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Foreword
As technology improves diagnosis and treatment,
physicians are either “early adopters” or those who
wait to see if a new approach is really better than the
current standard. The “adopters” are challenged with
becoming proficient in new skills, while those who re-
sist need to be convinced that change is called for,
and that it justifies the costs of time and money. Buy-
ing new equipment always provokes discussion of who
pays for it, and what must be sacrificed. Finally, a new
program may step on someone else’s turf. There are
disputes about who is best qualified to use the tech-
nology, along with calculations of the financial impact
on existing programs and the potential legal liability of
using new methods.

The introduction of ultrasonography into frontline
critical care medicine is a case in point, and obsta-
cles to its current wide use are similar to those that
appeared with the introduction of other new tech-
nology that ultimately revolutionized the practice of
pulmonary and critical care medicine. In the 1970s, flex-
ible bronchoscopy gave pulmonary and critical care
physicians a tool to expand their diagnostic abilities be-
yond the history, physical examination, and the chest
radiograph. They had to learn how to use the broncho-
scope, find the money to buy the equipment, and over-
come the objections of many otolaryngologists and
thoracic surgeons who strongly believed that people
from internal medicine backgrounds had no business
endoscoping the airways, no less performing biopsies
of the airway and lung parenchyma. Of course, this re-
solved over several years, and flexible bronchoscopy
is now a core procedure of pulmonary and critical care
medicine physicians.

With ultrasonography, a similar conflict is now being
played out between new practitioners, in this case crit-
ical care clinicians, and an “old guard” of radiologists
and cardiologists. Ultrasonography has such strong

utility in critical care medicine that all intensivists are
strongly encouraged to become proficient in its bed-
side applications. Intensivists are capable of learning
a variety ultrasound skills that greatly improve their
effectiveness in bedside diagnosis and management,
make their procedures safer, and liberate them from a
dependence on other specialists who are not always
immediately available to care for the critically ill pa-
tient. An intensivist is responsible for the whole pa-
tient; and now, armed with a good ultrasound machine
and the right skills, is capable of acquiring images that
answer urgent clinical questions, interpreting and act-
ing on these images in the context of an overall man-
agement strategy.

The technology has existed for decades, and has
been used daily by internists and intensivists in Eu-
rope and in parts of Asia. North American intensivists
developed proficiency in ultrasonography only sev-
eral years ago. Radiologists and cardiologists may fret
about whether intensivists can acquire the competen-
cies to use this technology properly, but with proper
training and experience, ultrasound is now in the hands
of ICU physicians who use it with excellent results for
their patients.

A key element to training in critical ultrasonography
is mastery of the knowledge base of the field. This text-
book is designed to meet the needs of the critical care
ultrasonographer who requires a comprehensive and
coherent presentation of the core knowledge of this
discipline; it achieves that goal admirably. This book
is intended to be used by intensivists; its authors are
expert practicing intensivists and ultrasonographers.
Through years of dedicated study and direct experi-
ence, they use ultrasound every day in the diagnosis
and management of patients with complex cardiac, pul-
monary, renal, and digestive diseases. The chapters of
this text review the basic technology and physics of
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ultrasonography, and give detailed descriptions of its
applications in diagnosis in each organ system, as well
as its role in the performance of common ICU proce-
dures.

This book defines the cognitive basis of the field;
the intensivist who seeks to develop competence must
combine this knowledge with hands-on bedside train-
ing in image acquisition and interpretation. For the ex-
perienced critical care ultrasonographer, the book pro-
vides a comprehensive reference for answering com-
plex questions. Regardless of each clinician’s current
level of knowledge and skill, this text is an important
resource for all practicing intenstivists, because like

bronchoscopy in the 1970s, proficiency in ultrasonog-
raphy will eventually be adopted by all intensivists, as
the use of this technology will certainly serve our pa-
tients well.

Mark J. Rosen, MD, FCCP, FCCM, FACP
Chief

Division of Pulmonary, Critical Care and Sleep Medicine
North Shore University Hospital and

Long Island Jewish Medical Center
Professor of Medicine

Albert Einstein College of Medicine
Past President, American College of Chest Physicians
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CHAPTER 1

The Use of Ultrasound in the ICU:
Potential Impact on Care

Anthony D. Slonim

INTRODUCTION
Medical care for the critically ill usually advances in an
incremental fashion. Physicians, for the most part, are
a conservative group and critical care physicians are
an important subgroup that tends to value a scientific
approach and evidence-based decision-making. Experi-
mental evidence requires time to generate, appropriate
vetting through the peer review process, and then ad-
ditional time prior to becoming engrained in clinical
practice at the bedside for the benefit of patients. As a
result, it is only through retrospective evaluation that
the improvements in intensive care unit (ICU) care can
be seen.

There are several important and relatively recent ex-
amples of this incremental approach in critical care, in-
cluding low-tidal-volume ventilation, the management
of hyperglycemia, and the use of hypertonic saline
for acute elevations in intracranial pressure. Despite
these well-defined examples, critically ill patients ben-
efit from these approaches to a lesser degree than ex-
pected because their physicians fail to prescribe them
in a large proportion of cases, thus compromising the
quality of care for these critically ill patients. This is
one example of how physicians can improve their own
work by focusing on the elements of physician decision-
making, particularly the process steps, and aligning
them with the patients’ needs.

Rarely, the quality of care for patient populations
undergoes a major shift that can be thought of as
revolutionary rather than evolutionary. These shifts,
when viewed retrospectively, have usually involved
major technological advances. For example, the use
of fiberoptics in medicine has revolutionized the care
of patients requiring diagnostic and therapeutic pro-
cedures. These patients now undergo relatively minor
interventions as compared to what would have been ex-
perienced just a few decades ago. These shifts also in-
volve practice settings. Surgeries formerly performed
on inpatients are now performed on an ambulatory

basis. Finally, these shifts involve physicians from
different disciplines. Interventional radiologists are
now performing procedures that previously required
a surgeon. Cardiologists are now treating coronary
syndromes in ways that previously required cardiac
surgery.

Ultrasound use in the ICU is one such shift that
decades from now will be viewed retrospectively as
a revolutionary phenomenon that advanced the care
of critically ill patients. However, the current challenge
is to think prospectively, not retrospectively, about im-
plementing this proven technology for diagnostic and
therapeutic decision-making in a practice setting that
is outside of the radiology suite and by providers who
are neither radiologists nor cardiologists while the ev-
idence base and applications are being further estab-
lished. This book provides an opportunity to consider
methods of applying this tool, in a thoughtful man-
ner, at the bedside to advance the quality of care for
this vulnerable subgroup of patients. Through an ap-
proach that evaluates the risks and benefits of using
ultrasound in the ICU, physicians will be better able to
understand how this technology can influence the care
of their ICU patients.

HEALTH CARE QUALITY
Over the last 30 years, increased attention has been
paid to the issues of quality health care. Donabedian
provided a useful paradigm to consider the issue of
quality by using structure, process, and outcome as
three major components of the quality definition and
applying it to health care. Since then, considerable ef-
fort has been put into further defining performance
measures related to health care quality around six
fundamental domains promulgated by the Institute of
Medicine (IOM) in their seminal work titled Crossing the
Quality Chasm and applied to a number of medical disci-
plines. These six domains include safety, effectiveness,
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TABLE 1.1. The definitions of the IOM domains

IOM domain Definition
Safety To limit the unintentional harm

associated with the delivery of
health care

Effectiveness To use evidence-based
practices, the best scientific
evidence, clinical expertise,
and patient values to achieve
the best outcomes for patients

Efficiency To provide care that is done
well and with limited waste

Equity To provide care that is free
from bias related to personal
demographics like gender,
race, ethnicity, insurance
status, or income

Timeliness To provide care without
unnecessary wait and to
assure that patients have
access to the care they need

Patient-Centeredness To provide care that reflects a
focus on the patient’s needs,
including empathy,
compassion, and respect

IOM indicates Institute of Medicine.

efficiency, equity, timeliness, and patient-centeredness
(Table 1.1).

Safety
Safety is the domain concerned with medical er-
rors that occur during the health care experience.
These errors are classified as diagnostic errors, treat-
ment errors, preventive errors, and “other” or unclassi-
fied errors. Diagnostic errors include delays or errors in
diagnosis, the failure in applying appropriate diagnos-
tic testing, and the failure to respond to the results of
testing. Treatment errors result from errors in the per-
formance of a procedure or test, delays in treatment, or
providing care that is simply not indicated. Preventive
errors occur from failing to provide prophylactic care
or inadequately monitoring the patient. “Other” errors
result from failures of the equipment or team, such as
communication errors or performance issues.

Using this classification scheme, one can see how
ultrasound use in the ICU may impact the safety of pa-
tients. Diagnostic errors may arise from operator in-
experience in either acquiring or reading ultrasound

images, leading to inaccurate or erroneous diagnoses.
Artifacts that are misinterpreted represent another po-
tential safety problem for patients. While ultrasound
use in the ICU may compromise safety in important
ways, there are also ways in which it improves care. Ul-
trasound as a diagnostic test can be applied when and
where it is needed for the patients most likely to ben-
efit. In addition, since the operator and interpreter are
the same physician, the intensivist, the vulnerability of
not having test results responded to is reduced.

Treatment errors are another category of safety er-
rors. In this category, both test performance issues
and using a test that is not indicated are important.
If ultrasound is performed incorrectly, the results may
be incorrect and be acted upon more quickly. Hence,
ultrasound use in the ICU may compromise safety by
its ready availability. The lead time from the perfor-
mance of the procedure to a resulted report that can
be acted upon in traditional diagnostic testing may be
providing a safety net that disappears when the tool
and operators are readily available. With ultrasound
use in the ICU, a finding can be immediately acted upon
for the benefit of the patient. The problem arises when
the finding is a misinterpretation.

Ready availability of a test may also lead to excesses
in use and treatment errors manifested in two spe-
cific ways. First, ICU physicians may use ultrasound
because it is available and not because it is the best
test to answer a particular clinical question. Second,
the fact that a technology exists does not mean that it
needs to be used on all patients. Care must be taken
to assure that as a discipline, clinical questions are an-
swered with the right tool and not the most techno-
logically advanced or newest tool that happens to be
available in the ICU. There is no need for ultrasound use
when the physical examination will do just fine. How-
ever, there are opportunities to enhance the physical
examination with a thoughtful and more in-depth as-
sessment using ultrasound as an additional technique
if one has been properly trained. If the test is not in-
dicated, it is simply not indicated and its availability
should not change the clinical indications. Ultrasound
use can also improve safety with treatment errors be-
cause the findings are immediately available, commu-
nicated, documented in the record, and acted upon,
all within a relatively short time span. In addition, by
providing real-time guidance for invasive procedures,
ultrasound allows direct visualization to assure accu-
racy of placement and avoidance of complications.

Preventive and unclassified errors can also compro-
mise the safety of the ICU patient. Any time the in-
tensivist is diverted from caring for the patient while
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focusing on a procedure, safety events can occur from
inadequate monitoring. Assuring that ultrasound is
used in a broader context and that the “whole” pa-
tient remains under the watchful eye of the intensivist
is important during the procedure. Safety is likewise
improved by bedside ultrasound in this dimension be-
cause patients do not need to move from the ICU to
receive their testing. Finally, the bedside ultrasound
evaluation is only as good as the documentation and
communication of the results. Failure to document in
the medical record and report the care to colleagues
creates risk to the patient that can be overcome by
inserting a copy of the study and a report in the re-
cord and effectively communicating to staff and other
physicians.

Effectiveness
Effectiveness is the domain concerned with using
evidence-based principles, provider experience, and
patient values in achieving the desired care. This in-
cludes the use of clinical guidelines that are evidence
based, contemporary, and updated to keep pace with
the evolving research. When evidence from random-
ized trials does not exist, other evidentiary methods
can be used to help inform the care of patients.

When considering effectiveness, one needs to be
careful not to fall into the trap of waiting for the litera-
ture to document all of the evidence with an available
technology before it is used. That approach will take
years and inadvertently prevent patients from bene-
fiting from a useful bedside technology. Despite the
fact that empiric evidence documenting the use of bed-
side ultrasound in the ICU is limited, there is face va-
lidity to recognizing that ultrasound is a simple diag-
nostic test that adds benefits to patients and has been
performed in the disciplines of radiology, obstetrics,
emergency medicine, and cardiology for a number of
years. Further, the American Institute of Ultrasound
in Medicine (AIUM), an organization that has existed
since the 1950s, has a number of official statements,
practice guidelines, and technical standards that can
help to inform on the use of ultrasound more broadly,
including in the ICU. In addition, the inexperienced op-
erator and interpreter can also impair the effectiveness
of the study.

Efficiency
Efficiency helps shape the use of health care resources
by recognizing that there are limitations to the supply
of resources that can be provided and by optimizing

the value of the resources, by enhancing quality and
limiting waste. The real opportunity for improving ef-
ficiency with ultrasound in the ICU is that it provides
important answers to questions without the risk and
danger of transporting a critically ill patient to another
location. Further, having a test immediately available
that can be performed by the providers caring for the
patient helps to alleviate unnecessary steps in the pro-
cess of obtaining and interpreting the test.

Equity
Equity is the domain responsible for assuring that
health care is provided to patients without bias or dis-
crimination based on personal demographics and for
assuring equal access to health care services for pa-
tient populations. Ultrasound, when available as a tool
in the ICU, provides ready and immediate availability
on a 24/7 basis to patients regardless of their personal
demographics. One potential problem is that currently
the technology and expertise are not universally avail-
able. Hence, from an access perspective, the ICU to
which a patient gets admitted may be unable to pro-
vide the service for the patients it serves. As a result,
patients experience inequities in access to available
technologies for diagnosis or treatment, particularly
when ultrasound is unavailable 24/7 from the radiol-
ogy department.

Timeliness
Timeliness is the domain responsible for assuring that
patients receive the diagnostic and therapeutic ser-
vices without delay when they need them. This im-
proved access allows patients to receive the care
they need when they need it. Similar challenges ex-
ist with timeliness as with equity. Namely, the ultra-
sound equipment and expertise may not be available
24/7 when the patient needs it, and the radiology de-
partment may also not have the service available.

Patient-Centeredness
Patient-centeredness is the domain where the patient
and family are placed as the focal point of the health
care experience. It also provides for the inclusion of
patient wishes in the determination of what services
are provided. Services that are patient-centered are
those that provide care when and where it is needed by
those who are most likely to benefit the patient. In ad-
dition, patient-centeredness ensures “service” aspects
of health care quality including satisfaction with the
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TABLE 1.2. Classification of ICU physician-specific quality components based upon Donabedian’s structure,
process, and outcome framework

Structure
“Bricks and mortar” ICU itself

Monitoring equipment
Patient care equipment

E.g.: Ventilators
Ultrasound machines
Medication pumps

Personnel Physicians
ICU physicians
Primary care physicians
Consulting physicians
Residents and fellows

Other personnel
ICU nurses
Respiratory therapists
Pharmacists
Social workers

ICU management
Nursing director
ICU medical director
Hospital management

Process∗ Data gathering Admission
History

Thorough, timely, and accurate
Physical examination

Thorough, timely, and accurate
Consultant input

Thorough, timely, and accurate
Diagnostic testing

Appropriate test, performed
Interpretation Pattern recognition from data

Clinical context from the patient
Clinical knowledge based on training and experience
Knowledge from EBM and current literature

Decision-making Formulation of a plan consistent with patient choice
Medical treatment plan
Surgical treatment plan
Care management plan

Action Gather further data
Revisit history
Reexamine patient
Perform further diagnostics

Implement a care management plan
Assure appropriate anticipatory measures

E.g.: Gastrointestinal prophylaxis
Deep venous thrombosis prophylaxis

Assure appropriate therapeutic measures
E.g.: Manage hyperglycemia

Low tidal volume ventilation
Elevate head of bed

(continued )
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TABLE 1.2. (Continued )

Implement the medical treatment plan
Appropriate medication use based on EBM
Appropriate diagnostic tests based on sensitivity and specificity
Appropriate therapeutic plan based on EBM

Implement the surgical treatment plan
Right procedure
Performed safely and correctly
Intended outcome without complications

Perform a procedure
Right procedure
Performed safely and correctly
Intended outcome without complications

Outcome ICU mortality
ICU morbidity

Physical disabilities
Cognitive disabilities

ICU length of stay
Costs
Duration of ICU therapies

Nosocomial infections
Procedure complications

∗Physician-specific processes. ICU indicates Intensive care unit; EBM, Evidence-based medicine.

technical aspects of the procedure. For ultrasound use
in the ICU, the provision of the service at the bedside
without unnecessary transportation, pain, and burden
on the patient is representative of how ultrasound use
can have a positive influence in this domain.

“DOCTOR QUALITY”
While the IOM report provides a useful framework for
health care quality, physicians tend to think differently
about health care quality. Specifically, when physicians
consider quality they are often thinking about the care
that they, rather than the health care team provides.
Donabedian’s constructs of structure, process, and
outcome are particularly helpful here in assisting the
physician in identifying his or her role in the provision
of quality care to patients (Table 1.2).

Structure
From a structural perspective, the bricks and mor-
tar of the ICU, including its walls, the monitors, the
equipment, and maybe even the ultrasound machine
are, by implication, what constitutes an ICU. However,
the bricks and mortar alone do not make an ICU. It
is the people, both providers and patients, and their

expertise and interactions, that constitute the optimal
delivery of ICU care. Structurally, physicians need to
consider their role within the health care team. The or-
ganization of the ICU, how it is managed, and the man-
agement of other physicians, including primary care
physicians, other consultants, residents and fellows de-
termines the care the patients receive. The physician
would be remiss not to consider the nurses, therapists,
and ancillary departments who assure the appropriate
delivery of care to the patients when the physician is
not in attendance. When taken together, these elements
are the structural components of ICU care to which
Donabedian might refer (Table 1.2).

Process
Clinical processes, or the interactions between pro-
viders and their patients and providers with one an-
other, are also important for physicians to consider.
Nurses, in their discipline, can be very process focused,
but physicians often lack this component in their train-
ing. Therefore, when asked to address specific process
steps, like the implementation of the vascular access
bundle, physicians often fail to recognize how such de-
tailed specification of process actually makes a differ-
ence in outcome. However, some would argue that the
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process steps are critical to patient care, particularly
key physician processes (Table 1.2).

Doctor Processes and Medical
Decision-Making
Taking a moment to consider doctor quality is help-
ful when considering how processes are operative in
improving health care quality. The term “doctor qual-
ity” is used to describe the elements of the medical
decision-making process that only physicians can in-
fluence. Doctor quality can be thought of through the
key core processes of the ICU physician as he or she
cares for the critically ill patient from ICU admission
through discharge (Figure 1.1, Table 1.2). Traditional
medical decision-making has four iterative steps that
assist physicians with making decisions for their pa-
tients (Figure 1.1). The first step is data gathering.
Physicians use their history, physical examination, di-
agnostic testing, consultants, and other members of
the health care team to assist them in assuring that
they have collected appropriate data upon which to
base their clinical decisions (Table 1.2). The next step is
for the physician to interpret the gathered data within
the clinical context of the patient. This step involves
assembling the collected data to see if it coalesces into
a particular pattern and seeing if that pattern is consis-
tent with the patient’s presentation and findings. The
next step is decision-making. Here, the physician may
gather additional data by calling a consultant or or-
dering additional testing. If sufficient data has been
gathered, the physician may formulate a medical treat-
ment plan and reevaluate the plan’s success as time
progresses (Table 1.2). The physician may recommend
or perform a procedure, the outcome of which may as-
sist with diagnosis or treatment. Finally, as the last step

ICU Patient Trajectory

ICU
Discharge

Gather
Data

Make
Decisions

Take
Action

Interpret
Data

Providers

ICU
Admission

Figure 1.1. A model for medical decision-making that
occurs throughout the ICU course.

of medical decision-making, the physician must take ac-
tion. A plan that is not acted upon or a procedure or
test that is thought about but not performed does not
help the patient. These four steps allow the physician
to think through and organize their work (Figure 1.1,
Table 1.2).

Outcomes
Finally, outcomes represent the culmination of the
health care experience. Physicians often focus on out-
come measures as the result of their work. In the ICU en-
vironment, mortality is a traditional outcome measure
that is important, quantifiable, and often discussed
(Table 1.2). There are other outcome measures of rele-
vance to ICU physicians, including the use of ICU spe-
cific therapies, length of stay, cognitive and physical
outcomes, and morbidities arising from the episode of
care (Table 1.2). However, since outcomes tend to be
the end result of a series of process steps that are tem-
porally distinct, it is often important for the physician
to focus on both components of quality. Outcomes have
been held in high regard for considerable time, almost
to the exclusion of process measures. Physicians will
only be able to improve the quality of care for their
patients by focusing on both the process and outcome
components of health care quality.

THE USE OF ULTRASOUND IN THE
ICU: IMPACT ON CARE
The value of providing an overview to health care qual-
ity and the specific ways in which physicians are both
affected and can affect it is that it provides a useful
framework for further discussing the role of bedside
ultrasound in the ICU and the potential to impact care
for ICU patients. Table 1.3 uses the IOM domains and
the medical decision-making process to help identify
the opportunities to influence care in the ICU with the
use of this important technology. By understanding the
points in each of the IOM domains or the risk point
in the decision-making process, the physician can ap-
proach the use of ultrasound in the ICU with improved
recognition of the risks and benefits applied in this
setting.

CONCLUSION
Overall, the use of bedside ultrasound is an important
application of a well-described technology for diagnos-
tic and therapeutic decision-making. Like most other
new applications, it has risks and benefits associated
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TABLE 1.3. The characteristics associated with ultrasound use in the ICU and their ability to impact care
from the perspective of the IOM domains and physician-specific processes in medical decision-making

Data gathering Interpretation Decision making Action
Safety Portable Based on operator

training/experience
Based on operator
training/experience
and confidence in
findings

Improves procedure
performance

Available 24/7 Based on experience
acquiring images

Avoids procedural
complications by using
direct visualization

Noninvasive Based on experience
interpreting images

Avoids delays in
interpretation

No radiation exposure Easy to learn Misinterpretations may
lead to errors in action

Easy to learn Expertise variable Findings, interpretation,
and actions need to be
documented and
communicated
appropriately

Expertise variable
Potential for excess use
because of availability
May fail to use, more difficult
to obtain, but better
diagnostic tests
Availability causes overuse
when traditional methods of
physical examination would
be fine
Attention to monitoring
patient while performing
ultrasound needs to be
assured
Testing performed without
moving patients and while
maintaining ICU-level
monitoring and therapy

Effectiveness Clear indications Based on operator
training/experience

Based on operator
training/experience

Available EBM for
ultrasound use in
specific disciplines like
radiology, emergency
medicine, surgery,
trauma, obstetrics/
gynecology

Limited EBM for ICU Limited EBM for ICU Limited EBM for ICU Limited EBM for ICU
Extensive EBM for
ultrasound use generally

Extensive EBM for
ultrasound use
generally

Extensive EBM for
ultrasound use
generally

Extensive EBM for
ultrasound use generally

Requires acoustic window Requires ability to
distinguish artifacts

(continued )
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TABLE 1.3. (Continued )

Data gathering Interpretation Decision making Action
Efficiency Operator/decision-maker

are the same providing
clinical context for
focused evaluation

Operator/decision-
maker are the same
providing clinical
context for focused
evaluation

Lacks objectivity
between operator and
interpreter subjects
to confirmatory bias

No lag time between
decision and action; risky
if decision is incorrect

No need for patient
transport

Immediate availability
of information

May not be available
in all ICUs 24/7

May not be available in
all ICUs 24/7

May not be available in all
ICUs 24/7

May not be available in
all ICUs 24/7

Timeliness May not be available in all
ICUs 24/7

May not be available in
all ICUs 24/7

May not be available
in all ICUs 24/7

May not be available in
all ICUs 24/7
Operator/decision-maker
are the same

Not available in all ICUs Not available in all ICUs Not available in all
ICUs

Not available in all ICUs

Not available by all ICU
providers

Not available by all ICU
providers

Not available by all
ICU providers

Not available by all ICU
providers

Equity Improves access for all
ICU patients

Improves access for
all ICU patients

Improves access for
all ICU patients

Improves access for all
ICU patients

Not available in all ICUs Not available in all
ICUs

Not available in all
ICUs

Not available in all ICUs

Not available by all ICU
providers

Not available by all ICU
providers

Not available by all
ICU providers

Not available by all ICU
providers

Patient-
centeredness

Alleviates the need for ICU
patient transportation and
its pain and risks

Operator/decision-
maker are the
same

Immediate
information available
for patient and family

Immediate access to
specific interventions
and next steps

Expands the breadth of
diagnostic and procedural
capabilities

Lacks objectivity
between operator and
interpreter

IOM indicates Institute of Medicine; EBM, Evidence-based medicine; ICU, intensive care unit.

with its use. For intensivists to optimize this tech-
nology for their patients, an understanding of their
own decision-making process is important. I hope this

chapter has provided a context upon which further use
of this technology can be evaluated for the benefit of
the critically ill patient.
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CHAPTER 2

Physics of Sound, Ultrasound,
and Doppler Effect and its

Diagnostic Utility
Alexander Levitov

SOUND AND ULTRASOUND:
ACOUSTIC PARAMETERS
All our lives we are surrounded by sounds. In fact, it
is our ability to create and comprehend sounds in the
form of speech that is integral to our human develop-
ment. As physicians we assess heart sounds, breath
sounds, and bowel sounds, but few will contemplate
the nature of sound. Without understanding the phys-
ical properties of sound and their interactions with
the surrounding medium, it is difficult to understand
the images produced in clinical ultrasound. The criti-
cal care practitioner also often acts as a sonographer,
whose responsibility is to operate the equipment, ob-
tain images, distinguish between real structures and ar-
tifacts, and manipulate the transducer. Without a solid
knowledge of basic sound principles these tasks are
virtually impossible.

A sound is a wave created by a moving (vibrating)
object and comprises areas of increased (compres-
sions) and decreased (rarefactions) densities. This
wave moves through a medium with a fixed speed
(propagation speed), transmitting its energy, while the
vibrating matter of the medium returns to its original
position with each cycle (see Chapter 2 in enclosed
DVD). When the sound wave reaches an object it is
unable to penetrate, such as a wall, it may go around
it (diffraction). This allows one to hear music around
a corner. If the object is larger, such as a mountain,
sound will bounce off (reflection) and return back to
the source, creating a familiar phenomenon known as
an echo. Echo was first described and named by the
ancient Greeks.

Depending on the movement of the sound-
generating object, the sound wave will acquire dif-
ferent characteristics known as acoustic parameters
(Table 2.1). Some of those are related, while others are
independent of each other. Though a sound wave is

longitudinal with energy traveling in the same direc-
tion as the propagating wave, for the ease of rep-
resentation it will be pictured as a transverse wave
with energy distributed perpendicular to the direction
of propagation like a wave on the surface of a pond
(Figure 2.1).

Frequency and Period
The time necessary for the sound wave to complete
one cycle is known as its period. The cycle is complete
when the sound source has produced one vibration
and the matter in the medium has returned to its orig-
inal resting position. The period is measured in units
of time (Table 2.1). One can probably use the fractions
of the year, but that would be rather inconvenient, so
most of the time it is measured in milliseconds ([msec]
1 thousandth), microseconds ([μsec] 1 millionth of a
second) or nanoseconds (1 billionth). For example,
a guitar D string takes 2.5 msec to completely travel
across the reference object, such as a guitar fret, from
left to right and left again to where it started; the
sound it has generated will have a period of 2.5 msecs
(Figure 2.2).

Related to the period is the frequency of the sound
wave (Table 2.1). Frequency (f) is a number of cycles
completed in 1 second. A standard measure of fre-
quency is hertz (Hz), which was named for Heinrich
Rudolf Hertz (1847–1894), the first person to transmit
and receive radio waves. One Hz is 1 cycle per sec-
ond. The same guitar string with the period lasting 2.5
msec will complete 400 periods in 1 second and there-
fore have a frequency of 400 Hz or 0.4 kilohertz (kHZ)
(Figure 2.2). Frequency is the reciprocal of the period
(Table 2.1). That is:

Frequency × period = 1
f (Hz) = 1/period sec

Period (sec) = 1/f (Hz)
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TABLE 2.1. Summary of acoustic parameters

Acoustic parameter Units Determined by Values in diagnostic ultrasound
Period �sec Sound source 0.1–0.5 �sec
Frequency MHz Sound source 2–10 MHz
Amplitude dB Sound source —
Power Watts Sound source —
Intensity Watts/cm2 Sound source 0.001–100 W/cm2

Wavelengths mm Source and medium 0.1–0.6 mm
Propagation speed m/sec Medium alone 1,500–1,600 m/sec

� kHz: kilohertz, thousands of cycles per second with
a period of milliseconds

� MHz: megahertz, millions of cycles per second with
a period of microseconds

Humans can hear sounds with frequencies ranging
from 20 Hz to 20 kHz. Speech generates 100–220 Hz, and
singing 50 Hz–1.5 kHz. The human ear is most sensitive
to 3–4 kHz sounds. The sound in the range of human
hearing is known as audible sound, or simply sound,
with frequencies >20 kHz known as ultrasound and
<20 Hz known as infrasound. Thus, a distinction be-
tween sound and ultrasound is really quite capricious
if not entirely baseless. Many other animals have wider
ranges of hearing. For example, the domestic cat can
hear up to 50 kHz. Though an ultrasound wave is a
sound wave in every respect, ultrasound waves (par-
ticularly in the MHz range), tend to travel in a straight
line, and diffract less and reflect more off smaller ob-
jects than lower-frequency waves. Typical periods and

Nature of sound

Figure 2.1. Guitar string vibration is creating a
longitudinal wave. It is represented, however, as a
transverse wave.

frequencies for diagnostic ultrasound are 0.1–0.5 μsec
and 2–10 MHz, respectively, and are determined by the
ultrasound source known as a transducer, or a probe
(Table 2.1). With frequencies, much greater than those
of diagnostic ultrasound, ultrasound waves start to be-
have a lot like electromagnetic microwaves, but those
frequencies are never reached in medical applications.

time 
1 millisecond

time 
1 millisecond

Transverse 
wave

Longitudinal 
wave

Figure 2.2. Guitar D string vibration is creating a
longitudinal wave in fundamental (shades of gray)
and first harmonic (shades of red) frequencies. The
fundamental frequency longitudinal wave is
represented below by a transverse wave of the same
frequency. The red, dotted wave is a first harmonic
wave with half the period and twice the frequency of
the fundamental wave. Fundamental period is 2.5
of a millisecond; Fundamental frequency is 400 Hz
(0.4 kilohertz [kHz]); First harmonic frequency is
0.8 kilohertz (kHz).
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Most emitted and reflected sounds have a mixture of
frequencies, with the lowest one being the so-called
fundamental frequency, and its multiples are harmonic
frequencies, or, simply, harmonics. These concepts are
demonstrated by the movement of the guitar string
(Figure 2.2).

AMPLITUDE, POWER,
AND INTENSITY
As a sound wave propagates, the particles in the
medium will move from the resting position. This cre-
ates areas of increased density and increased pres-
sure on the surrounding area (compression). These
changes in motion, pressure, and density will reach
their peak and then subside with each vibration. The
difference between a resting value of the parameter,
such as density or pressure, and the peak one, during
the period of the sound wave, is referred to as ampli-
tude. You can pluck the guitar string softly (with less
amplitude), creating less motion (pressure, density),
or vigorously (with more amplitude), but because the
string has the same period and frequency, the sound

would not change. Simply stated, amplitude is the loud-
ness or volume of the sound whether one can hear the
sound or not (Table 2.1). In ultrasound applications it
is often referred to as an output gain or acoustic power
(Figure 2.3). Because amplitude is the difference or ra-
tio between two values of the parameter with the same
unit, it cannot be described in absolute units (Table
2.1). In other words, one can always produce a louder
or softer sound. Therefore, a relative scale is used. The
relative units of this scale are Bells. They are named for
Graham Bell and are defined as 0.1 of the Bell or deci-
bels (dB), which are the most commonly used units in
acoustic measurements (Tables 2.1 and 2.2).

The scale is logarithmic, meaning that the number
is described by how many multiples of 10 one needs to
create it (Table 2.2). Thus, the logarithm of 100 is 2, of
1000 is 3, and of 1/100 is −2.

� dB = 10 × log (A1/A2), where A1 and A2 are the am-
plitudes of sounds being compared.

More important, there are only two numbers to re-
member, i.e., 3 dB and 10 dB. 3 dB means twofold and
10 means tenfold increase in the measured parameter,

amplitude

time

amplitude

time

Figure 2.3. Different amplitude of the sound: —More medium displacement,
higher amplitude; · · ·Less medium displacement, lower amplitude; Power = k ×
(amplitude)2.
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TABLE 2.2. Amplitude ratios and decibels

Ratio of sound 1/sound 2 Decibels
1000:1 30

100:1 20
10:1 10

4:1 6
2:1 3
1:2 −3
1:10 −10

therefore −3 dB is two times less (one half) and −10 is
ten times less (0.1) than the original value. So if the pa-
rameter is pressure, then 3 dB sound will create twice
the pressure on your eardrum (or be twice as loud)
and 20 dB will be 100 times louder than the original
one, while −3 dB will be only half that loud (Table 2.2).

It follows that power, or the amount of energy per
second, delivered by the sound wave, is related to
the amplitude and is in fact the amplitude squared
(Table 2.1). When amplitude doubles, power increases
fourfold.

Power = k × (amplitude)2, where k is a coefficient

The units of power are watts (Joules/sec), named
for James Watt, the Scottish engineer. The power of
the sound wave distributed over the unit of surface
is known as intensity (Table 2.1). Intensity is defined
as the amount of energy per second delivered to the
surface area of the medium. Intensity (measured in
watts/cm2) therefore will be directly proportionate
to power (amplitude) and inversely proportionate to
the area over which that power is applied. The same
sound beam with the same power when applied to a
smaller surface area will deliver more energy to that
area and is said to be more intense. The typical inten-
sity of the diagnostic ultrasound equipment is 0.001 to
100 watts/cm2 (Table 2.1). In the case of diagnostic ul-
trasound, the “medium” is human tissue and the inten-
sity will predict the bioeffect of the ultrasound (Tables
2.1 and 2.3). Those effects can be rather dramatic. One
important example is ultrasonic lithotripsy, where the
intensity of the ultrasound is used to decimate renal
stones.

The speed of sound (propagation speed) is a fixed
number and is related solely to the medium (Tables 2.1
and 2.3). This is a far-reaching statement and a unique
feature of the physics of wave propagation. The speed
of moving objects is an algebraic sum of the speed of

TABLE 2.3. Speed of sound (propagation
speed) in different tissues

Tissue Speed of sound (m/s)
Lung 300–1,200
Fat 1,450
“Soft tissue” 1,540
Bone 2,000–4,000

the object and the observer. A couple of examples can
help to demonstrate this point:

1. If a man is walking with the speed of 4 miles per
hour (mph) down an escalator, which is moving at
3 mph relative to a stationary observer, he is moving
at 7 mph.

2. If a police officer is chasing a getaway car and his
car is moving at 110 mph, and the getaway car is
moving at a 100 mph relative to that of the police
officer, the speed of the chased car is −10 mph (the
police officer is gaining on the getaway car).

It does not matter if the source of the sound or the
observer is moving; the sound propagation speed re-
mains the same (Table 2.1). A jet plane can fly faster
than sound, but the roar of its engines will propagate
at the same speed as if it were stationary on the ground;
however, the frequency of the sound waves will change.
If the sound is moving toward the observer, the pe-
riod of the sound wave decreases and therefore the
frequency increases (sound wave is compressed). If the
sound is moving away, the opposite occurs (the wave is
stretched). This is the so-called Doppler effect, which
will be further discussed below, but for now remember:
nothing can change the speed of sound in a particular
medium; it is an established and fixed phenomenon.

Wavelength is the length of a single cycle and is mea-
sured in the units of length (Table 2.1, Figure 2.4A).
A picture of the wavelength is easy to confuse with
that of the frequency; in fact, they will look exactly
the same, but remember that here the axis is space,
not time. Wavelength is determined by the frequency
of the sound and the speed of sound in the medium
(Table 2.1).

Wavelength (mm) = speed of sound in the
medium (mm/μs)/frequency (MHz)

Because the speed of sound in the medium is an
intrinsic quality of the medium (Table 2.3), the wave-
length in that medium will be inversely related to the
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space

space

Wavelength (mm) 
=Speed of sound in 
the medium (mm/μs) 
/frequency (MHz)

A

Figure 2-4A. Speed of sound in the medium is an intrinsic quality of
the medium. As the speed of sound increases in the water, the
wavelength becomes longer, while the frequency of the sound wave
generated by the sound source does not change. In the same medium,
higher frequency ultrasound will create shorter wavelength. Shorter
wavelength ultrasound produces better images by reflecting off smaller
objects. Wavelength (mm) = Speed of sound in the medium (mm/μs)/
frequency (MHz).

frequency of the sound wave generated by the sound
source (Table 2.1). In the same medium, the higher
frequency ultrasound therefore will generate a shorter
wavelength. The longer the wavelength, the larger the
size of the object the wave will need to encounter to be
reflected. High-frequency ultrasound allows for reflec-
tion off smaller objects, which improves image quality
(axial resolution) in the same medium (Figure 2.4B). In
“soft tissue,” sound with frequency of 1 MHz will have
a wavelength of 1.54 mm, and 500 kHz a wavelength of
3.08 mm.

In “soft tissue”: Wavelength (mm) = 1.54/f (MHz)

space

space

B

Figure 2-4B. Shorter wavelength and higher
frequency ultrasound produce better images by
reflecting off smaller objects. Because the speed of
sound in the medium is an intrinsic quality of the
medium, the wavelength in that medium will be
inversely related to the frequency of the sound wave
generated by the sound source.

So in diagnostic ultrasound the rule is: the higher the
frequency, the shorter the wavelength, the better the
image. Useful values of wavelengths in diagnostic ultra-
sound are 0.1–0.08 mm.

INTERACTIONS OF ULTRASOUND
AND MEDIUM
As the ultrasound wave travels through the medium
it releases some of its energy and reflects back to the
source as an echo (Figure 2.6). The result is a damp-
ening of the wave or reduction in its amplitude. This
process is known as attenuation. Attenuation is depen-
dent on the ultrasound frequency and the distance the
ultrasound travels in the medium. Attenuation only af-
fects the amplitude, the wave frequency, and frequency.
The greater the distance the ultrasound has to travel,
the more attenuation will occur. To illustrate the rela-
tionship between frequency and attenuation one just
needs to rub one’s hands together. The faster you do
it (higher frequency), the hotter the hands will get, be-
cause more heat energy is released by friction. Atten-
uation is always measured in negative decibels, and
in the soft tissues one MHz frequency signal will at-
tenuate −0.5 decibels per every centimeter it travels
(Figure 2.5).

Attenuation = (−0.5 dB/cm/MHz)
× travel distance (cm)

Heat generation will be discussed in the biological ef-
fects of the ultrasound, but reflection is important to
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Figure 2-5. Both high-frequency red wave (R) and
lower-frequency blue wave (B) attenuate (dampen)
with distance. However, blue wave attenuates less.
Ratio of initial amplitude A1 to final A2 illustrates the
degree of attenuation and is measured in negative
decibels (dB). AB1: AB2 > AR1: AR2.

image formation. It will also be discussed later in more
detail, but some basics need to be addressed now.

When the sound wave strikes a boundary between
two different tissue layers, some of the energy will pro-
ceed further while the rest will return to the source of
sound in the form of an echo. The timing and the energy
of the echo signal will be related to the depth and the
physical nature (acoustic impedance) of the boundary
and will provide all the necessary information to create
an image (Table 2.4, Figure 2.6). The sound wave that
is not reflected will go on until the next tissue bound-
ary is met. The same phenomenon will take place again
until the signal is lost due to attenuation. Because en-
ergy is not created in the process, whatever is not re-
flected (or converted to heat and lost) will be trans-

TABLE 2.4. Relationship between elapsed time
and distance to the reflective boundary in the
“soft tissue”

Depth of Total distance
reflective traveled from

Elapsed time boundary the source
(�sec) (cm) and back (cm)

13 1 2
26 2 4
52 4 8

130 10 20

In “soft tissue” if the elapsed time is 13 μs the reflector is 1 cm deep.

mitted. The amount of reflected ultrasound energy will
depend on the physical properties of the boundary.
Those properties can be summarized in a calculated
number of acoustic impedance. Impedance is mea-
sured in units of Rayls (Z). The units are named for
the physicist Robert John Strutt, 4th Baron Rayleigh.

Acoustic impedance (Rayls) = density (kg/m3)
× speed of sound (m/s)

Typical impedance of “soft tissues” is 1.25 to 1.75
Mrayls (1,250,000–1,750,000 Rayls).

The best reflection can be achieved when sound
strikes a boundary between two layers with large dif-
ferences in acoustic impedance at a 90◦ angle of inci-
dence (normal incidence). If there is no difference in

Tissue with
Impedance A

Tissue with
Impedance B

Tissue with
Impedance C

Time of flight

Distance to the boundary

B >A C > >B

B=C

Figure 2-6. Normal incidence. If there is no difference in impedance
between the two boundaries, no reflection will occur; the more the
difference, the greater the amount of ultrasound is reflected back to the
source. Distance to the boundary can be calculated from the time it takes
for the ultrasound to reach the boundary and return to the source (time of
flight, elapsed time). In the soft tissues, distance to the boundary (mm) =
elapsed time (μs) × 0.77 mm/μs.
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TABLE 2.5. Comparison of high and low frequency ultrasound waves

Image depth Attenuation Image quality Axial resolution Lateral resolution
Low frequency 2–5 MHz deep low lower Lower (big number) Lower (big number)
High frequency 5–10
MHz

shallow high higher Higher (small number) Higher (small number)

acoustic impedance between the two layers, no reflec-
tion will occur and no image can be formed (Figure
2.6). As a rule, at the boundary between two different
“soft tissues” (i.e., fat/kidney) with similar impedance,
only 1% of the sound is reflected in the form of echo
and 99% is transmitted, while at soft tissues/bone inter-
face roughly half of the sound is reflected back, and at
tissue/air boundary, where the difference in impedance
is the greatest, nearly all the energy is reflected (99%)
and practically none is transmitted (Table 2.3). In this
latter case, visualization of any structures below such
boundary is impossible. The fine detail of the boundary
(reflector) will only be reflected properly and visual-
ized when the wavelength of the ultrasound is smaller
than those details, thus the image will improve with
an increase in ultrasound wave frequency (Tables 2.5
and 2.6). Regrettably, high-frequency waves also have
high-attenuation rates and will not penetrate deeply
into the tissues (Table 2.6). That can be partially reme-
died by analyzing only returning echoes with frequen-
cies that are multiples of the fundamental (emitted)
one, the so-called tissue harmonics. For example, if the
emitted sound wave has a frequency of 5 MHz, only
echoes with frequency of 10 MHz are analyzed. Select-
ing those higher frequency waves known as tissue har-
monic imaging (THI) for image formation usually re-
sults in improved image quality.

When the two boundaries are separated by a dis-
tance much greater than the wavelength of the emit-
ted ultrasound, they will appear separate on the image
created by their respective echoes. However, as the
boundaries get closer to each other, the timing inter-
val between returning echoes becomes progressively
shorter until finally they appear as a single object (Fig-
ure 2.7). The distance where two objects are perceived
as two separate ones in the pass of the ultrasound wave

(axial plane) is known as axial or longitudinal resolu-
tion. Resolution is measured in millimeters: the smaller
the number, the better the image. The typical value of
axial resolution for modern ultrasound equipment is
about 0.1 mm (0.05–0.5 mm) (Figure 2.7).

For image formation the ultrasound machine (sys-
tem) always assumes that the reflective boundary is
struck by the ultrasound at a 90◦ angle. However, in re-
ality it is seldom the case and the result is that images
become difficult to interpret. If the sound wave strikes
the boundary at a non-90◦ incidence angle (oblique inci-
dence), reflection may never reach the source of sound
and image formation will be impossible (Figure 2.8).
Moreover, ultrasound transmission and reflection with
oblique incidence is difficult to describe mathemati-
cally, and if reflection does reach the sound source,
ultrasound equipment will interpret it as if there has
been normal incidence and may place the image in the
wrong place, creating artifact. With normal incidence,
the transmitted fraction of the sound wave will always
follow the original direction of the beam. However, with
the oblique incidence, if the speed of sound is different
between the two layers of the boundary transmission,
a bend, or refraction, will occur. Refraction is governed
by Snell’s law: sine of transmission angle/sine of inci-
dence angle = speed of sound medium1/speed of sound
medium2 (Figure 2.8).

Ultrasound equipment assumes the same speed of
sound in all tissues (1540 msec) and accordingly will
not account or compensate for refraction; therefore,
refraction artifacts are common. To complicate things
even further, once off the original pass, ultrasound
might encounter unexpected reflective boundaries and
take a “scenic” pass back to the transducer. None of
these issues will be considered when the image is
formed.

TABLE 2.6. Factors affecting quality of the ultrasound image

Image quality Depth Wave frequency Pulse Focus
Better image Shallow sample High frequency waves Short SPL Narrow focus
Worse image Deep sample Low frequency waves Long SPL Wide focus
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Lateral
resolution

Focal zone

Axial
resolution

Figure 2-7. As two boundaries become closer in the
pass of the ultrasound (axial plane), they will appear
as one (limit of axial resolution). Two objects,
appearing as one in the plane perpendicular to the
pass of the sound, is a limit of lateral resolution. Axial
resolution is always better (smaller number) than
lateral resolution.
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Figure 2-8. In oblique incidence, both transmission
and reflection are unpredictable, except for the
incidence angle l being equal to reflection angle r. If
the speed of sound in both media is equal,
transmission will follow the pass of the incident wave;
otherwise refraction will occur. If the speed of sound
in medium A is faster than in medium B, the
transmission angle will be less than the incident
angle. If the speed of sound in medium A is slower
than in medium B, the transmission angle will be
greater than the incidence angle (Snell’s law). Sine t/
Sine i = propagation speed B/A.

But if the sound is traveling in a straight line and
strikes the reflector at 90◦ incidence, it is very easy
to determine the reflector’s depth. For this, one only
needs to know the time needed for the echo to return to
the sound source (transducer) and the speed of sound
(Figure 2.6). Position (depth) of the reflective boundary
can be calculated using the following formula:

Distance to the boundary (reflector) (mm)
= elapsed time (μs) × 0.77 mm/μs

In “soft tissue,” if the elapsed time is 13 μs the
reflector is 1 cm deep

WAVE INTERACTIONS
Besides interacting with the medium, the sound waves
also interact with each other. As a longitudinal wave,
the sound will transmit from the source in more or less
concentric circles. An important analogy portrays this
principle. One can sit behind a guitar player and still
hear the music play. Due to wave interaction, however,
when you sit in the front of the guitarist the music is
louder because of the ways in which the sound waves
interact with each other. Two in-phase waves will sum
creating a wave with higher amplitude (constructive
interference), while waves in the counterphase will
subtract, resulting in one with a lower amplitude
(destructive interference) (Figure 2.9).

A bullhorn is designed to produce even more con-
structive interference creating a sound beam traveling
in the direction it points. The waves in the center of the
beam have the highest amplitude. Ultrasound waves
emitted by the transducer diffract less, making beam
formation even more precise. Wave interactions are
described by Huygens’ principle, which states that all
constructive and destructive interferences within the
beam will produce an hourglasslike final shape (Figure
2.9). The narrowest area (waist) of the beam is known
as the focal point or focus. The beam with the narrow-
est focus will be able to distinguish two side-by-side
objects as separate, while the beam with the broader
focal point will fuse them into one image (Figure 2.6).
This concept is known as lateral resolution. High-
frequency sound waves have a narrower focal point and
higher lateral resolution. Therefore, high-frequency ul-
trasound waves will improve both axial and lateral
resolutions and are preferred for their ability to pro-
duce superior image quality, but can only be used
for visualization of superficial structures due to high
attenuation.
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Huygen's
wavelet

Focal zone

Positive interference in the middle and negative on the periphery
forms individual wavelets into the ultrasound beam.

Destructive interference
Amplitude Black=Amplitude Blue - Amplitude Red

Constructive interference Amplitude Black=
Amplitude Blue + Amplitude Red

Figure 2-9. Interference and ultrasound beam formation. Positive
interference in the middle and negative on the periphery form
individual wavelets into the ultrasound beam.

CONTINUOUS-WAVE AND
PULSE ULTRASOUND

An ultrasound wave can be emitted continuously as a
light from the headlight of the car or in inpulses as a
blinking turn signal. All imaging ultrasound waves are
pulse waves, with an “on,” or talking time, for producing
a sound pulse and an “off” time for listening for the
return echo signal. Imaging transducers serve as both
transmitters and receivers.

The percentage of “on” time when the ultrasonic
pulse is produced is known as the duty factor (Table
2.7). The usual duty factor in imaging ultrasound is
0.1–1%, so just as in a good human conversation, there
is a lot of listening and very little talking. A duty fac-
tor of 100% means that continuous-wave, nonimaging
(Doppler) ultrasound is used. The most familiar form of
such a device is a “black-box Doppler” used for finding
a pulsatile artery. A duty factor of 0% means that the ul-

trasound machine is off. Several other terms need to be
introduced in regard to the pulsatile nature of imaging
ultrasound.

