference point facing upwards, and, with slight right to left tilting, the IVC and
pulsating descending aorta can be identified. The IVC entering into the right atrium
can be visualized in the sagittal plane. For the subcostal short axis view, hold the
transducer vertically with the reference point toward the umbilicus. Pressing the tail
of the transducer toward the left will bring the bicaval view of the right atrium,
sweeping the transducer in the opposite direction can show the atrial septum, fora-
men ovale, AV valves, and both ventricles up to the apex. Optimal positioning of the
UVC tip is at the junction of right atrium and IVC. Usually the UVC tip can be eas-
ily identified in the abovementioned two views by conventional sonography. The
benefits of ultrasound are demonstrated in Fig. 16.7a, b — showing a malpositioned
UVC that was not detected on x-ray, but shown by ultrasound.

However, if the UVC tip is not visible from the subcostal views, imaging can be
shifted to echocardiography by initiating the installed cardiac package on the point-
of-care ultrasound machine. A more comprehensive imaging by echocardiography
includes 2 additional views — the parasternal short axis view and apical four-chamber
view. Techniques to acquire additional images by echocardiography are described
in Chaps. 5, 6, and 7.

Basic Competencies

Basic competency will enable a provider to perform conventional sonography from
two different views to identify the tip of the catheter, i.e., subcostal sagittal and
subcostal short axis. If initial assessment of catheter tip position is made by an
advanced level user, the UVC can then be used for IV infusions. If an advanced level
user is not available for interpretation of sonographic imaging, an x-ray should be
performed prior to using the UVC for IV fluids. Ultrasound images should be veri-
fied by a radiologist, cardiologist, or an advanced level user within 24 h.

Advanced Competencies

At advanced levels, the ability to scan and to locate reliably the position of UVC is
expected. If an infant has poor acoustic windows, both conventional point-of-care
ultrasound and neonatal echocardiography may be required.

Evidence Review and Evidence-Based Use

Training of NICU providers to assess UVC positioning by ultrasound may be pos-
sible in 2—4 weeks [16]. Studies have shown that an acceptable position of a UVC
on x-ray does not exclude an intra-cardiac placement [14, 15, 17]. The benefits of
ultrasound over conventional X-ray imaging for more accurate and reliable UVC
placement have been shown [14].
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Fig. 16.7 (a) Abdominal
x-ray for UVC placement;
catheter tip is at the
diaphragm level.

(b) Subcostal sagittal
sonography view showing
the UVC catheter in the right
atrium

Anterior Abdominal Wall

Right Atrium
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Pitfalls and Precautions

— Many comorbid problems inherent to critically ill neonates may prohibit optimal
visualization of the UVC. Given the lack of ultrasound transmission through air,
gaseous intestinal distension or free air in the abdominal cavity poses a barrier in
sonography via the subcostal view. When this is the case, reliance on echocardio-
graphic views is needed. Similarly, echocardiographic imaging may be limited
via the parasternal or apical four-chamber acoustic windows due to the hyperin-
flation of lungs, and reliance on the subcostal view is necessary.

— If the UVC has deviated into the hepatic lobes, it can be difficult to visualize on
ultrasound since the echogenicity of adjacent liver more closely matches the
catheter, decreasing contrast and making it more difficult to visualize. In such a
circumstance, going back and locating the catheter in the umbilical vein and then
following it into the liver to better identify any aberrant course are advisable.

Evaluation and Aspiration of Pericardial or Pleural Effusion
Introduction and Patient Considerations

A rare but fatal complication of central venous access in newborns is pericardial
effusion leading to cardiac tamponade. The reported incidence of percutaneous
line-related pericardial effusion or tamponade is 0.1-2 % of total line placements
[18, 19]. Line-related cardiac tamponade is not always due to the perforation of a
vein or myocardium, but leak can occur through micro-tears in the vessel intima
which are not visible — even at autopsy. Other rare causes of pericardial effusion in
neonates include hydrops fetalis and pericarditis. Not all pericardial effusions
require aspiration; however, cardiac tamponade presenting as an acute emergency
will need prompt lifesaving intervention. A typical scenario is an infant with central
venous access who suddenly develops oxygenation failure, worsening of respiratory
distress, bradycardia, or cardiac arrest. Infants with cardiac tamponade may not
respond to resuscitation without evacuation of the fluid. The typical clinical signs of
cardiac tamponade — hypotension, muffled heart sounds, and pulsus paradoxus — are
not easily discernible in sick preterm infants. A clinician managing infants with
central venous lines in place should have a high index of suspicion to make the
diagnosis of cardiac tamponade [20-22]. Sonography can confirm the diagnosis and
can also guide the needle aspiration [23]. Given the unpredictable nature of such
events and likely lack of immediate availability of a cardiologist or a pediatric radi-
ologist, readily available point-of-care ultrasound by an NICU provider can be
extremely helpful in making the diagnosis of cardiac tamponade and guiding life-
saving needle aspiration.