Pulse duration (PD) is the time during which the
sound is emitted in each on/off phase. It is usually 0.5–
3 μsec, with each pulse being a short wave comprised
of 2 to 4 cycles (Table 2.7, Figure 2.10). Pulse repetition
period (PRP) is the time of the entire on/off cycle (Table
2.7). Because the pulse duration is fixed by the trans-
ducer, the only variable is an “off” or listening time.
The deeper the imaging sample, the longer the time
required for the echo pulse to return to the source,
thus the longer the pulse repetition period necessary
(Tables 2.4 and 2.7). Pulse repetition frequency (PRF)
is a number of pulses emitted in one second (Table
2.7). Pulse repetition frequency is measured in hertz
and usually is 1–10 kHz in imaging ultrasound and will
vary depending on the depth of the imaging sample.
Pulse repetition period and PRF are reciprocal numbers

TABLE 2.7. Summary of pulsed wave parameters

Parameter Determined by Units Typical value
Pulse duration Ultrasound source alone �sec 0.5–3.0 �sec
PRP Source/changes with depth of image msec. 0.1–1.0 msec
SPL Source and medium mm 0.1–1.0 mm
PRF Source/changes with depth of image kHz 1–10 kHz
Duty factor Source/changes with depth of image % 0.1–1%
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Pulse 
duration

Pulse repetition period

Figure 2-10. Pulse ultrasound. Pulse duration (PD) is the time during which
the sound is emitted in each on/off cycle. It is usually 0.5–3μsec and comprises
2 to 4 cycles. Pulse repetition period (PRP) is the time of the entire on/off cycle.
Though difficult to depict graphically, PRP is usually 100–1000 times longer
than PD. Duty factor = PD/PRP. Pulse repetition frequency (PRF) is the number
of pulses emitted in one second. PRP (sec) = 1/PRF (Hz), PRF (Hz) = 1/PRP
(sec). The deeper the image, the longer the PRP, the lower the PRF.

related in the following ways:

PRP (sec) = 1/PRF (Hz)
PRF (Hz) = 1/PRP (sec)

Note that though it is measured in the same units, PRF
has no relationship to the frequency of the ultrasound
wave produced during pulse generation that is mea-
sured in MHz.

Spatial pulse length (SPL) is the length of the pulse
in space with a typical value of 0.1–1.0 mm (Table 2.7).
Shorter pulses, just as shorter wavelengths of the pulse
wave, reflect off the smaller objects. Shorter pulses pro-
duce better images by improving axial resolution.

Axial resolution can be described by the following
relationship:

Axial resolution = SPL (mm)/2

DOPPLER PHENOMENON AND ITS
USE IN DIAGNOSTIC ULTRASOUND
First described by Christian Doppler, the Doppler phe-
nomenon simply states that if the source of sound
(transducer) and the object reflecting the sound (re-
flector) are moving in relationship to each other, the
frequency of the reflected sound wave will change. If
the reflector is moving toward the sound source, the
sound waves will be compressed to a higher frequency
(positive Doppler shift). If it is moving away from the
sound source, the sound waves will be stretched to a
lower frequency (negative Doppler shift) (Figure 2.11).

Subtracting the incident frequency from the fre-
quency of the returning echo Doppler shift can be
recorded, and because it falls into the audible range
of 20 Hz–20 kHz, it can be heard by the operator. It
is important to remember that the shift itself is riding
“piggyback” on the inaudible original ultrasound wave
usually measured in MHz. So if the reflector (such as
blood or cardiac structures) is moving, the velocity and
the direction of the movement can be calculated and
imaged from the value of Doppler shifts using the equa-
tion below:

Reflector velocity
= (Doppler shift × propagation speed)/

2 × (incident f × cosine. incidence angle)

Of those, the cosine of the incident angle is most
important. The cosine of 90◦ angle is “0” and no reflec-
tor velocity can be measured. In fact, the closer the
incidence angle to 0◦ or 180◦, the closer the measured
velocity to an actual one (Figure 2.11). This presents a
problem if the image of the organ, such as a blood ves-
sel, is to be obtained simultaneously with the blood
flow velocity. The images are best at 90◦ incidences,
but then no Doppler information can be obtained. So a
compromise has to be reached between the image qual-
ity and the Doppler data. This compromise is achieved
with a 60◦ incidence angle, which is often utilized in
vascular studies.

The oldest, simplest, and perhaps most used
Doppler modality is a continuous-wave (CW) Doppler
(Tables 2.8 and 2.9). In this case, one part of the trans-
ducer constantly emits the incident ultrasound wave
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Figure 2-11. If the blood cell is moving toward the transducer,
the frequency of the reflected signal will be higher than that of the
emitted or incident one (positive Doppler shift). If the blood cell is
moving away, the frequency of the returning signal will be lower
than the incident frequency (negative Doppler shift). Doppler
shift = f1 − f2. Doppler shift depends on the angle between the
reflector (red blood cell) direction and the direction of the
emitted sound wave. Doppler shift = 2× reflector speed ×
incident frequency × cos (angle ά)/propagation speed. With 90◦
angle there is no Doppler shift and the reflector velocity
calculations are impossible. Velocity calculations are most
accurate with 0◦ incident angle. f1 = incident frequency, f2 =
reflected frequency, ά = incident angle.

and the other constantly receives the returning wave.
Processors subtract them and the resulting shift is
heard by the operator. This is the construction of the
“black box Doppler” found frequently in intensive care
units (ICUs) and used by physicians and nurses when
they are unable to palpate an arterial pulse (Figure
2.12). Continuous-wave Doppler is capable of detecting
any flow velocity, but unable to tell where the sample is
taken (Table 2.9). This “range ambiguity” results from
large overlap between transmitted and received beams
(Table 2.9).

When exact knowledge of the sample location is es-
sential (i.e., stenotic aortic valve) pulsed-wave Doppler
is used (Tables 2.8 and 2.9). Just as with the imaging
pulsed ultrasound, the pulsed Doppler transducer

TABLE 2.8. CW v. pulsed Doppler

High flow
Doppler Range velocity
modality resolution Aliasing detection
Continuous
wave

no no Unlimited

Pulsed
Doppler

yes yes Limited by
Nyquist
frequency

serves both as a transmitter and a receiver. Echo sig-
nals from only one area, known as sample volume, are
chosen for analysis, the rest are ignored (gating). This
area is determined by the timing of the returned signal.
This is known as range resolution (one knows exactly
where the sample volume it taken) (Table 2.9). How-
ever, pulsed-wave Doppler has a fundamental problem.
The transducer has to wait until the returned echo
signal is received before the next incident pulse is
transmitted (Table 2.8). Each pulse is a snapshot, and

TABLE 2.9. Comparison of Doppler modalities

Doppler
modality Pros Cons
Continuous
wave Doppler

Identifies high flow
velocity jets, no
aliasing

Range
ambiguity

Pulsed wave
Doppler

Range resolution
(depicts location of the
flow)

Aliasing
with high
flow
velocities

Color flow
Doppler

Direct 2-D flow
information
superimposed on
anatomical images

Aliasing
with high
flow
velocities



22 General Principles and Impact of Ultrasound Use in the ICU

A
B

Figure 2-12. Continuous-wave Doppler. A is a
transmitter element. B is a receiver element. The large
area of overlap between the incident beam and the
receiver beam results in an inability to assess where
the sample is located. This is known as range
ambiguity. Continuous wave can measure very
high-flow velocities.

the rate of those snapshots decreases with increasing
depth of the sample due to a longer time of flight (Fig-
ure 2.13).

Because the depth of the sample and PRP are directly
related (see pulsed ultrasound parameters above), one
can also say that the longer the PRP (the shorter the
PRF), the lower the rate of Doppler snapshot(s) that
record the position of the reflector. That results in alias-
ing (Table 2.9, Figure 2.14).

Because of aliasing, with pulsed-wave Doppler mea-
surements, high reflector velocities become inaccurate
and the reflector may appear to be going in the direc-
tion opposite to the actual one (Table 2.8, Figure 2.14).
Aliasing is a sampling error, occurring when the sam-

A

B

Figure 2-13. Pulsed-wave Doppler. The sample
volume A is shallower and the position of the reflector
(red blood cells) can be registered frequently. The
sample volume B is deeper and the position of the
reflector is sampled infrequently. Hence, the Nyquist
limit = PRF/2 is exceeded and aliasing occurs.

pling rate is too slow in comparison with the reflector
velocity. The following example will illustrate this fur-
ther:

You are given snapshots of a unicyclist riding for-
ward in a circus arena. You can see the position of the
cyclist in the arena, but do not know if the cyclist’s di-
rection is going forward or backward. There is no tim-
ing mark on the snapshots and it takes him 5 minutes
to complete the circle. If the snapshots are taken every
minute, you will clearly see him moving forward. If sam-
ple snapshots are taken every 2.5 minutes, it is impos-
sible to deduce if he is going backward or forward be-
cause he is only viewed on opposite sides of the arena.
If the samples are taken every 4 minutes, you will have
to conclude that the unicyclist is riding backward, be-
cause every sample snapshot will position him behind
the previous one. He is still going forward, but low sam-
pling frequency makes it appear otherwise. The same
phenomenon explains why a plane propeller seems to

?
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1

8:1 samples per 
rotaiton. Clockwise 
direction is obvious

2:1 samples per rotation. 
direction is obscure.
Nyquist limit is reached

1:5 samples per rotation. Red 
dot seems to move 
counterclockwise 
(aliasing has occurred)

Figure 2-14. Nyquist limit and aliasing.
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be moving in the direction opposite to its true course.
The eye’s sampling ability is exceeded by the rate of
rotation, similar to the way in which in old cowboy
movies the wagon wheels seem to rotate in the oppo-
site direction of their true trajectory because the film
rate was too slow.

Doppler frequency at which aliasing will occur is
known as a Nyquist limit and is equal to half of the
PRF of the pulsed-wave Doppler (Table 2.8).

Nyquist limit (kHz) = PRF/2

So the deeper the sample volume, the lower the PRF,
and therefore the lower the Nyquist frequency limit and
the more aliasing is observed.

Doppler shift is also directly related to the trans-
ducer frequency. The higher-frequency probe will pro-
duce more Doppler shift and more aliasing. With the
blood flow velocity of 2 msec, the high-frequency
(7 MHz) probe will produce a Doppler shift of 3 kHz
and a low-frequency (3.5 MHz) probe will only produce
1.5 kHz. If the Nyquist frequency limit is 2 kHz, the first
transducer will show aliasing and the second will not
(Figure 2.15).

Methods of controlling aliasing:

1. Use shallower sample volume = increase PRF

2. Decrease carrier ultrasound frequency

3. Change Doppler angle to 0◦

4. Use continuous-wave Doppler

Higher frequency
Pulsed Doppler

Lower frequency
Pulsed Doppler

al
ia

si
n

g

Nyquist limit

CW

F
lo

w
 c

m
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Figure 2-15. Eliminating aliasing. Aliasing can be
eliminated by choosing the shallower sample
(increased PRF), converting to continuous-wave
Doppler, or choosing a lower-frequency pulsed-wave
Doppler.

With pulsed Doppler, the Doppler frequency shift
is very small (2300 times smaller) compared with the
wave frequency of the pulse itself. This makes calcula-
tions from a single pulse difficult.

The problem can be partially solved by producing
multiple ultrasound pulses (pulse packets or ensem-
ble length) going in the same direction and interrogat-
ing the same sample volume. The Doppler shift of each
pulse in the packet is measured separately, but then the
packet is treated as a single pulse. This technique im-
proves the accuracy of the velocity measurements and
the sensitivity to low-flow states. Doppler shift is used
to assess hemodynamic parameters such as stroke vol-
ume (SV) and to detect abnormal direction or velocity
of blood flow in cardiac (echocardiography) and vas-
cular ultrasound. Occasionally, it is also used in other
modalities to detect movements of anatomical struc-
tures (e,g., pleura).

Doppler ultrasound has a number of important util-
ities. Normal blood flow is laminar, meaning that it is
well organized, with the greatest flow velocity in the
center and gradual decrease toward the vessel wall
due to friction. At the level of the aorta, this bullet-
like pattern represents blood ejection during systole.
Doppler flow velocity will reflect it, describing differ-
ent parts of the stream crossing the plane of Doppler
interrogation over time. The integral of the flow veloc-
ity over time (velocity-time integral [VTI]) will enable
the calculation of the vertical dimensions of the cross-
section of the “bullet,” while the aortic diameter (D)
will allow the estimation at its base (cross-sectional
area [CSA] = (π × {D/2}2). The product will provide
the volume of the “bullet” and thus stroke volume
(Figure 2.16).

SV = VTI × CSA

Those calculations are made by the equipment but
are extremely dependent on the operator’s ability to
provide adequate Doppler data and proper measure-
ment of the aortic diameter. As the blood flow reaches
the area of the irregular lumen, predictable changes in
flow velocity will take place at the site of the stenosis.
The velocity will increase, reaching the highest veloc-
ity at the point of greatest narrowing (Figure 2.15). In
the arterial bed there might be a loss of the pulsatile
pattern, and in the venous bed a loss of phasic flow
changes. At the exit point turbulent flow can develop.
The pressure prior to stenosis (P1) will increase and
after the area of stenosis (P2) will decrease, creating
a pressure gradient. The predictable relationship be-
tween the flow velocity and pressure gradient was first
described by Daniel Bernoulli. The Bernoulli principle
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Doppler stroke volume

Normal laminar blood flow pattern

Turbulent flow associated with stenosis

Figure 2-16. The normal laminar or parabolic blood
flow pattern is bullet shaped with the highest flow
velocity in the middle. Valvular or vascular stenosis is
associated with an increase in pressure prior to the
stenotic area, decreased pressure on exit, and
increased flow velocity through the stenotic area. The
pressure gradient is defined by the following
relationship P1 − P2 = 4 × V2 (simplified Bernoulli
equation). The cross-sectional area of the vessel (i.e.,
aorta) CSA = π × {D/2}2. VTI × CSA will describe the
volume of blood passing through the area during
systole. For the proximal aorta, this will be stroke
volume.

states that as the speed of a moving fluid increases the
pressure within the fluid decreases.

P1 − P2 = 4 × (
V 2

1 − V 2
2

)

Where P1 is prestenotic pressure, P2 poststetsnotic
pressure

V1 is prestenotic flow velocity, V2 poststetsnotic flow
velocity

The simplified Bernoulli equation will allow calculating
the pressure gradient from maximal (peak) flow veloc-
ity by using the following formula:

�P = 4 × (P peak2)

Where �P is pressure gradient and V maximal flow
velocity

The Bernoulli equation is used extensively in cardiac
echocardiography and vascular ultrasound. Usually,
the pressure calculations are made by the equipment.
However, it is important for the physician to know how
those numbers are generated.

COLOR FLOW DOPPLER
Color Flow Doppler is a multigated pulsed Doppler ul-
trasound technique, which means that multiple sample
volumes are obtained and analyzed. Color flow Doppler
is a pulsed modality and is therefore subject to alias-
ing and range resolution (Table 2.9). Multiple pulses
in packets have different Doppler shifts that are aver-
aged to provide mean or average flow velocities. Those
flow velocities are measured not in one location, as
with usual pulsed-wave Doppler or along the single line
as with continuous wave, but on the two-dimensional
grids and are usually combined with two-dimensional
anatomical images (Table 2.9). The anatomical images
are in black-and-white. Doppler information is provided
in color, with negative Doppler shift (away from the
transducer) usually depicted in the shades of blue and
positive (toward the transducer) in the shades of red.
Because it is not always presented in this way, a color
map is provided to assist with identifying the direction
and velocity of the flow. The upper part of the map
shows flow toward the transducer and the lower part
of the map shows flow away from it. The distance from
the middle of the map bar is proportional to the flow
velocity. In the upper part of the bar, the highest flow
velocities are depicted on the top, and in the lower
part, on the bottom (Figure 2.17). As has been alluded
to, the returning echoes will have different Doppler
shift frequencies. When knowledge of individual fre-
quencies is essential, spectral analysis is used. Digi-
tal techniques such as autocorrelation and fast Fourier
transform (FFT) are performed by the computer chips
and are of little interest to this book’s intended audi-
ence. Additional information on the matter of spectral
analysis of Doppler signals can be obtained from the
list of suggested readings.

QUALITY ASSURANCE
Knowing the basic principles of imaging and Doppler
ultrasound will enable the physician to participate in
and understand the quality assurance program that will
guarantee optimal images and prevent unnecessary
downtime. In the ICU, problems ranging from incon-
venience to adverse patient outcomes may be avoided
with these approaches. Though the equipment man-
ufacturer might provide support for maintaining the
equipment in the form of a service contract, the ulti-
mate responsibility for quality assurance rests with the
operator. In the case of ICU ultrasonography, the oper-
ator is nearly always the physician. Routine quality as-
surance will also alleviate medical–legal problems that
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Toward the transducer

Figure 2-17. A colored map is provided for the colored Doppler of
the right ventricle in this patient with pulmonary embolism.

may arise from the use of the ultrasound equipment,
particularly for invasive procedures.

Usually, imaging ultrasound equipment is tested
on phantoms with standard physical characteristics
(Figure 2.18). The most commonly used ones are the
American Institute of Ultrasound in Medicine (AIUM)
100 mm test-object and tissue-equivalent phantoms.
Both are commercially available. In these phantoms,
the speed of sound is 1540 msec. Objects with different
acoustic impedance are placed in different positions to
assess the equipment’s ability to visualize (resolution)
and properly estimate their position (calibration) (Fig-
ure 2.18). The sensitivity of the machine is evaluated
by its ability to detect objects in the far field. Axial reso-
lution is evaluated by objects placed at a certain depth
in the pass of the ultrasound beam and so is vertical
calibration. Lateral resolution and horizontal calibra-
tion are checked by the objects placed perpendicular
to the direction of the beam (Figure 2.18).

Mock cysts and tumors with different acoustic
impedance are also placed in the tissue phantom to
check the equipment’s ability to detect their diameter
and characteristics (Figure 2.18). Doppler phantoms
usually utilize belts or strings moving at a standard
speed to evaluate the system’s ability to detect di-

rection and velocity of the moving objects. More so-
phisticated Doppler testing phantoms pump echogenic
(visible with the ultrasound) fluid into plastic pipes at
known velocities.

BIOEFFECTS
Ultrasound images are produced by inducing tissue
vibrations at ultrasonic frequency. There is little ev-
idence to suggest that those vibrations have any bi-
ologic consequences. The same does not hold true
for the ultrasound energy converted into heat. For in-
stance, at the soft tissue–bone interface, roughly half of
the sound is reflected back, but the remainder of the en-
ergy is absorbed by the bone, creating temperature ele-
vation at this tissue–bone interface. This tissue-heating
is related to both the intensity and focus of the ultra-
sound beam. The more focused the ultrasound beam,
the less the area of heat production, as the surround-
ing tissues dissipate thermal energy. This allowed the
US Food and Drug Administration (FDA) and the AIUM
to establish intensity limits: 100 mWatts/cm2 for unfo-
cused and 1000 mWatts/cm2 (1 Watt/cm2) for focused
ultrasound.
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Figure 2-18. Tissue phantoms, with standard characteristics, can be used to
assess axial and lateral resolution and calibration.

Aside from the thermal effects on the tissues, the
other significant effect is called cavitation. Soft tissues
contain microscopic areas of gas bubbles (gaseous nu-
clei) that can be heated by the ultrasound beam, result-
ing in their rapid expansion and ultimate bursting. This
might create local mechanical stress and further tissue-
heating. Though little evidence for cavitation has been
shown with diagnostic ultrasound, the possibility of
tissue injury by that mechanism definitely exists.

This possibility prompted the AIUM in 1988 to issue
a safety statement that is applicable even now to the

use of diagnostic ultrasound, including its application
in critical care medicine. As for ultrasound, the AIUM
suggested that:

1. No study should be performed without valid reason.

2. No study should be prolonged without valid reason.

3. The minimal output power should be used to pro-
duce optimal images if the ultrasound machine al-
lows control of output power. (As low as reasonably
achievable, or ALARA principle).
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CHAPTER 3

Transducers, Image Formation,
and Artifacts

Alexander Levitov

TRANSDUCER STRUCTURE
AND FUNCTION

Transducers are defined as devices converting one
form of energy into another. In the case of ultra-
sound, electrical energy is converted into mechani-
cal (acoustic) energy. The most familiar transducer is
a telephone receiver, with an earpiece that converts
electrical impulses into sound waves and a mouthpiece
that converts sound energy into electricity. Imaging
transducers combine both functions by emitting and
receiving ultrasound pulses and converting them into
electrical impulses for further processing. Non-imaging
continuous-wave (CW) Doppler transducers, just like
the telephone receiver, have two elements; one is con-
stantly emitting sound and the other is receiving sound.
Figure 3.1 shows the anatomy of the imaging trans-
ducer.

At the core of the ultrasound transducer (probe) is a
sheet of piezoelectric material known as an active ele-
ment, or simply the “crystal.” It is usually made of lead
zirconate titanate, or PZT. This material will create elec-
tricity when mechanically deformed (direct piezoelec-
tric effect) and it itself deforms when electrical voltage
is applied to its surface (reverse piezoelectric effect).
The ability of some natural and man-made materials to
create electricity when physically deformed was dis-
covered by the brothers Pierre and Jacques Curie in
1880 and first used to produce ultrasound in sonar to
track German U-boats during World War I in France in
1917. The piezoelectric effect of PZT irreversibly disap-
pears as temperatures rise above 360◦ C (Curie point),
making it impossible to sterilize ultrasound transduc-
ers with heat. The PZT crystal is one-half–wavelength
thick (for the speed of sound in the active element it-
self). Connected to the PZT crystal is a wire that trans-
mits electrical impulses from a pulse generator to the
crystal during a pulse-generation phase, and away from
it to the processor, during the “listening” phase, when
an electrical impulse is generated in the PZT crys-

tal by the returning echo. The listening phase is 10
times longer than the pulse duration, so the duty fac-
tor in imaging ultrasound transducers is 0.1–1% (see
Chapter 2). The transducer can be also set to emit
sounds of a so-called fundamental frequency, but re-
ceive echoes with frequencies that are multiples of
the fundamental one. This tissue harmonic imaging
is usually performed with returning frequencies that
are twice (first harmonic) or even four times (second
harmonic) higher than the fundamental one. Because
the harmonic frequencies are generated in the tissues
themselves, the image is resistant to certain artifacts
and tends to be of a better quality. Behind the active
element (PZT) is a backing or damping material. Just
as a guitar string continues to produce sound after be-
ing struck once by the player, the electrical impulse,
once it exits the PZT, will keep on ringing, produc-
ing longer pulse durations and spatial pulse lengths
with deteriorating axial resolution. The backing mate-
rial works like a guitarist’s hand placed over the string,
reducing the time that the PZT spends vibrating (ring-
ing) after each electrical impulse and improving the im-
age quality. The backing material is usually composed
of tungsten-impregnated epoxy resin. Continuous-wave
Doppler transducers emit sound waves constantly and
therefore do not require or contain any backing mate-
rial (Figure 3.2).

In front of the PZT crystal is a matching layer that
is a one-quarter wavelength thick. The difference in
impedance results in an increase in reflection. The
impedance of the matching layer is between that of
the PZT crystal and the skin, in order to increase the
transmission of the ultrasound from the active element
into the tissues. To further reduce the impedance differ-
ence between PZT and skin, ultrasound gel is used. The
impedance of the gel is less than that of the matching
layer but more than that of the skin, making ultrasound
transmission relatively smooth (Figure 3.1).

Wire, backing material, PZT crystal, and the match-
ing layer are all housed in a case to protect them from
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Figure 3.1. An imaging transducer both emits and receives
signals. The PZT (piezoelectric) crystal converts electrical
impulses from the wire into ultrasound and vice versa. A matching
layer reduces internal reflections within the probe by gradually
decreasing acoustic impedance. Backing material reduces the
length of the pulse by preventing after-ringing (dampening effect)
Acoustic lenses improve focus. The case prevents electrical shock
exposure for the patient and the operator.

the elements and to protect the patient and the oper-
ator from an electrical shock (Figure 3.3). One should
never attempt to use the transducer with a cracked
housing or frayed wire.

Single-crystal transducers can produce several
forms of imaging, of which only M-mode and two-
dimensional (2D) (with mechanical scanning) are
presently in use. A and B modes are only mentioned
for their historical relevance (Figure 3.4). Both A-mode
and B-mode will relate the strength of the signal to dis-
tance to the boundary where that signal is produced.
This strength is either represented by the height (A-
mode) or the brightness (B-mode) (Figure 3.4). B-mode
of the single active element transducer will produce a
series of dots arranged in a line. With multiple crystal
or array transducers, each line produced by the single
active element will coalesce with the one formed by its

neighboring element to form a 2D image (see below).
Because of this relationship, 2D images are sometimes
called “B-mode,” but this is technically incorrect. M-
mode shows the position of the moving boundary over
time, without reference to the signal’s strength (Figures
3.4 and 3.5). M-mode is presently used in echocardiog-
raphy and occasionally in noncardiac chest ultrasound
for the diagnosis of pneumothorax, but 2D images are
the primary mode used today. Two-dimensional imag-
ing displays are used in all portable ultrasound ma-
chines available for intensive-care unit (ICU) use and
in almost all diagnostic ultrasound equipment on the
market.

Though 2D images can be produced by a single crys-
tal transducer by mechanically moving the active ele-
ment in a swinging motion across a scan plane (like
moving a spotlight beam to see a deer in a night-time

Figure 3.2. Continuous-wave Doppler transducer has two PZT
crystals. One constantly emits and the other receives signals.
Element A transmits continuous ultrasound waves with frequency
f1. Element B receives frequency f2 (f1 − f2 = Doppler shift).
Backing material is not necessary because continuous-wave
signals require no dampening.
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Figure 3.3. Components of the array transducer: (A)
PZT crystals, multiple crystals (active elements), can
be activated separately; (B) matching layer; (C)
backing material; (D) wires to each PZT element; (E)
case; (F) cable all wires are still separated within the
cable.

meadow), most of the modern transducers are com-
posed of multiple active elements (Figures 3.3, 3.6 and
3.7). These so-called transducer arrays contain multi-
ple PZT crystals with a separate wire attached to each
element (Figures 3.3, 3.6 and 3.7). The electronic cir-
cuitry allows for each element to be activated sepa-
rately in a specifically designed order. Arrays of active
elements can be placed in a straight line (linear array),
in an arc (convex or curved arrays), in concentric cir-
cles (annular arrays), or even in a checkerboard pat-
tern (three-dimensional arrays) (Figures 3.3, 3.6 and

Figure 3.5. M-mode examination of the heart
showing the position of different cardiac structures
(intraventricular septum, mitral valve leaflets and
inferior wall of left ventricle) plotted over time. Each
50 mm of the horizontal axis is 1 s. 1- Position of the
anterior leaflet of the mitral valve at that time. Please
note that brightness of the signal is of little relevance
in an M-mode study.

3.7). According to the sequence of element activation,
transducers can also be divided into sequential arrays
or phased arrays.

With sequential-array probes, groups of PZT crys-
tals, usually arranged in linear or curved arrays, are
fired in a sequence starting from one end to the other,
five to 10 elements at a time, with each group firing
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Figure 3.4. Display modes: A-mode displays amplitude of the signal and
reflector depth; B-mode displays the same parameters, but the amplitude of the
signal is represented by its brightness and not the height; M-mode displays
reflector depth over time.
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Figure 3.6. Mechanical scanning and phased-array probes offer
a large acoustic footprint in the far field through a small window.
They are common in cardiac ultrasound where the window is
limited by intercostal spaces. In addition, phased-array probes
offer electronic steering (sweeping) and focusing of the
ultrasound beam. The operator is capable of selecting single or
multiple focal points and the width of the sweep. A lack of moving
parts also makes phased-array probes more reliable and durable.

immediately after its neighboring group. This is simi-
lar to a “wave” in a baseball stadium. When the acti-
vation sequence reaches the opposite end of the trans-
ducer, the process starts again. Linear sequential-array
probes produce images only of the size of the trans-
ducer with a fixed focus, since each crystal in the array
has its own focal zone and there is an inability to steer
the beam. The image produced has a uniquely charac-
teristic square shape (Figures 3.7 and 3.8). The linear-

array probes are more common in vascular ultrasound.
Convex sequential-array probes tend to be larger, with
a fixed focus (for the same reason), but the image has
a sector shape with a blunted top. Convex arrays have
the advantage of a large near field and even larger far
field and are used extensively in abdominal ultrasound,
where large images are necessary (Figures 3.7 and 3.9).

However, most transducers that critical care physi-
cians will encounter will be either linear or convex

Figure 3.7. Two-dimensional imaging. Linear sequential arrays
consist of multiple PZT crystals (elements) arranged in a line.
Each one is connected to a separate wire. Elements are
activated in groups from one end of the transducer to the
other. A similar arrangement is present in a convex array, but
the elements are arranged in a curve, giving this type of the
transducer a wider view (larger footprint) in the far field.
Elements in curved-array probe can be activated individually
or in small groups.



Transducers, Image Formation, and Artifacts 31

Figure 3.8. Vascular image (right common femoral
vein) produced by linear sequential array transducer.
Notice the image is square and is of the same size as a
vessel. The solid-looking structure 1 in the middle of
the vessel is a thrombus.

phased arrays. In phased-array probes, both beam
steering and focusing is achieved electronically by
sequenceing the PZT crystal activation. Each ac-
tive element is activated with an approximately 10-
nanosecond delay in a pattern created by a beam for-
mer in the ultrasound machine. Each PZT crystal in the
array receives a signal in that predetermined pattern.
There is also a similarly spaced delay in signal recep-
tion by the ultrasound machine. If the delay pattern
is from the left to the right of the array, the beam is
steered to the left. If the delay pattern is from right to
left, the beam will be steered to the right. This will cre-
ate the sweeping necessary to form 2D images without
moving the active element (Figures 3.6 and 3.10).

The entire sweep from one side of the probe to the
other will produce one imaging sector or frame. If the

Figure 3.9. Image of the abdomen produced by the
convex-array transducer. Notice a large acoustic
footprint in both near and far field.

Figure 3.10. Echocardiographic image produced by
the phased-array probe. Electronic steering enables
the production of an image of the heart from a small
acoustic window (intercostal space).

activation pattern is parabolic, the beam will be fo-
cused on a particular depth and the combination of
patterns will produce both focusing and steering.
Phased-array probes, regardless of how the active ele-
ment patterns are arranged, are now the predominant
probes used in echocardiography and are being used
more frequently in vascular and general ultrasound.

The quality of the detail of the 2D image (spatial res-
olution) produced by an array probe depends on the
number of separate ultrasound beams (lines) gener-
ated by the probe and the width of the sector neces-
sary to produce the image. The line density, therefore,
will depend on the number of the PZT crystals in the ar-
ray probe and the sector width. To visualize the entire
heart, for example, one will need a wider sector than
the one necessary to visualize just the mitral valve. A
cross-section of the aorta will need a wider sector than
a cross-section of the carotid artery. The more lines
per sector, the higher the line density, and the better
the image quality and spatial resolution will be. Shallow
images allow higher ultrasound frequency with better
axial resolution per line and improved overall image
quality (spatial resolution) (Figure 3.11, Table 3.1). One
complete sweep of either a mechanically or electron-
ically steered beam will produce one frame of the 2D
image. The sequence of the frames will create a movie
clip that can be observed or recorded by the operator.
The number of frames per unit time is the temporal
resolution of the exam. For continuous motion to be
perceived as continuous, a minimal frame rate of 15
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Figure 3.11. Probe A produces more ultrasound beams (lines)
than probe B, with a resulting improvement in image quality
(better spatial resolution). Probe C produces as many lines as
probe A, but a wider sector decreases line density and degrades
spatial resolution. Multifocusing requires more pulses per line and
improves spatial resolution.

frames per second is necessary to provide a minimally
acceptable temporal resolution. The more frames per
second, the higher the temporal resolution. For a mov-
ing structure, like the heart, the higher the temporal
resolution, the more real time is the image. The num-
ber of frames is limited by the time necessary to create
a single frame. In any imaging, the previous pulse has
to be received by the transducer and processed before
the next one can be generated (Figure 3.11).

Temporal resolution is determined by the speed of
sound in the medium and not controlled by the oper-
ator. The greater the distance the sound has to travel
to deeper images, the longer the listening time of the
transducer, the line density, and the amount of pulses
necessary to create a frame (sector width and number
of focal points) (Table 3.1).

In addition to commonly used imaging transduc-
ers, several specialty transducer types should be men-
tioned. Multidimensional transducers include 2D ar-
rays used to create 3D ultrasound images (Figures 3.12
and 3.13) and one and one-half–dimensional arrays
used to improve vertical components of the image
by reducing beam width. Three-dimensional–image

capabilities are presently unavailable in portable ICU
ultrasound equipment, but will undoubtedly become
standard in the relatively near future. Annular phased
arrays are automatically focused in multiple planes
and are steered mechanically. These are used mostly
in OB-GYN imaging. Vector arrays combine linear-,
sequential-, and phased-array technologies in one
transducer (Figure 3.12).

The construction of a pulsed Doppler transducer is
very similar to that of a single-crystal imaging trans-
ducer, mentioned above. Continuous-wave Doppler
transducers emit ultrasound waves continuously, just
as their name implies, and therefore do not require
any backing material (Figures 3.2 and 3.3). Different 2D
transducer types are summarized in Table 3.2. Most
modern transducers combine imaging and Doppler ca-
pabilities in a single probe.

IMAGE FORMATION
The formation of the ultrasound image requires proper
flow of electrical impulses into the transducer and
interpretation of direction, strength, frequency, and

TABLE 3.1. Factors determining spatial and temporal resolution of the 2D image

Improved 2D resolution Depth Sector width Line density Focusing
Spatial Shallow Narrow if the line density increases (zooming in) High Multiple
Temporal Shallow Narrow if the line density is unchanged Low Single
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Figure 3.12. (A) Two-dimensional array is used to
produce three-dimensional images. It has as many
active elements in the vertical as in the horizontal
plane. (B) One and one-half–dimensional array has
more elements in the horizontal than vertical plane,
makes a thin slice, and improves resolution in the
vertical dimension. (C) In annular phased probe, PZT
crystals are arranged in a concentric circular pattern
and are activated from the innermost circle out. Each
circle is focused on the particular depth (central
shallower than outer ones), making it focused in all
planes. Annular phased transducers are steered
mechanically. (D) Vector arrays combine
phased-array and sequential-array technology.

timing of the returning signal. The ultrasound machine
or system makes all of that possible. Once an image
is formed, it is displayed on a screen, usually in a
digital format. In modern ultrasound systems, partic-
ularly portable ones that the ICU physician is likely
to encounter, computer chips are increasingly used to
simplify operation and optimize images (Figure 3.14).
However, six common components are used in all ul-
trasound machines, irrespective of size or function,
namely:

1. The master synchronizer organizes and times the
flow of electrical signals within the system.

Figure 3.13. Three-dimensional ultrasound image of
the kidney, produced using two-dimensional array.

2. The pulser or beam former controls the firing pat-
tern in the transducer and pulse amplitude, pulse-
repetition frequency (PRF), and pulse-repetition pe-
riod (PRP).

3. The transducer converts electrical signals received
from the beam former into a sequence of ultrasound
pulses and converts returning acoustic pulses into
electrical impulses.

4. The receiver/processor contains the necessary ele-
ments for conversion of the returning electrical im-
pulses into images (Table 3.3).

5. The display (screen, audio speakers, recording de-
vices) presents data for interpretation and storage
(usually in digital format).

TABLE 3.2. Comparison of different 2D transducer types

Transducer type Image shape Steering Focusing
Mechanical Sector Mechanical Fixed
Linear sequential array Rectangle None Fixed
Linear phased array Sector Electronic Electronic
Annular phased Sector Mechanical Electronic
Convex sequential Blunted sector None Fixed
Convex phased Blunted sector Electronic Electronic
Vector Flat top sector Electronic Electronic



34 General Principles and Impact of Ultrasound Use in the ICU

Figure 3.14. Basic components of the modern ultrasound system.
The pulser generates electrical impulses organized by the beam
former to electronically focus and steer (sweep) the ultrasound
beam generated by the transducer. Active elements in the
transducer convert electrical impulses into mechanical (acoustic)
energy sent into the tissues. Incoming ultrasound echoes are
converted into electrical impulses by the transducer and sent into
the receiver/processor. The processor deciphers electrical
information and an image is created. In modern systems, the
image is displayed and stored in a digital format. Outgoing
information is represented by solid arrows: red for electrical,
green for ultrasound signals. Incoming information is represented
by broken arrows.

6. Storage devices, also known as an archive, keep
information more or less permanently for further
review and to meet legal requirements.
Since the physician–sonographer will never come

in contact with the master synchronizer, it is men-
tioned here, but will not be discussed further. Pulses or
phased-array beam formers produce the sequence of

electrical pulses that excite PZT crystals in the trans-
ducer. For the array transducer, separate electrical im-
pulses are produced and timed separately for each
PZT crystal. The voltage of those pulses may reach
500 volts, thus they present a real electrical hazard to
the patient and the operator. One should never use a
transducer with a defective housing or frayed wire, no

TABLE 3.3. Functions of the receiver/processor

Receiver functions Adjustable Processing
Amplification Yes (Receiver gain) all signals are amplified and image becomes brighter

when increased
Compensation Yes (TGC) deeper signals are amplified more
Compression Yes Gray-scale map is changed, dynamic range is decreased
Demodulation No Form and the direction of the signals are changed
Rejection Yes Only weak signals are rejected, strong are not affected

TGC indicates time-gain compensation.
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A B

Figure 3.15. Receiver gain controls the brightness of the entire screen. (A) Amplification settings that are too
high; (B) settings that are too low. In either case, image quality is degraded.

matter what the circumstances. Traditionally, the am-
plitude of the output pulses (transducer output) was
controlled by the operator, who could increase the am-
plitude of the electrical pulses in the pulser. In some
larger echocardiography machines, this is still possi-
ble. High transducer output improves the signal-to-
noise ratio and image quality. Presently, in almost all

portable ultrasound systems, transducer output is set
by the manufacturer and cannot be adjusted by the
sonographer. The higher the amplitude of the electri-
cal impulses and therefore the transducer output, the
higher the potential to experience the adverse biologi-
cal effects of ultrasound. Because manufacturers tend
to improve image quality by setting the transducer

A B

Figure 3.16. (A) Normal time gain compensation settings. (B) Overcompensation (too high of a gain) in
the near field. Image quality is deteriorated (no fine details can be seen in the near field). Notice that
both images are nearly identical in the far field. (Image courtesy of D. Adams, RDCS.)
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A B

Figure 3.17. In most portable ultrasound systems compression is set automatically. In some, it is
controlled by the operator, but in either case it sets the dynamic range of the image (the shades of gray
representing the differences between the brightest and the darkest areas). In many ways it is analogous
to the contrast. (A) Image is overcompressed; it has narrow dynamic range with bistable (black and
white) appearance, but also a high contrast. (B) Image is undercompressed; it has a wide dynamic
range with multiple shades of gray, but the contrast is low. In either case, the image quality is degraded.

output to the highest safe amplitude, it is incumbent
upon the physician–sonographer not to prolong the ex-
amination unnecessarily.

A receiver/processor processes impulses received
by the transducer and makes them suitable for the dis-
play (Table 3.3). The returning ultrasound and there-
fore electrical impulses are very weak and need to be
amplified. The amplification, also known as receiver
gain, is controlled by the operator and increases am-
plitude of all signals received by the transducer. In al-
most all imaging modalities, the amplitude (strength,
volume) of the signal is presented on the screen as
brightness. Increasing the receiver gain will increase
the brightness of the entire image (Figure 3.15). Af-
ter the signals have been amplified, signal compensa-
tion takes place. Compensation treats returning sig-

Figure 3.18. Demodulation converts all negative
electrical impulses into positive ones with the same
amplitude, making image formation possible, as
negative electrical impulses cannot be processed
further.

nals discriminately, depending on the depth of the
image. Because the depth is derived from the time
of flight, the control is known as time-gain (TGC) or
depth-gain (DGC) compensation. Attenuation makes
signals from greater depths (arriving later) dispropor-
tionately weaker compared with shallower (earlier ar-
riving) echoes. Time-gain compensation amplifies re-
turning signals to a greater degree if they have been
received from the deeper parts of the image. Higher fre-
quency traducers will produce quicker attenuating sig-
nals and require more TGC. Larger ultrasound systems
usually have multiple controls increasing amplification
of each depth separately, but in portable ICU equip-
ment there may be only two TGC controls: shallow gain
and deep gain, and the smoothness of the transitions is
determined by the computer processing chips, which
are often proprietary (Figure 3.16).

After compensation, signal compression takes place
(Figure 3.17). Compression brings all signals within the
brightness range visible to the human eye. Relative re-
lationships between the signal amplitude continue to
be the same (i.e., the highest are still the highest and
the lowest are still the lowest), but the highest ampli-
tude signals are reduced by an established number of
decibels (dB) while the lowest amplitude signals are
increased, so the difference between the highest and
the lowest amplitude signals (dynamic range) is dimin-
ished. For example, if the original signal has a dynamic
range of 100 dB and a compression of 30 dB takes place,
the resulting dynamic range will be 70 dB. Visually, the
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dynamic range is represented by the gray scale of the
image and is controlled either by the operator or set
automatically by the processor, as in most portable
systems. The wider the dynamic range (the less the
compression), the more shades of gray represent the
differences between the darkest and the brightest parts
of the image and the lower is the contrast. The narrow
dynamic range increases contrast, but makes images
bistable (back and white), with lesser detail.

The vibration of the PZT crystal creates an alter-
nating electrical current with positive and negative
phases. because ultrasound cannot identify negative
electrical impulses, all negative voltages are converted

to positive ones with the same amplitude (rectified).
Then the signals are enveloped where all the changes
in amplitude are evened out. Rectification and envelop-
ing are collectively known as demodulation. Demodu-
lation is performed by the processor in all systems and
cannot be controlled by the operator (Figure 3.18).

After completion of demodulation, some low-level
signals are rejected. Rejection does not affect high am-
plitude (bright) signals because they are usually mean-
ingful to image formation. Low-amplitude signals can
be rejected by the sonographer through the entire im-
age if they do not appear meaningful and reduce image
quality. Rejection can be fully or partially relegated to

TABLE 3.4. List of assumptions for ultrasound imaging

Assumptions Validity
1. Ultrasound travels in a straight line from

the transducer to the reflector and back.
Regrettably, this assumption is rarely valid. Although ultrasound pulses
might approach the reflector in a relatively straight line, they probably will
not strike the reflector at a 90◦ angle. Therefore, reflected echoes might
never reach the transducer or return to it after being reflected from
multiple other reflective boundaries.

2. The transmitted portion of the ultrasound
continues to travel in a straight line, until it
encounters another reflector, at which time
the reflected echo will again return to the
transducer in a straight line.

The transmitted portion of the pulse is the subject of refraction and is
likely to continue its pass in a slightly different direction. It may also
return to the transducer after encountering one or several secondary
reflective boundaries.

3. Imaging ultrasound always strikes the
reflector at a 90◦ angle.

This may be a valid assumption, but usually is not. It is also in stark
contradiction to the next assertion regarding Doppler measurements if
the single transducer is used for both.

4. Doppler ultrasound always strikes the
moving reflector at a 0◦ angle.

This one is almost never correct and obviously contradicts the prior
assumption if the same transducer is used for both imaging and Doppler.

5. All reflections arise only from the
structures positioned along the axis of
propagation of the ultrasound beam
(pulse).

The axis of beam propagation itself is distorted by refraction,
nonorthogonal reflections, and unexpected reflective boundaries.

6. The plane of 2D ultrasound sweep is very
thin (has essentially no thickness).

This is incorrect. The ultrasound beam, just like a light beam, has a
diameter and may simultaneously encounter and reflect off multiple
structures.

7. The speed of sound in soft tissues is
1540 m/s.

This is incorrect. In fact, the human body does not contain any generic
soft tissues. As the speed of sound is different in different tissues, and
the distance to the reflector is calculated based on this assumption, this
distance is never correct. Therefore, the position of the reflector is an
estimated, and not a real, anatomical one.

8. The intensity of the reflection is related to
the nature of the tissue.

The intensity of the reflection depends upon the interaction between
multiple reflective boundaries and the ultrasound. Structures below the
boundary with a higher difference in impedance may not be visualized
(acoustic shadowing).

9. Two-dimensional ultrasound provides
information in real time.

Depending on the temporal resolution of the ultrasound system and the
depth of the reflector, the image formation is delayed and the motion of
the reflective boundary is again an approximation of its real motion.
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TABLE 3.5. Common compromises necessary to obtain the “best possible image”

Compromise Reason Operator control
High vs. low
frequency transducers

High frequency improves image quality, but
limits the penetration.

Choose the appropriate transducer for the
image depth and the view with the least
depth.

High vs. low PRF High PRF improves image quality, but limits the
penetration.

Choose the view with the least depth that
will adequately visualize the structure.

High vs. low
transducer output

High transducer output improves signal-to-noise
ratio, but may have more bioeffects.

Transducer output may be controlled by the
operator in some systems.

Line frequency in the
2D image

More lines improve spatial resolution, but
worsen temporal resolution.

Choose views with the narrowest sector
that will adequately visualize the structure.

Multifocusing Improves spatial resolution, but worsens
temporal resolution.

Operator preference in system and
transducer choice.

Image quality vs.
Doppler

Best image at 90◦, best Doppler at 0◦ incident
angle.

Choose the view that will give an adequate
information.

CW vs. pulsed or
colored Doppler

CW measures high-flow velocity; pulsed is
subject to aliasing, but provides sample location.

Choose both, when necessary to obtain
complementary information.

CW indicates continuous wave; PRF, pulse-repetition frequency.

TABLE 3.6. Commonly used ultrasound terminology

Term Definition
Static Characteristics
Anechoic Also called “echo-free,” and refers to the parts of the image that produce no returning signal. These

occur below the boundary with high acoustic impedance (shadowing) or in liquid-filled structures,
i.e., cysts.

Hypoechoic A portion of the image may produce fewer returning echoes than the surrounding tissues, and
appears less bright than the other parts of the image. An area of necrosis is a prime example.

Isoechoic Refers to tissues with the same brightness and presumably produces similar echo return.
Hyperechoic Portions of the image that appears either brighter than the surrounding tissues or brighter than

expected. For example, the mitral valve as compared to the rest of the heart or carotid artery
calcifications as compared to the normal artery.

Echohomogeneous Any structure can be homo- or heterogeneous, depending on whether it has similar or different echo
characteristics throughout.

Dynamic (Movement) Characteristics
Akinetic A structure or a part of an organ that should be moving, but does not (e.g., inferior wall of left

ventricle in inferior myocardial infarction).
Hypokinetic A structure that is moving less than expected (same example as for akinetic).
Diskinetic A structure that is moving in the direction opposite to what is expected. Also known as paradoxical

motion (e.g., the intraventricular septum in massive pulmonary embolism or the acute phase of left
ventricular aneurysm).

Hyperkinetic A structure that is moving too much compared with what is expected (i.e., left ventricle in patient
with early hypovolemic shock).

Doppler Characteristics
Laminar phasic Characteristic of flow of reflectors and their position in the structure of travel. Normal venous flow.
Laminar pulsatile Characteristic of flow of reflectors and their position in the structure of travel. Normal arterial flow.
Turbulent flow Flow velocity depends on the cardiac structure or the caliber of the vessel, but normally will seldom

exceed 2 m/s. Always abnormal, and sometimes described as mosaic in colored Doppler.
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TABLE 3.7. Common artifacts and their clinical significance

Artifact Clinical significance
Acoustic shadowing When ultrasound reaches an object with very high acoustic impedance (attenuation), it will not be

able to penetrate it any further. This will create acoustic shadowing, which is a linear anechoic or
hypoechoic area covering deeper structures so that they cannot be visualized or displayed.
Acoustic shadowing is used to diagnose high-attenuation objects such as gallstones or heavy
calcified vessel walls.
Another cause for acoustic shadowing is the refraction at the edge of a circular structure. An analogy
is the circular appearance of the sun on a sunny day shining in your eyes. You can see very little the
closer you get to it. This phenomenon is called shadowing by refraction (edge shadowing), and on
the ultrasound image it will produce a hypoechoic line parallel to the sound beam. No anatomical
structures will be visible in that “shadow.” Anatomical edges of round organs such as the heart,
kidneys, testicles, or a baby’s head will be prone to produce such artifacts (Figure 3.20).

Reverberations and
ring-down (comet-
tail) artifacts

If the ultrasound reaches two reflectors, it might reflect multiple times like a candle standing
between two mirrors. The resulting image will have a “Venetian blind” appearance, with equally
spaced multiple lines perpendicular to the direction of the ultrasound beam’s propagation. If the
distance between the parallel lines diminishes, they may become confluent. Those merged
reverberation artifacts are known as the “comet-tail” sign (Figure 3.21). These are solid
hyperechoic lines that appear to visualize the ultrasound beam itself. Reverberations are common
in echocardiography in the apical 4-chamber view where the ultrasound beam is “bouncing”
between layers of pericardium or between pericardium and epicardium, which are both
high-impedance boundaries. In chest ultrasound, reverberation artifacts become clinically
important. They are produced by the signal trapped between parietal and visceral pleura, which
are both strong reflectors. The presence of reverberation artifacts implies that both pleural layers
are in close proximity and virtually rules out pneumothorax. Normally, lung tissue is not visualized
by contemporary ultrasound systems because the sound propagation speed in the lungs is way
below the expected 1540 m/s (propagation speed error). But as the lung tissue becomes more
dense from fluid accumulation (pulmonary edema) or inflammatory changes (pneumonia, ARDS)
the speed of sound increases. This improves transmission of the ultrasound back to the
transducer and converts distinct reverberation artifact lines into comet-tail artifacts. The number
of comet-tail lines is thought by some to correlate with the degree of pulmonary edema or
inflammatory changes and may become a useful diagnostic and prognostic tool in critically ill
patients.