Neonatal pleural effusion can occur secondary to pneumonia, sepsis, capillary
leak syndrome, chylothorax, hydrops fetalis, myocardial dysfunction, persistent
pulmonary hypertension of the newborn (PPHN), renal failure with volume over-
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load, and intravenous (IV) fluid leak from central venous lines. Not all pleural effu-
sions require aspiration; however, rapid accumulation of pleural effusion secondary
to leak from central venous lines may cause significant respiratory distress and
necessitate emergency evacuation. Traditionally, a chest X-ray has been used to
make the diagnosis, and needle thoracocentesis was performed blindly. Bedside
ultrasound guidance for thoracentesis is a well-accepted and widely used procedure
in both the pediatric and adult settings. Ultrasound can help determine the best route
for needle thoracentesis by localizing the largest pocket of fluid. Pertinent anatomy
such as the diaphragm, lung, abdominal contents, and vascular structures can be
identified with ultrasound, thereby improving success and safety. For assessing
pediatric pleural effusions, ultrasound is superior to computed tomography (CT) for
the detection of septations in complex fluid collections [24]. Therefore, aspiration
of loculated effusions can be aided by ultrasound-guided needle placement. In the
supine position, pleural effusions accumulate posteriorly and can be difficult to
access, but, with the addition of ultrasound guidance, aspiration from posterior
pleural effusions can be safely and effectively achieved. A radiologist can help dur-
ing elective indications for ultrasound-guided thoracocentesis, however, in acute
emergencies, point-of-care ultrasound can guide a lifesaving thoracentesis in NICU.

Technical Considerations

— Echocardiography or conventional point-of-care ultrasound device can be used.

— For point-of-care ultrasound, a convex (4—8 MHz) or linear probe (8—12 MHz)
may be used. A convex or sector transducer (8—-12 MHz) is required for
echocardiography.

— Focus point: The focus point should be at the heart for pericardial effusion.

— Software: Abdominal imaging on point-of-care ultrasound can be sufficient.
However, a cardiac package should be installed on point-of-care ultrasound
devices to perform echocardiography.

— Doppler modes are not required.

Image Acquisition and Interpretation

To assess pericardial effusion, the most common and suitable view for sonography
is via the subcostal acoustic window or a four-chamber echocardiography view, as
shown in Fig. 16.6. See Chap. 7 for detailed discussion of these views. Depending
upon the size, the pericardial effusion can appear like a thin rim or a huge cavity
around the cardiac chambers as shown in Fig. 16.6. The depth of the pericardial
effusion can be measured to quantify the pericardial fluid volume, although it should
be noted that cardiac tamponade does not always depend upon the pericardial fluid
volume. A slowly developing pericardial effusion can stretch the pericardial
membrane to accommodate a large volume as compared to a rapid accumulation
which can cause cardiac tamponade even with a moderate volume of pericardial
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fluid. Restricted ventricular filling during diastole is a more reliable sign of the
functional impact of cardiac tamponade than the volume of pericardial effusion.

For assessment of pleural effusion, start scanning anteriorly from the midcla-
vicular point on the anterior chest to the lower margins of the rib cage, and slide
laterally in the midaxillary line to screen for any fluid collection in the lateral or
posterior pleural cavity. The reference point of the transducer is pointed toward the
head for longitudinal scanning. For transverse scanning, the reference point should
be pointed anteriorly. When recording longitudinal scans, the standard orientation is
for the patient’s head to be on the left of the image. Transverse images should be
oriented, so the patient’s right side is on the left as you face the image. Longitudinal
and transverse images should be obtained documenting the site for needle thoracen-
tesis. It is vital that the diaphragm be localized to avoid intra-abdominal structures.
The diaphragm is typically readily identifiable as a curvilinear echogenic structure
with the liver or spleen often visualized below the diaphragm. Note also should be
made of the heart and descending thoracic aorta for left-sided thoracentesis. Color
Doppler can be of assistance to evaluate these and other vascular structures to
improve safety. Figure 16.8 shows a posterior pleural effusion in a 27-week prema-
ture infant lying supine due to a leak from a percutaneous central venous line. The
image was obtained from the 4th intercostal space in the right midaxillary line.
Using digital calipers, the pleural fluid volume can be estimated by measuring the
dimensions of the fluid collection in the chest.

Ribs i
e
e

e Diaphragm

Right Pleural Effusion

Fig. 16.8 Right pleural effusion (Sagittal view)
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Basic Competencies

A basic level user should be able to perform and interpret point-of-care ultrasound
imaging for the presence or absence of a pericardial effusion. In addition, in the
event of cardiac tamponade, a basic level user is expected to perform pericardiocen-
tesis efficiently.

Advanced Competencies

An advanced level user should be able to assess a pericardial effusion, cardiac tam-
ponade, and pleural effusion using point-of-care ultrasound or echocardiography.
An advanced level user should be an expert to support ultrasound-guided pericar-
diocentesis or thoracentesis in order to help another provider to perform the afore-
mentioned procedures.

Evidence Review and Evidence-Based Use

Fluid leak from central venous catheters can lead to a fatal pericardial or pleural
effusion which requires instant sonographic evaluation and intervention in NICU
[22, 25, 26]. Timely recognition and subsequent intervention can significantly
reduce the risk of death [23, 25, 27], and the immediate availability of ultrasound in
the NICU has the potential to improve outcomes.

Pitfalls and Precautions

— It is important to recognize that every pericardial or pleural effusion does not
need to be drained. Sonographic findings therefore should be interpreted with
clinical correlation.

— A provider should be adequately trained to perform clinical procedures like peri-
cardiocentesis and thoracentesis.

— Although ultrasound-guided thoracentesis is safer compared to the conventional
blind procedure, it is an operator-dependent skill [28, 29].

— Needle injury to the underlying tissue causing pneumothorax, hemorrhage, or
chylothorax is possible due to failure to identify the deepest pocket of fluid or to
recognize that lung volume change with inspiration/expiration will affect the
depth of fluid. To decrease the risk of intrathoracic injury, one must allow enough
room for lung expansion, and one must perform a thorough ultrasound imaging
of the entire pleural space to select the largest pocket of fluid [30].

— Failure to recognize and identify the diaphragm may lead to complications from
unintended intra-abdominal puncture.
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Anterolateral papillary muscle (APM),
81, 82,90
Aorta
abdominal ultrasound, 260-261, 265-266
undifferentiated shock, 67-68
Aortic regurgitation (AR), 103, 117
Aortic stenosis (AS), 103, 117
Aortic valve (AV), 81
LVOT and, 83
parasternal short axis view, 83
PLAX view, 87-89
2D echocardiography/color Doppler, 103
Apical five-chamber (A5C) view
left ventricular/valvular dysfunction,
92-93
pericardial effusion, 159-160
Apical four-chamber (A4C) view
left ventricular/valvular dysfunction,
90-91, 97-99
pericardial effusion, 148, 157-158, 164
transducer in, 90, 158
Apical two-chamber (A2C) view, left
ventricular dysfunction, 91-92
AR. See Aortic regurgitation (AR)
Arterial lines, 59
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Artifacts
bayonet, 17-18
enhancement, 12
mirror image, 16
reflection, 15
refraction, 16—-17
reverberations, 12—-14
ring-down, 15
shadowing, 11-12
AS. See Aortic stenosis (AS)
Ascites, 242, 261-262, 268
ASE. See American Society of
Echocardiography (ASE)
Atrioventricular valves, 81
Atrophy, 245
Auscultation, 182, 183, 202
AV. See Aortic valve (AV)

B

Bayonet artifacts, 17-18

Bladder, genitourinary system, 269-270
B-lines, lung ultrasound, 197

Brightness (B)-mode technique, 236-238

C
Calcified structures, 11
Cardiac output (CO)
definitions, 84
estimation, 109
measurement, 72
pericardial pressure-volume curves, 151
stroke volume and, 112-113
Cardiac tamponade, 147
apical four-chamber view, 148
CCE features, 167
interventricular dependence, 152-153
M-mode, 149
pericardial effusion and (see Pericardial
effusion)
TEE, 169
ultrasound principles, 148—149
Cardiomyopathy, 349-350
Caval index, IVC, 70, 71, 73
CCE. See Critical care echocardiography
(CCE)
Central venous access, 35
complications, 36
risk factors, 4243
Central venous catheter (CVC), 25
Central venous pressure (CVP), 69
Cerebral parenchyma
B-mode imaging, 340-344

Index

CT imaging, 341-343
intracerebral hematoma, 343, 344
third ventricle, 341

transcranial ultrasound, 340

Certification
and accreditation, 22
and critical care ultrasound, 21
in echocardiography, 21-22
principles, 20-21

CFD. See Color flow Doppler (CFD)

Chronic obstructive pulmonary disease

(COPD), 202, 203, 228

CO. See Cardiac output (CO)

Color Doppler, 80, 374
A4C view, 91
aortic regurgitation, 117
aortic valve, 103
mitral regurgitation, 117
mitral valve, 100—103
PLAX view, 103
techniques, 99

Color flow Doppler (CFD), 80

Computed tomography (CT)
abdomen, 269
pleural effusion, 373

Continuous wave Doppler (CWD), 80, 116

COPD. See Chronic obstructive pulmonary

disease (COPD)

Critical care echocardiography (CCE), 147
bedside applications, 77
cardiac function, 28
cardiac tamponade, 147

apical four-chamber view, 148
features, 167
interventricular dependence, 152-153
M-mode, 149
TEE, 169
ultrasound principles, 148—149
certification, 21-22
competencies, 78, 141
left ventricular/valvular dysfunction (see
Left ventricular/valvular
dysfunction)
pericardial effusion (see Pericardial
effusion)
right ventricular dysfunction (see Right
ventricular system)

Critical care ultrasound education
certification and (see Certification)
components

learning curve, 23-24
longitudinal curricula, 25
simulation, 24-25
web-based/computer, 24
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comprehensive approach
faculty development, 2627
introductory didactic course, 26
ongoing assessment, 26

core competencies
abdomen, 27
echocardiography, 28-29
thoracic, 27

vascular, 27
difficulties, 30
goals, 19
objectives, 19
roles, 20
training

barriers, 29-30

requirements, 23
Curvilinear array, 3
CWD. See Continuous wave Doppler (CWD)