Enhancement If the sound passes through an area of lower attenuation, structures located beneath appear
hyperechoic. This hyperechoic band parallel to the ultrasound beam is known as an acoustic
enhancement and will often be used to differentiate cysts (lower-attenuation structures) from
cystic tumors and abscesses that have higher attenuation (Figure 3.22). The other type of
enhancement, known as banding, occurs in the focal area of the single-focus transducers. It is a
hyperechoic stripe perpendicular to the direction of the ultrasound beam. Banding became
increasingly rare with modern transducers used in the portable ICU ultrasound machines.

Mirror image The area of very high acoustic impedance may serve as an acoustic mirror deflecting the
ultrasound beam to the side. The ultrasound system assumes that sound travels in a straight line,
and thus is unable to recognize redirected beams as such. It will always place the image created
by the deflected beam (mirror artifact) deeper than the correct anatomical position of the true
reflector. This is because the redirected beam will take longer to reach the transducer (Figure
3.23). A high reflective boundary will be located between the anatomical reflector and the artifact.

Propagation speed
errors

The ultrasound system assumes that the speed of sound in soft tissues is 1540 m/s. So if the
actual propagation speed is higher, the reflector will be placed shallower, and if it is slower, deeper
than the actual anatomical position. If the propagation speed differs significantly from the one
assumed (i.e., silicone gel prosthesis or lung tissue), the position will vary significantly as well.

(continued )
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TABLE 3.7. (Continued )

Artifact Clinical significance
Refraction
artifacts

If the sound strikes the boundary obliquely or if the propagation speed in two adjacent mediums differs,
propagation with the bend or refraction will take place. The difference in propagation speed will
compensate for the increased distance, and the reflection of the refracted beam will reach the
transducer nearly simultaneously with the echo of the pulse that stuck the reflector with normal
incidence. Therefore, the refraction artifact will be placed by the ultrasound system side by side with the
true anatomical reflector (Figure 3.24). Because of this, one cannot say which one of the images is the
reflector and which is an artifact.

Lobes Lobes are caused by the parts of the ultrasound beam propagating in the direction other than the
beam’s main axis (violation of the Assumption 5 above) Because very few modern ICU ultrasound
systems use mechanical or single PZT crystal transducers, side lobes specific to this kind of
transducers will not be discussed further here. Commonly used array transducers produce the
so-called grating lobes. Grating lobes are second copies of the reflector placed side by side with the
reflector itself. They occur if the ultrasound beam is wider than the reflector itself. Use of tissue
harmonic imaging greatly reduces the occurrence of this artifact.

Doppler artifacts Two common Doppler artifacts are ghosting and cross talk. Ghosting is a Doppler shift produced by
moving anatomical structures (i.e., pulsatile vessel wall), rather than the blood flow. Ghosting can be
eliminated by rejecting low-level Doppler shifts with wall filters. Alternatively, ghosting can be helpful in
identifying if the reflective boundary is moving, which in the case of pleural layers will rule out
pneumothorax. Cross talk is a mirror image artifact as applied to the Doppler phenomenon. It can be
caused by a high receiver gain or the Doppler incident angle of near 90◦. It is seen as the identical flow
pattern appearing above and below baseline and can be remedied by decreasing receiver gain or
changing the incident angle. Strictly speaking, aliasing is another Doppler artifact but it was fully
discussed previously and will not be discussed here.

ARDS indicates acute respiratory distress syndrome; ICU, intensive care unit; PZT, lead zirconate titanate.

Figure 3.19. Image characteristics static (left) and kinetic (right).
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A B

Figure 3.20. Two examples of acoustic shadowing. Part A is a transesophageal echocardiogram where
shadowing of the severe calcification is preventing visualization of deeper structures (white arrow). In Part B
rib calcifications are utilized to identify the pleural line (black arrow) formed by parietal and visceral pleura.
Presence of motion (shimmering) in that location helps to rule out pneumothorax during ultrasound
evaluation of the lung.

the computer chips in some portable ultrasound sys-
tems. Just as compression rejection increases the con-
trast, it narrows the dynamic range and results in some
loss of the detail (Figure 3.17).

In modern ultrasound systems, processed signals
are usually sent to a digital converter to be displayed
in a digital format on the screen. Here again, com-
puter chips are employed to improve the image. Digital

A B

Figure 3.21. (A) Reverberation artifact on the lung ultrasound. “Comet-tail” sign helps to rule out
pneumothorax (white arrow). Multiple similar artifacts may indicate an increase in lung stiffness due to
congestion or inflammatory changes. (B) Classic reverberation artifacts (echocardiogram) are represented
by the “Venetian blind” pattern produced by the pericardium and just causes the deterioration of image
quality.

images have the advantage of being virtually perma-
nent, easy to disseminate, and allow, to some degree,
the return to the original image format to do more anal-
ysis should new questions be raised. Digital archiv-
ing (a picture archiving and communication system,
or PACS) can be entered easily at any time, after the
images have been stored. The quality of the digital im-
age is proportionate to the number of pixels available
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Figure 3.22. This image of a low-attenuation lesion
(anechoic cyst C) shows a hyperechoic band parallel
to the ultrasound beam, known as an acoustic
enhancement (E), and will often be used to
differentiate cysts (lower-attenuation structures) from
tumors (high-attenuation structures) that will not
produce this artifact.

for the recording. At the present time, digital for-
mats do not limit image quality. Throughout the ul-
trasound system the dynamic range is reduced from
>100 dB in the transducer to 10–20 dB in the recorded
images.

As one can see, the image generated by the ultra-
sound system is the result of complex processing. This

Figure 3.23. An ultrasound beam reaches anatomical reflector R
by two routes, directly and after being reflected from a
high-impedance boundary (mirror M). Because the reflected pulse
takes longer to reach the transducer, the mirror artifact image A is
placed deeper than the real reflector. Colored Doppler is also a
subject to mirror image artifact as in this case of the carotid
artery image.

makes this imaging modality the least intuitive of all,
with the potential exception of nuclear medicine imag-
ing. What complicates it even further is the fact that
ultrasound imaging is based on a series of assump-
tions and the formation of the image requires multiple
compromises (Tables 3.4 and 3.5). When the assump-
tions are faulty and compromises need to be made,
image quality suffers and artifact production results.
This by itself is neither bad nor good; in fact, some
artifacts are an important part of the ultrasound diag-
nosis. However, it is important for the operator to be
able to recognize which part of the image is real and
which is not. The goal is not to achieve an “ideal im-
age,” reflecting anatomical reality, but a “best possible
image” that differs from the reality to a greater or lesser
degree.

ARTIFACTS

Terminology
Prior to a discussion of different ultrasound artifacts,
some important and common terms to describe ultra-
sound images, both static and moving, should be intro-
duced. This terminology will enable the operator to de-
scribe the image, provide the information for medical
records and to other health professionals, and better
understand radiology and cardiology reports related
to the ultrasound images (Table 3.6, Figure 3.19).
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Figure 3.24. Aortic duplication due to the refraction artifact
(white arrows). Due to incomplete nature of duplication, the
position of the artifact vs. anatomical position of the true reflector
can be identified. This is not always the case. (Image courtesy of
D. Adams, RDCS.)

Artifacts and Image Alterations
The combination of complex processing, physical lim-
itations, and partially valid assumptions is capable of
producing artifacts. Artifacts result from a discrepancy
between the image interpretation and reality and in-
clude imaging errors, operator errors, and interpreter
errors. Interpreter errors can be avoided by a solid
knowledge of the ultrasound physics, image formation,
ultrasound system, and human anatomy. With the ex-
ception of operator error, most common artifacts are
caused by the discrepancy between the true physics

of ultrasound and assumptions about image formation.
Violations to the assumptions of image formation are
known as acoustic artifacts. Most acoustic artifacts are
seen on a single view and cannot be confirmed on sub-
sequent views of the same anatomical structures. Oth-
ers will disappear when corrective measures are taken
by the operator. Persistent artifacts in multiple views
might also signify system malfunctions and require a
call to the manufacturer or service engineer. The most
common ultrasound artifacts and their clinical signifi-
cance are presented in Table 3.7.
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CHAPTER 4

Training of the Critical Care
Physician as Sonographer

Alexander Levitov, Paul H. Mayo, and Anthony D. Slonim

INTRODUCTION
This chapter presents some important issues related
to training and competence in critical care ultrasonog-
raphy. The field is likely to undergo rapid growth in the
next few years. Intensivists should be aware of some of
the challenges they will face in achieving competence
in bedside ultrasonography and the potential solutions
to those challenges. This chapter will present a discus-
sion of some of the issues related to training in criti-
cal care ultrasonography and will describe a more con-
crete and prescriptive approach to the issue of train-
ing, developed and implemented for our own trainees,
which serves as a model for ensuring that the knowl-
edge and skills can be applied to the care of the patient.
Table 4.1 provides a list of common terms that are im-
portant to the discussion of training.

TRAINING: A VIEW FROM AROUND
THE WORLD

United States
Critical care ultrasonography is a relatively new appli-
cation of a well-established technology. In the United
States, there is not yet a means for the intensivist to
become formally certified in the field, and the rele-
vant professional societies have not yet developed a
clear definition of what constitutes competence. It is
instructive to examine some examples of what other
specialties have done to resolve these issues both in
the United States and abroad.

In the United States, ultrasonography is a well-
established part of emergency medicine. It is a required
part of emergency medicine residency training, and
the emergency medicine professional societies have
established the minimum requirements for ultrasound
during residency in terms of the number and types of
scans required for the completion of training. Com-

pletion of residency training in emergency medicine,
by definition, indicates that the physician is compe-
tent in emergency medicine ultrasonography. No fur-
ther special indication of competence is required. For
the attending-level clinician who completed training
before ultrasonography was incorporated into emer-
gency medicine training, the professional societies
have developed specific training objectives to allow the
clinician to become competent.

While there are no specific requirements for train-
ing in ultrasound for the general internal medicine
training programs, in internal medicine subspecialty
training programs, proficiency in the use of ultrasound
to guide the placement for central venous catheters
and thoracentesis is highly recommended, but not
required, for critical care and pulmonary medicine
subspecialty training. No threshold numbers of perfor-
mance are required. For cardiology training, echocar-
diography is a core procedural skill that is recom-
mended by the Board.

In pediatrics, the American Board of Pediatrics has
included knowledge of the indications for diagnostic
ultrasound in the content requirements for the sub-
specialty examinations in critical care medicine, but
there is no formal requirement for the procedural as-
pects of ultrasound use in critical care. The subboard
of pediatric emergency medicine provides specific rec-
ommendations for knowledge and performance of ul-
trasound in ectopic pregnancy, but does not address
other areas specifically. For pediatric cardiology, there
are specific knowledge and performance requirements
for transthoracic and transesophageal echocardio-
graphy.

Residency training in obstetrics and gynecology in
the United States has included significant experience in
the use and application of ultrasound at the bedside. All
residents graduating since the early 1980s are deemed
competent by virtue of their training in residency.
Prior training requires a demonstration of applicable
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TABLE 4.1. Common terms important in discussing training

Competence � Competence refers to the implicit, internalized knowledge of critical care ultrasonography that
enables intensivists to use the technique for the clinical benefit of their patient; this requires the skill,
knowledge, and capacity to be proficient in the field.

� At the most basic level, any definition of competence is based on a standard developed by an
authoritative group.

� In the United States, major national professional societies have traditionally been involved with the
definition of competence. In addition, the American Board of Medical Specialties and the
Accreditation Commission for Graduate Medical Education have been responsible for defining
competence that is relevant to postgraduate medical education including critical care fellowship
training.

Certification � Certification is defined as the process by which competence is formally recognized by an external
agency.

� In the United States, there is presently no accepted process for certification in critical care
ultrasonography. A formal definition of competence is clearly a necessary prerequisite to developing
criteria, standards, and a training process leading to certification.

Credentialing � Credentialing is defined as the method whereby an individual hospital or other specific entity grants
a clinician permission to practice based on an assessment of legitimacy of training, knowledge, and
skills.

� Credentialing is a local, hospital-based issue that is related to competence and certification insofar
as the hospital may require competence and certification (if available) before granting credentials (or
privileges) to perform critical care ultrasonography.

Training � Training refers to the process by which the intensivist develops the knowledge, skills, and
competence in critical care ultrasonography.

� Training of the intensivist encompasses hands-on image acquisition, immediate bedside image
interpretation, and the cognitive ability to apply the results at the bedside of the critically ill patient.

knowledge and skills to be proficient in the use of the
equipment, the acquisition of images, the interpreta-
tion of images, and application within the clinical con-
text at the bedside.

The American College of Surgeons has provided a
voluntary and tiered mechanism for surgeons that pro-
vides criteria to ensure appropriate knowledge, skills,
and competence in the performance of specific ultra-
sound examinations. The College also provides recom-
mendations for methods to ensure competence on an
ongoing basis.

International
In Japan, ultrasonography is fully incorporated into
all levels of residency training. For example, internal
medicine residents perform hundreds of scans during
their training, and Japanese intensivists become rou-
tinely skilled in many aspects of ultrasonography. The
Japanese approach to ultrasonography is very differ-
ent from that provided in the United States, given that

it is a ubiquitous part of training and is regarded as a
routine part of medical practice.

In Europe, Germany has been a leader in incorpo-
rating ultrasonography into internal medicine training
at all levels. Medical residency training has specific re-
quirements that mandate training in ultrasonography.
For example, the typical medical residency training
program requires that 400 abdominal ultrasound exam-
inations be performed by a trainee before graduation.
This approach to ultrasonography as a routine part of
internal medicine training applies in the intensive care
unit (ICU), where bedside ultrasonography is consid-
ered to be a part of the everyday practice of critical
care medicine.

In France, the intensivist community has developed
specific training requirements for advanced-level crit-
ical care echocardiography. Critical care fellows train
for one year in a parallel track with cardiology fellows
and then spend a second year training in a centrally ac-
credited critical care echocardiography fellowship pro-
gram. They are required to perform a defined minimum
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number of transthoracic and transesophageal echocar-
diograms, and must pass an examination.

HOW TO TRAIN INTENSIVISTS IN
CRITICAL CARE ULTRASOUND

Define Competence
The first step in developing the process of training
and certification in critical care ultrasonography is
to clearly define what constitutes competence in the
field. The definition of competence should be objec-
tively measurable so that the trainee, the trainer, and
independent evaluators can recognize the knowledge,
skills, and aptitudes that define it (Table 4.1). Defining
competence also allows a “training framework” to be
established so that competence can be achieved. An
important principle for establishing a definition of com-
petence is to specify that it is a minimum standard. The
field of ultrasonography is extant. Hence, it becomes
important for the critical care physician to have the
relevant bodies of knowledge specific to their practice.
Unfortunately, the rule book that defines these stan-
dards has not yet been written. However, professional
societies in the United States and Europe are in the
process of cooperatively developing such a document.
While competence is usually used to specify a minimal
standard, intensivists who wish to develop expertise
in ultrasonography should not be dissuaded from ad-
vancing their knowledge and skills.

Advanced Competence
While some authorities believe that competence is a
yes or no proposition, where the bedside clinician is
either competent to perform critical care ultrasonog-
raphy or is not, others believe that there may be dif-
ferent levels of competence in the field. In this regard,
a tiered program, akin to the American College of Sur-
geons’ verification program, is useful particularly for
helping physicians who desire achieving competence
at higher levels. Neri and colleagues described a simi-
lar system of graded competence for critical care and
the cardiology community uses a three-level approach
to rank competence in echocardiography. A three-level
system highlighting this approach is described in de-
tail later in this chapter. The different levels of des-
ignated competence may have implications in terms
of teaching, administrative, or academic advancement,
but may also unnecessarily complicate the determina-
tion of competence.

The Relationship between
Competence and Training
Competence requires training. One approach to defin-
ing training requirements is to develop guidelines that
establish the duration of training and the specific
course work requirements, and are specific in estab-
lishing threshold numbers and types of ultrasound
studies that must be performed by the trainee. The
problem with this approach is that the training ef-
fects cannot be determined. A trainee who performs
a perfunctory five-minute long, poorly supervised car-
diac examination receives training credit but with little
training effect. When compared with the training ef-
fect of a one-hour comprehensive cardiac examination
carefully supervised by an experienced echocardiogra-
pher, the outcomes are quite different. Quantification of
the numbers of contact hours and completed examina-
tions may not equate with competence. An alternative
approach to training is to deemphasize the numerical
assessment of training and to focus on determination of
actual competence through formal assessment of the
knowledge and skills needed to show competence. This
outcome assessment can be done with a knowledge-
based written component and a proctored hands-on
examination to demonstrate the skills of image acquisi-
tion and interpretation. The goal of this process would
be certification, but this is presently not available in
the United States.

Training during Fellowship
Training in critical care ultrasonography is best accom-
plished during subspecialty fellowship training. Based
on our experience, training can be easily incorporated
into the fellowship curriculum. For those trainees who
seek training in advanced critical care echocardiog-
raphy, the French model where the critical care fel-
low may rotate with cardiology fellows for compre-
hensive training in general echocardiography followed
by focused training in advanced critical care applica-
tions.

In the United States, the major barrier to fellowship-
level training remains the lack of qualified attending
faculty and dedicated ultrasound machines can be sug-
gested. To be successful, a basic requirement for in-
corporating ultrasound training into critical care fel-
lowship would be 24-hour availability of a fully capa-
ble ultrasound machine that can be used as needed by
the clinical faculty. As the American Board of Internal
Medicine (ABIM) places more stringent requirements
on critical care and pulmonary fellowship training,
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including specific training in ultrasound guidance of
vascular and pleural access among other procedures,
it is likely that the need for additional equipment and
faculty will increase.

Training after Fellowship
For the attending-level clinician who did not receive
training in critical care ultrasonography during fellow-
ship, training can be a challenging proposition. Time
constraints and economic pressures may make it dif-
ficult to access training. The absence of an organized
process for certification results in credentialing pro-
cesses that are defined on a local or regional rather
than national level. Fortunately, for the intensivist with
a casual interest in ultrasound use in the ICU, the knowl-
edge base of the field is well defined. It may be found in
textbooks and review articles and through widely avail-
able courses. Competence, however, requires mastery
of the cognitive and practical components of the field.
Therefore, several general suggestions may be helpful
for attending physicians who have more than a casual
interest and are seeking training.

Critical care ultrasonography lends itself to division
into several distinct and stand-alone modules, includ-
ing, for example, basic and advanced echocardiogra-
phy, and vascular access, diagnostic, pleural, lung, and
abdominal ultrasound. While it may desirable for the
bedside intensivist to be competent in all, it may not
be necessary, because all modules may not be equally
relevant to the requirements of their practice. One ap-
proach is for the interested intensivist to undertake
training in those aspects of critical care ultrasonog-
raphy that are most relevant to their practice. For
example, mastery of ultrasound-guided vascular ac-
cess and pleural ultrasonography are very straight-
forward and have immediate application for the
intensivist. Once proficient in these modules, the clini-
cian may decide to proceed with more comprehensive
training that fits their practice needs and time allot-
ment.

As a next step, proficiency in lung, abdominal, vas-
cular diagnostic ultrasonography, and basic critical
care echocardiography can be addressed. Because ad-
vanced critical care ultrasonography requires a consid-
erable time commitment, the decision to pursue train-
ing in this module should be carefully considered. If
so interested, the intensivist should be prepared to ful-
fill the requirements for Level 2 echocardiography, as
defined by the cardiology community, and may wish to
demonstrate their mastery of the content by taking the
echocardiography board examination.

Training in Image Acquisition
An important element of proficiency in ICU ultrasonog-
raphy is image acquisition. Much of this experience
is obtained as the critical care ultrasonographer per-
sonally performs studies at the bedside of the patient
and uses the results to guide the management of the
critically ill patient. The only way to become profi-
cient at image acquisition is through repetitive prac-
tice. While a course may offer hands-on training, it is
often insufficient to achieve competence. Having a
skilled physician–sonographer providing supervision
during hands-on training for image acquisition is help-
ful but rarely available. Ultrasound technicians are an
excellent resource for assisting the physician inter-
ested in training in image acquisition.

Training in Image Interpretation
Competence in image interpretation requires the re-
view of a large number of normal and abnormal images.
To some extent, this requirement is met during training
in image acquisition. The best means of gaining expe-
rience with image interpretation is to read images with
an experienced ultrasonographer. This may be easy for
the fellow in training who has access to faculty, but may
present problems for the attending-level clinician prac-
ticing in the community.

Because static images are often insufficient for devel-
oping competence, dynamic real-time studies are now
being incorporated into textbooks, onto DVD-based
training materials, and in courses.

Documentation of Training
It is important to document all ultrasound train-
ing activity. This includes a record of all hands-on
scanning activity, including a procedure logbook or
image-documentation log, image-interpretation time,
and course work. This information may be useful when
a formal certification process is developed. Further, it
may be necessary for documentation of competence
and expanded privileging at the local level.

AN EXAMPLE OF A PROGRAM
FOR TRAINING
Included here is one example of an approach for train-
ing that we have used successfully to train physicians
interested in developing the necessary competence to
perform critical care ultrasonography at the bedside.
Training and achievement of higher competency levels
are delineated from 1 to 3, with increasing competence
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represented by a higher number. It provides a tiered
template, which represents a starting point for other
institutions and perhaps even for the establishment of
standards and competency validation. Although devel-
oped for adult medical ICU patients, it should be adapt-
able for use in other populations such as critically ill
children.

Basic Knowledge
Because ultrasound image generation follows the basic
laws of acoustics, knowledge of the laws of physics is an
essential requirement for competence in all modalities
of ultrasonography. Moreover, the choice of transducer
for a particular examination is important and must be
informed by an understanding of the relationships be-
tween the physical properties of the ultrasound wave
and image formation. Similarly, the understanding of
Doppler phenomenon is required for cardiac and vas-
cular sonography. The trainee must understand the
inherent limitations of portable devices including the
reductions in image quality and have a working knowl-
edge of the anatomy and physiology of the heart, ves-
sels, chest, abdomen, and extremities to guide image
interpretation so that a plan of action can be developed
at the point of care.

Technical Aspects of
Image Acquisition
In point-of-care ultrasonography, the device operator
and image interpreter are often the intensivist, which
puts a set of unique technical demands on the physi-
cian performing the study. These demands include the
knowledge of transducer selection, transducer manip-
ulation, and adjusting the equipment settings. The op-
erator must appreciate the influence of the gain, filters,
and depth and the use of tissue harmonics on image
optimization. When a physician–sonographer obtains
images, the physician must be also competent enough
to provide oversight, quality control, and education.

Knowledge, Training, and Skills
for Physician–Sonographers
With this approach, training and competence in differ-
ent ultrasound techniques can be advanced simultane-
ously. This is possible because the core body of knowl-
edge related to one technique is often represented as
a foundational element in the other techniques. Each
of the techniques will be described briefly here. The
specific knowledge, training, and skill requirements for
each technique and level of training within the tech-
nique are presented in Table 4.2.

Focused Assessment of Transthoracic
Echocardiogram (TTE)
Focused assessment of TTE allows the clinician to
rapidly and more safely acquire clinical information
than with invasive hemodynamic monitoring. The gen-
eral indications for this focused assessment include:

� Hemodynamic instability due to ventricular failure
� Hypovolemia
� Pulmonary embolism
� Acute valvular disease
� Acute ventricular septal defect (VSD)
� Ventricular wall perforation
� Cardiac tamponade

In addition, ultrasonography may inform the clinician
about the reasons for oliguria, persistent hypoxemia,
sepsis, or failure to wean from mechanical ventilation.

Although the training requirements for echocardio-
graphy have been suggested by the American Society
of Echocardiography (ASE), to include three months
of training, the performance of 75 examinations, and
the interpretation of 150 examinations, we believe that
these recommendations are conservative and that a
balanced training program can place skilled physician–
ultrasonographers at the bedside making clinical
decisions that benefit patients without undue risk
(Table 4.2).

Transesophageal Echocardiography (TEE)
The guidelines jointly established by ASE and the So-
ciety of Cardiovascular Anesthesiology are well estab-
lished and applicable to Critical Care TEE. Critical care
practitioners should be allowed to participate in nec-
essary TEE training and be held to the same stan-
dards as anesthesiologists for these procedures. In
fact, the TEE guidelines may provide an effective
roadmap for the development of critical care TTE
certification.

Vascular Ultrasound and Ultrasound-Guided
Central Venous and Arterial Catheterizations
Nearly all larger vessels can be imaged with ultrasound.
Ultrasound guidance reduces complications and is in-
creasingly being considered the standard of care for
jugular vein and subclavian vein cannulation. The veri-
fication of catheter position permits rapid and safe use
of the catheter prior to radiologic confirmation.

Other uses of ultrasound include the assessment of
vein patency and a diagnostic evaluation for pulmonary



TABLE 4.2. Knowledge, training, and skill requirements for different categories of ultrasound

Category Level Knowledge Training Skills
Focused assessment of TTE

1 Basic knowledge of ultrasound physics For physicians already in practice, 32
hours of formal ultrasound education

Ability to independently choose proper
transducer and ultrasound system settings
to perform an adequate bedside
echocardiographic examination

Indications for vascular sonography For physicians in training, one month
rotation in point-of-care ultrasound

Basic knowledge of appropriate transducer
choices and manipulations

Perform and interpret 25 supervised and
25 partially supervised bedside
echocardiograms. All echocardiograms
are subject to review by supervising
physician. (Supervising physician should
meet level 3 definition for point-of-care
sonography or echocardiography as
described in ACC/AHA clinical competence
statement) (3)

Ability to independently obtain adequate
2-dimentional echocardiographic images in
subcostal, apical, and parasternal views

Basic spatial orientation and blood flow patterns
(velocity) in major vessels

Progression to level 2 within one year’s
time

Competency to distinguish between normal
and abnormal left and right ventricular
dimensions and function

Basic ability to distinguish adequate and
inadequate images

Ability to recognize presence of significant
pericardial effusion and distinguishing it
from pleural effusion

Ability to distinguish between the artery and the
vein utilizing knowledge of anatomical position

Recognize gross abnormality in valvular
function

Ability to assess catheter position in the vessel
by the ultrasound

Ability to incorporate knowledge obtained
from bedside echocardiography into the care
of critically ill patients

Ability to communicate results to others and
provide documentation for medical records

Letter from supervising physician verifying
level 1 competency

2 All requirements for level 1 For practicing physician. Additional 32
hours of formal ultrasound education

Ability to independently choose proper
transducer and ultrasound system settings
to perform an adequate bedside
echocardiographic examination, including
two-dimensional and M-mode study as well
as colored flow, pulsed Doppler, and CW for
all valvular structures, left ventricular outflow
tract, and aorta
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Detailed knowledge of ultrasound physics For physician in training, one additional
month rotation in the point-of-care
ultrasound

Competency to distinguish between normal
and abnormal left and right ventricular
dimensions and function

Detailed knowledge of appropriate transducer
manipulations

Perform and interpret an additional 25
supervised echocardiograms and an
additional 25 unsupervised studies
(subject to independent random review by
supervising physician). (Supervising
physician should meet level 3 definition for
point-of-care sonography or
echocardiography as described in ACC/
AHA clinical competence statement)

Numerically assess left ventricular ejection
fraction and right ventricular systolic pressure

Advanced ability to distinguish adequate and
inadequate images

Progress to level 3 within two years’ time Ability to recognize presence of significant
pericardial effusion and signs of pericardial
tamponade

Knowledge of Doppler echocardiographic
principles (colored, pulsed, and
continuous-wave)

Recognize abnormality in valvular function
and assess severity of valvular dysfunction
utilizing Doppler modalities

Ability to assess adequacy of CW, pulse
Doppler, and colored Doppler images

Ability to incorporate knowledge obtained
from bedside echocardiography into the care
of critically ill patients

Ability to relate Doppler studies to the direction
and velocity of blood flow

Letter from supervising physician verifying
level 2 competency

Ability to perform ultrasound guided
Pericardiocentesis in the simulated environment

3 Detailed knowledge of concepts described in
levels 1 and 2

16 hours of ultrasound-related CME a year Serve as a mentor to levels 1 and 2 operators

Additional 16 hours of ultrasound education a
year

Yearly performance and interpretation of at
least 100 FATE echocardiograms

Assume responsibility for quality control and
participate in ultrasound education

Active participation in echocardiographic
case reviews with other level 3 operators
(including AHA/ACC level 3)

Reaccreditation every 3 years for all level 3
operators is highly advisable

Vascular Ultrasound
1 Basic knowledge of ultrasound physics For physicians already in practice, 32

hours of formal ultrasound education
Ability to independently choose proper
transducer and ultrasound system settings to
perform an adequate bedside two-
dimensional vascular examination

(continued )
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TABLE 4-2. (Continued )

Category Level Knowledge Training Skills
Indications for vascular sonography For physicians in training, one month

rotation in the point of care ultrasound
Basic knowledge of appropriate transducer
choices and manipulations

Perform and interpret 25 supervised
vascular ultrasounds and perform 20 large
vessel cannulations, with first 5 in
simulated environment and at least 15
venous

Ability to independently obtain adequate
2-dimentional venous images of lower (above
the knee) and upper extremities

Basic spatial orientation and blood flow patterns
(velocity) in major vessels

Progress to level 2 within one year’s time Competency to distinguish between normal
and abnormal venous images and identify
common vascular abnormality (clot)

Basic ability to distinguish adequate and
inadequate images

Ability to incorporate knowledge obtained
from bedside vascular study into the care of
critically ill patients

Ability to distinguish between the artery and the
vein utilizing knowledge of anatomical position

Letter from supervising physician verifying
level 1 competency

Ability to assess catheter position in the vessel
by the ultrasound
Ability to communicate results to others and
provide documentation for medical records

2 All requirements for level 1 For physicians already in practice, an
additional 32 hours of formal ultrasound
education

Ability to independently choose proper
transducer and ultrasound system settings to
perform an adequate bedside two-dimentional
and Doppler vascular examination

Detailed knowledge of ultrasound physics,
including Doppler (CW, pulsed, and colored)

For physician in training, one additional
month rotation in the point-of-care
ultrasound

Detailed knowledge of appropriate transducer
choice and manipulations

Perform and interpret an additional 25
supervised and 25 unsupervised vascular
ultrasounds including CW, pulsed Doppler,
and colored-flow Doppler studies (10
arterial)

Ability to independently obtain adequate
2-dimentional venous images and Doppler
flow velocity measurements of lower (above
the knee) and upper extremities

Advanced ability to distinguish adequate and
inadequate images

Perform an additional 20 supervised and
10 unsupervised large vessel cannulations
( at least 10 of them arterial)

Competency to distinguish between normal
and abnormal venous images and identify
common structural venous abnormality and
abnormal blood flow patterns
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Ability to assess normal vs. abnormal arterial
and venous flow pattern

All unsupervised procedures are subject to
random review by level 3 mentor/
supervisor

Competency to distinguish between normal
and abnormal arterial images and identify
common structural arterial abnormality and
abnormal flow patterns

Ability to utilize flow augmentation in diagnosis
of venous thrombosis

Procedures resulting in inability to
cannulate or any complications are subject
to mandatory review by level 3 supervisor

Ability to diagnose arteriovenous fistula
arterial aneurism and pseudoaneurism

Ability to assess catheter position in the vessel
by the ultrasound

Ability to incorporate knowledge obtained
from bedside vascular study into the care of
critically ill patients

Ability to assess and grade the severity of
atherosclerotic occlusive disease in major
peripheral arteries

Letter from supervising physician verifying
level 1 competency

Ability to recognize the presence of
arteriovenous fistula, and pseudoaneurism

3 Detailed knowledge of concepts described in
level 2

Yearly performance and interpretation of at
least 50 vascular ultrasounds, excluding
ultrasound-guided arterial and venous
cannulations

Serve as a mentor/supervisor to level 1 and 2
operators

Additional 16 hours of ultrasound education a
year

Active participation in vascular laboratory
case reviews with other level 3 operators,
including physicians certified as vascular
ultrasound interpreter by ARDMS

Assume responsibility for quality control and
participate in ultrasound education

Reaccreditation every 3 years for all level 3
operators is highly advisable

Upper airway, chest, abdomen, retroperitoneal space, and small parts ultrasound
1 Basic knowledge of ultrasound physics For physician already in practice, 32 hours

of formal ultrasound education
Indications for general sonography For physician in training, one month

rotation in the point-of-care ultrasound

(continued )
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TABLE 4-2. (Continued )

Category Level Knowledge Training Skills
Basic knowledge of appropriate transducer
choices and manipulations

Perform and interpret 25 supervised an 25
unsupervised general body ultrasounds
and perform 20 supervised ultrasound-
guided taps of fluid collections or cavities,
no less than 10 of which should be pleural
fluid. All studies are subject to
independent random review by
supervising physician. Supervising
physician should meet level 3 definition for
point-of-care ultrasonography. The first
five invasive procedures will be done in the
simulated environment

Basic spatial and anatomical orientation Progression to level 2 within one year
Basic ability to distinguish adequate and
inadequate images
Ability to diagnose presence of pleural effusion
and pneumothorax utilizing ultrasound of the
chest
Ability to diagnose intraabdominal free fluid
(ascitis, hemoperitoneum) and abnormal
collections
Ability to identify common pathology of great
vessels (Aorta, IVC, SVC) i.e., aneurisms,
dissection IVC obstruction and thrombosis
Ability to suspect the presence of
hydronephrosis
Ability to communicate results to others and
provide documentation for medical records
Ability to assess catheter position in pleural or
peritoneal space or collection by ultrasound
guidance
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2 All requirements for level 1 For physician already in practice, an
additional 32 hours of formal ultrasound
education

All unsupervised procedures are subject to
random review by level 3 mentor/supervisor

Detailed knowledge of ultrasound physics For physician in training, one additional
month rotation in point-of-care ultrasound

Procedures resulting in inability to perform or
any complications are subject to mandatory
review by level 3 supervisor

Detailed knowledge of appropriate transducer
choice and manipulations

Perform and interpret an additional 25
supervised and 25 unsupervised general
body ultrasounds

Knowledge of Doppler principles and their
application in general ultrasonography

Perform an additional at least 10
supervised and 10 unsupervised
ultrasound-guided general procedures,
one half of which should be thoracentesis

Advance knowledge of spatial and anatomical
orientation
Advanced ability to distinguish adequate and
inadequate images

3 Detailed knowledge of concepts described in
level 2

Yearly performance and interpretation of at
least 25 general body ultrasounds

Serve as a mentor/supervisor to levels 1 and
2 operators

Additional 16 hours of ultrasound education a
year

Active participation in the ultrasound
department case reviews with other level 3
operators (including radiologists)

Assume responsibility for quality control and
ultrasound education

ACC indicates American College of Cardiology; AHA, American Heart Association; ARDMS, American Registry of Diagnostic Medical Sonographers; CME, continuing medical education; CW, continuous
wave; FATE, Focused Assessment of the Transthoracic Echocardiogram; IVC, Inferior Vena Cava; SVC, Superior Vena Cava; TTE, transthoracic echocardiogram.
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emboli. Major arterial occlusions or other abnormali-
ties that contribute to patient compromise may be dis-
covered and improve the understanding of the patient’s
condition, thereby helping to inform an effective plan
of care. Further, ultrasound can facilitate the placement
of arterial catheters for hemodynamic monitoring, par-
ticularly in the hypotensive patient. Doppler stud-
ies will help to delineate flow pattern, direction, and
velocity.

General Ultrasonography of the Upper Airway,
Chest, Abdomen, Retroperitoneal Space, and
Small Parts Ultrasound
Ultrasound of the neck (larynx, trachea) may dis-
cover unsuspected lymphadenopathy or abscess and
provide an additional safety margin for bedside tra-
cheotomy. It may also provide information on the suc-
cess of endotracheal intubation and perhaps yield
information to predict the success of extubation. Ul-
trasound examination of the paranasal sinuses allows
physicians to diagnose sinusitis at the bedside and pro-
vides guidance for a therapeutic bedside puncture.

In the chest, the ability to assess the pleural space
with ultrasonography enables the operator to instanta-
neously diagnose a pneumothorax or pleural effusion
and provides effective guidance for the safe removal of
pleural fluid or air for diagnostic and therapeutic rea-
sons. Abnormal conditions of the thoracic aorta may
also be diagnosed with ultrasound.

Abdominal ultrasound can detect ascites and pro-
vide guidance for safe paracentesis. Intraabdominal
collections can be identified and drained, if necessary,
thus improving the diagnosis and therapy of sepsis
with an intraabdominal source. Liver and gallbladder
conditions may yield a diagnosis of the site of infec-
tion, providing an opportunity for further investigation
and therapy. The retroperitoneal space can also be vi-
sualized through the abdomen, allowing the operator
to interrogate the kidneys and abdominal aorta, poten-
tially providing an explanation for anuria or confirming
the presence, absence, size, and possible dissection of
abdominal aortic aneuryms. Ultrasonographic assess-
ment of the urinary bladder may be helpful in anuric
patients. Soft-tissue ultrasound can assist with the di-

agnosis of necrotizing fasciitis by visualizing soft-tissue
air or abscess.

Ultrasound of lumbar spine can assist with a spinal
tap where anatomical markers are difficult to obtain
clinically. Nerve visualization can assist with the infil-
tration of local anesthesia. Training and credentialing
for focused assessment with sonography for trauma
(FAST), though related, are defined elsewhere and are
outside of the discussion.

The Future of Medical Ultrasound
Given the breadth of the discipline of ultrasonogra-
phy and its emerging clinical applications, new subdi-
visions for training are likely to be created, and critical
care practitioners will have to tailor their training pro-
gram to meet the demands of their practice.

Ultrasound-friendly simulation platforms and spe-
cially adapted cadavers provide an ideal opportunity
for sharpening invasive procedural skills and sparing
patients the “see one, do one, teach one” approach.

Important, the critical care professional societies
including the American College of Chest Physicians
and the Society of Critical Care Medicine along with
the American Institute for Ultrasound in Medicine will
have to respond to the pressing needs of the criti-
cal care community for developing a set of guidelines
for the training and credentialing of the physician–
sonographer in the ICU, and the American Board of In-
ternal Medicine and other specialty boards will have to
evaluate the critieria for certification in this emerging
technology.

In the early 1980s, ultrasound spread from the ra-
diology department into the obstetrics and cardiology
practices. A decade later, it started to find its way into
emergency departments and, more recently, into the
ICU.

The relatively low cost of equipment, ready avail-
ability, and ease of training and use allows medical
ultrasound to become an ideal candidate as a pri-
mary diagnostic tool in even the most remote or med-
ically underserved areas, and may replace the stetho-
scope as a primary assessment tool in the next cen-
tury, as medical students become trained on this
device.
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CHAPTER 5

Pediatric Critical Care: Use
of Bedside Ultrasonography

William Tsai and Anthony D. Slonim

INTRODUCTION
The pediatric intensive care unit (PICU), like other in-
tensive care units (ICUs), is a dynamic place that pro-
vides multidisciplinary care with the integration of nu-
merous medical and surgical subspecialists who come
together with a common goal, the care of a critically ill
child. Predictably, the diseases span the spectrum of
adult ICU care and range from acute illnesses like sep-
tic shock and sepsis-related cardiomyopathy to hem-
orrhagic shock with traumatic visceral rupture. While
the problems are similar to those encountered in adult
ICUs, three additional layers of complexity are impor-
tant to understand when caring for a critically ill child,
namely age, size, and developmental status, and all of
these have relevance for critical care ultrasonography.
First, many differential diagnoses encountered in the
PICU are age dependent, which is important for the
ultrasonographer to remember when performing ul-
trasound for diagnostic purposes on a child. Second,
a child’s size may range from <2 to >200 kg, which
has important implications for the technical aspects
of ultrasound procedures. Finally, children may not be
able to cooperate with an examination or procedure
as adults are, making the use of ultrasonography, a
pain-free and noninvasive tool, an ideal method for
extending one’s physical examination. Bedside ultra-
sound is an important and evolving tool for pediatric
intensivists and can be used to evaluate many disease
processes, assist in procedural interventions, and as-
sess for complications related to those procedures.
This chapter aims to provide a practical discussion on
the use of bedside ultrasonography in the PICU.

DEVICES
Ultrasound use in the PICU ranges from being an aid for
vascular access to being a versatile instrument that is
able to perform an acute, comprehensive assessment
of the critically ill child at the bedside and monitor

response to critical treatment. Common indications for
bedside ultrasound in the PICU are listed in Table 5.1.

Similarly, equipment also ranges from simple ultra-
sound with the use of a linear probe for vascular ac-
cess to an instrument with multiple probes that can be
manipulated and enhanced to provide the best visu-
alization of cardiac, abdominal, vascular, and thoracic
structures (see Chapter 3). Pediatric-sized probes are
also available. Small, hockey stick–style linear probes
have a small footprint and are able to provide excel-
lent images in less accessible areas of the body such as
the neck or axillae. Small phased-array probes are also
available for focused echocardiography but are infre-
quently necessary.

In some PICUs, a portable notebook-type ultrasound
system is placed on a mobile cart with a curvilinear ab-
dominal probe, a linear high-frequency probe, and a
low-frequency cardiac probe. The probes can be ma-
nipulated in terms of frequency, depth of ultrasound
beam, and use of Doppler technology. Many systems
have a very short power-on-to-scan time and require
very little manipulation to provide good images. They
are lightweight, easily maneuvered, and have a very
small footprint. These systems receive regular use in
vascular access, thoracic and abdominal ultrasonog-
raphy, and focused echocardiography.

VASCULAR ACCESS
The use of procedural ultrasound in vascular access
is more efficient and safer than techniques using pal-
pation and landmarks. Of importance, the tool is not
a substitute for knowing the appropriate landmark-
based approaches to central venous catheterization,
but it can facilitate the procedure. Verghese and
Alderson demonstrated that the routine use of internal
jugular central venous line (CVL) placement in children
under ultrasound guidance resulted in fewer attempts
and fewer complications. Maecken demonstrated that
the inconsistent location and relationship between the
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TABLE 5.1. Indications for the use of
ultrasound in the pediatric intensive care unit

Procedural
Vascular access
Thoracentesis
Paracentesis
Pericardiocentesis

Focused echocardiography
Pericardial tamponade
Ventricular function
Volume status

Thoracic ultrasound
Pneumothorax
Pleural effusion

Abdominal ultrasound
Ascites/hemoperitoneum

internal jugular vein and carotid artery makes ultra-
sound guidance a useful tool.

Ultrasound can benefit in several ways. First, a sur-
vey of the vessels prior to deciding on an access site
is useful in children with vascular and anatomic ab-
normalities or who have disease processes that pre-
dispose to venous clotting or have undergone multi-
ple cardiac catheterization procedures through access
of the femoral vessels. Second, ultrasound confirms
the position and relative position of the vein and its
relationship to the artery and other anatomic struc-
tures (Figures 5.1 and 5.2, and Video 5.1 in enclosed
DVD). Third, placement of the catheter using the land-
mark method or by palpating the artery can be im-

Figure 5.1. Left internal jugular vein with juxtaposed
carotid artery.

Figure 5.2. Internal jugular vein being accessed with
an introducer needle.

precise and ultrasound contributes additional speci-
ficity. Fourth, children, because of smaller structures
and more subcutaneous fat, frequently do not have re-
liable landmarks. Fifth, it can be used to confirm proper
placement of the catheter (Figure 5.3). Finally, after dif-
ficult and multiple attempts it can confirm whether a
perivascular hematoma is going to prohibit the proper
cannulation of the vessel. Please refer to Chapter 30, for
a step-by-step guide to the use of ultrasound in venous
cannulation.

Video 5.2 in the DVD shows a longitudinal image of an
internal jugular vein with a guide wire in the lumen. Con-
firmation of vessel cannulation has been made prior to
dilation of the vessel.

Figure 5.3. Internal jugular vein with an intraluminal
guidewire.
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FOCUSED ECHOCARDIOGRAPHY
In the pediatric cardiac ICU, focused echocardiogra-
phy aids in the management of postoperative cardiac
patients who are predisposed to pericardial effusion
or tamponade, depressed cardiac function, controver-
sies regarding the assessment of volume status, and
the presence of hemodynamically significant pleural
effusions. In addition, with more advanced techniques,
right-sided heart failure can be assessed quickly with
an assessment of right ventricular (RV) volume, tri-
cuspid regurgitation, and paradoxical septal wall mo-
tion. These findings may be used to augment data from
other hemodynamic measurements to confirm RV fail-
ure whether because of a right ventriculotomy or the
presence of pulmonary hypertension. Similar findings
are seen in adult patients and older pediatric patients
who have hemodynamically significant pulmonary em-
bolism.

The need to assess cardiac function may be un-
derestimated in the general PICU. The use of focused
echocardiography, a limited echocardiogram that has
as its goal the hemodynamic assessment of gross ven-
tricular function, pericardial tamponade, ventricular
dilation, and assessment of volume status (Table 5.2),
may be useful in guiding patient management in undif-
ferentiated, fluid-resistant hypotension.

While septic shock in children has classically been
considered a hyperdynamic state with either high or
preserved cardiac output, Ceneviva et al. described
that 60% of pediatric patients with septic shock have
a decreased cardiac output. The sepsis-induced car-
diomyopathy has been classically studied in children
with meningococcemia but has also been studied quite
extensively in adult patients.

In the pediatric patient with undifferentiated, fluid-
resistant hypotension, bedside-focused echocardiog-
raphy may be valuable. It allows the rapid assess-
ment of global cardiac function and left ventricular
chamber dimensions, and identifies hemodynamically
significant pericardial effusions, findings that may in-
fluence management. Spurney and colleagues demon-
strated that with limited training, and limited echocar-

TABLE 5.2. Focused echocardiography

Cardiac function assessment
Left ventricular enlargement
Pericardial effusion
Inferior vena cava dynamics

Figure 5.4. Parasternal long axis view of the heart
during focused echocardiography.

diographic views (Figures 5.4 and 5.5), PICU physicians
are capable of diagnosing significant pericardial effu-
sions, decreased left ventricular (LV) systolic function,
and LV enlargement. What is perhaps more important
is that focused-bedside echocardiography allows the
ability to perform serial bedside examinations and al-
lows the important assessment and reassessment of
the adequacy and efficacy of therapy (Videos 5.3 and
5.4 in enclosed DVD).

The assessment of volume status in the PICU is ex-
tremely important and assessments using physical ex-
amination may be inaccurate, particularly in the ede-
matous child. Echocardiography has been validated
for LV volume measurements, and assessment of LV
end-diastolic volume (LVEDV) on parasternal short and

Figure 5.5. Parasternal short axis view of the heart
during focused echocardiography.
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Figure 5.6. Assessment of IVC diameter.

parasternal long axis may guide volume management.
For example, an LV chamber with complete collapse or
obliteration of the LV cavity guides management in a
way that is markedly different than in a patient with
an LV cavity that is clearly dilated and poorly function-
ing.

The assessment of inferior vena cava (IVC) diameter
and its collapse during inspiration may also be used to
assess volume status. This method has been validated
in adults to differentiate right atrial (RA) pressures <10
mm Hg or >10 mm Hg. Inferior vena cava dilation with-
out a normal reduction in caliber during inspiration
usually indicates elevated RA pressures. Inferior vena
cava measurements during mechanical ventilation are
less reliable because of the IVC dilation that is fre-
quently seen normally while on the ventilator. However,
a small diameter, or collapsed IVC will reliably exclude
elevated RA pressures (Figure 5.6).

Much of the research done on IVC dynamics has
been performed on adult patients. More investiga-
tion into pediatric patients must be performed before
widespread use of this technique can be validated with
empirical evidence.

THORACIC ULTRASOUND
While initially it seems that ultrasound of the chest
would be limited because air is a poor medium for ultra-
sound wave conduction, lung ultrasound is quite use-
ful in the PICU for evaluating pneumothorax, pleural
effusions, and pulmonary edema. The assessment of
pleural effusion is useful in the ICU setting because it
provides a rapid assessment of the size, quality, and
location of the effusions. In patients such as those with

Figure 5.7. Simple pleural effusion.

Fontan physiology who are predisposed to hemody-
namically significant pleural effusions, the rapid as-
sessment and ultrasound-assisted drainage may be
emergent and life saving (Figure 5.6). On dynamic
video, the lung can be seen swinging into view with
each ventilator breath (Video 5.5 in enclosed DVD).
Formal diagnostic ultrasound frequently fails to pro-
vide the complete picture a bedside clinician needs in
properly assessing the size, quality (Figures 5.7 and 5.8,
and Video 5.6 in enclosed DVD), and location of pleural
effusions.