D
Deep vein thrombosis (DVT), 24. See also
Venous thromboembolism (VTE)
lower extremity, 276278
sonographic diagnosis, 276
upper extremity, 282-283
Delayed cerebral ischemia (DCI), 350-352
Depth control, images modulation, 9
Diaphragm
B-mode technique, 236, 237
competencies, 242243
complications, 245-246
discontinuity artifact, 17
evidence-based review
disuse atrophy, 245
dysfunction, 244-245
functional correlates, 242
paralysis, 242
weaning, mechanical ventilation, 245
image acquisition/interpretation
diaphragm dome, 241-242
end-expiration, 238, 240
end-inspiration, 239, 240
subcostal approach, 241
ZAP, 238-240
M-mode technique, 237
motion, 241-242
patient considerations, 236237
precautions, 245-246
technical considerations, 236-237
zone of apposition, 236
Diffraction, sound waves, 6
DLT. See Double-lumen tubes (DLT)
Doppler echocardiography, 111, 136, 148
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Doppler techniques
pleural effusion, 215-216
sound frequency, 78
Doppler velocity, 79
Double-lumen tubes (DLT), 182-184,
186187

E
Echocardiography, 86, 123, 153, 164
CCE (see Critical care echocardiography
(CCE))
competence levels, 22
echocardiography-guided
pericardiocentesis, 169
goal-directed, 66
goal-oriented, 28
pulmonary embolus, 284, 287, 289
simulators, 25
Echolocation, 2
Edge shadow artifacts, 16, 17
Education. See Critical care ultrasound
education
Ejection fraction (EF), 84, 104, 105, 107
Endotracheal intubation, 185-187, 189
Endotracheal tube (ETT)
and DLT, 182-184
esophagus, 183
and LDL tube, 186-187
Epiglottic vallecula, 179
E’point-septal separation (EPSS),
105-106
Esophagus, endotracheal tube, 183
ETT. See Endotracheal tube (ETT)
Extended FAST (eFAST) exam, 310, 312

F
FAC. See Fractional area change
(FAC)
Femoral vein, 59
cannulation, 57
anatomy, 52-53
procedure, 53-54
thrombosis, 42
Fiberoptic bronchoscopy (FOB), 183-184
Fluid responsiveness (FR), 69
competencies, 71-74
complications, 74
definition, 73
image acquisition/interpretation, 70-71
patient considerations, 69-70
precautions, 74
technical considerations, 69-70
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Focused assessment with sonography for
trauma (FAST) exam
abdominal ultrasounds, 254, 271
trauma
blunt abdominal trauma, 309, 310
hemodynamically stable patient,
309-310
left upper quadrant, 301-303
pelvic view, 306-309
pericardial image, 304-306
pregnant trauma patient, 315
right upper quadrant, 299-301
undifferentiated shock, 67
Fractional area change (FAC), 109, 131-132
Fractional shortening (FS), 107-108

G
Gain, images modulation, 10
Genitourinary system. See also Abdomen
left upper quadrant
left hemidiaphragm, 267-268
left kidney, 268
spleen, 268
right kidney
ascites, 261-262
competencies, 258-259
complications, 259
hepatorenal recess, 258
hydronephrosis, 258, 259
inferior vena cava and aorta, 260-261
liver and biliary tree, 263
precautions, 259
technical aspects, 257-258
subcostal
aorta, 265-266
inferior vena cava, 264-265
pancreas, 267
suprapubic, 269-270
Guidelines for Prevention of Intravascular
Catheter-Related Infections, 37

H
Hemodynamic impairment, 163

IVC plethora, 165-166

RA systolic collapse, 164

reciprocal respiratory changes, 165

right ventricular diastolic collapse, 164—165
High-frequency micro-ultrasound (HFMU), 57
High-frequency Ultrasound in Kids Study

(HUSKY), 57

Hockey-stick probes, 38, 39, 57
Hyoid bone, 179, 180

Index

1
Images modulation, 9-10
Inferior vena cava (IVC)
and aorta, 260
caval index, 70, 71, 73
complications, 265
and CVP, 69
demonstration, 71
dIVC and cIVC, 73
image acquisition/interpretation, 70-71
M-mode, 71, 72, 166
precautions, 265
and RAP, 135
subcostal view, 93-94, 165-166
technical aspects, 264
transducer, 70
undifferentiated shock, 67
Internal jugular vein, 59
cannulation, 56
anatomy, 45
freehand access, 45
procedure, 4647
longitudinal/transverse view, 46
Interventricular septum (IVS), 81, 8788,
130, 140
Intraventricular hemorrhage (IVH)
classifications, 365
neonatal head ultrasound, 362, 367
IVC. See Inferior vena cava (IVC)

L
Laryngeal mask airway (LMA), 188
Learning curve, critical care ultrasound, 23-24
Left double-lumen (LDL) tube, 186187
Left upper quadrant (LUQ)
FAST exam, 301-303
left hemidiaphragm, 267-268
left kidney, 268
spleen, 268
Left ventricular outflow tract (LVOT), 81
aortic valve, 83
CSA, 110
measurement, 110
PWD, 111
VTI, 72, 111-113, 168
Left ventricular/valvular dysfunction
aortic regurgitation, 117
aortic stenosis, 117
aortic valve (see Aortic valve (AV))
apical five-chamber view, 92-93
apical four-chamber view, 90-91, 97-99
apical two-chamber view, 91-92
complications, 118-119
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end-diastolic diameter, 95
end-systolic diameter, 95
evidence-based review, 118
mitral regurgitation, 116-117
mitral stenosis, 115-116
mitral valve (see Mitral valve (MV))
myocardial segmentation, 114
parasternal long-axis view, 87-89, 95, 97
parasternal short axis view, 89-90, 98
precautions, 118-119
RWMA, 113, 115
stroke volume
cardiac output, 112-113
CSA measurement, 110-111
definitions, 84, 109
velocity-time integral measurement,
111-112
subcostal view, 93-94
systolic dysfunction, 28, 113
systolic function, 95-98, 104-105
Linear probe, 4, 38
Linear transducer, 3—4, 46
Longitudinal curriculum, critical care
ultrasound, 25
Lung pulse, 197-198
Lung sliding, 197-198
Lung ultrasound
A-lines, 196
alveolar-interstitial syndrome, 198
B-lines, 197
complication, 205
evidence-based review, 201-204
high vs. low frequency probe, 192-193
lung sliding and lung pulse, 197-198
parenchymal lung disease, 201
patient considerations, 192-193
pneumonia and consolidation, 199-200
pneumothorax and pleural effusion, 201
precautions, 205
technical considerations, 192—193
uses, 191
LVOT. See Left ventricular outflow tract
(LVOT)