Pneumothorax
The assessment of pneumothorax can be extremely
useful in those patients with a thoracic air leak. Pleu-
ral sliding, or shimmering (Figure 5.9), occurs on
thoracic ultrasound when the visceral and parietal

Figure 5.8. Complex pleural effusion.
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Figure 5.9. Pleural sliding.

pleura are apposed to one another and are sliding past
each other because of movements of the diaphragm, or
with mechanical ventilation. Dynamic images of pleural
sliding are quite striking and its presence denotes the
mobile apposition of the visceral pleura with the pari-
etal pleura (Video 5.7 in enclosed DVD). The lack of
sliding (Video 5.8 in enclosed DVD), however, does not
prove that a pneumothorax is present and the clinician
must proceed through the differential diagnosis for the
lack of lung sliding (Table 5.3). Once it has been deter-
mined that the lack of lung sliding is due to pneumoth-
orax, the transducer can be moved over the hemitho-
rax to determine if loculation is present and the extent
of the pneumothorax (Video 5.8). Thoracic ultrasound
can help determine the best and safest place to insert
a chest tube or pigtail drain.

Airway Ultrasound
The use of ultrasound in confirming endotracheal intu-
bation is still early in its evolution. It remains difficult
to determine if this technique is useful in real time.
Galicinao et al. examined this issue in the pediatric
emergency department and the PICU settings and were

TABLE 5.3. Differential diagnosis for absence
of pleural sliding

Pneumothorax
Pleural effusion
Pleural scarring
Poor respiratory effort
Mainstem intubation
Mainstem occlusion

TABLE 5.4. Procedural ultrasound

Vascular access
Central line placement
PICC line placement
Arterial line placement

Pericardiocentesis
Paracentesis
Thoracentesis
Airway intubation

PICC indicates peripherally inserted central catheter.

able to report a high success rate in confirming endo-
tracheal intubation in children. In addition, they were
able to show specific instances where ultrasound was
superior to CO2 detection in determining tube place-
ment. Currently, more research in this use is necessary
before it gains widespread use.

PROCEDURAL ULTRASOUND
Table 5.4 shows the critical care procedures where ul-
trasound guidance is useful. While critical care pro-
cedures have traditionally been performed without
adjunctive measures, the use of ultrasound now greatly
influences efficiency and safety. Not only does ultra-
sound identify the optimal access points, but it also
shows the anatomical relationships of internal struc-
tures and organs. While perhaps not as useful in
patients with normal anatomy, it can be extremely
useful in patients with abnormal anatomy or abnor-
mal structural relationships. For example, in patients
with hepatomegaly secondary to increased abdominal

Figure 5.10. Hemorrhagic ascites in ECMO patient.
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pressures, the insertion of a right-sided chest tube
for an effusion or pneumothorax may come perilously
close to the liver if the liver is encroaching into the
chest. Abdominal ultrasound can help to identify the
quantity and quality of ascitic fluid before attempting
drainage. Figure 5.10 and Video 5.9 (in enclosed DVD)
provide images of hemorrhagic ascites in a patient on
extracorporeal membrane oxygenation (ECMO) who
spontaneously bled into the peritoneum.

CONCLUSION
There are many artificial barriers to using bedside ul-
trasound in critically ill children. From the resistance of

radiologic services, to cardiologists who disagree with
limited focused emergency echocardiography, to the
perception on the part of intensivists that past practice
never required the use of ultrasound, to the difficulties
associated with billing and liability; nonetheless, the
use of ultrasound can enhance practice in the PICU
and care for critically ill children in other settings as
an extension of the physical examination.

Without proper training and expertise, however, the
use of bedside ultrasonography may be misleading and
may result in diagnostic and procedural mistakes. Addi-
tional empiric evidence and experience are necessary
to show the benefits of bedside critical care ultrasonog-
raphy in pediatrics.
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CHAPTER 6

Goal-Directed Echocardiography
in the ICU

John M. Oropello, Anthony R. Manasia, and Martin Goldman

INTRODUCTION
Goal-directed echocardiography (GDE) in the inten-
sive care unit (ICU) setting is defined as a basic
echocardiogram done with specific, focused objec-
tives. It comprises a rapid, real-time, visual, two-
dimensional echocardiographic assessment of cardiac
preload, global and regional wall motion, and the peri-
cardium at the bedside using either transesophageal
or transthoracic methods. This chapter will discuss
the rationale for intensivist-performed GDE, scope of
GDE skills and knowledge, indications for GDE, choos-
ing between transesophageal and transthoracic exam-
inations, performance and interpretation of the GDE
examination, equipment considerations, and training
for acquiring the necessary skills for GDE.

RATIONALE FOR INTENSIVIST-
PERFORMED GDE
Echocardiography has been predominantly performed
by cardiologists who undergo extensive training for
the performance of comprehensive echocardiographic
examinations.1 Over the past 1–20 years physicians,
particularly in the fields of anesthesiology2 and emer-
gency medicine (EM),3−6 have adopted components
of the echocardiographic exam that are particularly
suited to the unique needs of their particular pa-
tient population. Training guidelines have been pub-
lished in basic and advanced perioperative compre-
hensive echocardiography for anesthesiologists and
EM physicians.5−7 Ultrasound is now an accepted
part of the EM curriculum, having been adopted by
the American College of Graduate Medical Educa-
tion (ACGME) and now incorporated into residency
training programs.8 However, because significant dif-
ferences exist between the use of echocardiography
by these disciplines and that of critical care, guide-
lines specific for intensive care physicians need to be
circumscribed.

Echocardiography provides information that is es-
sential in clinical decision-making in critically ill pa-
tients to assess cardiac function and relative volume
status. When compared with the indirect hemody-
namic data from the relatively more invasive process
of pulmonary artery catheterization,9−12 echocardiog-
raphy provides direct visualization of cardiac anatomy,
and information on abnormal biventricular function
and volume status as well as potentially compromising
pericardial effusions. Goal-directed echocardiography
in hemodynamically unstable patients, performed at
the bedside by the physician caring for the patient, can
provide immediate critical information about the car-
diovascular system that is not available by other means
and that can impact therapy in 30–40% of patients.13,14

The aim of intensivist-performed GDE is to rapidly as-
sess the hemodynamically unstable patient at the bed-
side to provide an immediate, personalized treatment
in the ICU setting. While the standard comprehensive
echocardiographic examination, which encompasses
M-mode, 2D-echo, pulsed, continuous-wave, and color
Doppler with calculations, requires approximately one
hour,15 the ICU-focused echo examination pertinent
only to the immediate clinical scenario greatly reduces
image acquisition and interpretation time while still
maintaining diagnostic integrity16,17; it favors speci-
ficity of diagnosis over sensitivity.

SCOPE OF GDE KNOWLEDGE
AND SKILLS
Performance of an ICU GDE requires an understanding
of the indications for GDE in critically ill patients, the
principles of ultrasound, and cognitive and technical
skills to perform GDE in the ICU in critically unstable
patients. The cognitive elements of performance of ba-
sic echocardiography include understanding of basic
ultrasound principles, “knobology” of the machine, and
a basic understanding of cardiac anatomy and function.
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TABLE 6.1. Clinical indications for goal-directed echocardiography

Clinical indications Possible echocardiographic findings
Acute hemodynamic instability including unexplained
tachycardia, hypotension, shock, and changes in perfusion,
e.g., decreased urine output, or other signs of decreased
organ perfusion

Decreased preload, LV dysfunction, LV outflow tract
obstruction, pericardial tamponade, RV dysfunction,
proximal pulmonary embolism, severe valvular stenosis,
intracardiac mass

Acute respiratory failure LV or RV dysfunction, proximal pulmonary embolism
Acute pulmonary edema LV dysfunction, LV outflow tract obstruction, severe

valvular stenosis
Evaluation of cardiac arrest Presence or absence of ventricular contraction, decreased

preload, LV dysfunction, LV outflow tract obstruction,
pericardial tamponade, RV dysfunction, proximal
pulmonary embolism

Failure to respond appropriately to initial resuscitation Decreased preload, LV dysfunction, LV outflow tract
obstruction, pericardial tamponade, RV dysfunction

Serial monitoring of the response to resuscitation Follow changes in LV preload and contractility
Unexplained increased trend in serum lactate, V-aCO2

difference, or decreased trend in SvO2

Decreased preload, LV dysfunction, LV outflow tract
obstruction, pericardial tamponade, RV dysfunction

Assessment of pacemaker capture Presence or absence of ventricular contraction

LV indicates left ventricle; RV, right ventricle; SvO2, mixed venous oxygen saturation; V-aCO2, venous-arterial CO2 difference.

The method of probe placement may be either trans-
esophageal or transthoracic and the trainee may train
in either or both skills. All aspects of the echocardio-
graphic examination—image acquisition, image inter-
pretation, and clinical application—should be the re-
sponsibility of the critical care physician in charge of
the bedside management of the patient. In this sit-
uation, clinicians can integrate the immediate infor-
mation gained by ultrasonic examination with their
knowledge of the real-time clinical situation to es-
tablish a more accurate diagnosis and guide ongoing
therapy.

GDE encompasses the ability to assess ventricular
preload, detect a volume-depleted ventricle, assess left
ventricular contractility and wall motion, recognize
dilation of the right ventricle, and detect significant
pericardial effusion. Clinicians who achieve basic level
competence in GDE must recognize the limitations of
their skills. Basic training does not prepare the practi-
tioner to perform a comprehensive echocardiographic
evaluation that encompasses assessment of valvular
pathology, endocarditis, cardiac thrombus, aortic dis-
section, or other complex conditions outside the ba-
sic examination. The trainee should confirm any unex-
pected findings with either a formal echo exam or a
rapid review by a more skilled echo performer. There-

fore, ideally, images should be stored digitally for doc-
umentation, reviews, and future comparison.

INDICATIONS FOR GDE
Goal-directed echocardiography rapidly provides in-
formation about cardiac filling, wall motion abnormal-
ity, pericardial effusion, and approximate circulatory
volume status.13,14 The indications for GDE (Table 6.1)
include to evaluate and manage acute hemodynamic
decompensation or shock, to guide resuscitation, to de-
termine a cardiogenic cause of acute respiratory failure
or pulmonary edema, and to provide critical informa-
tion when monitors indicate a worsening state of organ
perfusion.

CHOOSING TRANSESOPHAGEAL
VS. TRANSTHORACIC
EXAMINATION
Although transesophageal echocardiography (TEE)
is considered an advanced imaging modality per-
formed by cardiologists and cardiac anesthesiologists
only after mastery of transthoracic echocardiography
(TTE), TEE can be performed by intensivists, especially
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those with experience in invasive interventions such
as intubation and bronchoscopy. The technique of
esophageal intubation in the setting of a tracheally intu-
bated patient who is sedated represents more familiar
territory to the intensivist than to most cardiologists.
Transesophageal probe placement is not as difficult for
an intensivist who routinely inserts nasal and orogas-
tric tubes, performs endotracheal intubation, and of-
ten administers sedation in the face of hemodynamic
instability. As a result, it takes the average intensivist a
much shorter time to become proficient at safely and
consistently passing a transesophageal probe. Inten-
sivists can become proficient at TEE probe placement
and GDE image acquisition after an average of eight
procedures.13 Especially in the context of GDE, the ad-
vantages of TEE are higher resolution images than TTE,
and virtually guaranteed appropriate transducer loca-
tion within the distal esophagus and proximal stom-
ach, providing excellent echocardiographic windows
compared with window searching by TTE. Critically ill
patients are more likely to have difficult TTE imaging
windows due to intubation, patient positioning, body
habitus, pathologic thoracic air collections around the
chest, and chest wall bandages. Because TEE probes do
not need as much penetration, they can image at higher
frequencies (5–7 MHz) and provide greater resolution
than TTE.

Transesophageal echocardiography provides an ac-
curate and reliable assessment of intracavitary dimen-
sions, global and regional right ventricular (RV) and left
ventricular (LV) wall motion, and valve function, and
it images the great vessels including the proximal pul-
monary arteries. An added advantage of TEE is that the
proximal pulmonary arteries can be evaluated for ev-
idence of pulmonary thromboembolism. Although the
use of TEE is not totally without risk, it is much less in-
vasive than the pulmonary artery catheter (PAC), and
is probably associated with fewer complications.18,19

The disadvantages of TEE include that it is relatively
invasive compared with TTE and cannot be performed
on patients with significant oropharyngeal, esopha-
gogastric pathology, or acute upper gastrointestinal
(GI) bleeding. Despite its relatively more invasive na-
ture, TEE is a very safe procedure with a less than
1/10,000 incidence of esophageal perforation. Compli-
cations related to sedation, aspiration and the dislodge-
ment of airway tubes can still occur, but are relatively
uncommon.

Transthoracic echocardiography has the advantage
of being totally noninvasive and more readily available
than TEE, but it can be challenging to obtain adequate
images in the critically ill patient. Despite the limita-

tions of TTE, intensivists can obtain an adequate GDE
examination in 94% of patients in the ICU.14

All things considered, TTE probably represents an
easier starting point for most intensive care physicians
in GDE. However, for critical care physicians, we advo-
cate learning both methods, as there will be occasions
when image acquisition is not possible with TTE. If a
patient is not critically ill to require intubation, the pa-
tient should have a TTE examination or have the TEE
exam when a cardiologist is available.

PERFORMANCE AND
INTERPRETATION OF THE
GDE EXAMINATION
The components of performing an echocardiographic
examination are application or placement of the probe,
obtaining the necessary views specific to the method
(TEE vs. TTE), image acquisition, and data interpreta-
tion.

Goal-Directed Transesophageal
Echocardiography
The performance of TEE is a multistep process in-
volving (1) esophagogastric intubation, (2) TEE probe
manipulation, (3) image acquisition and processing,
and (4) data interpretation. A key assumption of the
TEE training is skill with esophageal intubation and
emphasis on the performance and interpretation of
the echocardiogram examination. Intensivists become
comfortable with TEE after performing an average of
8–10 TEE examinations and complete a GD TEE exami-
nation in an average of 12+/−7 minutes.13

The two views necessary to perform GD TEE are
the transgastric short-axis window and the esophageal
four-chamber window.

Transgastric Short-Axis Window
This window is obtained by passing the TEE probe to
approximately 40 cm into the proximal stomach and
anteflexing the tip. By moving the probe more distally
or proximally circumferential, images of the LV apex,
midpapillary muscle level, and base (mitral valve level)
are obtained. This view is useful for assessing LV (vol-
ume and function) and the presence of a pericardial
effusion. The midpapillary muscle level is used to as-
sess end-systolic and end-diastolic area that correlates
with LV volume (preload) (Figure 6.1, and Video 6.1 in
enclosed DVD). Previous studies have confirmed the
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Figure 6.1. Transgastric short-axis window;
midpapillary muscle level. LV indicates left ventricle;
PPM, posterior papillary muscle; APM, anterior
papillary muscle (see Video 6.1 in enclosed DVD).

efficacy of a short-axis plane for evaluation of the LV
ejection fraction.21

Esophageal Four-Chamber Window
This window is obtained by withdrawing the probe into
the midesophageal level and relaxing or retroflexing the
tip, opening up a four-chamber view of the heart. In this
view the right atrium, right ventricle, left atrium, left
ventricle, interatrial septum, interventricular septum,
tricuspid valves, mitral valves (MV), and pericardium
can be visualized. By slight positioning of the probe, the
left ventricular outflow tract (LVOT), the aortic valve,
and the relationship between the LVOT and the anterior
leaflet of the MV can be seen (Figure 6.2, and Video 6.2
in enclosed DVD).

Basal Short-Axis Window
The basal short-axis window is obtained by advancing
the TEE probe to a depth of 25–30 cm, which corre-
sponds to a position posterior to the left atrium. Slight
anteroflexion and withdrawal of the transducer will al-
low visualization of the aortic valve, proximal ascend-
ing, proximal coronary arteries, atrial appendages, su-
perior vena cava, atrial septum, pulmonary veins and
the proximal pulmonary arteries. The left atrial ap-
pendage appears as a triangular extension of the left
atrium. It is important to note that the pectinate mus-
cles appear as muscular ridges within the appendage
and must not be mistaken for thrombi. When the trans-
ducer is withdrawn 1–2 cm while anteflexing the tip,
the pulmonary artery trunk with the right and left pul-
monary arteries can be visualized (Figure 6.3).

Figure 6.2. Transesophageal four-chamber window.
LA indicates left atrium; RA, right atrium; LV, left
ventricle; RV, right ventricle (see Video 6.2 in enclosed
DVD).

Goal-Directed Transthoracic
Echocardiography
The performance of TTE involves identifying an appro-
priate “window” to penetrate the chest wall and soft
tissue for ultrasound penetration to the heart and ma-
nipulation of the TTE probe on the chest wall, image ac-
quisition and processing, and data interpretation. The
left lateral decubitus position, when possible, brings
the heart closer to the chest wall, facilitating better
imaging windows. The average time for image acquisi-
tion and interpretation by noncardiologist intensivists
is 10.5+/−4.2 minutes.14

The four basic views necessary to perform GD
TTE are the parasternal longitudinal-axis window,

Figure 6.3. Basal short-axis window. Ao indicates
aorta; Pa, main pulmonary artery; RPa, right
pulmonary artery; Lpa, left pulmonary artery.
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Figure 6.4. Parasternal longitudinal-axis window. LA
indicates left atrium; LV, left ventricle; Ao, aorta; RV,
right ventricle (see Video 6.3 in enclosed DVD).

the parasternal short-axis window, the apical four-
chamber window, and the sub-xiphoid window.

Parasternal Longitudinal-Axis Window
This window is obtained by placing the TTE probe near
the left of the sternum at the 4th intercostal space and
rotating the probe into a diagonal plane from the right
shoulder to the left flank. In this view the aortic valve,
left ventricle, interventricular septum, right ventricle,
LVOT, mitral valve, and pericardium can be seen. (Fig-
ure 6.4, and Video 6.3 in enclosed DVD).

Parasternal Short-Axis Window
This window is obtained by placing the TTE probe near
the left of the sternum at the 4th intercostal space
and rotating the probe in a diagonal plane from the
left shoulder to the right flank. By angling the probe,
circumferential images of the LV apex, midpapillary
muscle level, and base (mitral valve level) are ob-
tained. This view is useful for assessing LV preload,
end-diastolic area and end-systolic area, septal and LV
wall motion, and the presence of pericardial effusion.
(Figure 6.5, and Video 6.4 in enclosed DVD).

Apical Four-Chamber Window
This window is obtained by placing the probe over the
apical beat if palpable, or anticipated location of the
apex and obtaining a four-chamber view of the heart.
In this view the right atrium, right ventricle, left atrium,
left ventricle, interatrial septum, interventricular sep-
tum, tricuspid valves, mitral valves, and pericardium
can be visualized (Figure 6.6, and Video 6.5 in enclosed
DVD).

Figure 6.5. Parasternal short-axis window. RV
indicates right ventricle; LV, left ventricle (see Video
6.4 in enclosed DVD).

Subxiphoid Window
The subxiphoid view is obtained by positioning the
imaging probe just below or to the right of the xiphoid
process with the patient in the supine position. When
possible, the patient’s knees should be bent to allow
relaxation of the abdominal muscles and with the pa-
tient taking a full inspiration. This allows the heart to
move closer to the probe. The right ventricular apex as
well as the mid- and basal portions of the right ventri-
cle are visualized. The inferior interventricular septum
and the anterolateral left ventricular wall are also seen.
Since the interatrial septum runs somewhat perpen-
dicular to the ultrasound beam, atrial septal defects

Figure 6.6. Apical four-chamber window. LA indicates
left atrium; RA, right atrium; LV, left ventricle; RV, right
ventricle (see Video 6.5 in enclosed DVD).
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Figure 6.7. Subxiphoid window. LA indicates left
atrium; RA, right atrium; LV, left ventricle; RV, right
ventricle.

and atrial septal aneurysms are best detected in the
subxiphoid window. Right ventricular dimensions and
wall thickness are best evaluated using this window.
When the transducer is angulated more medially, the
hepatic veins and the inferior vena cava entering the
right atrium are visualized. The abdominal aorta is vi-
sualized when the transducer is moved slightly to the
left (Figure 6.7).

Assessment of Preload
The diagnostic criterion for normal preload is a normal
overall end-diastolic LV cavity size at the midpapillary
level on transgastric short-axis view (TEE) or paraster-
nal shortaxis view (TTE). In this midpapillary short-
axis view, decreased preload is defined as a decreased
LV end-diastolic area (EDA) [normal: 22 ± 4 cm2] and
an even greater decreased end-systolic area (ESA) [nor-
mal: 8.5 ± 2 cm2], or near end-systolic obliteration of
the LV cavity. This combination of changes leads to
an increased fractional area change (FAC = (EDA −
ESA)/EDA) on the midpapillary short-axis view. The cri-
teria for increased preload are an increased LV EDA and
ESA and a normal-to-decreased FAC on the midpapillary
short-axis view of the LV. Although normal ranges are
given, it must be noted that there is significant variabil-
ity in the reference values for the normal echocardio-
graphic examination.22 Determining the limits of dis-
crimination between “normal” and a certain condition,
e.g., decreased preload, also requires visual compar-
isons of relative sizes during the 2D-echo examination
(Video 6.6 and Video 6.7 in enclosed DVD).

Assessment of Contractility
Left ventricular function is visually assessed on the lon-
gitudinal four-chamber view and at three levels (basal,
midpapillary, and apical) of the transgastric short-axis
view. Normal LV function is defined as a normal FAC
and the absence of regional wall motion abnormalities.
The criteria for hypocontractility, or more accurately,
reduced wall thickening, are global or segmental wall
motion abnormalities with overall decreased LV func-
tion (Video 6.8 in enclosed DVD). Hypercontractility
is defined as a global LV hyperkinesis, or marked in-
creased wall thickening, not just tachycardia (Video 6.9
in enclosed DVD). The assessment of LV contractility
may be accompanied by colored Doppler (to screen for
gross aortic and mitral regurgitation) and examination
of the aortic outflow tract to recognize systolic anterior
motion of the mitral valve (to assess for left ventricular
outflow tract obstruction).

Assessment of the Left Ventricular
Outflow Tract
The left ventricular outflow tract can be assessed in the
four-chamber view, and with slight manipulation the
aortic valve relationship with the anterior leaflet of
the mitral valve can be seen to detect the phenomenon
of dynamic left ventricular outflow tract obstruction,
a condition associated with a reduced preload and in-
otropic medications that cause the anterior leaflet of
the mitral valve to obstruct the aortic outflow tract
(Figure 6.8), or significant narrowing of left ventricular

Figure 6.8. Left ventricular outflow tract obstruction.
LA indicates left atrium; LV, left ventricle; AML,
anterior mitral valve leaflet; LVOT, left ventricular
outflow tract. Note the AML moving into and
obstructing the LVOT on systole (SAM indicates
systolic anterior motion).
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outflow tract due to small volume and hypercontractile
LV muscles. Typically, the pulmonary artery catheter
has demonstrated low cardiac output (CO) and high
pulmonary artery occlusion pressure, but the heart is
not hypocontractile nor dilated: echocardiography re-
veals a hyperdynamic heart with small, almost empty
end-systolic volume. This condition cannot be diag-
nosed with a PAC and the treatment is “counterintu-
itive” to the high wedge and low CO: the treatment is
fluid and withdrawal of inopressors. More commonly,
even in the absence of frank outflow tract obstruc-
tion, ventricular underfilling, and normal or elevated
wedge pressure (or central venous pressure [CVP]) are
encountered.

Assessment of Pericardium
The four chambers and surrounding pericardium of
the heart are visualized for global function and abnor-
mal fluid collections, differentiating pericardial from
pleural and ascitic fluid. Two-dimensional echocardio-
graphic signs of tamponade physiology in the pres-
ence of pericardial effusion include right atrial collapse,
right ventricular diastolic collapse, noncollapsible in-
ferior vena cava and hepatic veins, respiratory shifting
of the interventricular septum, and Doppler variation
in LV or RV outflow of >25 %. Signs and symptoms for
significant pericardial effusion, or tamponade, such as
Beck’s triad, are often nonspecific or lacking in criti-
cally ill patients on positive pressure ventilation or pos-
itive end-expiratory pressure (PEEP) (Figure 6.9 and
Video 6.10 in enclosed DVD).

Figure 6.9. Pericardial effusion; transgastric
short-axis window. RV indicates right ventricle; LV, left
ventricle; PEff, pericardial effusion (see Video 6.10 in
enclosed DVD).

Figure 6.10. Right ventricular hypertrophy. RV
indicates right ventricle; LV, left ventricle. Note the
thickened RV wall and small end-diastolic area.

Assessment of the Right Ventricle
Both the preload and contractility of the right ventricle
(RV) can be determined using the analogous views used
to determine the same variables for the LV, namely the
midpapillary level on the transgastric short-axis view
(TEE) or parasternal short-axis view (TTE) and the lon-
gitudinal four-chamber view. Although the stroke vol-
umes of the right and left ventricles will be equivalent
overall; in acute conditions they may not be equal. In
addition, the function (e.g., contractility, preload, and
ejection fraction) may be markedly different. A rapid
visual assessment of RV function can be helpful in de-
termining the etiology of acute hemodynamic instabil-
ity. The RV may be markedly hypertrophic in patients
with cor pulmonale or long-standing pulmonary hyper-
tension, (Figure 6.10) or dilated and hypocontractile in
acute pulmonary hypertension.

Assessment of Valves
The assessment for complex valvular disease is beyond
the GDE exam; if the sole indication for an echocardio-
gram is to rule out endocarditis or assess for particular
valvular pathology, the exam should be performed by
a level 2 examiner (see Chapter 4).

However, there are two aspects concerning valvular
pathology that do concern the basic-scope echocar-
diographer. When performing a GDE, e.g., for acute hy-
potension, the valves are visualized and the examiner
should know normal valvular anatomy so that gross
abnormalities, e.g., large vegetations or valvular de-
formities (stenosis, severe regurgitation, or abnormal
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masses), may be detected and an appropriate referral
for a comprehensive exam can be made. Finally, the
assessment of LV preload and contractility should be
accompanied by a basic colored Doppler evaluation
of the mitral and aortic valves to rule out significant
mitral or aortic regurgitation that impacts net forward
systemic cardiac output.

EQUIPMENT CONSIDERATIONS
It is highly recommended to have an ultrasound ma-
chine exclusively available for use in the ICU to gain
the hands-on experience necessary to learn.

Ultrasound Devices
There is a wide selection of ultrasound devices avail-
able from a number of manufacturers.22,23 They range
from refrigerator-sized, full-function devices that can
cost over US$250,000 dollars, to smaller units (e.g., lap-
top computer–sized or even pocket-sized, i.e., Siemens
ACUSON P10, Siemens Healthcare, Malvern, PA) with
limited capability (Table 6.2) that currently cost from
US$10,000 to over $100,000, depending on the number
and types of probes (TEE or TTE) ordered. For a GD ex-
amination, a device capable of performing 2D echocar-
diography with basic color Doppler is sufficient. All of
the smaller devices have surface probes and several
manufacturers now offer an optional TEE probe.

TEE Probe Selection
To expedite insertion in patients who commonly have
indwelling endotracheal or tracheostomy tubes, the
smallest-size transesophageal probe available should
be chosen. This will depend on the manufacturer of
the ultrasound machine, although the general trend is
that over time transducer probes become smaller, with
more capability.25 Monoplane probes image in only
the transverse plane, biplane probes allow the user to
switch from a transverse to a longitudinal plane, and
multiplane probes allow imaging in any selected angle
between the transverse and longitudinal. When using
a multiplane probe, selection of 0◦ will provide imag-
ing in the transverse plane. In the GD TEE study,13 a
pediatric monoplane 5-MHz probe with a shaft diam-
eter of 7.1 mm and distal tip 10 mm wide and 8 mm
thick, was chosen. More recently, a pediatric probe of
similar dimensions comes with multiplane capability.
Even adult multiplane probes can be inserted; how-
ever, they are relatively larger, thus more difficult to
pass.

For GD echocardiography, regardless of the trans-
esophageal transducer probe capability, it is recom-
mended that images be obtained in only the transverse
plane earlier in training. The transverse plane facili-
tates visualization not only of the transgastric short-
axis view, but also of the transesophageal four-chamber
view, in which even the apex and the anteroseptal and
lateral walls can be clearly seen. This simplifies the

TABLE 6.2. Features comparison of cardiac ultrasound machines

Full-sized unit Mobile cart mounted unit∗ Handheld device∗∗

Relative price with probes ++++ ++−+ + + +−++
Weight ∼300 lbs ∼20 lbs ∼5–10 lbs
Power supply AC AC or DC AC or DC; DC only
TTE probe capability All All All
TEE probe capability All Most Some
M-mode capability All All Some
2D echo capability All All All
Doppler: color All All Most
Doppler: pulse wave All All Some
Doppler: continuous-wave All All Some
Image storage All; full Most; full Some; limited

∗These units are in general larger and heavier than laptop computers and need mobile carts for transport to the bedside.
∗∗Includes pocket-sized units as well as laptop computer–sized units that are often mounted on mobile carts to protect the device, avoid theft, and aid in
positioning the unit at the bedside. AC: needs to be plugged into outlet; DC: battery powered; All = all models; Most = most models; Some = some models.
Note: the capabilities feature sets of the smaller devices continues to grow, hence the purchaser should consider the budget and compare the features
offered at the time of purchase.
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image interpretation and reduces the chances for mis-
interpretation of cavity size or wall motion.

TTE Probe Selection
A versatile probe that can image at frequencies be-
tween 2.5 MHz and 5 MHz may also be used for general
ultrasound imaging applications (e.g., pleura, lungs, ab-
domen, etc.) in the critically ill patient.

Recording
In terms of documentation, it is important to record
echocardiographic studies for later review for medi-
cal, educational, quality control, and legal purposes.
Most of the large, full function devices have digital im-
age capability but some of the handheld devices may
not. When using a handheld device, it is important to
make sure that it can record digital video to a memory
card for later downloading and archiving or that it can
be connected to an external digital video recording sys-
tem. In the event that an acute or emergent diagnostic

exam is performed but not recorded, the findings must
be documented in the medical record.

TRAINING: ACQUIRING SKILLS
IN GDE
Consensus competency guidelines for intensivists
seeking to perform basic echocardiography have been
published.26 Subsequent guidelines will deal with ed-
ucation, training, and documentation of competency.
In the meantime, the authors of this chapter offer the
following suggestions.

Trainees in GD critical care echocardiography must
be licensed physicians enrolled in or with completed
accredited residency training. The cognitive and tech-
nical skills necessary to perform GD echocardiography
are outlined in Tables 6.3 and 6.4. The key training rec-
ommendations are outlined in Table 6.5. The achieve-
ment of these skills depends on structured indepen-
dent study consisting of reading, audiovisual aids,
web-based education, computer-assisted instruction,

TABLE 6.3. Training objectives for goal-directed basic echocardiography: cognitive skills

Understanding of:
1. Basic ultrasound principles

2. The operation of ultrasound machines including the controls

3. Equipment handling, infection control, electrical safety operation

4. The indications and contraindications and complications of TEE

5. The indications for TTE

6. Normal topographic cardiac anatomy

7. The transgastric short-axis and esophageal longitudinal-axis views (TEE)

8. The parasternal longitudinal and short-axis, and apical four-chamber views (TTE)

9. The echocardiographic evaluation of preload

10. The echocardiographic evaluation of global and regional wall motion

11. The echocardiographic presentation of pericardial effusion and tamponade and to differentiate pericardial from
pleural effusion

12. The presentation of dynamic left ventricular outflow tract obstruction

13. The echocardiographic presentations of severe sepsis

14. The echocardiographic presentation of myocardial ischemia and infarction

15. The echocardiographic presentation of acute pulmonary embolism and basal view to detect proximal pulmonary
emboli (TEE)

16. Basic normal valvular anatomy and detection of stenosis

17. Basic colored Doppler to detect significant mitral or aortic regurgitation

TEE indicates transesophageal echocardiography; TTE, transthoracic echocardiography.



76 Cardiac Sonography in the ICU

TABLE 6.4. Training objectives for goal-directed basic echocardiography: technical skills∗

1. Facility with the operation of ultrasound machine “knobology” and how to produce quality images

2. Facility with insertion of TEE probe safely in a tracheally intubated patient

3. Facility to acquire transgastric short-axis and longitudinal four-chamber views (TEE)

4. Facility with parasternal longitudinal and short-axis views and apical four-chamber views (TTE)

5. Ability to scan the ventricle in short axis from base to apex and identify the midpapillary muscle level for assessment
of left ventricular end diastolic and end systolic area

6. Ability to recognize normal vs. markedly abnormal cardiac structures

7. Ability to detect significant abnormalities in cardiac preload

8. Ability to detect significant abnormalities in left ventricular contraction and wall motion (global and regional)

9. Ability to perform rapid visual online assessment of dynamic ventricular function (“eyeballing”), e.g., global
ventricular filling and function

10. Ability to detect significant pericardial effusions

11. Ability to recognize echocardiographic artifacts

12. Ability to communicate echocardiographic results to health care professionals, the medical record, and patients

13. Ability to recognize limitations and when to call for advanced echocardiographic backup both acutely and electively
as indicated

∗See also Chapter 4.
TEE indicates transesophageal echocardiography; TTE, transthoracic echocardiography.

attendance of seminars, supervised performance of
echocardiographic examinations under the direct su-
pervision of an experienced, advanced echocardiogra-
pher (cardiologist or level 2–trained intensivist), inde-
pendently performed examinations recorded and re-
ported to the supervisor, and interpretation of stud-
ies performed by others but presented to the super-
visor. The director of the echocardiographic train-
ing program should be a physician with advanced
training (level 3) and demonstrated expertise in in-
tensive care GDE. Training should begin with an in-
tensive seminar—at least 10 hours of instruction, fo-
cused on the elementary principles of cardiac ultra-
sound examination, echocardiographic data interpre-
tation, the basic operation of echocardiographic equip-
ment, and 2D echocardiographic examination of the
LV as seen from the midpapillary short-axis and lon-
gitudinal four-chamber views. The trainee should also
observe echocardiography examinations conducted in
the ICU and, where possible, in the echocardiography
laboratory so that basic trainees can gain regular and
frequent exposure to teaching and clinical resources
within that laboratory. After this basic orientation, the

trainee begins performing GDE under the direct guid-
ance of a physician (intensivist or cardiologist) expe-
rienced in GDE. Under appropriate supervision, the
trainee learns to operate the ultrasonograph, place the
transducer probe, and perform the GDE examination.
The level of supervision is subsequently modified de-
pending on the competence acquired by individual in-
tensivists. Trainees graduate to the unsupervised level
after they demonstrate competence in intubation (for
TEE), image optimization, and interpretation of LV func-
tion, as deemed by the supervisor. This may occur af-
ter approximately 10 to 20 procedures, depending on
the prior experiences of the trainee. However, a prac-
titioner with advanced training must review every ex-
amination performed by the trainee. All echocardio-
graphic examinations performed by trainees should be
digitally recorded and reviewed weekly with the super-
visor with respect to the accuracy of data interpreta-
tion in those patients not examined under their direct
supervision. Trainees should keep a log of examina-
tions performed and reviewed to document the extent
of their training. Minimum numbers of cases for compe-
tence can be delineated (Table 6.5) but these numbers
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TABLE 6.5. Key training recommendations for goal-directed basic echocardiography

Transesophageal goal-directed echocardiography
Minimum suggested

number∗ Achievement of competency
Esophageal intubation∗∗ 5 Ability to consistently and safely place probe in sedated

and intubated patient and position probe to acquire
transgastric short-axis and transesophageal longitudinal
four-chamber views.

Personally performed exams+ 10 Ability to acquire transgastric short-axis and
transesophageal longitudinal four-chamber views of
sufficient quality to evaluate ventricular filling and
function and the pericardium. Ability to distinguish
between normal and abnormal anatomy.

Total number of cases reviewed++ 20 Ability to interpret ventricular preload and left ventricular
wall motion both global and gross regional (septum,
anterior wall inferior wall). Ability to diagnose pericardial
effusion and distinguish from pleural effusion. Ability to
assess for signs of dynamic left ventricular outflow tract
obstruction including LV preload and systolic anterior
motion of the anterior leaflet of the MV.

Transthoracic goal-directed echocardiography
Minimum suggested

number∗ Achievement of competency
Personally performed exams+ 10 Ability to acquire parasternal longitudinal and short-axis

views and apical four-chamber views of sufficient quality
to evaluate ventricular filling and function and the
pericardium. Ability to distinguish between normal and
abnormal cardiac anatomy.

Total number of cases reviewed++ 20 Ability to interpret ventricular preload and left ventricular
wall motion both global and gross regional (septum,
anterior wall inferior wall). Ability to diagnose pericardial
effusion and distinguish from pleural effusion. Ability to
assess for signs of dynamic left ventricular outflow tract
obstruction including LV preload and systolic anterior
motion of the anterior leaflet of the MV.

∗Achievement of competency under the direct supervision of an experienced advanced echocardiographer is more important than the exact number of
examinations and it is possible that more or fewer exams may be required.
∗∗Performed in the presence of an experienced advanced echocardiographer. +Performed by the trainee, then interpreted and reported by the trainee to
an experienced advanced echocardiographer (TTE should be performed in the presence of the supervisor until images are deemed satisfactory), ++this
includes personally performed exams as well as cases archived and presented by other examiners but interpreted by the trainee; may include both TEE and
TTE exam. LV indicates left ventricle; RV, right ventricle; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.

are less important than the depth of the clinical expe-
rience, quality of training, and assessment by the su-
pervising advanced echocardiographer. These guide-
lines also do not specify the duration of training. Expe-
rience and the depth of clinical experience determine
the time needed to achieve the goals. The trainee must
also be taught how to effectively convey, document,
and integrate clinically the results of examinations. Fi-

nally, all noncardiologist echocardiographers must rec-
ognize the limitations of the scope of their exam and
obtain a formal complete study to confirm any unusual
unexpected finding. Consultation on an emergent or
elective basis should occur as appropriate in complex
situations, such as suspected endocarditis, aortic dis-
section, or valvular disease, or in the case of confound-
ing or questionable findings.



78 Cardiac Sonography in the ICU

References
1. Clinical competence in adult echocardiography. A state-

ment for physicians from the ACP/ACC/AHA Task Force
on Clinical Privileges in Cardiology. Circulation. 1990; 81:
2032–2035.

2. Shanewise JS, Cheung AT, Aronson S, et al. ASE/SCA guide-
lines for performing a comprehensive intraoperative mul-
tiplane transesophageal echocardiography examination:
recommendations of the American Society of Echocar-
diography Council for Intraoperative Echocardiography
and the Society of Cardiovascular Anesthesiologists Task
Force for Certification in Perioperative Transesophageal
Echocardiography. Anesth Analg. 1999;89:870–884.

3. Mayron R, Gaudio FE, Plummer D, Asinger R, Elsperger J.
Echocardiography performed by emergency physicians:
impact on diagnosis and therapy. Ann Emerg Med. 1988;
17:150–154.

4. Mateer J, Plummer D, Heller M, et al. Model curriculum
for physician training in emergency ultrasonography. Ann
Emerg Med. 1994;23:95–102.

5. American College of Emergency Physicians. ACEP emer-
gency ultrasound guidelines-2001. Ann Emerg Med. 2001;
38:470–481.

6. American College of Emergency Physicians. Use of ultra-
sound imaging by emergency physicians. Ann Emerg Med.
2001;38:469–470.

7. Cahalan MK, Stewart W, Pearlman A, et al. American So-
ciety of Echocardiography and Society of Cardiovascu-
lar Anesthesiologists task force guidelines for training in
perioperative echocardiography. J Am Soc Echocardiogr.
2002;15:647–652.

8. Heller MB, Mandavia D, Tayal VS, Cardenas EE, Lambert
MJ, et al. Residency training in emergency ultrasound:
fulfilling the mandate. Acad Emerg Med. 2002;9:835–839.

9. Hansen RM, Viquerat CE, Matthay MA, et al. Poor correla-
tion between pulmonary arterial wedge pressure and left
ventricular end-diastolic volume after coronary artery
bypass graft surgery. Anesthesiology. 1986;64:764–770.

10. Raper R, Sibbald WJ. Misled by the wedge? The Swan-Ganz
catheter and left ventricular preload. Chest. 1986;89:427–
434.

11. Fontes ML, Bellows W, Ngo L, Mangano DT. Assessment
of ventricular function in critically ill patients: limita-
tions of pulmonary artery catheterization. Institutions of
the McSPI Research Group. J Cardiothorac Vasc Anesth.
1999;13:521–527.

12. Kumar A, Anel R, Bunnell E, et al. Pulmonary artery occlu-
sion pressure and central venous pressure fail to predict
ventricular filling volume, cardiac performance, or the re-
sponse to volume infusion in normal subjects. Crit Care
Med. 2004;32:691–699.

13. Benjamin E, Griffin K, Leibowitz AB, et al. Goal-directed
transesophageal echocardiography performed by inten-
sivists to assess left ventricular function: comparison
with pulmonary artery catheterization. J Cardiothorac
Vasc Anesth. 1998;12:10–15.

14. Manasia AR, Nagaraj HM, Kodali RB, et al. Feasibility
and potential clinical utility of goal-directed transtho-
racic echocardiography performed by noncardiologist
intensivists using a small hand-carried device (Sono-
Heart) in critically ill patients. J Cardiothorac Vasc Anesth.
2005;19:155–159.

15. Oh JK, Seward JB, Tajik AJ. The Echo Manual. 2nd ed.
Philadelphia, Pa: Lippincott Williams & Wilkins; 1999.

16. Hu BS, Saltiel F, Popp RL. Effectiveness of a limited training
in echocardiography for cardiovascular diagnosis. Circu-
lation. 1996;94:I–253 (suppl)

17. Kimura BJ, Pezeshki B, Frack SA, DeMaria AN. Feasibility
of “limited” echo imaging: characterization of incidental
findings. J Am Soc Echocardiogr. 1998;11:746–750.

18. Manasia A, Griffin K, Oropello J, Leibowitz A, DelGuidice
R, et al. A comparison of transesophageal echocardiog-
raphy and the pulmonary artery catheter in critically ill
patients. Chest. 1994;106:100A.

19. Sohn DW, Shin GJ, Oh JK, Tajik AJ, Click RL, Miller FA
Jr, Seward JB. Role of transesophageal echocardiography
in hemodynamically unstable patients. Mayo Clin Proc.
1995;70:925–931.

20. Daniel WG, Erbel R, Kasper W, et al. Safety of trans-
esophageal echocardiography. A multicenter survey of
10,419 examinations. Circulation. 1991;83:817–821.

21. Gorcsan J 3rd, Snow FR, Paulsen W, Nixon JV. Noninva-
sive estimation of left atrial pressure in patients with con-
gestive heart failure and mitral regurgitation by Doppler
echocardiography. Am Heart J. 1991;121:858–863.

22. Vasan RS, Levy D, Larson MG, Benjamin EJ. Interpretation
of echocardiographic measurements: a call for standard-
ization. Am Heart J. 2000;139:412–422.

23. DeCara JM, Lang RM, Spencer KT. The hand-carried
echocardiographic device as an aid to the physical ex-
amination. Echocardiography. 2003;20:477–485.

24. Liang D, Schnittger I. Accuracy of hand-carried ultra-
sound. Echocardiography. 2003;20:487–490.

25. Spencer KT, Goldman M, Cholley B, et al. Multicen-
ter experience using a new prototype transnasal trans-
esophageal echocardiography probe. Echocardiography.
1999;16:811–817.

26. Mayo PH, Vieillard-Baron A, et al. ACCP/SRLF Statement
on competence in critical care ultrasonography. Chest.
In press.



CHAPTER 7

Transthoracic Echocardiography:
Image Acquisition and

Transducer Manipulation
Seth Koenig and Paul H. Mayo

INTRODUCTION
Transthoracic echocardiography (TTE) has major ap-
plication in the intensive care unit (ICU). Proficiency in
TTE allows the intensivist to determine the diagnosis of
cardiopulmonary failure, develop management strate-
gies, and follow the results of therapeutic interventions
with serial examinations. By definition, critical care
echocardiography (CCE) is performed by the inten-
sivist in the ICU. The clinician acquires and interprets
the image at the bedside, and uses the information to
guide management. It follows that the intensivist must
have a high level of skill in image acquisition, which
requires a working knowledge of ultrasound physics,
machine controls, and transducer manipulation. This
chapter will review important elements of image acqui-
sition with emphasis on transducer manipulation. The
reader is referred to Chapters 2 and 3 for a comprehen-
sive discussion of physics and machine controls.

BASIC AND ADVANCED CRITICAL
CARE ECHOCARDIOGRAPHY
Proficiency in CCE can be separated into basic and
advanced levels. Basic CCE is performed as a goal-
directed examination using a limited number of views.
It is designed to answer very specific clinical questions
at the bedside. Proficiency in advanced CCE requires a
high level of skill in all aspects of image interpretation
and acquisition. Advanced CCE allows a comprehen-
sive evaluation of cardiac anatomy and function using
TTE and Doppler echocardiography. Both basic and ad-
vanced CCE require skill in image acquisition.

Technical Issues
The performance of TTE has challenges that relate to
the fact that the heart is surrounded by lung and ribs,

both of which block ultrasound transmission. Since
ribs block ultrasound waves, cardiac transducers are
designed with a small footprint to scan through the
small rib interspace. During scanning, left arm abduc-
tion may increase the size of the interspace. Aerated
lung also block ultrasound, so that positioning the pa-
tient in the left lateral decubitus position may be help-
ful because in this position the heart is moved from be-
hind the sternum, and the left lung moves laterally, thus
exposing more of the heart for examination. While the
left lateral decubitus view improves visualization from
the parasternal and apical views, the supine position
is best for the subcostal examination.

The critically ill patient may be difficult to place in
a favorable scanning position. Patients on ventilatory
support, particularly when hyperinflated, may have
very poor parasternal and apical windows. Very often,
the subcostal view yields the only acceptable image.
Transthoracic echocardiography image quality may be
poor in the edematous or muscular patient. Obesity
presents a special challenge for two reasons. It attenu-
ates the penetration of ultrasound. In addition, abdom-
inal obesity elevates the diaphragm, particularly when
the patient is supine and when passive on ventilatory
support. The heart is then rotated into a more vertical
position. This makes it difficult to obtain properly ori-
ented parasternal views. The presence of chest dress-
ings, wounds, or subcutaneous air also degrade TTE im-
age quality. Transesophageal echocardiography (TEE)
is always an alternative in the patient who fails TTE.
Artifacts in echocardiography relate, in part, to the
fact that the heart is a highly mobile organ in constant
motion within the thorax. Translational, torsional, and
rotational movement of the heart may be misinter-
preted as reflecting actual cardiac contractile function.

In addition to these challenges, CCE is performed in
a difficult operating environment. The patient is often
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surrounded with multiple ICU devices, so that posi-
tioning of the machine and operator may be difficult.
The light level in the patient room is often too bright
for optimal screen displays. The echocardiographer is
under pressure to complete the examination rapidly
because the patient is critically ill and other patients
demand immediate attention. The results of the study
frequently require immediate response, so that image
acquisition and interpretation must be accurate. The
intensivist should always attempt to obtain the best
image quality. However, image quality may be limited in
the critically ill and below the standards mandated by
standard cardiology echocardiography practice. The
intensivist must come to terms with this clinical real-
ity while always attempting to obtain the best image
quality possible.

Nomenclature
Transthoracic echocardiography examines the heart in
tomographic planes obtained by positioning the trans-
ducer and “slicing” the heart through different planes.
By obtaining multiple views of the heart, the examiner
integrates the information to yield a comprehensive
evaluation of cardiac anatomy and function. The ad-
dition of Doppler analysis yields important informa-
tion related to cardiac pressures and flows. The Ameri-
can Society of Echocardiography (ASE) has defined the
standard tomographic views of the heart.1 The three
standard image planes are as follows:

1. The long-axis plane is parallel to the long axis of the
left ventricle (LV). This is defined by a line that goes
through the LV apex and the center of the base of the
LV intersecting with the center of the aortic valve
(AV).

2. The short-axis plane is perpendicular to the long-
axis plane.

3. The four-chamber plane is perpendicular to both the
short- and long-axis views. This is defined by a plane
that goes through the LV apex and intersects the LV
and right ventricle (RV) and atria.

The various tomographic planes of TTE are charac-
terized by the position of the transducer required to
obtain the image (the window) and the resulting image
plane (the view). Transducer manipulation occurs as
follows:

1. Move: The transducer is shifted to a different posi-
tion on the thorax.

2. Tilt: The transducer is tilted or rocked along the
same tomographic plane without moving it.

3. Angle: Without moving the transducer, angulation is
changed to obtain adjacent tomographic planes.

4. Rotate: The transducer is rotated without moving,
tilting, or angling it in order to obtain orthogonal
tomographic planes.

Image orientation is standardized for adult TTE.
The transducer position is projected at the top of the
screen. The image orientation marker is set to the up-
per right of the screen. In the long-axis view, superior or
cephalad cardiac structures project to the right of the
screen. In the short-axis view, left-sided cardiac struc-
tures project to the right side of the screen. This is re-
verse to the orientation used for abdominal, thoracic,
and vascular ultrasonography.

The basic or goal-directed CCE examination gener-
ally includes five views without major Doppler anal-
ysis, while the advanced CCE examination includes a
minimum of 11 views of the heart with comprehensive
Doppler measurements. At each view, the examiner
may choose to obtain one or more tomographic planes
by tilting and angling the transducer. There is no offi-
cially sanctioned sequence for image acquisition. How-
ever, regardless of the sequence used, the intensivist
should use a methodical approach to image acquisition
for the initial examination. The examination should al-
ways be performed in standard sequence. This reduces
the likelihood that views will be omitted. Typically, CCE
uses sequential follow-up examinations of the heart to
check for response to therapy, progression or regres-
sion of disease, and new problems. Follow-up exami-
nations may be very limited. Certain situations do not
permit any but the briefest examination. For example,
echocardiography performed during cardiopulmonary
arrest may include only several seconds of a subcostal
view during a pulse check.

THE TTE EXAMINATION
What follows is a description of transducer use re-
quired to obtain the standard views of TTE. The dis-
cussion does not include a detailed review of Doppler
measurements. For each view, the specific clinical util-
ity for the intensivist with proficiency in advanced CCE
is mentioned. For the four views that are key elements
of the basic CCE examination, some common pitfalls
are highlighted, which may be helpful to the inexperi-
enced echocardiographer.

Parasternal Long-Axis View
The transducer is placed in the 3rd or 4th intercostal
space adjacent to the sternum, with the transducer
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Figure 7.1. Parasternal long-axis view (basic CCE
view).

mark pointing to the patient’s right shoulder. Move-
ment of the transducer either caudad or cephalad
brings the parasternal long axis into view. If adequate
image quality is not obtained, positioning the patient
toward the left lateral decubitus position may improve
image quality. Left-arm abduction may open the inter-
costal spaces enough to reveal a better acoustic win-
dow. The examiner should not accept an off-axis view
simply because an image of the heart appears. As with
orientating a camera lens, the transducer should be
moved around to obtain the best tomographic view.
With minor movement and angulation, the examiner
seeks a view that bisects the mitral valve (MV) and aor-
tic valve (AV) and includes the LV cavity in longest axis
(Figures 7.1 and 7.2, and Videos 7.1 and 7.2 in enclosed
DVD). The image should be orientated so that the aorta
is displayed on the right, with the LV cavity on the left of
the screen. The RV outflow track and chest wall appear

Figure 7.2. Parasternal long-axis view of the aortic
valve and mitral valve.

at the top of the screen. Posterior structures, such as
the left atrium and pericardium, appear at the bottom
of the screen. While the perfect long-axis view displays
the heart horizontally, technical limitations such as pa-
tient positioning, body habitus, mechanical ventilation,
and examiner inexperience may yield a more vertical
view of the heart. These limitations must be accepted
and interpreted as appropriate to the clinical situation.

The parasternal long-axis view visualizes both the
aortic root and the right and noncoronary leaflets of
the AV. The anterior and posterior mitral valve leaflets
are also viewed well. Once an acceptable image is ob-
tained, the transducer may be tilted to view the ascend-
ing aorta or more of the LV cavity. Minimal angulation
allows assessment of the medial and lateral parts of the
mitral apparatus.

Clinical utility: Assessment of ejection fraction (EF),
RV/LV wall thickness, LV segmental wall function,
RV/LV/left atrial (LA) chamber size and function, eval-
uation of AV/MV anatomy and function, descending
aorta, pericardial space, coronary sinus size, M-mode
measurements, and colored Doppler interrogation of
the AV and MV.

The parasternal long-axis view is a standard view for
basic CCE. It allows assessment for pericardial effusion,
LV/RV size and function, and septal kinetics. For the
basic CCE echocardiographer, the pitfalls of this view
include the following:

1. Inaccurate assessment of RV size. The RV size may
be underestimated; the apical four-chamber and
subcostal views are favored for assessment of RV
size. This is because the parasternal long axis af-
fords a view of the right ventricular outflow track
predominately.

2. Inaccurate assessment of LV size and function. Off-
axis views of the LV due to rotation or angulation
may lead to erroneous assessment of LV size and
function. If the initial view places the AV in the center
of the screen, the LV cavity may be better visualized
by moving or tilting the transducer to include the LV
cavity.

3. Inaccurate assessment of MV and AV function. The
MV and AV may appear to be anatomically normal
on 2D view, but can have substantial degrees of re-
gurgitation discernable only with colored or spec-
tral Doppler analysis. Proficiency in basic CCE does
not allow the examiner to reliably exclude severe
valvular regurgitation. Colored Doppler has limita-
tions not intuitively obvious to the inexperienced
examiner. These include gain settings (“dial a jet”),
wall jet effect (Coanda effect), angle effect (both of
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transducer and by Doppler interrogation angle rela-
tive to the jet), and shadowing by surrounding struc-
tures such as a prosthetic valve apparatus or a cal-
cified annulus.

Right Ventricular Inflow and Outflow
Long-Axis Views
From the parasternal long-axis view, the transducer is
angled medially. For the novice sonographer, this is ac-
complished by angling the top of the transducer toward
the patient’s left shoulder without lifting it off the pa-
tient’s chest. This shifts the tomographic view to a posi-
tion that will display the RV and atrium. One may need
to move the transducer slightly superiorly or inferiorly,
keeping the transducer mark toward the left shoulder.
This results in a view of the right atrium (RA), tricus-
pid valve (TV), and RV. The anterior and septal leaflets
of the TV are visible (Figure 7.3, and Video 7.3 in en-
closed DVD). Care must be taken to start with a good
or “on axis” parasternal long-axis view in order to visu-
alize the right ventricular inflow and outflow views. To
obtain the latter, the sonographer can move the trans-
ducer slightly medially toward the sternum, while tilt-
ing toward the base of the heart and angling the top
of the transducer toward the patient’s right hip. This
results in a long-axis view of the RV outflow tract, the
pulmonic valve (PV), and the pulmonary artery (PA).
These views are not part of the basic CCE examination.

Clinical utility: Evaluation of TV/PV anatomy and
function and RA/RV anatomy; and colored/spectral
Doppler analysis (TV/PV regurgitation, cardiac pres-
sures, assessment for intracardiac shunt, and measure-
ment of shunt fraction).

Figure 7.3. Parasternal long-axis view of the tricuspid
valve inflow.

Parasternal Short-Axis Views
From the parasternal long-axis view, the transducer is
rotated 90◦ clockwise without angulation or tilting. This
results in cross-sectional views of the heart. While this
seems to be an easy assignment, the learner may be
frustrated by unintended migration of the transducer.
A good short-axis view follows from a good long-axis
view. It is important to concentrate on acquisition of
the “best” long-axis view before the transducer is ro-
tated. Rotation of the transducer may be achieved us-
ing a two-handed approach: Keeping the transducer
hand steady while rotating with the other hand will
give the best results. The transducer is rotated until
the short axis of the heart is obtained. The transducer
marker will be positioned at the 1–2 o’clock position,
facing the patients left shoulder. The cross-sectional
view obtained by rotation will depend upon the pre-
rotation parasternal long view and any unintentional
angulation. By angling the transducer along a right-
shoulder-to-left-hip axis, multiple tomographic views of
the heart may be obtained. By angling toward the base
of the heart, the aortic level (Figure 7.4, and Video 7.4
in enclosed DVD) comes into view. This short-axis view
results in a cross-section of the AV. Medial tilting shows
the TV, while lateral tilting and superior angling of the
transducer permits visualization of the PV and prox-
imal PA (Figure 7.5, and Video 7.5 in enclosed DVD).
Angling the transducer inferiorly results in a cross-
sectional view of the anterior and posterior leaflets of
the MV (Figure 7.6, and Video 7.6 in enclosed DVD).
Further inferior angulation of the transducer results in
a cross-section of the LV at the level of the anterolat-
eral and posteromedial papillary muscles (Figure 7.7,
and Video 7.7 in enclosed DVD). One should attempt to

Figure 7.4. Parasternal short-axis view of the aortic
valve.
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Figure 7.5. Parasternal short-axis view of the
pulmonary artery.

position the LV cavity in the center of the screen, which
may require moving or tilting the transducer.

Clinical utility: Assessment of EF, RV/LV wall thick-
ness, LV segmental wall function, and RV/LV chamber
size and function; evaluation of AV/TV/PV/MV anatomy
and function; and colored/spectral Doppler analysis
(AV/TV/PV/MV regurgitation, cardiac pressures, intra-
trial shunt).

The parasternal short-axis view at the midventric-
ular level is a standard view for basic CCE. It allows
assessment for pericardial effusion, LV/RV size and
function, and septal kinetics. For the basic CCE
echocardiographer, the pitfalls of this view include the
following:

1. Inaccurate assessment of LV configuration. The nor-
mal LV should be circular in short axis. An elliptical
appearance results from an off-axis view related to
a non-perpendicular tomographic plane. An off-axis

Figure 7.6. Parasternal short-axis view of the mitral
valve.

Figure 7.7. Parasternal short-axis view of the left
ventricle (basic CCE view).

view may result in inaccurate diagnosis of segmen-
tal wall contraction abnormality or septal flattening
(“D”-shaped heart). The supine position, ventilatory
support with lack of diaphragmatic movement, obe-
sity, and elevation of intraabdominal pressures may
all cause the heart to be rotated such that the long-
axis view tends to assume a more vertical position
on the screen in the critically ill. This results in an off-
axis view of the LV in the transverse scanning plane.
This cannot be corrected by transducer manipula-
tion. An alternative method of obtaining a short-axis
view of the LV is to use the subcostal approach.

2. Inability to visualize the RV free wall. Estimates of
RV size require visualization of the RV wall, which
may be difficult in the parasternal short-axis view of
the LV. The apical four-chamber and subcostal views
are superior for assessment of RV size and function.

Four-Chamber View and Variants
Apical Four-Chamber View
The transducer is placed at the anatomic apex of the
LV with the tomographic plane bisecting the ventricles
and atria (Figure 7.8, and Video 7.8 in enclosed DVD).
Patient position may have to be optimized. This may be
difficult in the critically ill patient, so an assessment of
the view before patient repositioning may be prudent.
The left lateral decubitus position is best. It may be
helpful to move the patient’s left arm away from the
chest wall. The transducer marker should be facing the
patient’s left shoulder at the 3–4 o’clock position. A
good starting position to place the transducer is just
lateral and inferior to the nipple. One may need to move
the transducer in different directions, i.e., up or down
or side to side, until an adequate window is found.
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Figure 7.8. Apical four-chamber view (basic CCE
view).

Clinical utility: Assessment of EF; measurement of
EF/stroke volume (SV) by Simpson’s method, LV/RV
wall thickness, LV segmental wall function, LV/RV
chamber size and function, and LA /RA size; evaluation
of MV/TV anatomy and function; and colored/spectral
Doppler analysis (MV/TV regurgitation/stenosis, car-
diac pressures, and diastolic function).

The parasternal apical four-chamber view is a stan-
dard view for basic CCE. It allows assessment of LV/RV
size and function, septal kinetics, and pericardial ef-
fusion. It is particularly important for identifying RV
enlargement by the RV/LV ratio method. For the basic
CCE echocardiographer, the pitfalls of this view include
the following:

1. Off-axis image. The apical four-chamber view is the
most difficult for the basic-level echocardiographer
to obtain. It is best achieved in a steep lateral de-
cubitus position, which is often not possible in the
critically ill patient. Lung may block the view, par-
ticularly if the patient is on ventilatory support,
and cycling of the ventilator may yield intermittent
imaging as well as translational artifact. The win-
dow may be small and the transducer manipulation
challenging in terms of angulation and tilting. The in-
experienced scanner may easily accept a view that
shows all four chambers but is off axis. This can re-
sult in the inaccurate assessment of LV/RV size and
function.

2. Inaccurate RV/LV size ratio. This ratio is a critical
parameter of basic CCE. Off-axis view, inability to vi-
sualize the RV free wall, and counterclockwise trans-
ducer rotation may result in underestimation of RV
size. In the latter case, counterclockwise rotation will
cause the RV to disappear completely. The subcostal

view is the best alternative approach in the case of
suboptimal image quality in the apical four-chamber
view position.

Apical Five-Chamber View
From the apical four-chamber view, the transducer is
angled anteriorly to obtain an image of the left ventric-
ular outflow tract and AV. This view is not usually part
of the basic CCE examination.

Clinical utility: Measurement of SV, determination of
preload sensitivity by dynamic indices (see Chapter
10), and colored/spectral Doppler analysis of the AV
and left ventricular outflow tract (LVOT).

Apical Two-Chamber View
From the apical four-chamber view position, the trans-
ducer is rotated counterclockwise 60◦ without move-
ment, angulation, or tilting to obtain a view of the LV
and LA (Figure 7.9, and Video 7.9 in enclosed DVD). This
view is not usually part of the basic CCE examination.

Clinical utility: Assessment of EF; measurement of
EF/SV by Simpson’s method, LV wall thickness, LV seg-
mental wall function, LV chamber size and function,
and LA size; evaluation of MV anatomy and function;
and colored/spectral Doppler analysis (MV regurgita-
tion/stenosis, cardiac pressures, and diastolic func-
tion).

Apical Three-Chamber View
From the apical two-chamber view, the transducer is
rotated counterclockwise 60◦ without movement, an-
gulation, or tilting to obtain a view of the LV, LA, and

Figure 7.9. Apical two-chamber view.
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Figure 7.10. Apical three-chamber view.

RV (Figure 7.10, and Video 7.10 in enclosed DVD). The
view is similar to the parasternal long-axis view. This
view is not usually part of the basic CCE examination.

Clinical utility: Assessment of EF; measurement of
SV; determination of preload sensitivity by dynamic
indices (see Chapter 10), LV wall thickness, LV seg-
mental wall function, LV chamber size and function,
and LA size; evaluation of MV anatomy and function;
and colored/spectral Doppler analysis (MV regurgita-
tion/stenosis, cardiac pressures, and diastolic func-
tion).

Subcostal Four-Chamber View
This view is best obtained with the patient lying supine.
The transducer is placed just below the xiphoid pro-
cess, pointing toward the left shoulder with the index
mark pointing to the left. This view requires the trans-
ducer to be held on its top surface, as some or most of
its bottom surface will be contacting the patient. This
yields a four-chamber view, with the tomographic plane
sectioning the heart from the right side through to the
left (Figure 7.11, and Video 7.11 in enclosed DVD).

Clinical utility: Assessment of EF; measurement of
LV/RV wall thickness, LV segmental wall function,
LV/RV chamber size and function, LA /RA size, and
intraatrial septal anatomy and function; evaluation of
MV/TV anatomy and function; and colored/spectral
Doppler analysis (TV regurgitation).

The subcostal view is a standard part of basic CCE.
It allows assessment of LV/RV size and function, sep-
tal kinetics, and pericardial effusion. It is particularly
important for identifying RV enlargement by RV/LV ra-
tio method. For the basic CCE echocardiographer, the
pitfalls of this view include the following:

Figure 7.11. Subcostal long-axis view (basic CCE
view).

Off-axis view: The subcostal view is often the best
quality view in the critically ill, particularly in patients
on mechanical ventilatory support who are hyperin-
flated. It is also the preferred view in cardiac arrest.
The examiner should scan perpendicular to the RV free
wall and adjust the view so as to obtain the largest RV
size.

Subcostal Short-Axis View
From the subcostal long axis, the transducer is rotated
counterclockwise 90◦ without movement, angulation,
or tilting to obtain a cross-section of the LV similar to
that obtained with the parasternal short-axis midven-
tricular view (Figure 7.12, and Video 7.12 in enclosed
DVD). The transducer is then angled medially to exam-
ine the AV. Slight counterclockwise rotation then yields
a long-axis view of the RV outflow tract, PV, and main

Figure 7.12. Subcostal short-axis view (basic CCE
view).
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Figure 7.13. Subcostal pulmonary artery view.

pulmonary artery to its bifurcation (Figure 7.13, and
Video 7.13 in enclosed DVD).

Clinical utility: Assessment of EF; measurement of
RV/LV wall thickness, LV segmental wall function,
and RV/LV chamber size and function; evaluation of
AV/TV/PV/MV anatomy and function and pulmonary
artery anatomy; and colored/spectral Doppler analy-
sis of AV/TV/PV/MV.

The subcostal view of the LV in short axis is a stan-
dard part of basic CCE. It allows assessment of LV/RV
size and function, septal kinetics, and pericardial effu-
sion. The pitfalls of this view include the following:

Off-axis view: The subcostal view is often the best
quality view in the critically ill, particularly in patients
on mechanical ventilatory support who are hyperin-
flated. It is also the preferred view in cardiac arrest.
The transducer should be orientated such that the LV
cavity is circular. An oval LV suggests an off-axis view.

Inferior Vena Cava (IVC) View
From the subcostal short-axis view, the transducer is
tilted inferiorly and angled medially to obtain a long-
axis view of the IVC (Figure 7.14, and Video 7.14 in en-
closed DVD).

Clinical utility: Determination of preload sensitiv-
ity, assessment of right atrial pressure, and spectral/
Doppler analysis of the hepatic veins.

The IVC view is a standard part of basic CCE. It allows
determination of preload sensitivity. The pitfalls of this
view include the following:

1. Misidentification of the aorta for the IVC. This can
be avoided by careful attention to angulation. The
aorta is to the left of the midline, while the IVC is to
the right of the midline.

Figure 7.14. Inferior vena cava view (basic CCE view).

2. Off-axis view: Determination of preload sensitivity
requires an accurate measurement of IVC diame-
ter. The scanning plane must be orientated along
the midline of the IVC and along its longitudinal
axis in order to assure accurate diameter measure-
ment.

3. Translational artifact: Preload sensitivity is deter-
mined by IVC diameter change when the patient is
on ventilatory support without spontaneous respi-
ratory effort. When the ventilator cycles, the liver
is displaced by diaphragmatic movement. This may
move the IVC out of the initial scanning plane, giving
the impression of diameter change that actually is a
translational artifact.

Suprasternal and
Supraclavicular Views
The transducer is placed in the suprasternal or supra-
clavicular area with the scanning plane directed toward
the heart and great vessels. The transducer may be ma-
nipulated in order to obtain the axis appropriate to the
study question. These views are not part of the basic
CCE examination.

Clinical utility: Evaluation of aorta anatomy and col-
ored/spectral Doppler analysis of aortic and superior
vena cava flow.

CONCLUSION
Competence in basic and advanced CCE requires skill
in image acquisition, as the frontline intensivist per-
sonally performs and interprets the echocardiogram
at the bedside of the critically ill patient. Proficiency at
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transducer manipulation is therefore a mandatory part
of proficiency in CCE. This Chapter reviews transducer

manipulation and serves as a guide for the intensivist
interested in developing skill at CCE.
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CHAPTER 8

Transesophageal Echocardiography:
Image Acquisition and Transducer

Manipulation
Pierre Kory and Paul H. Mayo

INTRODUCTION
The value of performing transesophageal echocardio-
graphy (TEE) in intensive care unit (ICU) patients is
well established. Although transthoracic echocardiog-
raphy (TTE) is an excellent diagnostic tool in the ICU,
TEE has superior diagnostic accuracy and therapeutic
impact in several clinical situations, particularly for pa-
tients in shock states.1−3 Several authors have demon-
strated that TEE findings lead to major therapeutic
decisions between 43% and 68% of the time.1,4−6 Trans-
esophageal echocardiography produces superior im-
age quality due to the position of the probe proximate
to the heart, allowing for the use of higher frequency
ultrasound with superior resolution of cardiac struc-
tures. Although improvements in imaging, software,
and portable systems have reduced the rates of inade-
quate image quality seen with TTE, there remain a sig-
nificant percentage of patients in the ICU whose image
quality with TTE is inadequate. Many factors can ac-
count for this including inadequate patient positioning,
lung hyperinflation, obesity, edema, and the presence
of chest devices, wounds, and dressings. Transthoracic
echocardiography results in adequate image quality in
approximately 55% of mechanically ventilated ICU pa-
tients, with the remaining 23% and 22% of studies being
of suboptimal and poor quality, respectively.3 In addi-
tion to overcoming poor image quality of TTE, TEE is
often necessary for the evaluation of specific diagnoses
in the ICU such as endocarditis, embolic sources, in-
tracardiac shunt, aortic dissection, and loculated peri-
cardial effusion. For hemodynamic assessment, TEE is
the only method to assess superior vena cava (SVC)
variation, a predictor of volume responsiveness.7 When
compared with helical computed tomography (CT),
TEE has similar sensitivity and specificity for suspected
central pulmonary embolism (PE) associated with right
ventricular dilatation.8,9

Many factors have combined to increase the use of
TEE in the ICU.10

1. The increasing use of ultrasound and echocardiog-
raphy in the ICU has made intensivist skills in these
modalities more prevalent.

2. The presence of ultrasound units dedicated to the
ICU has reduced the acquisition cost of TEE.

3. The perspective of TEE as a risky and invasive pro-
cedure requiring sedation with a risk of airway com-
promise is removed in mechanically ventilated and
sedated ICU patients. Transesophageal echocardio-
graphy in ICU patients has had consistently low com-
plication rates: 0% among three studies totaling 304
patients1,4,6 with two additional trials reporting rates
of 1.6% and 2.6%.2,5 The most common complica-
tion is sedative-induced hypotension requiring ad-
ditional vasopressor use.

4. Limited or goal-directed TEE examination is of sig-
nificant value, yielding important information in a
short period of time, with several authors reporting
exam times of <15 minutes.4,11

5. Skill in performance and interpretation of limited
TEE examination can be acquired by intensivists
after as few as eight to 10 supervised TEE exams
and one didactic session.4

In this chapter, an overview of the technical and per-
formance aspects of TEE including discussion of the
goal-directed TEE exam will be discussed.

PREPARATION AND PATIENT
SELECTION
Transesophageal echocardiography is a minimally in-
vasive and safe procedure with few but definite risks.12

Complications are rare, especially in the ICU (see
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above) and include esophageal abrasion, perforation,
and bleeding. These can be avoided by proper pa-
tient selection and by minimizing rotational move-
ment of the endoscope tip while under flexion (see
below Transducer Manipulation). Transesophageal
echocardiography is contraindicated in the setting
of esophageal varices, strictures, bleeding, recent
surgery, tumor, or diverticuli. It is mandatory that a
complete history be obtained that addresses the risk
of esophageal injury during TEE. If such conditions
are present, a barium swallow or endoscopic evalu-
ation of the esophagus is recommended prior to the
procedure.13,14 Risks associated with sedation such as
airway compromise and transient hypotension are sim-
ilar to those of other endoscopic procedures.

The TEE approach in the ICU is dependent on
whether the patient is already mechanically ventilated
and sedated. For such patients, the majority of prepara-
tory tasks have already been completed and the pro-
cedure avoids most of the risk, time, and materials
needed. In the following section, we describe our ap-
proach to two categories of patients in the ICU: the pa-
tient who is not on ventilatory support and the patient
who is endotracheally intubated and receiving mechan-
ical ventilation.

Nonintubated Patients
Patients are kept fasting for a period of six hours, intra-
venous access is established, and cardiac and oxygen
saturation monitoring is begun. An appropriate history
defining risks of esophageal injury and medication al-
lergies is obtained. Risks of the procedure are explained
and consent is obtained. The mouth is examined for
dentures, loose teeth, and lesions, and all hardware is
removed. Local anesthesia of the oropharynx is applied
by sprays, nebulizers, or direct “painting” of the pos-
terior tongue and throat with viscous lidocaine. A rare
complication of local anesthesia is methemoglobine-
mia.

Before esophageal intubation, the TEE probe is in-
spected for defects in the waterproof covering. Patients
are placed in a left lateral decubitus position, with the
head of the bed elevated 30◦ to prevent aspiration dur-
ing the procedure. Supplemental oxygen is provided.
The neck is gently flexed while the endoscope is in-
serted orally in the midline, keeping the face of the
transducer positioned anteriorly. With the probe at the
esophageal inlet, the patient is asked to swallow while
the operator simultaneously advances the probe. Ad-
vancement should continue unless resistance is met.
The probe is kept in neutral position during any ad-

vancement or withdrawal. Gagging often occurs until
the probe is advanced beyond the carina or >25 cm
beyond the teeth.13 The procedure is performed with
conscious sedation using appropriate doses of intra-
venous agents. Narcotic and/or sedative agents often
work well for this procedure.

Endotracheally Intubated Patients
Since mechanically ventilated patients have a secure
airway that facilitates intubation, they require much
less airway preparation. Our approach is to augment
intravenous sedation so that the patient is unconscious
during the TEE exam. Topical anesthesia is not re-
quired. In other respects, the assessment of patient risk
and monitoring is similar to that described for the un-
intubated patient.

In mechanically ventilated patients, we recommend
using a standard intubating laryngoscope to insert the
TEE probe into the esophagus under direct vision. If
resistance is met at any point during intubation or the
performance of the study, force should never be ap-
plied to advance the endoscope. Alternatively, the TEE
probe may be inserted “blindly.” This may be facilitated
by neck flexion, jaw thrust, and ensuring a midline in-
sertion while avoiding rotation of the probe.

Equipment
Modern TEE equipment utilizes a multicrystal, phased-
array transducer placed at the tip of a flexible endo-
scope. The probe can be advanced within the esopha-
gus, and positioned directly posterior to the heart, with
excellent resolution of cardiac structures.

Historically, TEE probes were equipped with a mono-
plane transducer that could provide only a single-plane
view of the heart. Typically, this was a transverse view
from behind the left atrium, similar to the TTE apical
four-chamber view but with the apex in the far field of
the TEE image. The development of multiplane probes
allows the transducer to be rotated or “spun” to any
position between 0◦ and 180◦. This provides multiple
views of the heart when combined with movements
of the endoscope such as advancement, turning, or
flexion.

An advantage of the proximity of the TEE probe to
the heart is that it enables the use of frequencies be-
tween 5 MHz and 7.5 MHz. This results in excellent res-
olution of posterior cardiac structures when compared
with TTE. However, anterior cardiac structures may re-
quire reduction of the ultrasound frequency for bet-
ter penetration, at the expense of reduced resolution.
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We typically start with 7.5 MHz frequency, and adjust
when needed to view structures that are further from
the transducer.

TRANSDUCER MANIPULATION
The American Society of Echocardiography (ASE) has
described 20 standard TEE views of the heart12 that are
obtained by operator manipulation of the probe. Each
view requires a specific position and orientation of the
transducer with respect to the heart, achieved through
the following maneuvers (see Figures 8.1–8.3):

1. Advancement/withdrawal of probe: accomplished
by changing the distance of the transducer from the
mouth (distances noted on shaft of endoscope).

2. Flexion of probe from the neutral position in four
directions: accomplished by rotation of the con-
trol knobs on the shaft of the endoscope. Move-
ment of the large knob results in anteflexion of the
probe face (pointing or facing of the probe in an
anterior/superior-directed view) or retroflexion of
the probe face (pointing or facing of the probe in
an inferior/posterior-directed view). Rotation of the

Turn to 
the Left

Turn to 
the Right

Withdraw

Advance

Rotate
Forward

Anterior Posterior Right Left

Anteflex Retroflex Flexion 
the Right

Flexion 
the Left

Rotate
Back

0°

180°

20°

Figure 8.1. Probe manipulation and view orientation.
Terminology used to describe manipulation of the
probe and transducer during image acquisition. (From
Ref. 12.)
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Figure 8.2. Probe manipulation and view orientation.
Conventions of image display followed in the
guidelines. Transducer location and the near field
(vertex) of the image sector are at the top of the
display screen and far field at the bottom.
(A) Image orientation at multiplane angle 0◦.
(B) Image orientation at multiplane angle 90◦.
(C) Image orientation at multiplane angle of 180◦. LA
indicates left atrium; LV, left ventricle; RV, right
ventricle. (From Ref. 12.)

small knob on the shaft of the endoscope results in
right and left flexion of the probe face.

3. Turning of the probe to the right or left side: accom-
plished by twisting the shaft in a counterclockwise
(left side of patient) or clockwise motion (right side
of patient).

4. Rotation: accomplished by changing the plane of ori-
entation of the crystal within the probe. This is a
confusing aspect of TEE for the beginner. If the oper-
ator is standing to the left of the patient and looking
down at the patient, the face of the transducer will
be facing anteriorly, i.e., toward the operator. The
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a. ME four chamber

e. TG two chamber

i ME AV LAX

m. ME RV inflow-outflow

q. desc aortic SAX r. desc aortic LAX s. UE aortic arch LAX t. UE aortic arch SAX

o. ME asc aortic SAX p. ME asc aortic LAXn. TG RV inflow

j. TG LAX k. deep TG LAX l. ME bicaval

f. TG basal SAX g. ME mitral commissural h. ME AV SAX

b. ME two chamber c. ME LAX d. TG mid SAX

Figure 8.3. Standard TEE views. 20 cross-sectional views composing the
recommended comprehensive transesophageal echocardiographic examination.
Approximate multiplane angle is indicated by the icon adjacent to each view. AV
indicates aortic valve; asc, ascending; desc, descending; LAX, long axis; ME,
midesophageal; RV, right ventricle; SAX, short axis; TG, transgastric; UE, upper
esophageal. (From Ref. 12.)

0◦ position represents the patient’s right side. Rota-
tion of the transducer occurs in a counterclockwise
fashion via an electronic switch that allows for 1◦

incremental changes. The exact orientation of the
transducer is represented by the angle indicator on
the screen with values between 0◦ and 180◦.

ORIENTATION OF TEE VIEWS
Knowledge of the standard TEE view orientation relies
on two main principles:

1. The ultrasound beam always originates from be-
hind or underneath the heart. The top or “apex” of

the screen always displays structures closest to the
esophagus, i.e., the atria and great vessels when the
endoscope is in a neutral position within the esoph-
agus, and the inferior wall of the heart when ante-
flexed from within the stomach. Structures in the far
field of the screen typically represent anterior struc-
tures. The one exception to this convention is the
deep gastric apical four-chamber view, which results
in the apex of the heart being projected at the top of
the screen.

2. The orientation is described by the degree rotation
of the ultrasound beam plane. For example, 0◦ per-
tains to the transverse plane, with the leftmost part
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of the screen pertaining to the rightmost part of
the patient (similar to the orientation of a chest x-
ray). Increasing the degree rotation corresponds to
a counterclockwise rotation of the scan plane; thus,
a 90◦ view results in a longitudinal view, with supe-
rior structures to the right of the screen and inferior
structures to the left of the screen.

Additionally, operators should be familiar with the
degree orientation of the four primary TEE views: (1)
0◦: transverse plane; (2) 45◦: short-axis view of aor-
tic valve; (3) 90◦: oblique, long-axis view; and (4) 135◦:
“true” long-axis view. These four primary views, when
combined with turning and flexion, can produce all 20
of the standard ASE views.

THE COMPLETE TEE EXAMINATION
The complete TEE exam as defined by the ASE con-
sists of 20 standard views (Figure 8.1). Attainment of all
views requires a significant time commitment. An alter-
native approach is to perform a goal-directed or limited
TEE that focuses on views that answer a specific clinical
question. Cardiology-trained echocardiographers gen-
erally perform a complete TEE examination with full
assessment of all cardiac structures for two reasons:
(1) to avoid missing a diagnosis and (2) to reduce the
necessity for a repeat examination. Time constraints of
the intensivist may make this approach difficult to ac-
complish. In addition, the ease of performance in an in-
tubated patient makes repeated examination straight-
forward. The intensivist may also identify very specific
indications for TEE that do not require a comprehen-
sive examination (e.g., determination of preload sensi-
tivity, identification of acute cor pulmonale pattern).

We support the value of goal-directed TEE in the crit-
ically ill. However, we often perform a complete TEE ex-
amination for two reasons: (1) to thoroughly assess for
relevant cardiac pathology and (2) to train ICU fellows
in the performance of a comprehensive TEE examina-
tion. This is an important goal for a teaching service.
Once an intensivist is fully trained in TEE examination,
goal-directed or limited examination can be performed
by this individual. In the following sections, we first de-
scribe the sequence and planes of view that make up
a complete TEE examination. This is followed by de-
scription of a goal-directed or limited examination.

TEE VIEWS
The sequence of TEE image acquisition varies be-
tween institution and practitioner. There is no “correct”

Figure 8.4. Aortic valve short axis view. With the AV
in the center of the image, the coaptation point of the
AV cusps can be clearly seen. Note the posteriorly
positioned LA, the right-sided RA with the RVOT
coursing anteriorly to the AV. AV indicates aortic
valve; LA, left atrium; RA, right atrium; RVOT, right
ventricular outflow tract.

sequence. However, common to the comprehensive
TEE examination is a need for a systematic approach to
image acquisition. We describe a specific sequence to
perform a comprehensive TEE examination. It results
in a stepwise anatomic evaluation of all cardiac struc-
tures. There are other sequences that provide identical
information. The important principle remains to per-
form the examination in the same way every time. For
documentation and review purposes, three cardiac cy-
cles are captured in a digital format for each view.

Aortic Valve (AV)
Aortic Valve Short-Axis View (Figure 8.4)
1. Transducer positioning: In neutral position, the

probe tip is advanced approximately 30–35 cm until
the AV appears in short axis, positioned in the center
of the screen. At the 0◦ position, the beam plane is
not a true short axis due to the tangential course of
the aorta as it leaves the heart. To achieve a “true”
short axis of the AV, the beam plane is rotated to ap-
proximately 30–45◦ so that a clear view of all three
aortic valve leaflets and commisures with a coapta-
tion point is seen (Video 8.1).

2. Diagnostic utility: Aortic valve morphology, aortic
stenosis, aortic regurgitation.

Aortic Valve Long-Axis View (Figure 8.5)
1. Transducer positioning: From the short axis, the

probe is rotated an additional 90◦ until the entire



94 Cardiac Sonography in the ICU

Figure 8.5. Aortic valve long axis view. The LVOT, AV,
and proximal aorta can be seen in continuity exiting
from the LV. Note the short-axis view of the RVOT
anterior to the aorta in this view. AV indicates aortic
valve; LV, left ventricle; LVOT, left ventricular outflow
tract; RVOT, right ventricular outflow tract.

course of the left ventricular outflow tract (LVOT),
AV, and the proximal ascending aorta are seen. A
slight turn to the right (clockwise turn of the trans-
ducer handle) is sometimes necessary to obtain the
image (Video 8.2).

2. Diagnostic utility: LVOT, AV, aortic root, ascending
aorta.

Left Atrium (LA), Left Atrial
Appendage (LAA), and Pulmonary
Veins (PV)
LAA and Left PV Views (Figure 8.6)
1. Transducer positioning: The transducer is returned

to the 0◦ position at the AV level, followed by a
leftward turning of the probe (endoscope handle is
turned counterclockwise), bringing into view the tri-
angular shape of the LAA with pectinate muscles
and the left superior pulmonary vein (anteflexion
is sometimes necessary for an optimal view). The
inferior pulmonary vein can then be seen by slight
advancement of the probe with retroflexion. Depth is
reduced to allow for clear examination of LAA con-
tents. A 90◦ rotation is then performed to further
examine the LAA and left PV (Video 8.3).

2. Diagnostic utility: LAA thrombi, LAA flow velocity,
PV inflow analysis.

Left Atrial View (Figure 8.7)
1. Transducer positioning: From the left PV view, a slow

clockwise turn of the endoscope handle allows for

Figure 8.6. Left atrial appendage view. The LAA can
be seen as a triangular structure upon leftward turning
of transducer from the LA. Note the LSPV entering
superior to the LAA. LA indicates left atrium; LAA, left
atrial appendage; LSPV, left superior pulmonary vein.

complete scanning of the LA as the probe is swept
across the left atrium. Slight advancement and with-
drawal is performed to fully inspect the inferior-
superior extent of the LA (Video 8.4).

2. Diagnostic utility: LA thrombus/mass.

Right PV View
1. Transducer positioning: Following LA examination,

slight withdrawal and continued clockwise turning
of the endoscope handle allows for visualization
of the right superior PV as it enters the LA. Slight
retroflexion will then bring the right inferior PV into
view.

2. Diagnostic utility: PV inflow analysis.

Figure 8.7. Left atrial view. At minimal depth,
excellent resolution of the entire contents of the LA
can be achieved. LA indicates left atrium.
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Figure 8.8. Bicaval view. The RA is positioned
centrally, the probe is rotated to 90◦, allowing for
visualization of the IVC and SVC entering the RA in
the same plane. The LA and atrial septum are also
well seen in this view. IVC indicates inferior vena cava;
LA, left atrium; RA, right atrium; SVC, superior vena
cava.

Superior Vena Cava (SVC), Inferior
Vena Cava (IVC), Right Atrium (RA),
Atrial Septum
SVC Views (Figure 8.8)
1. Transducer positioning: In the 0◦ plane starting from

the right PV view, counterclockwise turning of the
handle will bring the RA into view. Slight withdrawal
of the probe allows for a short-axis view of the SVC,
followed by a 90◦ rotation for the long-axis view of
the SVC (Video 8.5).

2. Diagnostic utility: SVC thrombus, SVC catheter posi-
tion, assessment of volume responsiveness.

Right Atrium Bicaval View (Figure 8.8)
1. Transducer positioning: Returning the transducer to

the 0◦ plane and advancing the probe slightly brings
the RA into view. 90◦ rotation produces the bicaval
view, showing the inferior vena cava and superior
vena cava entering the RA in one longitudinal plane.
Clockwise and counterclockwise turning of the han-
dle allows for full evaluation of atrial contents as
well as the atrial septum. Particular attention is paid
to the atrial septum in this view, in order to assess
for shunts, atrial septal defect (ASD), masses, or
thrombi.

2. Diagnostic utility : RA contents, patent foramen
ovale, atrial septal aneurysm, ASD, shunt assess-
ment using agitated saline injection.

Figure 8.9. Four-chamber view. With the apex in the
far field, all four cardiac chambers can be seen,
including both atrioventricular valves.

Left and Right Ventricles (LV, RV),
Mitral and Tricuspid Valves (MV, TV)
Four-Chamber View (Figure 8.9)
1. Transducer positioning: In the 0◦ plane, the probe

is advanced to the level of the mitral valve. Increas-
ing the depth allows for assessment of the four car-
diac chambers in a single plane, analogous to the
transthoracic apical four-chamber view. Minor rota-
tion adjustments and retroflexion may be required to
optimize the view of all chambers. In addition, MV
and TV anatomy are assessed (Video 8.6).

2. Diagnostic utility: RV and LV chamber size and func-
tion, anatomy and function of the TV and MV, infer-
oseptal and anterolateral LV wall contractility, MV
inflow, tissue Doppler of lateral annulus.

Two-Chamber View (Figure 8.10)
1. Transducer positioning: Rotating 90◦ brings the LA

and LV into a long-axis view (Video 8.7).

2. Diagnostic utility: LA and LV chamber size and func-
tion, anatomy and function of the MV, inferior and
anterior LV wall contractility, MV inflow analysis.

Three-Chamber View
1. Transducer position: Further rotation to approxi-

mately 120◦ results in a long-axis view of the LVOT,
along with a view of anteroseptal and inferolateral
walls.

2. Diagnostic utility: LVOT anatomy, AV anatomy and
function, anteroseptal/inferolateral LV wall contrac-
tility.



96 Cardiac Sonography in the ICU

Figure 8.10. Two-chamber view. At 90◦ rotation from
the four-chamber view, the LA and LV can be seen in
long axis, allowing for assessment of the LV anterior
and inferior walls. LA indicates left atrium; LV, left
ventricle.

Gastric Short-Axis Biventricular View
(Figure 8.11)
1. Transducer positioning: The probe is advanced in

the neutral position at 0◦ to approximately 40–45 cm
and anteflexed. This results in a short-axis view of
both ventricles that is similar to the TTE parasternal
short-axis midventricular view. By withdrawing the
probe slightly, a “fish mouth” view of the mitral valve
may be obtained. By advancing slightly, a view of the
papillary muscle level is obtained (Video 8.8).

2. Diagnostic utility: Circumferential analysis of LV seg-
mental wall contractility, RV size and function, septal
kinetics.

Figure 8.11. Gastric short axis view. Circumferential
view of the LV and RV is achieved. LV indicates left
ventricle; RV, right ventricle.

Figure 8.12. Deep gastric two-chamber view. The LA
and LV are seen with the apex in the near field of the
image. LA indicates left atrium; LV, left ventricle.

Gastric Long-Axis View
1. Transducer position: Rotation to 90◦ yields a long-

axis view of the LV.

2. Diagnostic Strengths: Inferior and anterior LV wall
contractility, MV anatomy and function.

Deep Gastric View (Figure 8.12)
1. Transducer positioning: Advancing the probe in neu-

tral position to approximately 45–50 cm with an-
teflexion positions the transducer at the LV apex.
Counterclockwise turning is often required to opti-
mize the view. Further anteflexion allows for a five-
chamber view, which includes the LVOT and AV
(Video 8.9).

2. Diagnostic utility: MV, TV, AV anatomy and function,
LV, RV size and function. LVOT outflow measure-
ments for quantitation of stroke volume, dynamic
indices of preload sensitivity.

Aorta and Pulmonary Artery (PA)
Aortic Views (Figure 8.13)
1. Transducer position: In neutral position, the probe is

turned counterclockwise with slight withdrawal un-
til the descending aorta is visualized in short axis.
Depth is decreased to an appropriate extent. Slow
withdrawal of the probe allows for complete visual-
ization of the descending aorta. Clockwise turning
of the probe beginning at the left subclavian allows
for examination of the aortic arch, followed by slight
advancement for evaluation of the ascending aorta.
Orthogonal views may be obtained during the “pull-
back” as indicated (Video 8.10).

2. Diagnostic utility: Aortic pathology.



Transesophageal Echocardiography: Image Acquisition and Transducer Manipulation 97

Figure 8.13. Descending aorta. Circumferential view
of the aortic wall can be seen in the near field. Note
the pleural effusion (PLEFF) and atelectatic lung (AL)
anterior to the aorta.

RV Outflow Tract (RVOT), Pulmonary Artery
View (Figure 8.14)
1. Transducer position: Starting at the AV level at 0◦,

the transducer orientation is increased to approxi-
mately 120–135◦ in order to visualize the RVOT, pul-
monic valve, and proximal PA. This is followed by
withdrawal of the probe while simultaneously de-
creasing the rotation angle down to 0◦. This maneu-
ver takes practice, as it requires simultaneous with-
drawal and rotation. This results in a view of the main
pulmonary artery and the proximal right PA and left
PA. Once the proximal right (RPA) and left (LPA) pul-

Figure 8.14. RVOT view. The RVOT can be seen
“wrapping around” the AV at the base of the heart.
Note the initial anterior position of the RVOT followed
by a posterior coursing just prior to the bifurcation of
the main PA (not seen in this image). AV indicates
aortic valve; PA, pulmonary artery; RVOT, right
ventricular outflow tract.

monary arteries are visualized, rotation to 90◦ com-
bined with clockwise and counterclockwise turning
allows for further visualization of these structures
(Video 8.11).

2. Diagnostic utility: Anatomy and function of the
RVOT, main PA, and proximal RPA/LPA.

PROBE CLEANING
The endoscope should be cleaned according to institu-
tional policy.

GOAL-DIRECTED TEE IN THE ICU
In some clinical situations, a comprehensive TEE ex-
amination is indicated. In critical care practice, it is
neither necessary nor practical to perform a compre-
hensive TEE examination in all patients. This is an im-
portant consideration when evaluating the acutely ill
patient with severe hemodynamic failure in a busy ICU
environment and when using TEE as a monitoring tool.
Vieillard-Baron et al. have described the use of serial
daily TEE examinations in sepsis with circulatory fail-
ure using a limited number of views for the purpose
of guiding volume resuscitation and inotrope/pressor
use.15

The number and sequence of views required for a
goal-directed TEE exam have not been standardized.
Benjamin et al. reported on the use of a monoplane
pediatric probe by surgical intensivists.4 Their pro-
tocol required four views with three quantitative as-
sessments. Exams were completed in 12 minutes, and
resulted in therapeutic changes in 52% of cases.
Vieillard-Baron et al. described three views with four
qualitative assessments.7 These qualitative assess-
ments were similar to results obtained quantitatively
in the same patient. These studies support the concept
of goal-directed echocardiography and help to define
what constitutes an adequate study.

Vieillard-Baron et al. have also reported on the train-
ing required to perform a moderately comprehensive
TEE (six views, and six quantitative and six qualita-
tive assessments). They compared the proficiency of
trainees with expert-level intensivists. Trainees who
performed 29 ± 10 TEE examinations over a six-month
period had marked improvement in proficiency, al-
though they still had not achieved expert-level skills.
After six months of training, trainees required 16 ± 5
minutes, compared with <10 minutes for expert-level
echocardiographers, to perform a moderately compre-
hensive TEE.8 On the basis of these studies and our
own experience, we use an approach that is similar
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TABLE 8.1. Goal-directed TEE examination

View Qualitative assessment Diagnostic utility
SVC long axis SVC respiratory variation (none, minor, major) Preload responsiveness
Esophageal four-chamber view at 0◦ LV function (normal, hyperdynamic,

moderately, severely depressed)
LV contractility

RV size (normal, moderately, severely
enlarged)

Acute cor pulmonale

Gastric short axis Septal shape and function
(normal, dyskinetic)

RV pressure overload

LV indicates left ventricular; RV, right ventricular; SVC, superior vena cava. Source: Modified from Vieillard-Baron et al. (Ref. 7)

to that of Vieillard-Baron et al. This is summarized in
Table 8.1.7 Vieillard-Baron has demonstrated that qual-
itative “eyeball” assessments are of similar accuracy to
quantitative assessments in practice.

CONCLUSION
Transesophageal echocardiography is very useful in
the ICU. It may be particularly useful in situations

where TTE image quality is suboptimal. The inten-
sivist may use TEE to perform a comprehensive ex-
amination similar to the approach used in cardiology.
This requires mastery of transducer manipulation, car-
diac anatomy, and knowledge of all standard views.
Alternatively, TEE may be used in a goal-directed
fashion for rapid assessment of hemodynamic fail-
ure and to guide ongoing therapy of the critically ill
patient.
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CHAPTER 9

Echocardiographic Assessment
of Left Ventricular Function

and Hydration Status
Balachundhar Subramaniam and Daniel Talmor

APPROACH TO HEMODYNAMIC
INSTABILITY IN THE INTENSIVE
CARE UNIT (ICU)
Hemodynamic instability (acute and chronic) is a com-
mon problem in critically ill patients. Prolonged hy-
potension may lead to organ ischemia, dysfunction,
and poor outcome.1 Conversely, rapid diagnosis and in-
tervention may prevent this deterioration and improve
outcome. Intensivists routinely look for common, im-
mediately treatable problems; however, clinical exam-
ination alone may be insufficient to make these imme-
diate therapeutic decisions. Clinical suspicion is the
key to building a differential diagnosis and to the intel-
ligent application of technology to aid in therapeutic
decision-making. Echocardiography is one such tech-
nology, which may make a critical difference in the
rapid diagnosis of both common and uncommon, but
important, causes of unstable hemodynamics. Used in
this way, echocardiography has been found to lead to
a change in therapy in at least in a quarter of critically
ill patients.2 The assessment of hemodynamics is com-
monly approached in terms of preload, afterload, and
contractility, all of which may be aided by echocardio-
logic exam.

When assessing the unstable critically ill patient us-
ing echocardiography, the major causes of hemody-
namic instability such as pulmonary embolism or peri-
cardial tamponade may be quickly and reliably ruled
out. This may be performed by experienced echocar-
diographers, intensivists, or emergency medicine
physicians trained in one of the abbreviated echocar-
diographic examination protocols, for example, the Fo-
cus Assessed Transthoracic Echocardiography (FATE)
protocol.3

Once major causes are ruled out, the next step in
the patient assessment is to assess left ventricular (LV)

volume status and function. The most important and
commonly used method of assessing LV global and fo-
cal wall motion is by a qualitative assessment over mul-
tiple views. This method is extremely effective, rapid,
and in agreement with nuclear scanning studies when
done by an experienced echocardiographer. The result
is both an assessment of regional wall motion and an
overall assessment of LV function usually expressed in
terms of an estimated ejection fraction (EF). Quantita-
tive techniques of ventricular assessment allow for a
more measurable and arguably less biased assessment
of the ventricle. These techniques have their advan-
tages and their limitations. It is incumbent upon the in-
tensivist echocardiographer to be familiar with these
advantages and limitations.

TRANSTHORACIC
ECHOCARDIOGRAPHY (TTE)
VS. TRANSESOPHAGEAL
ECHOCARDIOGRAPHY (TEE)
VS. HAND-HELD DEVICES
Transesophageal echocardiography is often consid-
ered superior to TTE in the ICU. Transthoracic echocar-
diography frequently provides poor image quality in
postoperative patients due to mechanical ventilation
(positive end-expiratory pressure [PEEP] >15 cm of
H2O), inability to position the patient, lack of patient co-
operation, chest wall edema and obstructed views due
to wound dressings, chest tubes, drains, and an open
chest or abdomen. In the critical care setting, TTE leads
to a successful exam in 50% of attempts,4,5 in contrast
to 90% with TEE.6 There are, however, challenges to
the routine performance of TEE in the ICU. The TEE ex-
amination requires additional time and expertise when
compared with the TTE exam. Insertion of the probe
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into the esophagus carries with it a risk of loss of the
airway. Additionally, TTE carries with it a small but real
risk, on the order of 0.01%, of significant complications
such as esophageal perforation.

Handheld portable devices are small, simple, and
convenient. They can provide a focused qualitative
assessment.7 Handheld devices can be valuable in
ultrasound-guided thoracentesis, paracentesis, and
central venous cannulation. Newer generations of
battery-powered devices are now available. The role
and utility of these devices in the assessment of the
hemodynamically unstable ICU patient is still evolving.