M
Magnetic resonance imaging (MRI), 315, 362
Marfan syndrome, 103
McConnell’s sign, 274, 285, 289
Medical simulation, 24-25
Mirror image artifacts, 16
Mitral annulus, 106-107, 109, 116, 167
Mitral regurgitation (MR)
acute vs. chronic, 100
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etiology, 116-117
severity, 101-102
Mitral stenosis (MS), 100, 115-116
Mitral valve (MV), 81
apical two-chamber view, 100
Doppler velocities, 169
excursion method, 105-106
left ventricular/valvular dysfunction,
100-102
parasternal long-axis view, 81-82,
88,116
and tricuspid valve, 168
2D echocardiography/color Doppler,
100-103
valvular dysfunction, 100-102
Morison’s pouch, 261-262, 298, 300
Motion (M)-mode technique, 237
MR. See Mitral regurgitation (MR)
MS. See Mitral stenosis (MS)
Multi-slice computed tomography (MSCT)
scan, 187
Myocardial ischemia, 81, 100, 113

N
Nasal cavity, 176
Neonatal head ultrasound
competencies, 367
complication, 367-368
evidence-based review, 367
image acquisition/interpretation, 364367
patient considerations, 362-363
precautions, 367-368
technical considerations, 363
Neonatal intensive care units (NICUs)
indications, 356, 357
neonatal head ultrasound
competencies, 367
complication, 367-368
evidence-based review, 367
image acquisition/interpretation,
364-367
patient considerations, 362-363
precautions, 367-368
technical considerations, 363
pleural effusion
competencies, 375
complication, 375
evidence-based review, 375
image acquisition/interpretation,
373-374
patient considerations, 372-373
precautions, 375
technical considerations, 373
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Neonatal intensive care units (NICUs) (cont.)
practice and training
competencies, 360, 361
guidelines and suggestions, 359-361
indications, 356-357
point-of-care ultrasound, 355-356
proposed training model, 358-361
training recommendations, 357-358
requirements, 356
utility, 356
UVC placement
competencies, 370
complication, 372
evidence-based review, 370
image acquisition/interpretation,
369-371
patient considerations, 368
technical considerations, 369
Neonates
pericardial effusion, 372
point-of-care head ultrasound, 363
ultrasound-guided venous access
(see Ultrasound-guided venous
access)
Neurointensive care unit
cerebral parenchyma
B-mode imaging, 340-344
CT imaging in hydrocephalus,
341-343
intracerebral hematoma, 343, 344
third ventricle, 341
transcranial ultrasound, 340
optic nerve ultrasound
complications, 348-349
equipment, 344-345
evidence-based review, 347-348
image acquisition, 346-347
image interpretation, 347
intracranial pressure, 344
patient factors, 345
precautions, 348-349
subarachnoid hemorrhage
cardiomyopathy, 349-350
cardiopulmonary evaluation,
349-352
hemodynamic augmentation,
350-352
pulmonary edema, 350
transcranial color-coded sonography
competencies, 338
complication, 339-340
equipment, 324, 325
evidence-based review, 338-339
image acquisition, 326-335

Index

image interpretation, 335-338
patient factors, 324, 326
precautions, 339-340

vs. transcranial Doppler, 324

(0]

Optic nerve ultrasound (ONUS)
complications, 348-349
equipment, 344-345
evidence-based review, 347-348
image acquisition, 346-347
image interpretation, 347
intracranial pressure, 344
patient factors, 345
precautions, 348-349