Regardless of what modality is used to perform the
exam, it is important that the exam be complete and
as comprehensive as the training of the practitioner al-
lows. If the initial exam is limited based on an ICU pro-
tocol and there is doubt as to the findings, the exam
should be followed up as soon as possible with a com-
prehensive exam by a more experienced practitioner.
A comprehensive exam is less likely to miss an unex-
pected diagnosis. With practice, a complete exam may
be performed in minutes. A reasonable strategy in per-
forming the exam is to first focus on the areas or struc-
tures of interest and as directed by the physical exam.
Once the immediate question is answered, this should
be followed by a complete examination. Items of inter-
est may then be reexamined in a more leisurely manner.
Guidelines exist that standardize the images captured
on both the TTE and TEE exams.8 These are important
in assuring that all structures are viewed from multiple
angles, allowing each individual structure to be com-
pletely and accurately assessed and documented as
needed. The standardized views also assure that no
structure is missed in the exam, and provide the com-
mon language that allows practitioners to communi-
cate their findings with each other.

LEFT VENTRICULAR FUNCTION
Assessment of left and right ventricular systolic and
diastolic function and their changes over time is quite
helpful in therapeutic decision-making for the unstable
critically ill patient. It is important to remember that
echocardiography, is largely a two-dimensional (2D)
way of looking at a 3D structure. A minimum of two or-
thogonal views should be performed for each structure
of interest before making a diagnostic or a therapeutic
decision. New or worsening wall-motion abnormalities
may indicate acute ischemia and a causative lesion. As-
sessment of global ventricular systolic function is also
important because many diseases of the critically ill,
and in particular sepsis, may lead to global rather than
focal ventricular dysfunction.

Ventricular systolic function depends on both
preload and afterload. Estimates of systolic function
should be performed under different loading con-
ditions to ascertain the true function. Once again,
this demonstrates the importance of obtaining se-
rial assessments rather than single snapshot views.
Pressure–area relationships are one way of determin-
ing left ventricular contractility independent of load-
ing conditions. Qualitative and semiquantitative mea-
sures used for assessing global LV systolic function
using echocardiography are EF, fractional shortening
(FS), fractional area change (FAC), Simpson’s method
of assessment of left ventricular function, mitral an-
nular motion, dP/dt using mitral regurgitant jet, and
segmental wall-motion abnormality assessment using
visual identification with a standardized 17-segment
model and strain rate imaging. Fractional shortening
and FAC are easily assessed with a transgastric mid-
papillary short-axis view of the LV. The most commonly
used methods are discussed first, followed by other
modalities.

QUALITATIVE ASSESSMENT OF LV
SYSTOLIC FUNCTION
To help interpret LV systolic function, several ques-
tions should be asked: (1) Is the ventricle adequately
filled? (2) Is the ventricle’s contractile function ad-
equate? (3) Is the ventricular contractility uniform
throughout the coronary artery distributions?

Visual Assessment with a Standard
17-Segment Model
In an effort to have a uniform nomenclature for the left
ventricular function derived from multiple assessment
modalities such as cardiac magnetic resonance imag-
ing (MRI), echocardiography, nuclear scanning, and an-
giography, the American Heart Association (AHA) pro-
duced a consensus statement suggesting that the LV be
divided into 17 different segments.9 The LV is divided
into basal, midcavity, and apical segments along the
long axis of the heart. Each segment is then further di-
vided into six in the basal, six in the midcavity, and four
in the apical segments, and an apical cap is included
as the 17th segment. The corresponding coronary ar-
terial distribution is shown in Figure 9.1. The left an-
terior descending coronary artery (LAD) supplies the
anterior wall of the heart and anterior two thirds of
the interventricular septum. The left circumflex artery
(LCx) supplies the lateral wall of the LV. The right coro-
nary artery (RCA) supplies the posterior third of the
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Figure 9.1. (A) Four-chamber view showing the coronary artery distribution and the corresponding LV
segments. The septal wall (anterior 1/3) is supplied by the Left Anterior descending artery (LAD); lateral wall is
supplied by the circumflex artery (Cx). (B) Two-chamber view showing the coronary artery distribution and
the corresponding left ventricular (LV) segments. The base, mid, and apical segments of anterior wall are
supplied by the left anterior descending artery (LAD) and the inferior wall is supplied by the right coronary
artery. (C) Oblique view of the left ventricle showing the anteroseptal and posterior segments. The base, mid,
and apex of the anteroseptal wall and posterior wall are supplied by the left anterior descending (LAD) and left
circumflex (Cx) artery, respectively. (D) Midpapillary short-axis view of the LV showing the three arterial
distribution and corresponding segments. This is the midpapillary transgastric short-axis view of the LV
showing the LAD supplying the midanterior and anteroseptal segments, Cx supplying midlateral and posterior
segments of the lateral wall, and RCA supplying midseptal and inferior segments of the LV. Cx indicates left
circumflex coronary artery; LAD, left anterior descending artery; LV, left ventricle; RCA, right coronary artery.
(Reproduced with permission from Dr. Martin London’s Web site. www.ucsf.edu/teeecho)

interventricular septum and inferior wall of the LV. A
semiquantitative assessment can be performed using
a wall-motion score or index. The left ventricular con-
tractility is dependent on movement of the base to-
ward the apex, thickening of the wall segments, and
a spiral squeeze or rotational movement of the LV.
Thickening of the wall segments and the endocardial
excursion of the LV segment are important to assess
the wall motion. The wall-motion score is described
here:

1. Normal (>30% endocardial excursion and >50% wall
thickening)

2. Mild hypokinesis (10–30% endocardial excursion
and 30–50% wall thickening)

3. Severe hypokinesis (<20% endocardial excursion
and <30% wall thickening)

4. Akinesis (no endocardial excursion and <10% wall
thickening)

5. Dyskinesis (moves paradoxically during systole)

www.ucsf.edu/teeecho
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The wall-motion score index is defined as the wall-
motion score/number of segments. This is a subjec-
tive assessment and does not have a true linear rela-
tionship. A stunned myocardium without a perfusion
defect can exhibit wall-motion abnormality. Multiple
views must be obtained to truly define the degree of
LV impairment and the arterial distribution involved.
Endocardial excursion alone may be due to tethered
myocardium, and a change in wall thickness is a pre-
cise indicator of ischemia.10 The reproducibility of wall
thickening measurements was evaluated, which led to
the following conclusions: (1) it is difficult to obtain
consistent data on wall thickening in the longitudinal

plane; (2) multiple measurements are necessary to re-
duce variability; and (3) it is necessary to ensure that
borders, locations, and angles are carefully defined.11

Ejection Fraction
Stroke volume is obtained by calculating the difference
between the end-diastolic volume and end-systolic vol-
ume. Ejection fraction is defined as stroke volume di-
vided by the end-diastolic volume. The American So-
ciety of Echocardiography recommends the modified
Simpson’s method (Figure 9.2). This method calcu-
lates EF in two planes and averages them. When using

A B

C D

Figure 9.2. Simpson’s method of left ventricular ejection fraction assessment. (A) Midesophageal
four-chamber end-diastolic frame: LV at end-diastole frame is frozen. The endocardial border is traced out to get
the end-diastolic dimension. (B) Midesophageal four-chamber end-systolic frame: the LV frame at end-systole is
frozen. The endocardial border is tracked in the machine. (C) Midesophageal oblique two-chamber end-
diastolic frame: the LV frame at end-diastole is frozen in this oblique view, adding another dimension to the
previous measurements. The endocardial border is tracked in the machine. (D) Midesophageal oblique
two-chamber end-systolic frame: the LV frame at end-systole is frozen. The endocardial border is tracked in the
machine in this two-chamber view, giving an added dimension to the previous calculation.
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Figure 9.3. (A) Stroke volume measurement: calculation of LVOT diameter; decreasing the depth gives an
enlarged view of the LVOT. This minimizes error in calculating the LVOT measurements. (B) Calculation of stroke
volume: VTI measurement across LVOT. The LVOT is aligned parallel to the Doppler (in this TEE view, it is deep
transgastric view); a pulsed-wave Doppler is placed at the same spot as the LVOT measurement to obtain a clean
envelope. This is traced to calculate the VTI measurement. LVOT indicates left ventricular outflow tract; TEE,
transesophageal echocardiography; VTI, velocity time integral.

TEE, the midesophagus, the four-chamber, and two-
chamber planes can be used for this purpose. However,
this method has some limitations. Endocardial borders
need to be well visualized to trace them out. Mitral
annular calcifications commonly interfere with border
detection. Lateral wall dropouts can occur in the four-
chamber view, as the ultrasound beam is parallel to
the lateral wall. The trabeculations in the LV can also
interfere with border detection. In those situations, a
contrast solution can be used to improve detection of
the borders. The LV apex is frequently foreshortened.
More commonly, the EF is estimated by the experienced
echocardiographer without formal measurement, and
this has been shown to have excellent correlation with
formal measurements.12

QUANTITATIVE ASSESSMENT OF LV
SYSTOLIC FUNCTION WITH
ECHOCARDIOGRAPHY

Calculation of Cardiac Output
A pulmonary artery catheter can be used to measure
cardiac output in the ICU. However, with the current
evidence not favoring this modality, echocardiography
has a critical

Cardiac output = Heart rate × stroke volume

role in assessing cardiac output in the ICU. Both the
right and left ventricular cardiac outputs can be mea-
sured using echocardiography (Figure 9.3). Left ven-
tricular cardiac output measurement is reproducible
and accurate.

LVOT area = (LVOT radius)2 × 3.14
(LVOT is assumed as a circle and the area of circle
is πr2)

Heart rate can be measured using the electrocardio-
gram or from one velocity-time integral (VTI) to an-
other VTI. This is automatically stored in the echo ma-
chine. Stroke volume is a product of left ventricular
outflow tract (LVOT) area and left ventricular aortic
valve systolic ejection VTI. When blood is ejected from
the LV into the cylindrical aorta, the stroke volume is
calculated from the height of this blood column, which
is the VTI. The base of this cylindrical output is formed
by the LVOT, and LVOT area can be easily calculated.
The height of the cylinder is provided by VTI traced
with a pulsed-wave Doppler (PWD) assessing the flow
at the LVOT through a deep transgastric aortic valve
view or transgastric aortic valve long-axis view. Trac-
ing this PWD wave from the LVOT will provide the LVOT
VTI. The assumption made here is that the area mea-
sured for the calculation of stroke volume is constant
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during systole. A small error in radius measurements
at LVOT will amplify the error because it is squared. To
minimize this error, the depth of the image should be re-
duced and LVOT amplified. The next assumption is that
flow across the LVOT is laminar. The validity of this as-
sumption is demonstrated by the narrow velocity band
and smooth spectral signal on pulsed Doppler record-
ings. The flat velocity profile is confirmed by moving
the sample volume across the flowstream in two or-
thogonal views to demonstrate uniform velocities at
the center and at the edges of the flowstream. Impor-
tantly, the Doppler beam angle should be parallel to the
flow or within 20◦. The Doppler signal is recorded at a
parallel intercept angle to flow, resulting in an accurate
measurement of velocity (Cos 0 = 1). It is important to
remember that for Doppler measurements the angle of
interrogation should be parallel to flow, while for the
2D or M-mode measurements the interrogating beam
should be perpendicular to the structure of interest.
The LVOT diameter and the PWD should be evaluated
from the same anatomic site to assure that spatial and
temporal relationships of interrogating pulsed-wave
Doppler are maintained. This error can be minimized
by choosing the area proximal to the aortic valve as
the point of interest and used as a routine method of
measurement. Since there can be dynamic changes in
heart rate, the measurements should be performed at
the same time and all measures should be repeated
when evaluating cardiac output at a different point of
time.

Stroke Volume Measurements
With TEE, it is common to utilize LVOT as the pri-
mary site, followed by the main pulmonary artery and
the right ventricular outflow tract (RVOT). With TTE,
stroke volume can be measured at the aortic valve
leaflet tips or in the ascending aorta. Ascending aor-
tic diameter is measured from a parasternal long-axis
view, and flow from the suprasternal notch or the apical
TTE view. Transmitral stroke volume can be measured
as well with the pulsed Doppler at the mitral leaflet tips.
Because of the complex mitral valve geometry and in-
creasing assumptions, it is uncommon to use this site
as a routine for cardiac output evaluation. In the right
side of the heart, the tricuspid valve or pulmonary
artery can be used to measure stroke volume. Right
ventricular cardiac output is possible to measure and
the pulmonary valve output can be measured just as
described for the LV (Figure 9.4[A]). However, the main
pulmonary artery diameter measurements are not al-
ways fixed and vary depending upon the view. Also, it
is not always possible to achieve the right ventricular

output flow parallel to the Doppler beam of interroga-
tion (Figure 9.4[B]).

SEMIQUANTITATIVE METHODS

Fractional Shortening
This is a one-dimensional measurement of left ven-
tricular global systolic function (Figure 9.5).13 M-mode
across the left ventricular midpapillary axis is ob-
tained. A freeze-frame analysis of this M-mode is used
to calculate fractional shortening. Ventricular internal
dimensions are measured from the leading edge to the
leading edge of interest. A fractional shortening is =

(Left ventricular internal diameter in diastole −
Left ventricular internal diameter in systole)/ × 100
Left ventricular internal diameter in diastole.

Normal >25% (Figure 9.5)

The advantage of this method is that it is quick and
fairly reproducible. The M-mode provides a very high
time resolution and delineates the endocardial borders
well. This is a basic, crude estimate of left ventricular
global systolic function, with the normal range being
25–45%. However, this method could easily be prone
to error if focal wall-motion abnormalities exist. An
oblique cut of the one-dimensional plane can lead to
errors in length measurements. It is important to keep
in mind these caveats and the potential overestimation
or underestimation of this measurement. Adding an-
other dimension to this semiquantitative method may
improve the evaluation of global function.

Fractional Area Change
This is a 2D measure of left ventricular systolic func-
tion (Figure 9.6). One of the prerequisites for obtaining
these values is to have adequate endocardial border
definition. Detection of the endocardium throughout
the entire view can be time consuming, especially if the
borders are not well visualized. Fractional area change
can be used to quantify EF.14

FAC % = (LVEDA-LVESA)/LVEDA × 100%,

Where LVEDA is left ventricular end-diastolic area,
LVESA is left ventricular end-systolic area

Normal >50–75% (Fig. 6a and Fig. 6b)

This measure is heavily dependent on afterload and
slightly dependent on preload. A midpapillary, trans-
gastric short-axis view to calculate FAC has demon-
strated close correlation to radionuclide angiography
and scintigraphy.15,16
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Figure 9.4. (A) Stroke volume measurement sites: pulmonary artery from the aortic arch view; in this TEE view,
the probe is placed in the aortic arch and rotated 20–40◦. The main pulmonary artery appears on the left and
aligns parallel to the pulsed-wave Doppler interrogation. (B) Stroke volume measurement sites: pulmonary artery
from the midesophageal inflow–outflow view; in this right ventricular view, one can appreciate that the pulmonary
artery is not aligned parallel to the pulsed-wave Doppler interrogation. This can lead to error in measurements, as
explained in the text. TEE indicates transesophageal echocardiography.

Systolic Index of Contractility
(dP/dt):
While ejection phase indices of LV performance are
easy to obtain, the load dependency of these units
may confound the accurate assessment of true ven-
tricular performance. The rate of pressure increase
during the isovolumic contraction phase, dP/dt (max)
is sensitive to changes in contractility,17 insensitive
to changes in afterload and wall motion abnormali-
ties, and only mildly affected by changes in preload.
Continuous-wave Doppler is used to determine the ve-
locity of the mitral regurgitation jet. Using this jet,
the time taken to reach 3 m/sec from 1 m/sec is
measured. Applying the simplified Bernoulli equation,
[pressure = 4 × (Velocity)2], contractility index is ex-
pressed as

dP/dt = 32/�t (Figure 9.7)

The time for the mitral regurgitant jet to reach a ve-
locity of 3 m/sec from 1 m/sec is estimated. If the left
ventricular function is well preserved, this time will
be much shorter compared with that of a poorly func-
tioning ventricle. At 3 m/sec, applying the simplified
Bernoulli equation, the pressure is 4(3)2, which is 36
mm Hg. At 1 m/sec, the pressure is 4(1)2, which is 4 mm
Hg. The pressure difference is 32 mm Hg. When 32 mm
Hg is divided by the time taken to reach from 1 m/sec, 3
m/sec dP/dt is obtained. A value of >1200 mm Hg/sec,
or a time of <27 m/sec, is considered normal and <1000
mm Hg/sec, or a time of >32 m/sec, is considered ab-
normal. The two caveats to these measurements are
that one has to have a mitral regurgitant jet and there
is no scale for the intermediate LV contractile states.

Tissue Doppler Imaging
This parameter provides quantitative measurement
of global and segmental LV function. Mitral annular
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Figure 9.5. Fractional shortening across LV: when an
M-mode is sent across the PLAX view of the LV by TTE
or midpapillary transgastric short-axis view of the LV,
a high-resolution time frame is obtained. When this
frame is frozen, end-diastolic and end-systolic lengths
can be measured and lead to fractional shortening
measurements. EDD indicates end-diastolic diameter;
ESD, end-systolic diameter; FS, fractional shortening;
LV, left ventricle; PLAX, parasternal long-axis view;
TTE, transthoracic echocardiography.

descent as detected by tissue Doppler provides a global
estimate of left ventricular contractile function.18 My-
ocardial tissue velocity is measured at septal, lateral,
inferior, anterior, posterior, and anteroseptal mitral an-
nulus. An equation was derived to predict EF from the
average peak mitral annular descent velocity derived
from the aforementioned sites.

Figure 9.7. dP/dt measurement across mitral valve
with a mitral regurgitant jet: presence of mitral
regurgitant jet is necessary to calculate this
measurement. A continuous-wave Doppler across the
mitral valve gives the mitral regurgitant jet envelope.
This frame is frozen and the points at 1 m/sec and
3 m/sec of the upstroke are marked. The distance
between the two points in terms of time will give
the dT.

LVEF = 8.2 × (average peak mitral annular
velocity) + 3%

This measure has the potential to evaluate global
LV function in cases where endocardial border def-
inition is suboptimal for tracing. Myocardial veloc-
ity imaging does not have the ability to differentiate
tethered myocardial movement or translational move-
ment from true movements. These parameters can be

A B

Figure 9.6. (A) Fractional area calculation: end-diastole frame. Midpapillary short-axis view of the LV is frozen at
the end of diastole. The endocardial border is traced, which gives the end-diastolic area an extra dimension, unlike
fractional shortening. (B) Fractional area calculation: end-systole frame. Midpapillary short-axis view of the LV is
frozen at the end of systole. The endocardial border is traced. LV indicates left ventricle.
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obtained from segmental strain imaging patterns. As of
now, they are being vigorously pursued as a research
tool.

UNCOMMONLY USED TOOLS

Pressure-Volume (P-V) Loops
The slopes of P-V loops indicate load-independent, true
contractile states. With recent advances in technology,
continuous measurement of LV area as a surrogate for
LV volume is possible. Preload affects ventricular func-
tion and this is understood from the P-V loops, where
the pressure is represented on the y-axis and volume
on the x-axis. An increase in left ventricular systolic
function will shift this loop up and to the left, while a de-
crease in the left ventricular systolic function will shift
this loop down and to the right. When the end-systolic
pressure points are connected between the different
loops, an end-systolic P-V relationship is obtained in
the form of a straight line. This is also known as elas-
tance. This measure of left ventricular systolic function
is insensitive to changes in loading conditions. This is
rarely possible in the busy ICUs, as there is not only lack
of time but also a fear of altering loading conditions in a
sick patient. The clinical evaluation is performed with
the other methods described in this chapter.

Wall Stress and Left Ventricular Mass
Wall stress is the force per unit area exerted on the
myocardium. This is dependent on cavity dimensions,
pressure, and wall thickness. Wall stress is described
as circumferential, meridional, or radial in three di-
mensions. End-systolic calculations of circumferential
and meridional wall stress are used. Multiplying the
myocardial volume and the specific density of car-
diac muscle provides a derivation of left ventricular
mass. Echocardiographic assessment of end-systolic
elastance can be assessed by systolic velocity accel-
eration in the LVOT19 and systolic strain rate.20 My-
ocardial performance index (MPI), obtained by divid-
ing the sum of isovolumic contraction and relaxation
with ejection time is another contractility measure.21

The clinical utility of MPI is controversial.

NEWER MODALITIES

Tissue Doppler, Strain Rate,
and Strain
Doppler tissue imaging (DTI) and speckle-tracking
imaging (STI) are recently developed and important
methods for measuring regional myocardial function.

Tissue velocity signals are of low velocity, and by elim-
inating the wall filter and using low-gain amplification it
is possible to display myocardial tissue velocity. A PWD
at a specific place in the myocardium, a color map, or an
arbitrarily oriented M-mode can be utilized to display
the myocardial tissue velocity. The common pitfalls
with DTI are: (1) it can only measure the component
of motion parallel to the ultrasound beam; (2) trans-
lational movements cannot be differentiated; and (3)
motion due to tethering of adjacent, normally contract-
ing segments cannot be differentiated. Myocardial peak
velocity, strain rate, and strain can identify regional
myocardial dysfunction at rest and during stress.22−24

When there are confusing wall-motion abnormalities
with the standard assessments, these techniques can
be utilized to confirm the findings. Strain and strain
rate measure deformation occurring in the direction of
the ultrasound scan line. It is very sensitive to trans-
ducer orientation, more so, than to Doppler angular
dependence. Speckle-tracking imaging was recently in-
troduced to avoid this angle dependence. This modal-
ity measures deformation in two dimensions. It gives
an accurate display of tissue velocity, strain rate, and
strain. Regional function at rest,25 at stress,26 during
acute ischemia,27 and for viability detection28 are suit-
able clinical scenarios to utilize strain and strain rate
assessment by either DTI or STI. The combination of
3D speckle-tracking with 3D imaging could be an ex-
tremely powerful tool for local and global LV function
evaluation.29

Endocardial border definition is extremely impor-
tant to assess LV function. In some patients with dif-
ferent conditions such as obesity or emphysema, it is
often difficult to define the endocardial borders. Con-
trast echocardiography30 plays an important role in
such patients. Acoustic quantification31 differentiates
the tissue from blood and automatically outlines the
endocardial border. Color kinesis extends this princi-
ple by tracking the endocardial border beat-to-beat and
provides quantification of LV function.32 They are use-
ful to follow the trend, and the absolute values still
have to be calibrated. It is important to note that in the
presence of ventricular aneurysms or other asymmet-
ric abnormalities these modalities may fail and the use
of 3D echo may improve the assessment of LV function.

ASSESSMENT OF DIASTOLIC
FUNCTION
The ability of the LV to fill at a lower pressure to
prevent pulmonary venous congestion and pulmonary
edema is equally important to its systolic performance.
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Figure 9.8. Transmitral filling: LV diastolic function
assessment: pulsed-wave Doppler at the tip of mitral
leaflets. A wave indicates atrial contraction; A Dur,
atrial wave duration; DT, deceleration time; E wave,
early passive filling; LV, left ventricle; MV, mitral valve.

Transmitral filling, pulmonary venous flow pattern, and
lateral mitral annular velocities are used in combina-
tion to assess the presence and degree of diastolic dys-
function.

Transmitral LV filling
A PWD is placed at the mitral leaflet tips and the early
passive filling (E) velocity and late atrial contraction
(A) velocities are obtained (Figure 9.8). In normal LV,
E velocity is usually higher than A velocity. With LV
hypertrophy, aging, the E/A ratio falls <1 and is re-
ferred to as impaired relaxation. E wave acceleration
is proportional to left atrial pressure divided by τ, the
exponential time constant of isovolumic LV pressure
fall. To preserve stroke volume, in patients with pro-
gressive diastolic dysfunction there is progressive left
atrial pressure increase reversing the impaired relax-
ation pattern to a pseudonormal pattern.33 At severe LV
dysfunction, filling occurs for a short time with extreme
rise in left atrium (LA) pressure with a classic fall in
deceleration time and a high E/A ratio.34 These param-
eters are preload dependent, and certain maneuvers
such as valsalva can help to differentiate a pseudonor-
mal pattern from progressive LV diastolic dysfunction.
This assessment alone cannot differentiate all the pat-
terns of diastolic dysfunction and may also miss the
diagnosis in some cases.

Pulmonary Venous Flow PWD
This is a helpful adjunct to transmitral filling as-
sessment to diagnose diastolic dysfunction.35 A PWD
placed just distal to the pulmonary venous entry into
the left atrium obtains a systolic (S) wave, diastolic

(D) wave, and atrial (A) wave. The size and mor-
phology of the atrial reversal wave that occurs with
atrial contraction is probably the most useful.36 The
difference between the duration of transmitral and
pulmonary venous A waves is predictive of LV end-
diastolic pressure.36

Color M-Mode Flow Propagation
Velocity (Vp)
This parameter is obtained by placing a colored-
Doppler box in the LV inflow followed by an M-mode
across this box. A spatiotemporal map of flow propa-
gating across the mitral valve in diastole is related to
LV relaxation and known as Vp (Figure 9.9).37 Shifting
the color baseline to 30–40% of the maximal transmitral
velocity and measuring the slope of the red–blue transi-
tion is usually helpful to calculate Vp. A Vp <45 cm/sec
is predictive of diastolic dysfunction. Unlike transmi-
tral filling, it is not prone to pseudonormalization.38

The major criticism for this assessment is its low re-
producibility. A combination of transmitral filling and
pulmonary venous PWD is sometimes equivocal in the
diagnosis of diastolic dysfunction. Additional criterion,
such as E′ and A′ obtained by DTI at the lateral mitral

Figure 9.9. Vp of LV to assess diastolic function: an
M-mode colored Doppler across the LV filling will
yield a color flow map, as depicted. The downslope
from the baseline is measured at 4 cm. The slope of
this line will yield Vp. LV indicates left ventricle; Vp,
flow propagation velocity.
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annulus and Vp can help differentiate the degree of di-
astolic dysfunction.39 Apart from the qualitative evalu-
ation of LV diastolic dysfunction as described above,
several quantitative estimates of diastolic function
such as relaxation, compliance, filling pressure, and
diastolic suction (intraventricular pressure gradient)
have been described.

ASSESSMENT OF LEFT
VENTRICULAR FILLING PRESSURE
A pulmonary artery catheter may be used to assess the
left ventricular filling pressures. Pulmonary artery oc-
clusion pressure in the absence of any distal obstruc-
tion is equivalent to the left ventricular end-diastolic
pressure. This is reflective of left ventricular end-
diastolic volume and thereby the preload. However,
one can assume that this is possible in a compliant LV.
With increasing age or hypertension, it is not uncom-
mon to have left ventricular hypertrophy and reduced
LV compliance, which leads to altered pressure-volume
relationships. It is possible to predict the left ventricu-
lar end-diastolic pressures based on the relationship
between early passive transmitral fillings of the LV
(E velocity) to the corresponding lateral mitral annulus
displacement (E’ velocity). The decrease in E’ velocity
is of a larger magnitude compared with the E velocity
reductions due to a noncompliant ventricle. If this ratio
is >15, it is indicative of left ventricular end-diastolic
pressure (LVEDP) >15. If the ratio is <8, it is indicative
of LVEDP <15. The intermediate numbers are more diffi-
cult to interpret. E’ velocity < 5 cm/sec is characteristic
of a poorly compliant ventricle.

SEMIQUANTITATIVE LV VOLUME
ASSESSMENT
In spite of years of controversy, pulmonary artery
catheters are commonly used to assess left ventric-
ular volume using pressure measurements. However,
this relationship between filling pressures and filling
volumes may not be accurate in any particular patient,
and especially in the ventilated patient. A number of
methods have been proposed to assess left ventricular
volume and pressures using echocardiography. These
are used both for one-time assessments and for moni-
toring the response to fluid challenges. The LV is sym-
metric, with two relatively equal short axes and with
long axis running from the base to the apex. The apex
is slightly rounded in the long-axis view and the apical
half of the LV resembles a hemi-ellipse. The basal half
of the LV is cylindrical, leading to a circular-looking LV
in short-axis views. Calculating left ventricular volume

is fraught with danger of assumption of these shapes in
M-mode or two-dimensional views. This caveat should
be remembered while assessing the normal to abnor-
mally shaped ventricles with these parameters.

Left ventricular end-diastolic volume (LVEDV), left
ventricular end diastolic area (LVEDA),40 superior vena
cava (SVC) collapsibility,41,42 inferior vena cava (IVC)
size, and fluid responsiveness43 have all been used for
preload assessment. The criteria for diagnosing hypo-
volemia include an end-diastolic diameter less than
25 mm, systolic obliteration of the LV cavity, and a LV
end-diastolic area of less than 55 cm2.44 These mea-
sures are easily obtained from the transgastric, mid-
papillary short-axis view (TG, SAX) (Figure 9.6).

Preexisting cardiac disease or poor compliance of
the LV will alter the P-V relationships in specific pa-
tients, and optimal LVEDA may be even greater than
normal. This highlights the usefulness of following
trends coupled with stroke volume measurements for
a given LVEDA. Rather than basing decision-making on
single measurements, serial LVEDV measurements are
ideal, but are time consuming and may be difficult to
implement in real-time practice. Left ventricular end-
diastolic area measurements have been validated to
track fluid status changes, and are calculated from trac-
ings of still frames of LV at end-diastole in the aforemen-
tioned view. This process can be simplified by using
automated acoustic quantification border detection
systems.45 End-systolic and end-diastolic volumes
should be inspected, and over time can track changes
in the volume status. End-systolic cavity obliteration,
or “kissing papillary muscle sign,” is a useful sign of hy-
povolemia. This is a very sensitive predictor of reduc-
tions in the end-systolic area (100%) but the specificity
for predicting a reduction in preload is low (30%).46

Tissue Doppler imaging of mitral annulus (E’) com-
bined with transmitral E wave inflow pattern can pre-
dict left ventricular mean diastolic pressures. The E/E’,
when <8, is indicative of a compliant ventricle, and
when >15, is indicative of a ventricle with high mean
filling pressures and poor compliance.47 Intermediate
ratios should be evaluated using additional parameters
such as pulmonary venous inflow and mitral inflow de-
celeration time.47

RECENT TECHNOLOGIES

Three-Dimensional (3D) Assessment
of Left Ventricular Function
and Volume
Reconstruction of real-time images can provide 3D im-
age of the LV. When reconstruction is performed, a
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series of 2D images are obtained at a standard of 3◦ or
5◦ with a stationary transducer. The number of planes
and the quality of 2D images will determine the quality
of 3D image. Development of the matrix-array trans-
ducer has led to acquisition of images from many lines
of sight simultaneously to reconstruct a volume of ul-
trasound data in real time. They are still insufficient to
display the entire adult LV. To obtain the entire LV, a
series of component volumes of the heart are obtained
over consecutive cardiac cycles and then integrated to
obtain a larger volume.

Left ventricular volume and function can be calcu-
lated from the 3D approach and is a more accurate
representation. The 3D approach compares favorably
with MRI, and is accurate with less interobserver
variability.22,48 This is understandable, as unlike M-

mode or 2D, there are fewer assumptions made. Be-
cause the volume estimation is more accurate, changes
in volume estimates with systole will also be accurate
and result in a reliable estimation of LVEF. There are
some limitations with this approach. Line-density in a
3D volume is much lower than in a 2D image, and more
interpolation is often necessary. When the acquisition
is from a fixed transducer position alignment with vari-
ous structures, it is often not ideal and results in a poor
image.29 Movement of the heart with breathing and ar-
rhythmias can often result in image artifacts. With a
progressive reduction in analysis time and the avail-
ability of improved technology, 3D is likely to become
the preferred method for assessing LV volume and func-
tion in critically ill patients in the future.

References
1. Rivers E, Nguyen B, Havstad S, et al. Early goal-directed

therapy in the treatment of severe sepsis and septic
shock. N Engl J Med. 2001;345:1368–1377.

2. McLean AS. Transoesophageal echocardiography in the
intensive care unit. Anaesth Intensive Care. 1998;26:22–25.

3. Jensen MB, Sloth E, Larsen KM, Schmidt MB. Transtho-
racic echocardiography for cardiopulmonary monitoring
in intensive care. Eur J Anaesthesiol. 2004;21:700–707.

4. Pearson AC. Noninvasive evaluation of the hemodynam-
ically unstable patient: the advantages of seeing clearly.
Mayo Clin Proc. 1995;70:1012–1014.

5. Cook CH, Praba AC, Beery PR, Martin LC. Transthoracic
echocardiography is not cost-effective in critically ill sur-
gical patients. J Trauma. 2002;52:280–284.

6. Pearson AC, Castello R, Labovitz AJ. Safety and utility of
transesophageal echocardiography in the critically ill pa-
tient. Am Heart J. 1990;119:1083–1089.

7. Oh JK, Seward JB, Khandheria BK, et al. Transesophageal
echocardiography in critically ill patients. Am J Cardiol.
1990;66:1492–1495.

8. Shanewise JS, Cheung AT, Aronson S, et al. ASE/SCA guide-
lines for performing a comprehensive intraoperative mul-
tiplane transesophageal echocardiography examination:
recommendations of the American Society of Echocar-
diography Council for Intraoperative Echocardiography
and the Society of Cardiovascular Anesthesiologists Task
Force for Certification in Perioperative Transesophageal
Echocardiography. Anesth Analg. 1999;89:870–884.

9. Cerqueira MD, Weissman NJ, Dilsizian V, et al. Standard-
ized myocardial segmentation and nomenclature for to-
mographic imaging of the heart: a statement for health-
care professionals from the Cardiac Imaging Committee of
the Council on Clinical Cardiology of the American Heart
Association. Circulation. 2002;105:539–542.

10. Buda AJ, Zotz RJ, Pace DP, Krause LC. Comparison of
two-dimensional echocardiographic wall motion and wall

thickening abnormalities in relation to the myocardium
at risk. Am Heart J. 1986;111:587–592.

11. Konstadt SN, Abrahams HP, Nejat M, Reich DL. Are wall
thickening measurements reproducible? Anesth Analg.
1994;78:619–623.

12. Folland ED, Parisi AF, Moynihan PF, Jones DR, Feldman CL,
Tow DE. Assessment of left ventricular ejection fraction
and volumes by real-time, two-dimensional echocardio-
graphy. A comparison of cineangiographic and radionu-
clide techniques. Circulation. 1979;60:760–766.

13. Vuille C, Malvern WA. Left ventricle I: general consid-
erations, assessment of chamber size and function. In:
Malvern WA, ed. Principles and Practice of Echocardiogra-
phy. 2nd ed. Philadelphia, Pa: Lea & Febiger; 1994.

14. Abel MD, Nishimura RA, Callahan MJ, et al. Evalua-
tion of intraoperative transesophageal two-dimensional
echocardiography. Anesthesiology. 1987;66:64–68.

15. Clements FM, Harpole DH, Quill T, Jones RH, McCann RL.
Estimation of left ventricular volume and ejection frac-
tion by two-dimensional transoesophageal echocardiog-
raphy: comparison of short axis imaging and simultane-
ous radionuclide angiography. Br J Anaesth. 1990;64:331–
336.

16. Urbanowicz JH, Shaaban MJ, Cohen NH, et al. Compar-
ison of transesophageal echocardiographic and scinti-
graphic estimates of left ventricular end-diastolic volume
index and ejection fraction in patients following coronary
artery bypass grafting. Anesthesiology. 1990;72:607–612.

17. Bargiggia GS, Bertucci C, Recusani F, et al. A new method
for estimating left ventricular dP/dt by continuous wave
Doppler-echocardiography. Validation studies at cardiac
catheterization. Circulation. 1989;80:1287–1292.

18. Gulati VK, Katz WE, Follansbee WP, Gorcsan J 3rd. Mitral
annular descent velocity by tissue Doppler echocardiog-
raphy as an index of global left ventricular function. Am
J Cardiol. 1996;77:979–984.



Echocardiographic Assessment of Left Ventricular Function and Hydration Status 113

19. Bauer F, Jones M, Shiota T, et al. Left ventricular outflow
tract mean systolic acceleration as a surrogate for the
slope of the left ventricular end-systolic pressure-volume
relationship. J Am Coll Cardiol. 2002;40:1320–1327.

20. Greenberg NL, Firstenberg MS, Castro PL, et al. Doppler-
derived myocardial systolic strain rate is a strong index
of left ventricular contractility. Circulation. 2002;105:99–
105.

21. Cheung MM, Smallhorn JF, Redington AN, Vogel M. The
effects of changes in loading conditions and modulation
of inotropic state on the myocardial performance index:
comparison with conductance catheter measurements.
Eur Heart J. 2004;25:2238–2242.

22. Chan J, Jenkins C, Khafagi F, Du L, Marwick TH. What
is the optimal clinical technique for measurement of left
ventricular volume after myocardial infarction? A com-
parative study of 3-dimensional echocardiography, sin-
gle photon emission computed tomography, and cardiac
magnetic resonance imaging. J Am Soc Echocardiogr. 2006;
19:192–201.

23. Cain P, Baglin T, Case C, Spicer D, Short L, Marwick TH.
Application of tissue Doppler to interpretation of dobu-
tamine echocardiography and comparison with quanti-
tative coronary angiography. Am J Cardiol. 2001;87:525–
531.

24. Abraham TP, Nishimura RA, Holmes DR Jr, Belohlavek M,
Seward JB. Strain rate imaging for assessment of regional
myocardial function: results from a clinical model of sep-
tal ablation. Circulation. 2002;105:1403–1406.

25. Zhang Y, Chan AK, Yu CM, et al. Strain rate imaging differ-
entiates transmural from non-transmural myocardial in-
farction: a validation study using delayed-enhancement
magnetic resonance imaging. J Am Coll Cardiol. 2005;46:
864–871.

26. Hanekom L, Jenkins C, Jeffries L, et al. Incremental value
of strain rate analysis as an adjunct to wall-motion scor-
ing for assessment of myocardial viability by dobutamine
echocardiography: a follow-up study after revasculariza-
tion. Circulation. 2005;112:3892–3900.

27. Skulstad H, Urheim S, Edvardsen T, et al. Grading of
myocardial dysfunction by tissue Doppler echocardio-
graphy: a comparison between velocity, displacement,
and strain imaging in acute ischemia. J Am Coll Cardiol.
2006;47:1672–1682.

28. Vitarelli A, Montesano T, Gaudio C, et al. Strain rate dobu-
tamine echocardiography for prediction of recovery after
revascularization in patients with ischemic left ventricu-
lar dysfunction. J Card Fail. 2006;12:268–275.

29. Picard MH, Popp RL, Weyman AE. Assessment of left ven-
tricular function by echocardiography: a technique in
evolution. J Am Soc Echocardiogr. 2008;21:14–21.

30. Mulvagh SL, DeMaria AN, Feinstein SB et al. Contrast
echocardiography: current and future applications. J Am
Soc Echocardiogr. 2000;13:331–342.

31. Yvorchuk KJ, Davies RA, Chan KL. Measurement of left
ventricular ejection fraction by acoustic quantification
and comparison with radionuclide angiography. Am J Car-
diol. 1994;74:1052–1056.

32. Mor-Avi V, Vignon P, Koch R, et al. Segmental analysis of
color kinesis images: new method for quantification of
the magnitude and timing of endocardial motion during
left ventricular systole and diastole. Circulation. 1997;95:
2082–2097.

33. Thomas JD, Choong CY, Flachskampf FA, Weyman AE.
Analysis of the early transmitral Doppler velocity curve:
effect of primary physiologic changes and compensatory
preload adjustment. J Am Coll Cardiol. 1990;16:644–
655.

34. Klein AL, Hatle LK, Taliercio CP, et al. Prognostic signifi-
cance of Doppler measures of diastolic function in cardiac
amyloidosis. A Doppler echocardiography study. Circula-
tion. 1991;83:808–816.

35. Tabata T, Thomas JD, Klein AL. Pulmonary venous flow
by doppler echocardiography: revisited 12 years later.
J Am Coll Cardiol. 2003;41:1243–1250.

36. Rossvoll O, Hatle LK. Pulmonary venous flow velocities
recorded by transthoracic Doppler ultrasound: relation
to left ventricular diastolic pressures. J Am Coll Cardiol.
1993;21:1687–1696.

37. Brun P, Tribouilloy C, Duval AM, et al. Left ventricular
flow propagation during early filling is related to wall re-
laxation: a color M-mode Doppler analysis. J Am Coll Car-
diol. 1992;20:420–432.

38. Takatsuji H, Mikami T, Urasawa K, et al. A new approach
for evaluation of left ventricular diastolic function: spatial
and temporal analysis of left ventricular filling flow propa-
gation by color M-mode Doppler echocardiography. J Am
Coll Cardiol. 1996;27:365–371.

39. Garcia MJ, Thomas JD, Klein AL. New Doppler echocardio-
graphic applications for the study of diastolic function.
J Am Coll Cardiol. 1998;32:865–875.

40. Cheung AT, Savino JS, Weiss SJ, et al. Echocardiographic
and hemodynamic indexes of left ventricular preload in
patients with normal and abnormal ventricular function.
Anesthesiology. 1994;81:376–387.

41. Vieillard-Baron A, Chergui K, Rabiller A, et al. Superior
vena caval collapsibility as a gauge of volume status in
ventilated septic patients. Intensive Care Med. 2004;30:
1734–1739.

42. Jardin F, Vieillard-Baron A. Ultrasonographic examination
of the venae cavae. Intensive Care Med. 2006;32:203–206.

43. Barbier C, Loubieres Y, Schmit C, et al. Respiratory
changes in inferior vena cava diameter are helpful in pre-
dicting fluid responsiveness in ventilated septic patients.
Intensive Care Med. 2004;30:1740–1746.

44. Sohn DW, Shin GJ, Oh JK, et al. Role of transesophageal
echocardiography in hemodynamically unstable pa-
tients. Mayo Clin Proc. 1995;70:925–931.

45. Perrino AC Jr, Luther MA, O’Connor TZ, Cohen IS. Auto-
mated echocardiographic analysis. Examination of serial
intraoperative measurements. Anesthesiology. 1995;83:
285–292.

46. Leung JM, Levine EH. Left ventricular end-systolic cav-
ity obliteration as an estimate of intraoperative hypov-
olemia. Anesthesiology. 1994;81:1102–1109.



114 Cardiac Sonography in the ICU

47. Ommen SR, Nishimura RA, Appleton CP, et al. Clin-
ical utility of Doppler echocardiography and tissue
Doppler imaging in the estimation of left ventricular
filling pressures: a comparative simultaneous Doppler-
catheterization study. Circulation. 2000;102:1788–1794.

48. Sugeng L, Mor-Avi V, Weinert L, et al. Quantitative assess-
ment of left ventricular size and function: side-by-side
comparison of real-time three-dimensional echocardio-
graphy and computed tomography with magnetic reso-
nance reference. Circulation. 2006;114:654–661.



CHAPTER 10

Echocardiographic Evaluation of
Preload Responsiveness

Michel Slama, Julien Maizel, and Paul H. Mayo

INTRODUCTION
Hemodynamic failure is a common problem in the in-
tensive care unit (ICU). Echocardiography helps the
intensivist establish a diagnosis, develop a therapeu-
tic plan, and monitor the results of therapeutic inter-
vention for patients with shock. A common question
is whether the patient should receive volume resusci-
tation. This chapter will review the utility of echocar-
diography for identification of the volume-responsive
patient with hemodynamic failure.

THE PHYSIOLOGY OF
HYPOVOLEMIA
In many clinical situations, such as hypotension, shock,
functional renal failure, oligoanuria, and clinical or lab-
oratory signs of dehydration, hypovolemia may be
suspected. Two types of hypovolemia can be distin-
guished: absolute and relative. Absolute hypovolemia
is defined as a reduction of total circulating blood
volume, which may be related to blood loss (hemor-
rhage), or plasma loss (gastrointestinal, renal, cuta-
neous, extravasation into interstitial tissues). Relative
hypovolemia is defined as an inadequate distribution
of blood volume between the central and peripheral
compartments. This is commonly seen during septic
shock. Hypovolemia results in a reduction in venous
return, which may diminish preload and stroke volume
(SV). This response depends on the Frank-Starling re-
lationship, which relates left ventricular (LV) preload
to stroke volume. The LV Frank-Starling curve has two
parts (Figure 10.1): a steep first part (Segment A), where
preload and SV are linearly related and any preload
change is accompanied by an SV change (preload-
dependent part); and a flat second part (Segment B),
in which modifications of ventricular preload do not
change SV (preload-independent part).

Significant central hypovolemia reduces preload,
SV, mean arterial pressure, and cardiac output. From

a hemodynamic perspective, central hypovolemia is
clinically relevant when it is of sufficient severity to
reduce venous return and ventricular preload to the
extent that there is a threat to tissue perfusion. The de-
termination of volume or preload sensitivity is a critical
management issue for the patient in shock. If indicated,
volume resuscitation may be beneficial; however,
inappropriate volume resuscitation in the setting of
adequate intravascular volume may be harmful to the
patient.

Benefits of Fluid Resuscitation
When central hypovolemia is suspected, the clinical
challenge is to assess whether volume resuscitation
is needed. The expected benefits of volume expan-
sion are to increase venous return, preload, SV, car-
diac output, arterial blood pressure (systolic, mean,
and pulse pressure), and tissue oxygen delivery. The
rapidity with which these objectives are achieved dur-
ing the management of hypovolemia constitutes a de-
cisive prognostic element in terms of morbidity and
mortality.

Adverse Effects of Fluid
Resuscitation
Fluid infusion may be deleterious by increasing hy-
drostatic pressure, thereby causing pulmonary edema.
This complication may be seen in patients with prexist-
ing systolic or diastolic dysfunction. In these patients,
LV diastolic pressure is high in basal conditions. Due
to LV diastolic dysfunction, the LV pressure–volume
relationship is steep. Consequently, a small amount of
fluid infusion may increase LV diastolic pressure and
precipitate acute pulmonary edema.

Fluid extravasation from the intravascular compart-
ment to the interstitial compartment predisposes to
the development of diffuse peripheral edema that
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Figure 10.1. (A) The Frank-Starling curve indicating a
patient with preload responsiveness; the increase of
preload is followed by a significant increase of stroke
volume, indicating that the patient is in the ascending
part of the Frank-Starling curve. (B) A patient without
preload responsiveness; the increase of preload is not
followed by a significant increase of stroke volume,
indicating that the patient is in the horizontal part of
the Frank-Starling curve.

can compromise tissue oxygenation. Other potential
complications of volume expansion are cerebral
edema, especially in the context of neurological inten-
sive care, and disorders of serum sodium, potassium,
or chloride. In the context of uncontrolled hemorrhage,
volume expansion can accentuate bleeding by increas-
ing arterial or venous blood pressure. Specific risks
inherent to resuscitation fluids are hyperglycemia in
the case of glucose solutions, anemia, and clotting dis-
orders due to hemodilution. Blood-derived products
carry a risk of transmission of infectious agents, and
colloid solutions can cause allergic reactions. In pa-
tients with acute respiratory distress syndrome (ARDS)
liberal fluid management may be harmful.1

Volume resuscitation may also be harmful in patients
with shock related to acute cor pulmonale (ACP), as
volume infusion causes further right ventricular (RV)
enlargement and LV compression, thus worsening the
shock state (see Chapter 11). This has particular rel-
evance to the frontline intensivist, as ACP is readily
recognized by the clinician with basic-level echocar-
diography skills.

Given the potential benefits and hazards of vol-
ume resuscitation, the intensivist must answer a
key question: should the patient receive additional
volume infusions? This introduces the concept of
the volume-responsive versus volume-nonresponsive
patient.

Responders and Nonresponders
Investigators have had to develop a standard defini-
tion of volume responsiveness. In the discussion that
follows, cited studies were performed using a similar
experimental design in patients with hemodynamic fail-
ure related primarily to sepsis. Before any volume in-
fusion, one or more parameters were measured that
might predict volume responsiveness. After these mea-
surements, patients received fluid expansion. Cardiac
output was measured before and after fluid infusion.
Most studies considered that an increase >15% of car-
diac output defined the volume-responsive patient. In
contrast, an increase of <15% defined the nonrespon-
sive patient. The pattern of response can then be corre-
lated with the parameters that were measured before
the volume infusion to determine whether a particular
parameter predicted volume responsiveness. Investi-
gators have examined parameters of volume respon-
siveness both in patients who were on mechanical ven-
tilation and completely passive in their interaction with
the ventilator and in patients who had spontaneous
respiratory effort, whether on mechanical ventilation
or breathing without assistance.

The Concept of Fluid Challenge
versus Fluid Responsiveness
In resuscitating the patient with hemodynamic failure,
the clinician may pursue two different strategies. One
approach is to give a fluid challenge to the patient with-
out measuring any parameter that is predictive of fluid
responsiveness. This traditional method uses the mea-
sures of static pressures such as central venous pres-
sure (CVP) or pulmonary artery occlusion pressure
(PAOP) prior to a volume challenge. The clinician then
follows these parameters and serial SV and cardiac out-
put measurements after the fluid challenge.

An alternative approach is to provide volume re-
suscitation guided by parameters that predict positive
hemodynamic response. Using this approach, the clin-
ician administers volume only if the patient is deter-
mined to be volume responsive. Volume resuscitation
may be unnecessary and even harmful to the patient.
It is therefore important to determine whether the pa-
tient is volume responsive before giving a volume chal-
lenge. In our view, the determination of volume re-
sponsiveness is a key aspect to the management of
hemodynamic failure. Investigators have examined a
variety of static and dynamic measurements to iden-
tify parameters that are useful in predicting volume re-
sponsiveness.
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THE CONCEPT OF STATIC
PARAMETERS
A static parameter is measured under a single ventric-
ular loading condition and is presumed to reliably es-
timate the preload of one or both ventricles. This es-
timation of preload can then be used to evaluate the
probability of responsiveness to ventricular filling, by
assuming that lower preload increases the probability
of response to volume expansion. Several static indices
of ventricular preload have been analyzed in the ICU,
such as PAOP, CVP, and right and left ventricular end-
diastolic volume size.