P
Papillary muscle, 12, 81-82
Paralysis, diaphragm, 242
Parasternal long-axis (PLAX) view
color Doppler, 103
left ventricular/valvular dysfunction,
87-89, 95,97
mitral valve, 81, 82, 88, 116
pericardial effusion, 154, 155-156,
161, 165
transducer in, 87-88, 155
Parasternal short axis (PSAX) view
aortic valve, 83
left ventricular/valvular dysfunction,
89-90, 98
pericardial effusion, 156-157
transducer in, 89-90, 156, 157
Parenchymal lung disease, 201
Pediatric patients, 59
peripheral vascular access, 57
ultrasound-guided venous access
(see Ultrasound-guided venous
access)
Percutaneous dilational tracheostomy (PDT),
187-188
Pericardial effusion
apical five chamber view, 159-160
apical four-chamber view, 148, 157-158,
164
competencies, 162, 163
advanced, 167-170
IVC plethora, 165-166
RA systolic collapse, 164
reciprocal respiratory changes, 165
right ventricular diastolic collapse,
164-165
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complications, 171
distribution, 162
etiologies causing, 150
evidence-based review, 170-171
image acquisition, 154-155
interventricular dependence, 152—153
mimics on echocardiography, 160
PLAX, 154, 155-156, 161, 165
pleural effusion vs., 162
precautions, 171
PSAX, 156-157
rate of accumulation, 151
size measurement, 161
subcostal view, 159-160, 162
and tamponade physiology, 150-153
ultrasound principles, 148—149
Pericardiocentesis, 169
Pericardium
anatomy, 149
compliance, 150-151
pressure-volume curves, 151
Peripherally inserted central catheters (PICC),
36, 57-58
Peripheral venous access, 57, 59
Periventricular leukomalacia (PVL)
neonatal head ultrasound, 362
point-of-care ultrasound, 366
sonographic imaging and grading, 366
PH. See Pulmonary hypertension (PH)
Pharynx, 176
Phased array probes, 70, 147, 148, 297, 312
Piezoelectricity
crystals, 78
principle, 2
PLAPS. See Posterolateral alveolar and/or
pleural syndrome (PLAPS)
PLAX. See Parasternal long-axis (PLAX)
view
Pleural effusion. See also Pneumothorax
(PTX)
B-mode image, 210
cardiac and curvilinear probe, 209
competencies
anechoic fluid, 215
complex nonseptated and septated
fluid, 215
Doppler analysis, 215-216
evaluation, 213
homogeneously echogenic fluid, 215
triangle of safety, 214-215
volume of effusion, 214
evidence-based review, 216-217
hemidiaphragm, 211-212
heterogeneously echoic structures, 212
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identification, 160
image acquisition/interpretation, 211-213
M-mode, 200
NICUs
competencies, 375
complication, 375
evidence-based review, 375
image acquisition/interpretation,
373-374
patient considerations, 372-373
precautions, 375
technical considerations, 373
patient considerations, 209-211
vs. pericardial effusion, 162
PLAX, 156
pneumothorax and, 201
stationary thoracic ultrasound, 208-209
technical considerations, 209-211
thoracentesis, 211, 214
Pneumonia
clinical diagnosis, 199-200
lung ultrasound (see Lung ultrasound)
Pneumothorax (PTX)
clinical applicability, 203
competencies, 225-227
complications, 229-230
computed tomography, 219
diagnosis, 219
eFAST exam, 312
evidence-based review, 227-229
image acquisition/interpretation
B-lines, 223, 224
comet-tail artifact, 223
E-lines, 225
lung rockets, 223
lung sliding, 225, 226
ribs zone, 221-222
seashore sign, 222
ultrasonographic artifacts, 223, 224
visceral and pleural surfaces, 222
Z-lines, 225
patient considerations, 219-221
and pleural effusion, 201
precautions, 229-230
probes, 220
technical considerations, 219-221
thoracic ultrasound, 219
Point-of-care ultrasound, 19, 362
applications, 359-361
competencies, 360, 361
conventional views, 364
errors, 30
guidelines and suggestions, 359-360
indications, 356357
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Point-of-care ultrasound (cont.) sound waves affect, 67
intraventricular hemorrhage, 362 Refraction
NICUs (see Neonatal intensive care units artifacts, 16-17
(NICUs)) sound waves affect, 6
periventricular leukomalacia, 362, 366 Regional wall motion abnormalities (RWMA),
post-hemorrhagic hydrocephalus, 362 113,115
programs, 30 Respiratory system
requirements, 356 failure, 190-191
Posterolateral alveolar and/or pleural lung ultrasound (see Lung ultrasound)
syndrome (PLAPS), 199, 200, reciprocal changes, 165
202, 203 upper, 177
Posteromedial papillary muscle, 81, 82 Reverberation artifacts, 12—14
Post-hemorrhagic hydrocephalus (PHH), 362 RHE. See Right heart failure (RHF)
Preintubation US assessment, 185-186 Right atrium (RA), 134-135, 164
Pressure overload, right ventricle, 139, 140 Right atrium pressure (RAP), 135
PRE. See Pulse repetition frequency (PRF) Right heart failure (RHF), 123, 124
Protocolized Care for Early Septic Shock Right kidney
(ProCESS), 69 ascites, 261-262
PSAX view. See Parasternal short axis competencies, 258-259
(PSAX) view complications, 259
Pulmonary arterial occlusion pressure hydronephrosis, 258, 259
(PAOP), 202 inferior vena cava and aorta, 260-261
Pulmonary artery acceleration time liver and biliary tree, 263
(PAAT), 136 precautions, 259
Pulmonary artery pressure (PAP), 136138 technical aspects, 257-258
Pulmonary edema, 116, 350 Right upper quadrant (RUQ)
B-lines in patient, 197 FAST exam, 299-301
clinical applicability, 203 right hemidiaphragm, 255-257
subarachnoid hemorrhage, 350 right kidney
Pulmonary embolism (PE), 139, 140-141 ascites, 261-262
clinical presentation, 273 competencies, 258-259
computed tomography, 273 complications, 259
echocardiography, 284, 287, 289 hepatorenal recess, 258
lung evaluation, 287 inferior vena cava and aorta, 260-261
right ventricle evaluation, 287 liver and biliary tree, 263
Pulmonary hypertension (PH), 136, 141 precautions, 259
Pulmonary vascular resistance (PVR), technical aspects, 257-258
124, 141 Right ventricular outflow tract (RVOT)
Pulsed-wave Doppler (PWD), 275 measurement, 126—127
limitation, 80 PLAX view, 156
LVOT, 111, 159, 168 PSAX view, 157
Pulse repetition frequency (PRF), 2, 80 tricuspid valve and, 136-138
Pulsus paradoxus, 152-153, 163 Right ventricular system
PVR. See Pulmonary vascular resistance clinical scenarios, 139-141
(PVR) competencies, 141-143

complications, 143
diastolic collapse, 164—165

R dimensions and wall thickness, 126—129

RA. See Right atrium (RA) fractional area change, 131-132

RAP. See Right atrium pressure (RAP) Frank-Starling curve, 124

Rapid Ultrasound for Shock and Hypotension image acquisition/interpretation, 125
(RUSH) protocol, 66, 67 infarction, 139

Red blood cells (RBCs), 80, 110, 111 interventricular septum, 130

Reflection IVC and RAP, 135

artifacts, 15 patient considerations, 124—125
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precautions, 143
pressure overload, 140
pulmonary embolism, 140-141
right atrium, 134-135
systolic function, 131-133
TAPSE, 133-134
technical considerations, 124—125
tricuspid annulus, 132-133
TV and RVOT Doppler, 136-138
volume overload, 139-140
Ring-down artifacts, 15
RVOT. See Right ventricular outflow tract
(RVOT)
RWMA. See Regional wall motion
abnormalities (RWMA)

S
SC view. See Subcostal (SC) view
Sepsis, 139
Shadowing artifacts, 11-12
Shock, 65
evidence-based review, 68—69
types, 67
undifferentiated, 66—-68
Simpson’s method, 107
Simulation-based medical education,
24-25
Sound waves, 5-8
SPAP. See Systolic pulmonary artery pressure
(SPAP)
Spleen, 268
liver and, 187, 210, 374
smaller size, 302
Split image artifact, 16—17
Sterile techniques, 38, 39
Stroke volume (SV)
CSA measurement, 110-111
definitions, 84, 109
measurement, 72
velocity-time integral measurement,
111-112
Subarachnoid hemorrhage (SAH)
cardiomyopathy, 349-350
cardiopulmonary evaluation, 349-352
hemodynamic augmentation, 350-352
pulmonary edema, 350
Subclavian vein, 57, 59
anatomy, 47
diaphragm dome, 241
infra-clavicular and axillary approaches,
51-52
supraclavicular approach to, 48-51
Subcostal (SC) view
IVC plethora, 165-166
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left ventricular/valvular dysfunction,
93-94
pericardial effusion, 159-160, 162
transducer, 93
Subxiphoid image, 304-306
SV. See Stroke volume (SV)
Systolic function
left ventricular/valvular dysfunction,
95-98, 104-105
visual assessment, 95, 96
Systolic pulmonary artery pressure (SPAP),
135, 141

T
Tamponade
cardiac tamponade
(see Cardiac tamponade)
physiology, 150-153
TAPSE. See Tricuspid annular plane systolic
excursion (TAPSE)
TEE. See Transesophageal echocardiography
(TEE)
Thoracentesis, 23, 211, 217
Thoracic ultrasound
pneumothorax, 219, 229
pulmonary edema, 350
Timed gain control (TGC), 10
Tissue transmission, ultrasound waves, 5-8
Tongue, ultrasound view, 177-179
Trachea
air space, 181
cartilage rings, 180, 182
ETT, 183, 184
and larynx, 176
and paratracheal soft tissues, 188
transverse view, 180
Transcranial color-coded sonography
(TCCS)
competencies, 338
complication, 339-340
equipment, 324, 325
evidence-based review, 338-339
image acquisition
anatomical distribution, 327, 329
B-mode image, 327, 328
CT axial image, 327, 328
duplex image, of Willis, 328-330
extracranial internal carotid artery,
334-335
probe position, 326, 327, 330
sample volume, 331-333
spectral Doppler waveform, 331,
333-334
transtemporal window, 326
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Transcranial color-coded sonography
(TCCS) (cont.)
image interpretation
acute ischemic stroke, 336, 338
brain death, 336, 337
cerebral blood flow velocities, 336
cerebral vasospasm, 335-336
COQGIF scale, 338
patient factors, 324, 326
precautions, 339-340
vs. transcranial Doppler, 324
Transcranial Doppler (TCD), 324
Transducers
abdominal examination, 250
apical four-chamber view, 90, 158
holding technique, 87
inferior vena cava, 70
linear, 3-4, 46
ONSD, 345
parasternal long axis view, 87-88, 155
parasternal short axis view, §89-90,
156, 157
phased array/microconvex, 79
piezoelectric crystals, 78
subcostal view, 93
TCCS, 325
terminologies related to, 85
ZAP, 238
Transesophageal echocardiography (TEE), 29
cardiac tamponade, 169
competencies, 142-143
Transmission, sound waves, 7-8
Transthoracic echocardiography (TTE), 29
Trauma
competencies
blunt abdominal trauma, 309, 310
chest x-ray, 312
diaphragmatic rupture, 315
hemodynamically stable patient,
309-310
motion mode, 312-315
normal sliding pleura, 312, 313
pneumothorax, 311
pregnant trauma patient, 315
thoracic cavity evaluation, 311
unstable patient, 310
complications, 318-319
evidence-based review, 316-317
hemothorax, 317
image acquisition/interpretation, 298-299
left upper quadrant, 301-303
patient considerations, 296297
pelvic view, 306-309
pericardial image, 304-306
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precautions, 318-319
probe selection, 296
right upper quadrant, 299-301
splenorenal space, 301-303
technical considerations, 296297
uses, 317
Tricuspid annular plane systolic excursion
(TAPSE), 133-134
Tricuspid annulus, 132-133
Tricuspid valve (TV), 81
Doppler flow velocities, 168
mitral valve and, 168
and RVOT Doppler, 136-138