Static Parameters Measured While
on Mechanical Ventilation
The CVP may be assessed by measuring the size of
inferior vena cava (IVC) by transthoracic echocardio-
graphy. If the patient is on mechanical ventilation, the
correlation between IVC size and CVP is low.2−5 Feissel
et al. demonstrated that, in general, absolute IVC size
failed to predict fluid responsiveness in patients un-
der mechanical ventilation in septic shock; however, an
IVC diameter <10 millimeters (mm) may predict a posi-
tive response to fluid infusion.5 Direct measurement of
CVP is easily performed if a central venous catheter is
in place. However, CVP is a poor predictor of volume
responsiveness.6

The PAOP may be assessed by use of a pulmonary
artery catheter. Alternatively, echocardiography may
be used to determine PAOP noninvasively by Doppler

indices derived from mitral flow (E/A ratio), pulmonary
venous flow, tissue Doppler (E/Ea ratio), and color-
coded Doppler (E/Vp ratio).7−11 In general, PAOP fails to
demonstrate any relationship with increases in cardiac
output after fluid expansion and is therefore not useful
to predict fluid responsiveness.12 The only exception
is when the PAOP is <5 mm Hg; this is an uncommon
event in ICU practice.

The RV and LV diastolic diameter, area, or volume are
reliable parameters of preload. Tavernier et al. and Feis-
sel et al. have demonstrated that LV size is a useful pre-
dictor of fluid responsiveness in patients on mechani-
cal ventilation, particularly if the LV is very small and
hyperkinetic.13,14 This corresponds to a low preload
and therefore predicts a positive response to fluid in-
fusion (Figure 10.2).

Static Parameters Measured with
Spontaneous Breathing
In spontaneously breathing patients, there is a relation-
ship between the size of the IVC and CVP. Moreover,
respiratory variations of IVC >50% correspond to CVP
<10 mm Hg. However, CVP, PAOP, left ventricular end-
diastolic volume (LVEDV), and right ventricular end-
diastolic volume (RVEDV) do not predict volume re-
sponsiveness. In a study by Kumar et al. on healthy
subjects, static indices of ventricular preload (CVP,
PAOP, LVEDV index, RVEDV index) and cardiac per-
formance indices (cardiac index, stroke volume index)
were measured before and after 3 liters of normal saline
loading.6 There was no correlation between changes in

A B

Figure 10.2. Measurements of left ventricular end-diastolic (LVEDA)(A) and end-systolic area (LVESA)(B) with
transesophageal echocardiography in a short-axis view. The quasi virtual LVESA (3.6 cm2) is indicative of
decreased left ventricular filling pressure.
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CVP and PAOP and variations of cardiac performance
indices (cardiac index, stroke volume index). Similarly,
no correlation was observed between baseline mea-
surements of static indices and variations of cardiac
performance indices after fluid loading. Coudray et al.
reviewed five studies on mixed populations of patients
(mechanically ventilated and spontaneously breath-
ing) and demonstrated the absence of correlation be-
tween the initial PAOP and crystalloid infusion (an av-
erage of 1 liter).15 The cardiac index was increased
by >15% in nine subjects. No correlation was demon-
strated between PAOP measured at baseline and the
variation of the cardiac index.

In conclusion, standard indices of preload are not
generally useful in predicting volume responsiveness.
The exception occurs in those patients with very low
parameters of preload. Unfortunately, low values are
uncommon in the ICU. Rather than relying on determi-
nation of preload as a static measurement, the inten-
sivist should have a more effective strategy to identify
the patient who is volume responsive. Dynamic param-
eters of volume responsiveness are the best available
alternative.

THE CONCEPT OF DYNAMIC
PARAMETERS
Dynamic parameters are used to determine whether
the patient is situated on the ascending portion of
the Frank-Starling curve (where a variation of preload
induces a variation of SV, i.e., a preload-dependent
situation) or on the plateau portion (where a varia-
tion of preload does not induce a variation of stroke
volume, i.e., a preload-independent situation) (Figure
10.1). Several approaches can be used to determine
on what portion of the preload/stroke volume relation-
ship the ventricle is functioning to establish the diag-
nosis of preload dependence or independence. The ef-
fect of ventilator cycling on intrathoracic pressures and
stroke volume is the basis for many of the dynamic
measurements that are useful in determining volume
responsiveness.

The pathophysiology of cardiorespiratory interac-
tions has been studied in sedated, ventilated patients.
During insufflation, increased intrathoracic pressure
and transpulmonary pressure (alveolar pressure–
pleural pressure) results in a reduction in preload and
an increase of RV afterload. These two phenomena lead
to a reduction of RV stroke volume at the end of insuf-
flation only if the ventricle is working on the steep part
of the Frank-Starling relationship. This reduction is re-

sponsible, 2–3 cardiac cycles later (pulmonary transit
time), for a reduction of the LV preload and LV stroke
volume during exsufflation only if this ventricle is work-
ing on the steep part of the Frank-Starling relation-
ship.

Alternatively, in spontaneously breathing patients,
on inspiration the reduction of intrathoracic pressure
and the decrease of transpulmonary pressure are re-
sponsible for an increase of RV preload and a moder-
ate decrease of RV afterload, respectively. The increase
of the RV stroke volume at the end of inspiration, 2–3
cardiac cycles later, results in an expiratory increase of
left ventricular preload and stroke volume. These phe-
nomena are accentuated when the ventricles are in a
preload-dependence situation.

During mechanical ventilation, variations of intra-
thoracic pressure induced by insufflation decrease the
biventricular preload and decrease the stroke volume
when the ventricles are functioning on the steep por-
tion of the Frank-Starling relationship. This is reflected
by cyclic respiratory changes of stroke volume (Fig-
ure 10.3). The presence of these cyclic variations in-
dicates that any variation of preload would induce a
variation of stroke volume, and that volume expansion
would increase SV and cardiac output (i.e., a preload-
dependent situation). The absence of these variations
indicates that any variation of preload would not mod-
ify stroke volume; and that consequently, volume ex-
pansion would not induce a significant increase in car-
diac output (i.e., a preload-independent situation). This
principle is the basis for the use of arterial pulse pres-
sure variation to determine volume responsiveness.16

Heart–lung interactions form the basis for some of the
echocardiographic methods that are useful in deter-
mining preload dependence.

Echocardiography: Dynamic
Parameters Measured in Patients
on Mechanical Ventilation
Analysis of the respiratory changes of LV stroke vol-
ume during mechanical ventilation provides a dynamic,
biventricular evaluation of preload dependence. The
respiratory changes of stroke volume can be estimated
by esophageal Doppler, by transesophageal echocar-
diography (TEE, or by transthoracic echocardiography
(TTE). Slama and colleagues demonstrated in an ani-
mal study that progressive blood withdrawal is closely
related to increased respiratory variation of aortic
blood flow.17 In clinical studies, maximal aortic blood
flow velocity or velocity-time integral (VTI) variation
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A B

C D

Figure 10.3. Respiratory variations of maximal velocity (Vmax) (A and C) and VTI (B and D) of aortic blood flow
recorded with a pulsed Doppler transthoracic echocardiography in a mechanically ventilated patient. (A and C)
Presence of significant respiratory variations of Vmax (Vmax − Vmin/[Vmax + Vmin/2]; 1.29 − 1.09/1.19 = 17%)
and VTI (VTImax − VTImin/[VTImax + VTI min/2]; 20.7 − 17.3/19 = 18%). (B and D) Same patient after volume
expansion, regression of the respiratory variations: Vmax (1.37 − 1.32/1.34 = 4%), VTI (23.5 − 22.3/22.9 = 5%).

measured with TEE predict, with high sensitivity, speci-
ficity, and predictive value, increases in cardiac out-
put after fluid infusion in patients with shock. A cutoff
value of 12% for maximal velocity and 20% for respira-
tory cycle changes of aortic VTI discriminated respon-
der from nonresponder patients.14,18 The same values
were found by using an esophageal Doppler probe to
assess aortic blood flow in the descending aorta.19

Another approach to identify volume responsiveness
used 2D echocardiography. Cannesson et al. assessed
LV diastolic area (LVDA) changes by TEE from short-
axis view.20 They found that a 16% respiratory variation
of LVDA between inspiration and expiration predicted
fluid responsiveness with a sensitivity of 92% and a
specificity of 83%. The change of area at baseline was re-
lated to the percentage increase in cardiac output in re-

sponse to volume expansion. Using the same principle,
IVC and superior vena cava (SVC) diameter changes
during mechanical ventilation were measured to pre-
dict fluid responsiveness. Inferior vena cava diameter
was analyzed from a longitudinal subcostal view and
recorded by using M-mode (Figure 10.4). Superior vena
cava was recorded from TEE longitudinal view at 90–
100◦. Cutoff values of 12% (by using max–min/mean
value) and 18% (by using max–min/min) for IVC (disten-
sibility index) and 36% for SVC (sensitivity 90%, speci-
ficity 100%) (collapsibility index) were found to accu-
rately separate responders and nonresponders.5,21,22

The described methods have value in the determi-
nation of volume responsiveness using echocardiog-
raphy. However, they have significant methodological
limitations:
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C
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Figure 10.4. Respiratory vena cava variations in
different circumstances. (A) Significant superior vena
cava collapsibility recorded with transesoephageal
echocardiography. (B) significant inferior vena cava
distensibility recorded with transthoracic
echocardiography in a mechanically ventilated
patient. (C) Significant vena cava collapsibility
recorded with transthoracic echocardiography in a
spontaneously breathing patient.

1. All require that the patient be on mechanical venti-
lation and passive in their interaction with the ven-
tilator.

2. The patient can make no spontaneous breathing ef-
fort during the measurement and must be in a regular
heart rhythm.

3. The degree of respiratory variation is contingent on
the change of intrathoracic pressure.

4. Tidal volume and positive end-expiratory pressure
(PEEP) levels are known to influence pulse pressure
variation, so they will clearly have a similar effect on
echocardiographic measurements of stroke volume
independent of preload dependence.

These methods have been studied in patients with
sepsis, but they have not been extensively examined in
patients with coexisting heart disease. This is of partic-
ular concern in patients with RV dysfunction. Patients
with dilation of the RV may have false-positive respi-
ratory changes of SV assessed by arterial pulse pres-
sure variations. In these patients, respiratory changes

of SV seem to be due to RV afterload effect and do
not reflect a need for fluid resuscitation. Therefore,
RV size should be assessed before any fluid challenge
in patients with respiratory variations of SV, aortic
VTI, or maximal velocity of aortic blood flow. Finally,
esophageal Doppler measurement of flow in the de-
scending aorta is limited by the fact that the diameter
of the aorta changes according to the volume status of
the patient. Changes in aortic flow velocity or VTI must
be adjusted for any concomitant change in aortic diam-
eter that may have occurred due to changes in volume
status.23

There is a close relationship between all of the de-
scribed parameters and increase in cardiac output af-
ter fluid infusion. Therefore, large respiratory changes
predict a large increase in cardiac output after fluid
infusion. All these parameters were validated on a se-
lected population of patients who were mechanically
ventilated without spontaneous breathing effort. It is
necessary to consider whether there may be dynamic
parameters that predict preload dependence in pa-
tients making spontaneous breathing effort.
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Figure 10.5. The realization of a passive leg raising maneuver in three steps: step 1, at baseline the patient is
laying in a semirecumbent position, the trunk of the patient at 45◦ up to the horizontal; step 2, the entire bed is
pivoted to obtain a head down tilt at 45◦; and step 3, the head of the bed is adjusted to obtain a strictly horizontal
trunk.

Echocardiography: Dynamic
Parameters with Spontaneous
Breathing
Recent publications have proposed the passive leg rais-
ing (PLR) test as an alternative to a fluid challenge test
to predict preload dependence (Figure 10.5). This ma-
neuver rapidly mobilizes about 300 mL of blood from
the lower limbs to the intrathoracic compartment and
reproduces the effects of volume expansion. It is re-
versible and devoid of any risks of volume expansion.
The test consists of raising both legs of the supine pa-
tient to an angle of 45◦ in relation to the bed while mea-
suring SV and cardiac output before and approximately
one minute following the PLR maneuver. This is readily
accomplished by measuring the VTI of the aortic out-
flow velocity envelope with either TTE (five-chamber
view) or TEE (deep-gastric view).

Boulain et al. studied the hemodynamic effects of
PLR in 15 sedated and mechanically ventilated ICU
patients with acute circulatory insufficiency.24 In this
study, PLR induced a significant increase of pulse pres-
sure measured at the radial artery, PAOP, and SV. The
effects of volume expansion on SV were related to
those of PLR on pulse pressure. The intensity of the
effect of PLR on SV was correlated with the effect of
PLR on pulse pressure. Volume expansion was per-
formed with 300 mL of macromolecular solution over
20 minutes.

Lafanechère et al. analyzed 22 patients by examining
esophageal Doppler aortic blood flow (ABF) changes
on descending aorta induced by PLR in patients under
mechanical ventilation.25 In responders, the increase
in ABF induced by PLR was similar to that induced by
a 250 mL volume expansion. A PLR-induced increase
in ABF of more than 8% predicted fluid responsiveness
with a sensitivity of 90% and a specificity of 83%. Corre-

sponding positive and negative predictive values were
82% and 91%, respectively.

In another study using esophageal Doppler to mea-
sure aortic blood flow, Monnet et al. showed that, when
PLR induced an increase of aortic flow of >10%, it
was predictive of an increase of aortic flow of >15%
in response to volume expansion (sensitivity: 97%;
specificity: 94%).26 The patients included in this study
presented signs of acute circulatory insufficiency (hy-
potension, tachycardia, oliguria, mottled skin). Vol-
ume expansion was performed with 500 mL of isotonic
saline over 10 minutes. Thirty-seven (52%) of the 71
patients included in this study responded to volume
expansion, and 22 subjects had spontaneous breath-
ing movements (spontaneous breathing mode with in-
spiratory assistance). The authors showed that respi-
ratory cyclic variations of pulse pressure ≥12% in re-
sponse to the PLR test were predictive of an increase of
aortic flow by >15% in response to volume expansion
(sensitivity: 88%; specificity: 93%).

In two recent studies, aortic VTI, stroke volume
and cardiac output were recorded by using transtho-
racic echocardiography in spontaneously breathing
patients during PLR. Lamia et al. demonstrated that
in 24 patients PLR-induced increase in stroke volume
of 12.5% or more predicted an increase in stroke vol-
ume of 15% or more after volume expansion, with a
sensitivity of 77% and a specificity of 100%.27 In this
study, static indices of preload such as left ventricu-
lar end-diastolic area or E/Ea did not predict volume
responsiveness. Patients were intubated with sponta-
neous breathing movements. In the study of Maizel
et al., 34 patients were spontaneously breathing with-
out tracheal tube.28 An increase of cardiac output or
stroke volume by >12% during PLR was highly pre-
dictive of central hypovolemia. Sensitivity and speci-
ficity values were 63% and 89% for cardiac output
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and 69% and 89% for stroke volume, respectively. A
close correlation was observed between cardiac out-
put changes during PLR and changes in cardiac output
after fluid expansion. Of particular note is that these
studies have demonstrated that PLR may be used to
predict volume responsiveness in patients with atrial
fibrillation.

The PLR approach to determination of volume re-
sponsiveness is an elegant solution to a difficult prob-
lem. It answers the question of whether the patient will
have augmentation of cardiac output following volume
resuscitation in a direct and unambiguous fashion. Ap-
proximately 300 cc of blood is delivered to the thoracic
compartment very rapidly, while the effect of this rapid
volume challenge is measured with real-time echocar-
diography. The test avoids many of the problems found
with dynamic parameters measured during ventilator
cycling, and does not expose the patient to the risks of
inappropriate volume resuscitation.

Bedside Application of
Echocardiographic Parameters
Echocardiography is a very useful tool for the evalua-
tion of the patient with hemodynamic failure. In treating
the patient with shock, the intensivist echocardiogra-
pher will first evaluate for major cardiac disease that
requires prompt intervention (e.g., pericardial tampon-
ade, severe valve failure, acute cor pulmonale pattern,
segmental wall dysfunction suggesting acute myocar-
dial infarction). If these are excluded, the focus of the
echocardiographer may then shift to assessment and
management of hemodynamic function. Should the pa-
tient in shock receive volume resuscitation, inotropes,
pressors, or some combination thereof? Once a deci-
sion has been made, echocardiography may then be
used to monitor the results of therapeutic interven-
tion, the course of the disease, and to look for new
problems. How should the frontline intensivist use dy-
namic parameters of volume responsiveness to guide
fluid therapy?

An important issue to consider is that echocar-
diography is only useful within the overall clinical
context of the case. Normal individuals without any
hemodynamic compromise are volume responsive, as
normal subjects are positioned on the steep preload
dependent part of the Frank-Starling curve. Patients
who exhibit echocardiographic evidence of preload de-
pendence should receive volume resuscitation only if
they have evidence of clinically significant hemody-
namic failure. Echocardiography should always be in-
tegrated into the overall clinical picture. Another ex-

ample of this principle is that the presence of severe
LV failure on echocardiography does not necessarily
require therapeutic response if the patient is other-
wise stable hemodynamically. Therefore, echocardio-
graphic evidence of volume responsiveness does not
warrant volume resuscitation unless the clinician iden-
tifies hemodynamic failure that might improve by aug-
menting cardiac output.

There are clinical situations where the need for im-
mediate volume resuscitation is obvious, such as mas-
sive hemorrhage, severe dehydration due to gastroin-
testinal diseases, major 3rd space losses, or obvious
septic shock. Clinical context and physical examination
allow the recognition of severe central hypovolemia,
where immediate volume resuscitation is appropriate.
Initial resuscitation is generally accomplished to some
extent before transfer to the ICU. The intensivist must
then answer the question as to whether further vol-
ume resuscitation should continue. It is our opinion
that echocardiographic indices of volume responsive-
ness are particularly useful where there is clinical am-
biguity as to whether the patient should have further
volume resuscitation in the ICU.

By definition, intensivists with proficiency in basic
critical care echocardiography have limited Doppler
capability; they cannot measure variation of SV with
ventilator cycling nor changes in SV or cardiac output
before and after PLR. However, respiratory variation of
IVC size (limited to the completely passive patient on
mechanical ventilation in a regular heart rhythm) is a
validated method of determining volume responsive-
ness that is easily mastered by the basic critical care
echocardiographer. There are pitfalls to this method.
In addition to the need to obtain a good quality image,
translational artifact may be a problem. As the ventila-
tor cycles, it displaces the liver and adjacent IVC. The
IVC may appear to change in size, when it simply is
moved out of the ultrasound beam plane. In this case,
there is no actual change is IVC size, even though there
is the appearance of such. The intensivist with basic
critical care echocardiography skill level can also iden-
tify a small hyperdynamic LV (with effacement of the
end-systolic LV cavity) or a very small IVC diameter
(>10 mm). Both patterns strongly suggest volume re-
sponsiveness in the patient with shock.

The intensivist with proficiency in advanced criti-
cal care echocardiography has full training in Doppler
measurements as well as TEE capability. Regarding the
latter, respiratory variation of SVC diameter has similar
application to IVC variation. It is easy to obtain with TEE
and is well validated. The intensivist should consider
it as a straightforward method of determining volume
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responsiveness in the passive mechanically ventilated
patient.

The intensivist may also choose to measure respira-
tory variation of aortic outflow velocity to determine
volume responsiveness. The major problem with this
approach relates to the possibility of inadequate im-
age quality with TTE (easily remedied with TEE), and
translational artifact related to respiratory cycling. In
this case, respiratory cycling may alter cardiac position
to the extent that there is significant change in the an-
gle or position of the Doppler interrogation that varies
during the respiratory cycle. Changes in velocity or VTI
may be ascribed to changes in SV, when they actually
derive from changes in the angle of interrogation. For-
tunately, the left ventricular outflow tract (LVOT) diam-
eter does not change during the respiratory cycle nor
is it influenced by the volume status of the heart (un-
like the descending aorta). Its being a constant value is
a strength of the method, as changes in velocity or VTI
reflect true changes in SV.

Passive leg raising is an attractive alternative for the
advanced-level critical care echocardiographer. The
pulsed-wave Doppler box is placed in the LVOT from
the TTE apical five-chamber view (or deep-gastric view
with TEE), and VTI is recorded for several heart beats.
Both legs are raised to 45◦, and a minute later the mea-
surement is repeated. Appropriate calculations using
the LVOT measured with 2D technique yield SV and
cardiac measurements before and after the reversible
volume challenge engendered by the PLR maneuver.
Alternatively, as LVOT diameter is a constant, the per-

cent change in VTI or maximal outflow velocity may be
used in order to simplify calculations. The main prob-
lem with the PLR relates to the time required to per-
form the test. An unresolved technical detail of PLR is
that the original reports describe the initial position of
the patient to be in a semirecumbent 45◦ position. The
bed design then allowed the patient to be shifted to
a supine position with the legs at a 45◦ elevation fully
supported by the structure of the bed and mattress.
Lacking a specialized bed, an alternative method is to
start the patient in supine position, and then to manu-
ally lift the legs to a 45◦ angle. This requires one person
to be assigned to lift each leg. This method has not
been validated, but appears to be a practical bedside
approach in the absence of sophisticated bed design.

CONCLUSION
Echocardiography provides the intensivist with sev-
eral methods to determine volume responsiveness in
patients with hemodynamic failure. The clinician with
basic skills in critical care echocardiography may use
respiratory variation of IVC diameter, a small IVC, or a
small hyperdynamic LC to identify preload dependent
patients. The intensivist with a more advanced skill
level may use respiratory variation of SV determined by
echocardiography and changes in SV following the PLR
maneuver to identify volume responsiveness. In gen-
eral, dynamic parameters determined by echocardiog-
raphy are superior to static measurements of preload
for the determination of volume responsiveness.
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CHAPTER 11

Echocardiographic Diagnosis
and Monitoring of Right

Ventricular Function
Adolfo Kaplan

INTRODUCTION
Right ventricular (RV) dysfunction is common in crit-
ically ill patients.1−3 It is associated with multiple
clinical scenarios frequently encountered by the inten-
sivist, including acute cor pulmonale, acute RV dys-
function of sepsis, and acute RV infarction. In addition,
the assessment of RV function is essential to determina-
tion of a patient’s preload responsiveness. Echocardio-
graphy is the best available method to diagnose and
monitor RV function at the bedside and provides the
critically ill patient a prompt, accurate, noninvasive,
and serial method to monitor the function of the right
heart and its responsiveness to different clinical inter-
ventions. This chapter describes a variety of echocar-
diographic methods to assess RV function that are par-
ticularly relevant to critical care practice for both the
novice and experienced echocardiographer. While the
assessment of RV function in the noncritically ill patient
is beyond the purview of this chapter, the techniques
described here are also applicable to the assessment
of RV function in the ambulatory patient.

NORMAL RV ANATOMY
AND FUNCTION
The RV comprises two anatomically and functionally
different cavities separated by the crista supraven-
tricularis: an inflow region (the sinus) and an outflow
tract (the cone or infundibulum). The tricuspid valve
(TV) and its apparatus plus heavily trabeculated my-
ocardium form the sinus. Smooth myocardium and the
pulmonic valve form the infundibulum. The sinus gen-
erates pressure during systole while the infundibu-
lum modulates this pressure and prolongs its dura-
tion. Right ventricular contraction occurs serially in
three different phases: (a) contraction of the sinus

along its longitudinal axis, (b) radial contraction of the
RV free wall toward the interventricular septum (IVS),
and (c) torsion of the left ventricle (LV) (clockwise ro-
tation of the LV base with counterclockwise rotation
of apex) pulling the RV in similar manner. Overall, LV
contraction contributes 25% of its own stroke work to
the generation of RV stroke work via the IVS. In pul-
monary hypertension, this contribution increases to
35%.4

The normal RV is less muscular than the LV and has
a free wall thickness 3.3 millimeters (mm). As a conse-
quence, it is easily affected by its surroundings and the
effects of increased afterload. Unlike the LV, it is able
to acutely dilate. Relative to the LV, the RV is a lower
pressure chamber, with normal pressures of approxi-
mately 30/10 centimeters of water (cm/H2O) with the
patient in the resting state. When afterload increases
acutely, the RV is unable to correspondingly generate
higher pressures. However, when subjected to chronic
loading conditions, the RV compensates with a hyper-
trophic response that is suggested by a thickened RV
free wall on echocardiography. In this situation, the RV
can generate up to systemic-level pressures, such as is
seen with advanced pulmonary arterial hypertension.

Acute Cor Pulmonale
Acute cor pulmonale (ACP) is defined as the clinical
setting in which the RV experiences a sudden increase
in afterload.5 This may occur in the context of previ-
ously normal RV function or in the RV that is already
impaired. Sudden increases in RV afterload occur fre-
quently in critically ill patients (Table 11.1). Acute cor
pulmonale is synonymous with acute right heart fail-
ure. It is characterized by the combination of systolic
and diastolic overload, both of which have character-
istic echocardiographic features.



126 Cardiac Sonography in the ICU

TABLE 11.1. Causes of acute cor pulmonale

Acute left heart failure (ischemic, myocardial, or
valvular origin)
Acute pulmonary embolism
Acute respiratory distress syndrome (ARDS)
Inappropriately adjusted ventilatory support
Respiratory and metabolic acidosis3

Fat emboli
Gas emboli
Low PaO2

Echocardiographic Features of RV
Systolic Overload
Septal dyskinesia is the echocardiographic hallmark of
a sudden elevation of RV systolic afterload and occurs
because of ventricular interdependence. When RV af-
terload is increased, its contraction is prolonged, re-
quiring a longer time for completion than the left ven-
tricular systole. Because the RV is still contracting at
the end of systole when the LV is beginning to re-
lax, the right intraventricular pressure becomes tran-
siently greater than the left intraventricular pressure,
and the interventricular septum is displaced leftward.6

When due to pulmonary vascular processes (e.g., acute
respiratory distress syndrome [ARDS], pulmonary em-
bolism), septal dyskinesia develops rapidly but, when
due to LV dysfunction, occurs later in the course of dis-
ease. Septal dyskinesia can be assessed qualitatively
and quantitatively. The qualitative evaluation includes
the observation of paradoxical septal motion (Videos
11.1 and 11.2 in enclosed DVD). In most clinical situa-
tions, this approach will suffice. M-mode echocardio-
graphy is another useful method for examining septal
movement (Figure 11.1).

Quantification of systolic RV overload can also be
achieved by direct measurement of the systolic eccen-
tricity index (EI). To do this, the short-axis view of the
mid-LV (when both papillary muscles are displayed) is
obtained via a transthoracic (TTE) or transesophageal
(TEE) echocardiography. At end-systole, D1 is mea-
sured as the diameter that bisects the papillary mus-
cles, and D2 is the orthogonal diameter to D1. The sys-
tolic eccentricity index = D2/D1. A normal systolic EI
is 1. Septal dyskinesia will result in an EI >1 (Figure
11.2).7 An atrial septal defect could, however, result in
a falsely elevated EI.8 Therefore, a search for intracar-
diac shunting should always be considered when the
EI is >1 and the right clinical context appropriate.

Figure 11.1. M-mode at the parasternal long-axis
midventricular level showing paradoxical septal
motion.

Systolic RV overload can also be indirectly identified
by Doppler assessment of the right ventricular outflow
tract (RVOT). RV systolic overload results in increased
RV output impedance. It can be assessed by both TTE
and TEE using pulsed-wave (PW) Doppler. The PW in-
terrogation box is placed either above the pulmonic
valve (by TTE or by TEE, using a transgastric view) or
just below the valve (view of the great vessels by TEE).
A spectral Doppler signal is obtained, allowing both
qualitative and quantitative assessments of increased
pulmonary vascular impedance. The normal RVOT
spectral Doppler signal is easily discriminated from the
biphasic pattern that occurs due to the reduction of ve-
locity during midsystole when impedance is increased
(Figure 11.3). Multiple quantitative measurements can
be obtained. Table 11.2 summarizes the normal and

Figure 11.2. Parasternal short-axis midventricular
view showing EI ratio >1. EI indicates eccentricity
index.



Echocardiographic Diagnosis and Monitoring of Right Ventricular Function 127

Figure 11.3. Pulsed-wave Doppler tracing of the RV
outflow tract showing a biphasic pattern systolic
velocity envelope. RV indicates right ventricle.

pathological measurements derived from analysis of
the RVOT spectral Doppler signal. Unfortunately, these
measurements have several limitations that frequently
lead to high interobserver and intraobserver variabil-
ity. These include:
� Poor TTE image quality
� Misalignment between the ultrasound beam and

RVOT jet. Even with color Doppler guidance, the
spectral Doppler signal may not reflect the spatial
distribution of the pulmonary artery jet, which is
higher along the inner edge of its natural curvature

TABLE 11.2. Quantitative RV output
measurements

RV systolic
Normal overload

Decreased stroke
volume

70–100 mL <70 mL

Decreased RVOT
velocity-time
integral (VTI)

18 ± 3 cm <15 cm

Decreased
acceleration time

≥120 m/sec <80 m/sec

Decreased ejection
time

304 ± 23 m/sec <281 m/sec

Decreased
acceleration time/
ejection time

>0.342 <0.34

RV indicates right ventricular; RVOT, right ventricular outflow tract;
VTI, velocity-time integral.

� Misinterpretation of the spectral Doppler signal;
only the outer edge of the dark spectral envelope
should be used

� Misinterpretation of the very short time intervals
being measured

The assessment of RV contractile function can also
be performed qualitatively and quantitatively. Fre-
quently, the evaluation of RV systolic function by the
intensivist is based upon the qualitative analysis of the
RV free wall and IVS endomyocardial thickening and
contraction. This is similar to the qualitative assess-
ment of LV function. The contractile function of the
RV is graded as normal, mild, moderate, or severely
reduced. This approach is dependent upon the skills
and experience of the interpreter. There are several
quantitative techniques to assess RV contractile func-
tion. These include ejection fraction; fractional area of
contraction; systolic tissue annular motion by 2D, M-
Mode, or tissue Doppler; myocardial performance in-
dex; and the measurement of dP/dt. These measure-
ments are not practical for use by the bedside critical
care echocardiographer.

Echocardiographic Features of RV
Diastolic Overload
Right ventricular diastolic overload is synonymous
with RV dilation. There are multiple definitions of right
heart dilation. Ideally, RV volume should be measured.
However, 2D echocardiographic methods cannot ac-
curately estimate RV volumes because of a failure of
geometric models to appropriately reflect the compli-
cated RV anatomy. To circumvent this problem, Jardin
and colleagues have proposed a semiquantitative as-
sessment of right heart diastolic overload.1 They mea-
sured both ventricular areas at end-diastole by trac-
ing the endomyocardium from the apical four-chamber
view. When the endomyocardium was not well visu-
alized, the area was traced to the epicardium. They
found that the RV end-diastolic area to left ventricular
end-diastolic area (RVEDA:LVEDA) ratio correlated well
with RV dilation. The normal RVEDA:LVEDA ratio was
found to be between 0.36 and 0.6 (0.48 ± 0.12). They de-
fined moderate dilation as a ratio = 0.7–0.9, and severe
dilation as a ratio ≥1 (Figure 11.4). Recently, another
group confirmed the prognostic value of end-diastolic
area (measured at the beginning of the QRS com-
plex) RVEDA:LVEDA in patients with acute pulmonary
embolism.9 In their registry of 1416 hospitalized
patients with acute pulmonary embolism, 31 subjects
(3.3%) died. Among patients with systolic blood pres-
sure ≥90 mm Hg, the mortality rate was 3.3% for those
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Figure 11.4. Apical four-chamber view showing a
severely dilated right ventricle (RV/LV ratio >1). LV
indicates left ventricle; RV, right ventricle.

with a RV/LV ratio ≥0.6, and 1.1% for those with a ratio
<0.6. Using mortality receiver operating curves (ROC)
curves, an RV/LV ratio ≥0.9 had the best sensitivity
(72%) and specificity (58%) to discriminate between
those patients with the highest risk of dying: 6.6% if the
ratio ≥0.9, 1.9% if <0.9. Interestingly, Fremont and col-
leagues measured chamber size in the parasternal or
subcostal views, which is important because the sub-
costal plane is frequently the most acceptable TTE view
in critically ill patients on ventilatory support (Figure
11.5, and Video 11.3 in enclosed DVD).

The assessment of RV size in comparison with
LV size has many advantages, including its simplic-
ity, avoidance of individual variations in cardiac size,
and the reduced interobserver and intraobserver vari-
ability introduced by quantitative methods.1 Vieillard-

Figure 11.5. Subcostal long-axis view showing a
severely dilated right ventricle (RV/LV ratio >1). LV
indicates left ventricle; RV, right ventricle.

Baron et al. recently evaluated the accuracy of qual-
itative versus quantitative assessments of several
echocardiographic parameters by TEE, as performed
by intensivist-echocardiographers.10 The authors sub-
jectively classified RV end-diastolic size in compari-
son with the LV end-diastolic size in the apical four-
chamber view as normal, moderately enlarged, and
markedly enlarged. The subjective qualitative obser-
vation of chamber size correlated well with the quan-
titative assessment of the RV/LV ratio. In addition,
the interobserver variability was very good (K = 0.74,
95%; CI 0.54–0.94). Their results indicate that a trained
echocardiographer can readily identify RV diastolic
overload with an “eyeball” assessment.

A sudden increase in RV diastolic afterload will not
only result in its dilation, but also in a change of its
normal configuration. When enlarged, the RV loses its
triangular shape and becomes more rounded in the api-
cal views. An oval, instead of half-moon–like, shape
is observed both on short- and long-axis views (Fig
ure 11.6).

Right heart dilation results in reduced LV filling.
Because the pericardium encloses the heart within a
relatively stiff envelope, the right heart can only di-
late at the expense of the space normally occupied by
the larger LV. This leads to an impairment of LV fill-
ing. Pulsed-wave Doppler interrogation of mitral valve
inflow displays a spectral signal that reverses when im-
paired filling is present (E/A <1).

The critical care echocardiographer should be
aware that there are published guidelines on RV cham-
ber quantification by the American Society of Echocar-
diography (ASE) in conjunction with the European
Association of Echocardiography (EAE).11 They are
summarized in Table 11.3. These measurements have
limited clinical utility in critical care practice.

Figure 11.6. Apical four-chamber view showing a
severely dilated RV with a rounded apex. RV indicates
right ventricle.
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TABLE 11.3. Recommended ASE/EAE
guidelines on RV chamber quantification

Severe
Normal dilation
(cm) (cm)

Basal diameter ≤2.8 ≥3.9
Midventricular diameter ≤3.3 ≥4.2
Base-to-apex length ≤7.9 ≥9.2
RVOT diameter above
aortic valve

≤2.9 ≥3.6

RVOT diameter above
pulmonic valve

≤2.3 ≥3.2

ASE indicates American Society of Echocardiography; EAE, European
Association of Echocardiography; RV, right ventricular; RVOT, right
ventricular outflow tract.

Acute Versus Subacute/Chronic Cor Pulmonale
There are no definitive criteria to distinguish between
acute cor pulmonale and chronic right heart failure.
To further complicate this assessment, acute cor pul-
monale may occur in a patient with chronic right heart
failure. The causes of chronic right heart failure include
left heart failure, pulmonary arterial hypertension of
any etiology, and a variety of pulmonary processes.
If right heart impedance is chronically elevated, the
RV wall becomes hypertrophic relatively rapidly. The
RV free wall thickness is best evaluated on the sub-
costal view at the end of diastole. The normal thick-
ness is 3.3 ± 0.6 mm. After only 48 hours of a sud-
den increase in afterload, the RV free wall thickness
may increase to double this width.5 In chronic cor pul-
monale, the RV free wall may thicken to as much as
10–11 mm. In addition to wall thickening, there may
be increased intracavitary muscle trabeculations, and
frequently there may be LV hypertrophy.12 The level
of pulmonary artery pressure calculated by Doppler
techniques can also provide a clue that the process is
chronic. While the pulmonary arterial systolic pressure
(PAPs) in acute conditions is generally <60 mm Hg, it
can be higher in chronic cor pulmonale. Finally, the
confirmation of acute cor pulmonale can be made ret-
rospectively. Acute cor pulmonale reverses once the
baseline disorder is corrected. The lack of complete
reversibility of acute cor pulmonale indicates the pres-
ence of chronic cor pulmonale.

When faced with a chronic cor pulmonale pattern,
the echocardiographer must always rule out common
left-side pathologies including:

1. Significant valvular and subvalvular dysfunction

2. Dilated left-sided chambers with wall motion abnor-
malities, indicating ischemic heart disease

3. Dilated left-sided chambers with wall motion ab-
normalities suggestive of transient apical balloon-
ing syndrome (TABS) or broken-heart syndrome (re-
versible aneurismal dilation of LV and/or RV apex,
hypo/akinesis of midventricular segments, and hy-
perkinesis of basal segments)

4. Signs of dynamic LV intracavitary pressure gradient
with or without systolic anterior motion of the ante-
rior leaflet of the mitral valve

5. LV hypertrophy with evidence of diastolic dysfunc-
tion and signs of elevated LV end-diastolic pressure.

Cor Pulmonale and Pulmonary
Hypertension
Cor pulmonale is usually associated with an eleva-
tion of pulmonary arterial pressures. High pulmonary
arterial pressures in a patient with findings of ACP
correlate with increased impedance. However, if the
RV pump function is severely impaired, it may not
be able to generate significant cardiac output, result-
ing in pseudo-normalization of pulmonary artery pres-
sures. Alternatively, the clinician will frequently en-
counter clinical scenarios where elevated pulmonary
arterial pressures are present in the absence of ACP.
This finding should prompt the physician to rule out
“intracardiac” and “intrapulmonary” causes of pul-
monary arterial hypertension. Intracardiac etiologies
include: left-to-right shunts, pulmonary embolism (PE),
unsuspected pulmonary valve stenosis, subpulmonic
stenosis, and constrictive pericarditis. Pulmonary
etiologies of pulmonary hypertension include chronic
thromboembolic pulmonary hypertension and lung
diseases such as chronic obstructive pulmonary dis-
ease and a variety of interstitial lung processes.

Measurements of Pulmonary
Arterial Pressure
Pulmonary artery systolic, diastolic, and mean pres-
sures can be estimated from the tricuspid and pul-
monic regurgitant jets, using the modified Bernouilli
equation. The tricuspid regurgitant (TR) jet is used to
measure PAPs as follows:

PAPs = 4 × (tricuspid regurgitant jet peak velocity)2

+ right atrial pressure (RAP)
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Figure 11.7. Continuous-wave Doppler tracing of a
tricuspid regurgitation jet with measurement of the
systolic pressure gradient across the valve.

The TR jet should be interrogated from multiple
acoustic windows (apical and parasternal), with care-
ful transducer angulation to obtain a parallel intercept
angle between the ultrasound beam and TR jet (Figure
11.7). Numerous factors can affect the accuracy of the
measurement. Technically, it may be difficult to obtain
an adequate spectral Doppler envelope or adequate in-
tercept between the ultrasound beam and the TR jet.
In this case, a low-intensity TR jet may be augmented
by injection of agitated saline contrast. Using estimates
of right atrial pressure instead of actual measurements
can lead to over- or underestimations of PAPs. It is im-
portant to use an accurate RAP in the PAPs equation.
Inferior vena cava (IVC) size and changes with respira-
tory cycles may be used to estimate RAP (Table 11.4).
Right atrial pressure can also be measured directly if
the patient has a central venous catheter in place.

In addition to PAPs, pulmonary artery diastolic pres-
sure (PAPd) and mean pulmonary artery pressure
(PAPm) can be measured from the pulmonic valve re-

TABLE 11.4. RAP as estimated by IVC size and
dynamic

RAP IVC contraction Hepatic
(mm Hg) IVC size (inspiration) vein

0–5 <20 mm >50% Normal
10 <20 mm <50% Normal
15 >20 mm <50% Normal
20 >20 mm <50% Dilated

IVC indicates inferior vena cava; RAP, right atrial pressure.

gurgitant jet, when present, as follows:

PAPd = 4 × (pulmonic regurgitantend−diastolic velocity)2

+ RAP
PAPm = 4 × (pulmonic regurgitantpeak velocity)2, or

80 − RVOT acceleration time/2.13−15

SPECIFIC CLINICAL SCENARIOS
LEADING TO ACUTE COR
PULMONALE

Massive Pulmonary Embolism
Pulmonary embolism may be associated with right ven-
tricular dysfunction. Several authors have defined ACP
in the context of acute PE using different criteria.16−18

Because of its simplicity, the RV/LV ratio is the most
practical for a bedside application. Using this ratio,
Vieillard-Baron et al. reported the incidence of ACP as
61% in 161 subjects with anatomically massive PE.19

Whether ACP is an independent prognostic factor for
mortality and its influence on treatment (e.g., throm-
bolysis) remains under investigation. Occasionally, a
thrombus in transit will be identified in the right heart
(Figure 11.8, and Video 11.4 in enclosed DVD). These are
typically mobile and serpiginous; they are of grave clin-
ical concern. Thrombus may be visible in the main and
proximal pulmonary arteries in a parasternal short-axis
view with TTE (Video 11.5 in enclosed DVD). The main
and proximal pulmonary artery (PA) are readily visual-
ized with TEE, and this is a means of establishing rapid
diagnosis of PE in the critically ill patient who is not
able to undergo contrast study.20,21

Other indirect echocardiographic signs of acute PE
include:

Figure 11.8. Off-axis apical four-chamber view
showing a thrombus in transit in right atrium and
right ventricle.
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1. McConnell sign: diffuse hypokinesis of the RV free
wall sparing the apex (Video 11.6 in enclosed DVD)

2. 60/60 sign: RVOT acceleration time <60 m/sec in as-
sociation with pulmonary artery systolic pressure
<60 mm Hg (as estimated by TR regurgitant jet)23

Both of these signs were described retrospectively.
When tested in a prospective study of 100 consecutive
patients with proven PE, the sensitivity of McConnell
and 60/60 signs ranged from 19% to 36%.23 This is likely
due to the subjectivity inherent in determining seg-
mental wall motion abnormality and the high margin of
error when measuring the acceleration time.

Acute Respiratory Distress
Syndrome
In patients with ARDS on ventilatory support, the RV
can become easily afterloaded due to factors intrinsic
to the disease and factors associated with mechanical
ventilation. These include:

1. Occlusion of the pulmonary vascular bed (micro-
thrombi, inflammation, interstitial edema, and
atelectasis)24

2. High transpulmonary pressures that result in pul-
monary capillary compression (tidal volume and
positive end-expiratory pressure [PEEP] effect)25,26

3. Acidosis and hypoxemia, with pulmonary vascular
constriction27

4. Intra-abdominal hypertension28

Acute cor pulmonale is frequent in ARDS. Vieillard-
Baron et al. reported an incidence of 25% in patients
with ARDS submitted to protective ventilation, defined
as a plateau pressure <30 cm H2O with a mean PEEP of
6–7 cm H2O.29 Echocardiography can identify patterns
of ventilatory support that may result in ACP. Serial
echocardiography can alert the physician to this possi-
bility and allow adjustment of therapies in a sequential
and effective manner.

Recruitment Maneuvers
Typically a recruitment maneuver involves applying a
high level of PEEP for a defined period of time. A simple
recruitment maneuver consists of 40 cm H2O of PEEP
for 40 seconds. Higher pressures or longer times have
also been described.30,31 Echocardiography demon-
strates ACP during the recruitment maneuver.32−34 This
occurs as a result of acute augmentation of RV after-
load due to pulmonary vascular derecruitment from
increased transpulmonary pressures and results in re-

duced cardiac output and hemodynamic instability.
The efficacy of a recruitment maneuver is questionable.

Acute Right Ventricular Failure
of Sepsis
Function of both LV and RV can become depressed
in sepsis.3,35−38 In one series, 32% of patients had evi-
dence of RV dysfunction.38 The cardiomyopathy is usu-
ally compensated, and cardiac output is maintained
within normal limits with adequate fluid resuscitation.
It is maximal on the second day after onset of sepsis and
recovers completely in seven to 10 days.39 However, RV
failure with ACP can become manifest when ventilatory
support is applied. By increasing pulmonary vascular
resistance, mechanical ventilation can result in ACP in
an RV that is already dysfunctional from sepsis. If ACP
develops, the clinician should adjust the ventilator set-
tings to minimize alveolar distension, hypoxemia and
acidosis, restrict intravenous fluid resuscitation, and
add vasoactive therapy to maintain adequate coronary
artery perfusion pressure.5,40

Right Ventricular Infarction
Right ventricular infarction occurs predominantly due
to occlusion of the right coronary artery. In addition
to perfusing the RV free wall, this artery also supplies
blood to the inferior aspect of the LV and the inferior
interventricular septum through the posterior de-
scending artery. As a result, RV infarction is frequently
accompanied by LV inferior wall infarction with corre-
sponding segmental wall abnormality.

Echocardiography allows an assessment of RV seg-
mental wall abnormality. When myocardial ischemia
is present, there is reduced endomyocardial thicken-
ing and wall motion abnormalities (hypokinesis, aki-
nesis, or dyskinesis). Using TTE, the parasternal long
view allows examination of the RV infundibulum; while
the parasternal, short midventricular-level view per-
mits assessment of the anterior, lateral, and portion of
the inferior RV walls. The anterior and inferior free RV
walls are also seen in a different plane on inspection of
the RV inflow tract axis, while the apical four-chamber
view demonstrates the lateral wall and apex. When RV
infarction is suspected, the echocardiographer must
assess the subcostal views. Its long-axis plane shows
the RV inferior free wall, while its short-axis plane
brings up part of the inferior wall and the RV outflow
tract. Importantly, 20% of RV infarctions may be missed
if this plane is not interrogated and the right coronary
artery (RCA) occlusion is distal.41

With proximal RCA occlusion, severe acute RV fail-
ure may occur. Unlike ACP, PA pressures may not be



132 Cardiac Sonography in the ICU

elevated, as the cause of the RV failure is acute failure
of pump function. A clue to the diagnosis of ischemia
is the presence of abnormal endomyocardial thicken-
ing and segmental wall motion abnormality of the infe-
rior left ventricular wall and inferior septum. Dilation of
the tricuspid annulus secondary to RV dilation results
in acute TR, elevation of RAP, right atrial enlargement,
and IVC dilation.

PRELOAD, VOLUME
RESPONSIVENESS AND THE
RIGHT HEART
For a complete discussion of echocardiographic in-
dices of preload or volume responsiveness, the reader
is referred to Chapter 10. The dynamic parameters
of volume responsiveness should always be evalu-
ated within the context of right heart function. While
preload responsiveness is best assessed with dynamic
parameters, all described indices (e.g., change in right
atrial pressure with respiration, �down, pulse pres-
sure variation, change in peak aortic velocity or stroke
volume with respirator cycling or leg elevation) as-
sume a normal RV function. Right ventricular failure
itself can result in pulse pressure variation during tidal
positive pressure ventilation, independently of the pa-
tient’s volume status. If RV function is not evaluated,
the “blinded” clinician could erroneously conclude, by
relying on dynamic parameters alone, that more vol-
ume expansion is necessary. The presence of ACP with
septal dyskinesia provides a contraindication to vol-
ume resuscitation, even if the dynamic parameters in-
dicate otherwise.

BASIC AND ADVANCED LEVEL
ECHOCARDIOGRAPHY FOR THE
ASSESSMENT OF RV FUNCTION
The intensivist with competence in basic critical care
echocardiography has a limited ability to perform

Doppler-based assessment of RV function. The limited
or goal-directed echocardiogram emphasizes 2D exam-
ination of a few key image planes. Of these, the apical
four-chamber and subcostal views are the most impor-
tant for identification of RV dysfunction. A necessary
and diagnostic feature of acute cor pulmonale is RV
dilation. Septal dyskinesia can also be identified quali-
tatively by the basic-level echocardiographer. The find-
ing of a dilated, hypokinetic RV in a patient with shock
has major diagnostic implications (e.g., acute PE, in-
appropriate ventilator settings, RV infarction, etc.). It
also has important implications for management be-
cause volume resuscitation may have adverse conse-
quences, leading the clinician to favor pressors and
inotropes while simultaneously considering means of
reducing RV afterload.

In addition to the standard 2D imaging, Doppler
examination allows sophisticated assessment of RV
hemodynamic function, while M-mode quantitates sep-
tal kinetics and RV wall thickness. In a busy ICU, it may
be both impractical and unnecessary to make a very
wide range of measurements of RV function. The in-
tensivist will have to decide which are relevant to the
clinical situation. Our practice is to obtain the appro-
priate 2D images, followed by measurement of TR jet
velocity from as many angles as possible. Pulmonary
arterial systolic pressure is calculated as previously re-
viewed. Although no specific PAPs level will change our
clinical management, an elevated PAPs within the con-
text of ACP is theoretically consistent with maintained
RV pump function.