U
Ultrasound
beams, 2-3
energy loss mechanisms, 8
gallbladder, 1
types, 3—4
generation, 2-3
physics, 1-2
principles, 78-80
probes, 3—4
tissue transmission, 5—8
Ultrasound-guided vascular access (UGVA),
36
Ultrasound-guided venous access
femoral vein cannulation, 57
image acquisition/interpretation, 40—44
internal jugular vein cannulation, 56
optimization, 61
peripherally inserted central lines, 57-58
peripheral vascular access, 57
subclavian vein cannulation, 57
Umbilical venous catheter (UVC)
competencies, 370
complication, 372
evidence-based review, 370
image acquisition/interpretation, 369-371
patient considerations, 368
technical considerations, 369
Undifferentiated shock
abdominal exam, 67
algorithm, 67
aorta, 67-68
goal-directed echocardiography, 66
IVC ultrasound, 67
venous thrombosis assessment, 68
Upper airway examination
anatomy, 176177
anesthesia, 189
complications, 189
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endotracheal intubation, 185-187
extubation failure, 187
hyomental distance, 185
image acquisition/interpretation, 179—182
laryngeal mask airway, 188
percutaneous dilational tracheostomy,
187-188
precautions, 189
preintubation assessment, 185-186
technique, 177-178
ultrasound examination, 176
Upper respiratory system, 177
US Agency for Healthcare Research and
Quality (AHRQ), 58

v
Valvular function, assessment, 29
Vascular access
challenges, 58
competencies, 44—45, 54-55
complications, 59-61
evidence-based review, 5859
femoral vein cannulation
anatomy, 52-53
procedure, 53-54
internal jugular vein cannulation
anatomy, 45
procedure, 4647
precautions, 59-61
subclavian vein cannulation
anatomy, 47
procedure, 48-52
technical and patient considerations
image acquisition/interpretation,
40-44
pre-procedural preparations, 38—39
procedure checklist and bundle, 40
vein selection, 37
training requirements, 61
ultrasound-guided arterial cannulation,
55-56
ultrasound-guided venous access
femoral vein cannulation, 57
internal jugular vein cannulation, 56
optimization, 61
peripherally inserted central lines,
57-58
peripheral vascular access, 57
subclavian vein cannulation, 57
Veins
vs. arteries, 39-40
femoral vein, 57, 59
anatomy, 52-53

389

procedure, 53-54
thrombosis, 42
internal jugular vein, 56, 59
anatomy, 45
freehand access, 45
longitudinal/transverse view, 46
procedure, 4647
selection, 37
subclavian vein, 57, 59
anatomy, 47
diaphragm dome, 241
infra-clavicular and axillary
approaches, 51-52
supraclavicular approach to,
48-51
ultrasound images, 9-10
Velocity-time integral (VTI)
calculation, 111
definitions, 111, 167
LVOT and, 72, 111-113, 168
measurement, 111-112
Venous thromboembolism (VTE)
color Doppler, 275
competencies
lung evaluation, 287
right ventricle, 287
upper extremity venous system, 286
complication, 290
evidence-based review
accuracy and speed, 287-288
right ventricular evaluation,
288-289
high-resolution linear array transducer, 275
limitations, 274
lower extremity
augmentation, 282
common femoral vein and artery,
279, 280
greater saphenous vein, 279, 280
position, 278, 279
proximal deep venous system, 277
superficial femoral vein, 279, 281
symptomatic patients, 276277
patient considerations, 275-276
precautions, 290
right ventricular evaluation, 284-286
technical considerations, 275-276
upper extremity, 282-283
Venous thrombosis
assessment, 68
ultrasound signs, 43
Visual assessment, 95-98
Vocal cords, 180, 181, 187, 188
Volume overload, right ventricle, 139-140
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Volume status, 69
competencies, 71-74
complications, 74
image acquisition/interpretation, 70-71
patient considerations, 69-70
precautions, 74
technical considerations, 69-70

VTI. See Velocity-time integral (VTI)

W

Wall motion score index (WMSI), 114-115
Weaning, 245

Web-based curriculum, 24

Index

Zone of apposition (ZAP), diaphragm

B-and M-mode, 239, 240
coronal plane, 238
end-expiration, 238, 240
end-inspiration, 239, 240
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