CONCLUSION
Right ventricular failure is frequent in critically ill pa-
tients. Echocardiography is the best bedside diagnos-
tic tool available to identify RV dysfunction. Careful
assessment of RV size and function is a key part of
the critical care echocardiographic examination that is
performed to render immediate diagnosis and to guide
therapy at the bedside.
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CHAPTER 12

Echocardiographic Diagnosis
of Cardiac Tamponade

Daniel A. Sweeney and Dorothea McAreavey

INTRODUCTION
Cardiac tamponade is a life-threatening condition in
which the accumulation of fluid or gas in the peri-
cardial sac prevents adequate filling of the heart and
compromises cardiac output. Prompt diagnosis and
treatment is imperative if the patient is to survive. Un-
fortunately, the signs and symptoms can be subtle and
easily missed. This is especially true in the intensive
care unit (ICU), where mechanical ventilation and se-
dation can limit physical examination and prevent the
patient from vocalizing symptoms. Echocardiography
is an important tool in the diagnosis of cardiac tampon-
ade because ultrasound equipment is readily available,
portable, and can confirm or refute a clinical diagnosis.
The intensivist with the ability to perform a basic car-
diac ultrasound has the opportunity to make a timely
diagnosis of cardiac tamponade and sometimes even
save the life of a critically ill patient.

THE PHYSIOLOGY OF THE
PERICARDIUM
The pericardial sac surrounds the heart and is formed
by two layers—the outer, pleural pericardium, and
the inner, visceral pericardium. Histologically, the peri-
cardium is composed of collagen and elastin fibers that
combine to give the structure both its stiffness and
elastic quality.1 Normally, the pericardial sac contains
30–50 milliliters (mls) of a low protein, transudative
fluid that originates from the visceral pericardium and
is thought to act as a lubricant surrounding the beating
heart. Typically, the pressure within the pericardial sac
is equivalent to the pleural pressure or approximately
5 millimeters of mercury (mm HG) below the central
venous pressure.2 Under normal conditions, the peri-
cardium may prevent excessive motion of the heart
and reduces friction between moving organs. The peri-
cardium also serves to prevent acute cardiac dilata-
tion and contributes to ventricular interdependence,

the mechanism whereby the filling of one ventricle af-
fects the filling of the other. However, cardiac function
remains normal in rare individuals with a congenital
absence of pericardium.

THE PATHOLOGY OF PERICARDIAL
EFFUSION AND CARDIAC
TAMPONADE
Pericardial effusion is defined as an accumulation of
fluid in the pericardial sac; this fluid can either be tran-
sudative 2◦ to impaired lymphatic drainage, or more
commonly exudative (serous, hemorrhagic, or puru-
lent). On rare occasions, chylous fluid (2◦ to pancreati-
tis) or air (2◦ to esophageal rupture) in the pericardial
sac has also been described. The physiologic effects
of a pericardial effusion depend on both the amount of
fluid and the rate of accumulation (Figure 12.1). When
a pericardial effusion accumulates gradually, the com-
pliant pleural pericardium is able to stretch and the
pressure in the pericardial sac can remain relatively
low until late in the disease course. Accordingly, peri-
cardial effusions of 2 liters have been described in rel-
atively asymptomatic patients with chronic disease.
Once the pericardial reserve volume is exhausted, how-
ever, small incremental increases in pericardial fluid
will result in large increases in pericardial pressure.
When pericardial effusions develop rapidly, the pleu-
ral pericardium is unable to adapt and the pericardial
reserve volume is relatively small. In these cases, very
small increases in volume can cause rapid increases in
pericardial pressure.3

Cardiac tamponade occurs when the pressure asso-
ciated with a pericardial effusion compresses the cham-
bers of the heart, preventing adequate filling and re-
sulting in a reduction of cardiac output. For the right
and left ventricles to fill, the pressure within each cav-
ity during diastole must be greater than the pericardial
pressure, otherwise the chambers collapse. Classically,
cardiac tamponade progresses along a continuum with
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Figure 12.1. Pressure–volume curves in rapid and slow effusions
in cardiac tamponade. (A) In cases of rapid accumulation of
pericardial fluid, the cardiac reserve (the initial flat segment on the
curve) is quickly exceeded and pressure thereafter rises with
small increases in pericardial fluid. (B) When a pericardial effusion
occurs gradually, the pericardium is able to adapt and stretch;
with time, however, the limit of pericardial stretch is met and
additional fluid accumulation results in increasing intrapericardial
pressure. (From Ref. 3; Copyright c© 2007 Texas Heart Institute.)

the pericardial pressure first equilibrating with the
right ventricular end-diastolic pressure and then with
the left ventricular end diastolic pressure (as estimated
by the pulmonary capillary wedge pressure).4 Adaptive
mechanisms, including increasing blood volume, heart
rate, and vasoconstriction, can temporarily maintain
cardiac output in the face of progressive cardiac tam-
ponade, but eventually shock ensues.

EPIDEMIOLOGY AND CAUSES
OF CARDIAC EFFUSION
AND TAMPONADE
The decision about whether to perform a cardiac ultra-
sound in an individual patient can be guided, in part,
by knowledge of both the clinical settings and the fre-
quent causes of pericardial effusion and tamponade.
In the largest review of patients with an ultrasound-
proven cardiac effusion (n = 322), the most commonly
associated medical conditions were: recent cardiac
surgery or endovascular procedure (14%); cancer (9%);
recent myocardial infarction (9%); and chronic renal
failure (7%).5 Other, less frequently associated diseases
included cardiac failure, aortic dissection, hypothy-

roidism, and human immunodeficiency virus infection.
The most commonly identified causes of tamponade
were acute idiopathic pericarditis (23%), malignancy
(22%), and iatrogenic effusion (18%). Notably, 17 % of
all cases of tamponade were in patients without any
risk factors at the time of presentation.

The epidemiology and prevalence of pericardial tam-
ponade in the ICU has not been systematically stud-
ied. A handful of studies involving intensivist-initiated
echocardiograms found cardiac tamponade in 2–10%
of patients.6−8 There are a number of ICU patient sub-
groups who should be considered to be at especially
increased risk for cardiac tamponade (Table 12.1). Pro-
cedures including the placement of central venous
catheters, pulmonary artery catheters, and endove-
nous pacemakers are potential causes of cardiac tam-
ponade unique to the ICU.

SYMPTOMS AND SIGNS, CHEST
RADIOGRAPHY, AND EKG FINDINGS
Multiple lines of evidence can assist in identifying pa-
tients who have a pericardial effusion and may be pro-
gressing toward florid cardiac tamponade. A recent
metaanalysis identified dyspnea as the most sensitive
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TABLE 12.1. ICU patients at increased risk for
cardiac tamponade

Postcardiac surgery, endovascular procedure, or
catheter-based intervention
Recent myocardial infarction
Known or suspected malignancy
Chronic renal failure
Collagen vascular diseases
HIV, risk factors for tuberculosis
Blunt or penetrating chest trauma

HIV indicates human immunodeficiency virus.

symptom (87–88%), with fever, chest pain, and cough
occurring in 25% or less of patients with cardiac
tamponade.2 This same study went on to evaluate phys-
ical examination findings in the diagnosis of cardiac
tamponade and found tachycardia and elevated jugu-
lar venous pressure (JVP) to have sensitivities of 77%
and 76%, respectively. Hypotension, on the other hand,
was insensitive (26%).

During normal respiration, venous return to the right
heart is augmented in inspiration by the fall in in-
trathoracic pressure. Conversely, blood pools in the
pulmonary vasculature, reducing flow to the left heart.
Normally, the right ventricle expands symmetrically
with the free wall bowing outward and the septum bow-
ing toward the left, resulting in a subtle decrease in left
ventricular filling. During expiration, the effect is re-
versed; with increase of flow to the left side of the heart,
the septum bows rightward and there is a decrease in
venous return to the right ventricle. Thus, the respira-
tory cycle alternately favors filling of the right and the
left side of the heart. The result is a small (<10 mm
Hg) variation in systolic blood pressure with inspira-
tion and expiration.

By contrast, pulsus paradoxus is the classic physi-
cal finding associated with cardiac tamponade. In car-
diac tamponade, the effect of the respiratory cycle on
systolic blood pressure variation is exaggerated. The
increase in pericardial pressure prevents the right ven-
tricular free wall from moving outward during dias-
tole. Thus, increased venous return during inspiration
causes an asymmetric expansion of the right ventri-
cle with the septum bowing deeper into the left ven-
tricle. Pulsus paradoxus is said to be present when
the systolic pressure during inspiration is at least
10 mm Hg less than the systolic pressure during ex-
piration. This difference can be measured by two dif-

ferent techniques. Using a sphygmomanometer, the ex-
aminer inflates the cuff and listens with his stethoscope
for Korotkoff sounds as the cuff deflates. The examiner
notes the pressure at which the Korotkoff sounds are
first heard intermittently (this corresponds with the
patient’s expiration phase) and when these sounds are
heard throughout the respiratory cycle; if the differ-
ence is ≥10 mm Hg, then pulsus paradoxus is present
(pulsus paradoxus has also been defined as a percent-
age reduction [10%] of expiratory systolic pressure
pulsus paradoxus).9 In the ICU setting, the presence
of pulsus paradoxus can be identified by using either
an arterial line or pulse oximeter tracing and simply
calculating the difference between the peak systolic
pressure during expiration and the trough systolic
pressure during inspiration. Measurement of pulsus
paradoxus has many applications in the setting of pos-
sible cardiac tamponade. For example, it is a reason-
able screening test, as the sensitivity in cardiac tam-
ponade is 88%. The degree of pulsus paradoxus (i.e., 12
mm Hg versus 25 mm Hg) has also been shown to corre-
late with the severity of hemodynamic compromise in
cardiac tamponade.10 Conversely, the absence of pul-
sus paradoxus is also very helpful in ruling out cardiac
tamponade (likelihood ratio [LR], 0.03; 95% confidence
interval [CI], 0.01–0.24).2 Limitations of this physical
finding should also be appreciated; namely, pulsus
paradoxus can be diminished in the setting of hypoten-
sion, right ventricular hypertrophy, left ventricular hy-
pertrophy, or increased pulmonary wedge pressure.
In addition to cardiac tamponade, pulsus paradoxus
is routinely present in conditions associated with in-
creased intrathoracic pressures including chronic ob-
structive pulmonary disease, acute asthma, and mas-
sive pulmonary embolism.

Chest radiography and electrocardiography can also
be abnormal in cardiac tamponade. An enlarged car-
diac silhouette, often described as “boot-shaped,” is a
sensitive test (88%) for cardiac tamponade.2 The elec-
trocardiogram, in contrast, is a less sensitive test for
cardiac tamponade, with either a low QRS voltage or
electrical alternans (associated with a “swinging” heart
within the pericardial sac on echocardiographic exam-
ination) being uncommon findings.

In the ICU, the clinical features of tamponade may be
masked and it is in this situation that additional tech-
niques can be most useful. One diagnostic procedure
has been right heart catheterization to demonstrate
equalization (within 5 mm Hg) of the mean right atrial,
right ventricular end-diastolic, and mean pulmonary
arterial occlusion pressures However, the widespread
availability of echocardiography makes it an attractive
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and easy noninvasive method to detect pericardial ef-
fusions and determine their characteristics.

GOAL-DIRECTED CARDIAC
ULTRASOUND TO DIAGNOSE
CARDIAC TAMPONADE
When pericardial tamponade is suspected, echocardio-
graphic assessment should not be delayed. With the
development of handcarried ultrasound (HCU) tech-
nology, multiple published reports have demonstrated
that intensivists and other noncardiologists can be
trained to effectively perform a limited cardiac ultra-
sound exam at the bedside.8,11,12 In terms of equip-
ment, two dimensional (2D) ultrasound evaluation of
the heart should be performed using a 2.0–5.0 MHz
transducer. It is worth noting that the frequency (MHz)
determines the performance characteristics of the
transducer: the lower the sound frequency, the greater
the distance that the ultrasound beam penetrates
the body; the higher the frequency, the better the
resolution.13 Also, transducers that feature harmonic
imaging can improve picture resolution. In the adult
population, a 3.5-MHz transducer is generally satisfac-
tory, whereas in small children, a 5–7-MHz probe is
used, depending on size. The patient should be placed
in the left lateral decubitus position, if possible. The
examiner should proceed to examine the heart from
four different transducer positions (Figure 12.2).14 Be-
ginning with the parasternal position, the transducer
is placed in the third or fourth left intercostal space.
The parasternal long-axis view is performed with the
transducer aimed in the direction of the right shoulder.
Once this window is achieved, the parasternal short-
axis view (“bread loaf” view) is obtained by turning
the transducer in a clockwise direction approximately
90◦ so that the transducer points in the direction of
the left shoulder. To attain a four-chamber apical view,
the transducer is placed at the apex of the heart in an
intercostal space near the point of maximal impulse;
the ultrasound beam is then directed toward the right
scapula. For the subcostal examination, the patient
should be positioned flat on the back. The transducer
is then placed beneath the middle or the right bor-
der of the xiphoid process. The ultrasound beam is di-
rected slightly downward and toward the patient’s left
scapula. The subcostal view is especially useful in the
ICU, where patients are frequently receiving mechani-
cal ventilation or have surgical chest wounds that pre-
clude examining the heart from the other transducer
positions. Regardless of transducer positions, the qual-

ity of the “window” and the delineation of tissue planes
can be improved with subtle alterations in patient po-
sitioning or adjustment of the gain (creating either a
darker or grainer image), or by changing the depth of
the ultrasound beam.

When a pericardial effusion is present, the pericar-
dial sac appears as an echo-free space. Small effusions
(<25 mL) are usually located posteriorly and are visi-
ble only during systole. As the size of the effusion in-
creases, an echo-free space surrounds the heart and
persists throughout the cardiac cycle. Occasionally,
the heart can appear to be “swinging” within the peri-
cardial sac; this finding is typically associated with the
electrical alternans appearance on the electrocardio-
gram (EKG). Additional evidence supporting the diag-
nosis of cardiac tamponade can also be gleaned by ex-
amining the inferior vena cava (IVC) from the subcostal
view. Failure of the IVC to collapse with inspiration
can be suggestive of cardiac tamponade.15 Nonethe-
less, cardiac chamber collapse is the most character-
istic sign of tamponade, and the ability to recognize
this finding is crucial to making the diagnosis (Fig-
ure 12.3). Right atrial collapse occurring during early
diastole is the most sensitive (70–100%) echocardio-
graphic sign of tamponade (Video 12.1 in enclosed
DVD); it is also extremely specific for cardiac tam-
ponade when collapse persists for greater than one
third of the cardiac cycle.16,17 Right ventricular col-
lapse, in contrast, is specific but insensitive for car-
diac tamponade (Video 12.2 in enclosed DVD). Finally,
left atrial collapse is also described in cardiac tampon-
ade. For more advanced practitioners, Doppler findings
include increased tricuspid velocity and decreased
mitral forward flow (Figure 12.4) during inspira-
tion.

There are a few pitfalls to avoid when performing
an ultrasound exam in the setting of suspected car-
diac tamponade. The pericardial space does not ex-
tend behind the left atrium beyond the atrioventricu-
lar ring, so an echo-free space behind the left atrium
is not a pericardial effusion (Video 12.3 in enclosed
DVD). Similarly, an echo-free space limited to the an-
terior surface often represents an epicardial fat pad
and not an effusion. A pleural effusion can be mistaken
for a pericardial effusion, but pleural effusions lie pos-
terior to the descending thoracic aorta, which is typi-
cally seen in cross-section on the parasternal long-axis
view. Unlike a pericardial effusion, pleural effusions
will never surround the heart on all sides; moreover,
a pericardial effusion tends to be motionless, whereas
a pleural effusion will frequently slide back and forth
with the respiratory cycle. Lastly, if there is low output
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B
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Figure 12.2. Tranducer placement for goal-directed 2D echocardiography with corresponding echocardiographic
images. Parasternal long-axis (A) and short-axis (B) views; apical four-chamber view (C); subcostal four-chamber
view (D). AVindicates aortic valve; Desc Ao, descending thoracic aorta; LA, left atrium; LV, left ventricle; RA, right
atrium; RV, right ventricle. (From Ref. 14.)

state or hemodynamic instability postcardiac surgery,
cardiac tamponade must be suspected. In this setting,
the pericardial effusion may be loculated and can over-
lie a single cardiac chamber rather than circumscrib-
ing the heart. To exclude a loculated effusion, it is
very important to obtain multiple views of the heart
from different locations, especially the subxiphoid
view.

TREATMENT:
ULTRASOUND-GUIDED
PERICARDIOCENTESIS
Whether a pericardial effusion requires drainage de-
pends not only on the echo findings but also on the clin-
ical features and clinical judgment. For example, an ef-
fusion might be monitored carefully if there is no pulsus
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A B

Figure 12.3. (A) Apical four-chamber view showing marked right atrial and ventricular collapse indicative of
cardiac tamponade. (From Ref. 20.) (B) Subxiphoid view showing right ventricular collapse secondary to cardiac
tamponade. PE indicates pericardial effusion; RA, right atrium; RV, right ventricle. (From Ref. 21.)

paradoxus and no hypotension, even if the echo ap-
pearances suggest early tamponade.

The treatment for acute life threatening cardiac tam-
ponade is pericardiocentesis. Ultrasonographic guid-
ance of pericardiocentesis (Figure 12.5) is the best
method of performing the procedure, and has major
advantages when compared to fluoroscopic guidance.
Technical aspects of pericardiocentesis are discussed
in chapter 27. The use of ultrasound guidance has
largely superseded electrocardiographic monitoring
during aspiration. If the effusion can be visualized in

Figure 12.4. Doppler flow across mitral valve in
cardiac tamponade showing a fall in flow in
inspiration.

the subcostal window, a 16–18 gauge needle with ap-
plied negative pressure should be inserted between
the xiphoid process and the left costal margin.18 The
needle should be advanced with real-time ultrasound
guidance and visualized as it enters into the pericardial

Figure 12.5. Ultrasound-guided pericardiocentesis
using a subxiphoid approach. After obtaining an
adequate subcostal window, a 16–18 gauge needle is
inserted between the xiphoid process and the left
costal margin. Using real-time echocardiography, the
needle is advanced and visualized as it enters the
pericardial sac. (From Ref. 19.)
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sac. The aspiration of even a small amount of fluid
(50 mL) can restore the patient’s hemodynamic status.
Typically, a multihole catheter is placed in the pericar-
dial space to allow complete drainage of the pericardial
fluid. In some situations, surgical drainage may be pre-
ferred, for example, for loculated or small but hemo-
dynamically significant effusions, or for malignant
effusions. Adjunctive medical therapy for pericardial
tamponade, including the use of dopamine and fluid
boluses, is generally only a temporizing maneuver and
should not delay the definitive treatment by drainage
of the effusion. In patients who are mechanically venti-
lated, however, high positive airway pressure, includ-
ing positive end-expiratory pressure, should be mini-
mized, as this will further compromise right heart filling
and, in turn, cardiac output.19

SUMMARY

Cardiac tamponade is a medical emergency requiring
prompt treatment. The signs and symptoms can be sub-
tle and especially difficult to recognize in the confines
of the intensive care unit. Traditionally, the intensivist
only needed to have an understanding of the patho-
physiology of cardiac tamponade to be able to identify
those critically ill patients at an increased risk for car-
diac tamponade. With the development of HCU devices,
a very important tool for diagnosing cardiac tampon-
ade is now widely available. The ability to perform a
focused bedside ultrasound exam and either rule in or
rule out cardiac tamponade in a matter of minutes rep-
resents a life-saving skill that should be part of every
critical care doctor’s armamentarium.
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CHAPTER 13

Echocardiographic Diagnosis and
Monitoring of Acute Myocardial

Infarction and Associated
Complications

Rodney W. Savage

INTRODUCTION
Despite all the effort and expense, acute myocardial
infarction (MI) remains a major cause of death and dis-
ability. Ultimate progress in dealing with this plague
will depend not on emergency departments, cardiac
care units, and cardiac catheterization laboratories,
but on the prevention of atherosclerosis. Thus, diet,
exercise, and smoking avoidance coupled with early
identification of atherosclerosis with effective targeted
medical therapy will stabilize vulnerable plaque, re-
duce atherosclerotic burden, and prevent acute throm-
botic events.

To the individual in the grip of acute MI, however, dif-
ferent and pressing priorities exist. Symptoms must be
ameliorated, lethal arrhythmias identified and treated,
arteries opened, and complications identified and man-
aged. In many cases, little is needed beyond a targeted
history and physical, 12-lead electrocardiogram (ECG),
and simple, rapid blood work with prompt thrombol-
ysis or emergency coronary arteriography and bal-
loon angioplasty with or without stenting. In such
straightforward cases, point-of-care echocardiography
will prove interesting and perhaps helpful if potential
complications are identified early. Such study, however,
should never delay needed efforts at reperfusion. In
other cases,1−5 the history and physical examination
may be confusing, or ECG and enzymatic data may be
conflicting, misleading, or delayed. These situations
include: (1) typical symptoms but normal or equiv-
ocal lab studies, (2) atypical symptoms with equivo-
cal or abnormal lab studies, (3) pacemaker therapy,
(4) left bundle branch block on ECG, (5) presence of
new systolic murmur, (6) shock, including right ven-
tricular myocardial infarction, (7) late clinical presen-

tation, including post-MI pericarditis, (8) large, non-Q-
wave MI, (9) true posterior MI, and (10) suspected LV
thrombus. In these instances, point-of-care ultrasonog-
raphy is not only beneficial, it may be critical for im-
proving the understanding of the patient’s condition
and selecting appropriate treatment.

TECHNICAL AND ADMINISTRATIVE
ISSUES
For point-of-care echocardiography to prove helpful in
the acute MI setting, a simple, rapidly activated and
portable machine must be present in the proximate
clinical area. This machine must provide good qual-
ity two-dimensional and colored Doppler images on a
wide variety of challenging patients (chronic obstruc-
tive pulmonary disease [COPD], obesity). In most situ-
ations, a full, formal follow-up echocardiogram should
be obtained later with results correlated to the point-
of-care echocardiography findings. Point-of-care opera-
tors require training in theory and hands-on techniques
plus proctored imaging and interpretation experience.
These providers will need to work closely with institu-
tional credentialing bodies to ensure that standards of
initial training, ongoing training, and quality assurance
are identified and met.

The three standard windows should be interrogated
in each patient with and without color-flow Doppler
(Figure 13.1[A,B]). Apical views should be examined
first because the two-chamber, four-chamber, and five-
chamber views are often readily obtained and iden-
tify all left ventricular myocardial segments in addition
to the right ventricle (Figure 13.1[A]). Aortic, mitral,
and tricuspid valves are easily identified. Color-flow
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Figure 13.1. Standard views and left ventricular segments. (Reproduced with permission
from Yale University Echocardiography laboratory educational website.
http://www.med.yale.edu/intmed/cardio/echo atlas/contents/index.html Left ventricular
myocardial segments as seen in the standard echocardiographic windows and views with
corresponding coronary artery territories.)
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interrogation in the apical views readily identify ven-
tricular septal defects and mitral insufficiency. Left
parasternal short-axis views should be obtained next
with expected good visualization of the apex, mid left
ventricle, and left ventricle at base plus aortic and mi-
tral valves en face (Figure 13.1[B]). The pulmonic valve
is often best seen as the aortic valve is brought into
view. The left parasternal long-axis views usually miss
the left ventricular apex and may provide suboptimal
visualization of the inferior and posterior walls even
with the far gain turned up. Aortic valve and mitral
valve are usually well seen and color-flow Doppler pro-
vides good visualization of aortic and mitral insuffi-
ciency. Although difficult to obtain in obese patients
and in patients with severe chest pain or congestive
heart failure, subcostal views prove helpful in visualiz-
ing left and right ventricular endocardium in addition
to the aortic, mitral, and tricuspid valves. Sometimes,
adequate visualization of the left ventricular apex will
only be available in these views, making operator expe-
rience and proficiency mandatory. Having the acutely
ill patient bend at the knees will often help in obtain-
ing subcostal views, but this may be difficult in many
circumstances. Sometimes the images are only obtain-
able after initial medical therapy with oxygen, nitrates,
morphine, and diuretics.

During each study, every reasonable effort should
be made to identify each major myocardial segment6,7

and right ventricular free wall, left atrium, right atrium,
aortic, mitral, pulmonic, and tricuspid valves with
and without color interrogation. Aortic root, trans-
verse aorta, and descending aorta should be identi-
fied. Pericardial effusion, ventricular septal defect, and
a left ventricular thrombus should be sought. Struc-
tures not adequately visualized cannot be described.
If the endocardium is not seen, a wall motion abnor-
mality cannot be identified. After the study, findings
must be recorded, even when incomplete or limited
for later correlation and quality assurance. Never make
bad decisions based on bad images. The point-of-care
echocardiographer must always be ready to get as-
sistance from another echocardiographer who may
be able to acquire better images, or help from an-
other technology such as cardiac computerized tomog-
raphy, transesophageal echocardiography, or cardiac
catheterization.

TYPICAL SYMPTOMS AND
NORMAL/EQUIVOCAL LABS
Patients may present acutely with typical chest dis-
comfort with symptom onset <1 hour. The initial ECG

may show only peaked T waves or anterior ST-segment
depressions. Initial bedside cardiac enzymes may well
be negative. With continued ischemia more straight-
forward, ST-segment elevations may be seen on sub-
sequent ECGs prompting thrombolysis or emergent
catheter-directed intervention. Continued symptoms
and positive enzymes might similarly prompt a trip to
the catheterization laboratory even without classic ST-
segment elevations. During the time between presenta-
tion and decision, muscle loss will continue.

When initial diagnostic confusion and uncertainty
might lead to costly delays, immediate bedside
echocardiography can result in diagnostic clarity and
timely reperfusion. In patients presenting very early
with acute MI, enzymes will be normal and ECG may
show only peaked (hyper acute) T waves. A true pos-
terior MI may show only anterior ST-segment depres-
sions, mirror images of ST-segment elevations.8 These
changes may be unrecognized, subtle, or, in the case
of peaked T waves, due to hyperkalemia. Occasionally,
similar T waves may occur in young, healthy athletes
with or without symptoms. Waiting for ECG evolution
or abnormal cardiac enzymes can lead to delay with
unnecessary myocardial muscle loss. Bedside echocar-
diography demonstrating clear segmental wall motion
abnormality will prompt earlier decision, treatment,
and myocardial salvage.

ATYPICAL SYMPTOMS WITH
EQUIVOCAL OR ABNORMAL
STUDIES
A minority of patients with acute ischemia lack typ-
ical chest discomfort. Atypical presentations include
shortness of breath, diaphoresis, nausea, vomiting, ab-
dominal pain, syncope, profound weakness, and feeling
of doom. Diabetic and postoperative patients are often
asymptomatic or nearly so. Appropriately, emergency
department physicians, intensive care physicians, and
internal medicine and cardiology consultants cast a
broad diagnostic net in these situations. Minor cardiac
enzyme abnormalities and nonspecific ECG changes
frequently result. Should aggressive treatment await
further testing hours down the line? Should the risks
of intervention be undertaken in high comorbidity pa-
tients without better information? For example, no
one likes to take a fresh postoperative patient to the
catheterization laboratory for urgent angioplasty with
or without stent placement. Immediate echocardiogra-
phy may show little or no segmental wall motion ab-
normality. Such a patient should do well with a con-
servative approach. If a large segmental wall motion
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Figure 13.2. Apical four chamber views in systole
showing akinesis of mid and distal anterior septal
segments and apex. Note the pacemaker lead in the
right heart.

abnormality were found,9,10 the more aggressive inva-
sive approach might well be worth an increased risk of
bleeding in an effort to achieve significant myocardial
salvage. Even if catheter-directed intervention did not
follow, a large defect might prompt intensive care unit
monitoring and more intensive medical therapy.

Pacemaker Therapy
Ventricular pacing may certainly mask an acute trans-
mural MI.11 Echocardiography will often demonstrate
a new segmental wall motion abnormality over and
above the expected left bundle branch block (LBBB)
contraction timing abnormality seen with right ventric-
ular (RV) pacing (Figure 13.2). A nontransmural event
may or may not lead to a noticeable segmental wall mo-

tion abnormality. Following a fresh pacemaker lead im-
plantation, a lead tip perforation may cause pericardial
irritation with or without a pericardial effusion. Rarely,
cardiac tamponade may result. Imaging may avert in-
appropriate anticoagulation with possible dire conse-
quences. Alternatively, a large segmental wall motion
abnormality without effusion would tip the scales to-
ward immediate reperfusion attempts. This differential,
established by echocardiography is less than 5 min-
utes, can prove potentially life saving.

Left Bundle Branch Block (LBBB)
Approximately 3.7% of acute MIs present with new or
age-undetermined LBBB.12 Even preexisting LBBB does
not exclude acute MI in the symptomatic patient.13 With
an early clinical presentation, a normal troponin pro-
vides little reassurance and help. Without early revas-
cularization, patients may well suffer large infarctions
and either death or disability due to congestive heart
failure while waiting for subsequent cardiac enzymes
to point the way. Yet, a patient’s atypical story may
make decision-making tough. Admission, observation,
and further enzymes can follow with resulting myocar-
dial loss.

An LBBB causes a contraction timing abnormality
of the interventricular septum and anterior wall of
left ventricle. The muscle exhibits appropriate thick-
ening when not ischemic or infarcting. Left bundle
branch block with MI shows the expected segmental
wall motion abnormality without myocardial thicken-
ing in the infarcting segment (Figure 13.3[A,B]), making
the clinical decision much more timely, confident, and
straightforward.

A B

Figure 13.3. Apical two chamber views in diastole (A) and systole (B) showing akinesis of anterior myocardial
segments. Of special note, there is no myocardial thickening. Similar two chamber views in diastole (2c) and
systole (2d) from a Patient with LBBB without MI demonstrate systolic movement and thickening.
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MYOCARDIAL INFARCTION AND
NEW MURMUR
Myocardial rupture following MI can involve: (1) a pap-
illary muscle or papillary muscle head, causing acute
mitral regurgitation,14,15 (2) the interventricular sep-
tum leading to an acute muscular ventricular septal
defect,16 (3) the left ventricular free wall leading rapidly
to cardiac tamponade and death,17,18 and (4) contained
rupture causing pseudoaneurysm.19 All of these enti-
ties, except free wall rupture, include a new systolic
murmur. Unidentified and untreated, all carry a poor
prognosis that worsens as time passes.

Rupture of a papillary muscle usually occurs 3–5
days after MI. Posteromedial papillary muscle rupture,
associated with inferior MI (Figure 13.4) occurs more
frequently than rupture of the anterolateral papillary
muscle, associated with anterolateral myocardial in-
farction. Complete transection leads to rapid hemody-
namic deterioration and death due to torrential mitral
regurgitation.15 Rupture of a tip or head of the muscle
is more common and usually results in severe, but not
overwhelming mitral regurgitation. Treated medically,
90% of patients succumb. However, with a timely di-

agnosis and surgical intervention, this can be reduced
to 40–90%, depending on timing of treatment, sever-
ity of left ventricular damage, and severity of shock on
presentation.14

Rupture of the interventricular septum in MI occurs
3–5 days after the inciting event and causes a new sys-
tolic murmur that may include a thrill. Anterior MI is
more common than inferior MI. Although the diagnosis
can be made with an oxygen saturation stepup on right
heart catheterization, echocardiography with colored
Doppler provides more complete and timely diagno-
sis. With prompt surgical repair, 90% mortality drops
to 50%.16

Survival with free wall rupture occurs rarely only
with immediate diagnosis and surgical relief. Only with
immediate echocardiography can rapid cardiac tam-
ponade, cardiac arrest, and death be averted by heroic
surgical intervention. Most cases occur 3–6 days after
initial infarction, usually an anterolateral event. Up to
10% of autopsy series find this situation.16 Rare case re-
ports of success20 may become more common as rapid
diagnosis becomes more available. At the other end
of the clinical spectrum, post-MI pseudoaneurysm of
the left ventricle usually occurs with an inferoposterior

B
A

C

Figure 13.4. Left parasternal long axis views in diastole
(A) and systole (B) reveal LAD coronary artery
distribution akinesis with (using color flow Doppler
interrogation) severe mitral regurgitation in systole.
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Figure 13.5. Subcostal four chamber views in diastole
(A) and systole (B) show a moderate pericardial effusion
with collapse (arrows) of RV and RA free walls in diastole
strongly suggestive of cardiac tamponade. Pulsed
Doppler interrogation of LV inflow track with respiration
(C) shows significant variation in diastolic frequency
shift amplitudes inspiration (higher) and expiration
(lower), confirming tamponade physiology. Caution
must be high when calling wall motion abnormalities in
the presence of significant pericardial effusion as both
false positive and false negative situations occur.)

event and may be associated with a new systolic mur-
mur, arrhythmia, thromboemboli, and congestive heart
failure. Surgical repair is recommended even when
asymptomatic, as late rupture presents a real and un-
predictable risk.19

SHOCK, INCLUDING RIGHT
VENTRICULAR MYOCARDIAL
INFARCTION
Cardiogenic shock continues to occur in acute MI pa-
tients. Usually, large infarctions with late or no reperfu-
sion can be blamed. As noted above, ventricular septal
defect, acute mitral regurgitation, and free wall rupture
need to be considered. Sometimes, a new infarction
of moderate or even small size superimposed on old
infarction will lead to shock. With an inferior wall in-
farction, right ventricular involvement may well lead
to shock even with limited left ventricular damage with
or without reperfusion.21 In such patients, aggressive
intravenous (IV) fluids, vasopressors, intraaortic bal-
loon pump (IABP) support and, rarely, atrioventric-

ular (AV) sequential pacing may be needed. Finally,
pericardial effusion with cardiac tamponade22,23 may
lead to a shock state (Figure 13.5). This may occur
after an inadvertent and unrecognized guide wire mi-
cro perforation during attempts at catheter-directed
reperfusion. Timely, accurate diagnosis will lead to
appropriate lifesaving treatment ranging from emer-
gency angioplasty with or without stenting to coronary
artery bypass surgery and ventricular septal defect or
mitral regurgitation repair. In the case of cardiac tam-
ponade, anticoagulation must be avoided and drainage
promptly undertaken.

LATE PRESENTATION, INCLUDING
POSTMYOCARDIAL INFARCTION
PERICARDITIS
Patients who present to medical attention late in the
course of MI may offer varied and, at times, confusing
clinical pictures. Some suffer a stuttering and increas-
ingly severe course. Others experience postinfarc-
tion angina, arrhythmia, or congestive heart failure. A
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Figure 13.6. Left parasternal short axis views in diastole (A) and systole (B) show a large area of akinesis
involving lateral and inferolateral segments (arrows).

well-tolerated infarction may be followed a short time
later by a second infarction with increased pain and/or
congestive heart failure. Finally, post-infarction peri-
carditis may cause more pain than the initial infarction,
prompting the patient to seek attention. For example,
a patient gave a story of moderate pain and nausea
five days ago. Recurrent, but more severe pain then
prompted an emergency department visit with mini-
mal elevation of creatine kinase (CK) muscle and brain
(CK-MB) and moderate elevation of troponin. Electro-
cardiogram demonstrated normal sinus rhythm, infe-
rior Q waves, and diffuse ST-T wave changes and 1
millimeter (mm) ST elevations in V1 and V2. The bed-
side echocardiogram followed (Figure 13.6). This study
did not show a pericardial effusion. Post-MI pericardi-
tis could certainly exist without one, but diffuse ST-
segment elevations and PR depression in a VR were not
seen. There was no pericardial friction rub. The study
did show expected inferoposterior akinesis. This alone
could have led to the V1 and V2 ST-segment elevations,
the equivalent of posterior ST-segment depression.8

There was no evidence of pending myocardial rupture.
Of importance, akinesis also appeared in the mid-to-
distal left anterior descending (LAD) artery distribu-
tion, strongly implicating a second acute event likely
to lead to congestive heart failure and, potentially, car-
diogenic shock without timely reperfusion. Like this
situation, late-presentation MI patients commonly pro-
vide confusing clinical stories and unclear clinical pic-
tures when only history, physical, ECG, and enzymes
are considered. Bedside echocardiography should be
used liberally to provide further definition and more
timely decisions.

LARGE, NON–ST-SEGMENT
ELEVATION MYOCARDIAL
INFARCTION
Most non–ST-segment elevation MIs can be stabilized
medically with coronary arteriography pursued elec-
tively, but soon after presentation.24 Many are small
events. In patients who stabilize nicely with limited
myocardial damage, a more conservative approach
can be elected with coronary arteriography pursued
later, or reserved for recurrent symptoms, poor left
ventricular function on noninvasive evaluation, and/or
significant ischemia on stress imaging study. Early in
the clinical course, separating small from large events
can prove difficult. A bedside echocardiogram may re-
veal a large segmental wall motion abnormality (Figure
13.7). Even with improving symptoms, a large area of
involvement10 might prompt an aggressive approach
with immediate invasive study with anticipated early
revascularization.

TRUE POSTERIOR MYOCARDIAL
INFARCTION
With true posterior MIs, the ECG may show only
anterior ST depressions which, in fact, represent
posterior ST elevations.8 Other potential diagnoses
such as acute pulmonary embolism or pleural effusion
with pain may lead to delay in correct diagnosis and my-
ocardial loss. Immediately obtained bedside echocar-
diography (Figure 13.8) can readily show posterobasal
and inferolateral wall motion abnormalities leading to
revascularization. Alternatively, normal wall motion in
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Figure 13.7. Apical four chamber views in diastole (A) and systole (B) show akinesis of the lateral segments
extending to apex (arrows).

this setting would point to a pulmonary cause of sim-
ilar life-threatening potential, but requiring a different
therapeutic approach.

LEFT VENTRICULAR THROMBI
Left ventricular thrombi continue to occur after acute
MI. These may result in potentially catastrophic emboli
to heart, brain, kidneys, gut, and extremities.25,26 Left
ventricular thrombi are distinctly more common with
anterior location, large extent, and late presentation
and/or revascularization (Figure 13.9). Usually seen in
the left ventricular apex, thrombi may be absent with
early imaging even in the presence of apical akinesis or

dyskinesis, but easily seen three to five days later. If full
dose anticoagulation is withheld, daily bedside imaging
can detect thrombus development and suggest timely
change in treatment. In case of unexplained throm-
boembolic event, prompt bedside echocardiography
can lead to emergency intervention such as thrombol-
ysis or embolectomy.

CONCLUSION
Efficacious treatment of acute MI requires fast, accu-
rate diagnosis and rapid reperfusion. Given the ex-
pense and attendant risks of thrombolytic therapy or
catheter-directed intervention, overtreatment must be

A B

Figure 13.8. Apical two chamber views in diastole (A) and systole (B) reveal inferior akinesis plus additional mid
to distal anterior and apical akinesis. An apical thrombus is not seen in this patient with a recent inferior MI and
an acute anterior MI.
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Figure 13.9. Apical four (A) and two (B) chamber views in diastole show a definite apical thrombus.

minimized without missing opportunities to save mus-
cle, preserve function, and prolong life. Similarly, ma-
jor complications require timely diagnosis if surgical
intervention, pericardiocentesis, and repeat coronary
intervention are to be effective. Echocardiography has
long been recognized as helpful in the acute MI en-
vironment. Wide deployment of this powerful imag-
ing technology, however, lacked portable equipment
and adequately trained and experienced operators/
interpreters. New, reasonably priced machines pro-

vide easy portability and availability. Emergency de-
partment (ED) physicians, ICU physicians, hospitalists,
cardiologists, and even some physician extenders are
acquiring needed training and experience. These pro-
fessionals will use their skills and expertise with in-
creasing frequency to foster expedited, more accurate
diagnosis and, when needed, targeted, aggressive treat-
ment. The examples above will serve only as a starting
point, as providers with readily available bedside imag-
ing will identify new and important applications.
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CHAPTER 14

Echocardiographic Diagnosis
of Cardiomyopathies

Narinder P. Bhalla, Amitabh Parashar, and Marguerite Underwood

INTRODUCTION
In its simplest form, cardiomyopathy (CMP) can be de-
fined as a cardiac disorder involving myocardial dys-
function. Though there are various formal definitions
of CMP in the literature, the two major ones are from the
World Health Organization (WHO) and from the Amer-
ican Heart Association (AHA). The WHO definition is
more clinical, while the AHA definition is more molec-
ular and scientific in its delineation. For the purpose
of this chapter, we will follow the simpler definition by
WHO as it lends itself well to the echocardiographic
evaluation of cardiomyopathies.

Cardiomyopathies can also be defined by their eti-
ology, as was done also by the WHO task force in 1995.
Since the etiology may not always be obvious, such as
in many cases of dilated CMP, this classification is also
less useful when discussing the general principles of
echocardiographic diagnosis of CMP. The various types
of cardiomyopathies, as classified by WHO, are listed
in Table 14.1. Each type of CMP can have various etiolo-
gies, the discussion of which is beyond the scope of this
chapter (see suggested reading list for further informa-
tion). The various etiologies are nonetheless listed in
Table 14.2. Table 14.3 demonstrates the key elements
in the echocardiographic evaluation of a patient with a
CMP.

As we describe the echocardiographic features of
the various cardiomyopathies, we will incorporate the
elements described above. The reader should recog-
nize that this chapter assumes familiarity with the ba-
sic echocardiographic views and how to obtain those
views. It also needs to be emphasized that the two-
dimensional image and M-mode interrogations need to
be of good quality to make reliable interpretations.

DILATED CMP
Dilated cardiomyopathies have various etiologies, and
the dilated state usually represents the response of the
myocardium to the various insults. Though the dilated

state may represent a common response to multiple
types of insults, every effort should be made to identify
a potentially remediable cause, as this may significantly
influence the prognosis. Dilated cardiomyopathies gen-
erally are classified as either ischemic or nonischemic,
the latter category being rather broad and inclusive of
those caused by valvular diseases (Table 14.2).

Echocardiography is a critical tool in assessing pa-
tients with a dilated CMP, and, in some cases, can help
elucidate the etiology of the CMP and gauge prognosis
and response to treatment. The most common clinical
presentation of a patient with a dilated CMP is con-
gestive heart failure, associated with dyspnea and a
fluid overload state. Echocardiographic evaluation of
a patient presenting with dyspnea, with or without a
fluid overload state, should be undertaken early in the
course of management if a clear etiology is not evident
on presentation, such as symptoms or signs of coro-
nary ischemia, electrocardiograpahic changes sugges-
tive of myocardial ischemia, a history of known CMP,
or a recent echocardiogram. If a remediable etiology is
suspected, like coronary ischemia and mitral regurgi-
tation (MR), every effort should be made to alleviate
the condition. Echocardiography should still be car-
ried out in such a case, and the timing should depend
on the availability of the ultrasound equipment and the
delay it might cause in treatment. However, the current
availability of good-quality portable equipment can ex-
pedite such evaluations.

The echocardiographic diagnosis of a dilated CMP
rests solely on the demonstration of a dilated, hypo-
functional left ventricle. Though various secondary fea-
tures are frequently evident on the echocardiogram,
the diagnosis can only be made by the demonstration
of left ventricular dilatation.

Features of Dilated CMP
Left Ventricular Dilatation (Figure 14.1)
Left ventricular (LV) dilatation is best evaluated in
the parasternal long-axis view (Figure 14.1A). The
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TABLE 14.1. The WHO classification of
cardiomyopathies

Dilated CMP
Hypertrophic CMP
Restrictive CMP
Arrhythmogenic right ventricular CMP (dysplasia)
Other unclassified cardiomyopathies

CMP indicates cardiomyopathy; WHO, World Health Organization.

spherical change in the LV cavity with dilatation is
more apparent in this view, and is represented by an
increasing vertical axis when compared with the hori-
zontal axis (Figure 14.1B). Global dilatation of all four
chambers, however, is better appreciated in the apical
four-chamber view. The LV dilatation may be mild, mod-
erate, or severe, and accurate measurements are im-
portant to grade the degree of dilatation. The short-axis
view at the level of the papillary muscles is also a good
view to assess LV dilatation. If there is difficulty in visu-
alizing the endocardium, echocardiographic contrast
can be used; the risk/benefit ratio of the use of such
agents should be assessed in each individual patient
(we recommend avoiding the agents in acute ischemia
and in acute heart failure).

Left Ventricular Wall Motion and Thickening
(Figure 14.2[A–C])
Left ventricular wall motion is universally impaired in
patients with a dilated CMP (Figure 14.2[A,B]). The wall
motion abnormalities may well be regional in patients
with an ischemic etiology. These regional abnormali-
ties correlate well with impairment of vascular supply
to the dysfunctional wall. However, basal wall motion
may be better preserved than other regions in some
patients with a nonischemic, dilated CMP, leading to
occasional confusion with ischemic CMP. This should
be kept in mind when trying to distinguish between is-
chemic and nonischemic etiologies. Another potential
issue may arise in patients with a dilated CMP and a left
bundle branch block (LBBB) or a dilated CMP and pre-
vious cardiac surgery. The bundle branch abnormal-
ity may be from the increased mass from the cardiac
dilatation or from an ischemic injury in the left ante-
rior descending territory. A dyssynchronous septum is
seen is such patients, and is evident in the parasternal
long-axis and the apical four-chamber views. In such
cases, one should concentrate on looking at other walls
to make the distinction between regional and diffuse

TABLE 14.2. Partial listing of etiologies of
cardiomyopathies

Type of CMP Etiologies (examples)
Dilated CMP Idiopathic (mostly genetic)

Familial
Myocardial ischemia/infarction
End-stage valvular heart disease
End-stage hypertensive heart disease
Infectious (viral myocarditis, Chagas,
bacterial, etc.)
Toxic/metabolic (chemotherapy,
alcoholic, cocaine, etc.)
Tachycardia-induced
Peripartum
Rheumatologic (SLE, scleroderma)
Endocrine disorders (diabetes, thyroid
disease, etc.)
Neuromuscular diseases (Duchenne’s,
myotonic dystrophy, etc.)
Electrolyte abnormalities
(hypocalcemia, hypophosphatemia,
etc.)
Nutritional deficiencies (thiamine,
carnitine, etc.)
Infiltrative diseases (usually
end-stage)

Hypertrophic Idiopathic/familial (asymmetric)
CMP Concentric

Apical
Restrictive Idiopathic/familial
CMP Diabetes

Infiltrative (amyloidosis, sarcoidosis,
etc.)
Storage diseases (hemochromatosis,
glycogen storage diseases, etc.)
Endomyocardial fibrosis
Rheumatologic (scleroderma)
Radiation

Unclassified
Cardiomy-
opathies

Isolated LV noncompaction
LV apical ballooning syndrome
Endocardial fibroelastosis

CMP indicates cardiomyopathy; LV, left ventricular; SLE, systemic
lupus erythematosus.

wall motion abnormalities. In patients with a previous
anterior wall myocardial infarction, other wall motion
abnormalities will be apparent, such as apical and/or
anterior lateral hypokinesis, akinesis, or dyskinesis.
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TABLE 14.3. The key elements in the echocardiographic evaluation of a patient with a CMP

Focused assessment Findings
Assessment of chamber sizes and mass Left ventricular and left atrial dilatation

Right ventricular dilatation, either primarily or from pulmonary hypertension
Increased cardiac mass and hypertrophy

Assessment of valvular function and valve
apparatus

Tricuspid regurgitation, usually secondary from pulmonary hypertension
Mitral valve regurgitation, either due to primary dysfunction of the valvular
apparatus or secondary to annular dilatation
A change in the position of the papillary muscles

Assessment of systolic and diastolic function Doppler flow patterns across the mitral valve
Tissue Doppler interrogation
Wall motion abnormalities, either segmental or global
Grading the systolic and diastolic dysfunction

Assessment of right heart pressures, as this
will influence treatment and prognosis
Assessment of other features Assessment of other features

Left atrial or left ventricular thrombus
Appearance of the endocardium
Assist in the diagnosis of amyloidosis or LV noncompaction, for example

CMP indicates cardiomyopathy; LV, left ventricular.

Furthermore, infarcted tissue will appear thinned on
two-dimensional imaging (Figure 14.2C).

Though two-dimensional imaging is excellent at
assessing wall motion, the importance of M-mode
interrogation is often overlooked. M-mode interro-

gation may allow a better assessment of wall mo-
tion than two-dimensional imaging in circumstances
where the endocardium is not well visualized by the
two-dimensional approach. M-mode imaging is also
important in gauging wall thickness. During normal

A B

Figure 14.1. (A) A two-dimensional image of a parasternal long-axis view in a patient with a dilated
cardiomyopathy. Note the dilated LV and the increased long axis of the LV. (B) Two-dimensional image of an
apical four-chamber view of a patient with a dilated cardiomyopathy. Note the spherical change in the LV cavity
with the dilatation. ∗Aortic root and aortic valve. LA indicates left atrium; LV, left ventricle; RA, right atrium; RV,
right ventricle.
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Figure 14.2. (A) M-mode through the mitral valve in a normally contractile heart. Note the close relationship of
the mitral E wave (single arrowhead) with the septal M-mode (double arrowheads). This is called the EPSS (E
point septal separation). (B) M-mode recording through the mitral valve in a patient with a dilated
cardiomyopathy. Note the significantly abnormal separation between the mitral valve E wave (single arrowhead)
and the septal M-mode (double arrowheads). The EPSS is abnormal in this patient. Also note the lack of motion
and thickening with systole in the M-mode of the septum and the posterior wall (triple arrowheads). Systole is
marked by the vertical solid white line. (C) Two-dimensional imaging in the parasternal long axis in a patient with
a previous myocardial infarction. Note the thinned-out septum that is akinetic (arrowhead). The septum bows
into the right ventricle with systole. (D) M-mode imaging in the parasternal long-axis view through the aortic root
and aortic valve. Note the relatively “flat” motion of the aortic root during the cardiac cycle (single arrowhead)
and the “trapezoidal” pattern of aortic valve motion (double arrowheads). See text for more information.

contractility of a myocardial segment, there is mo-
tion inward toward the ventricular cavity and asso-
ciated thickening. M-mode imaging can exhibit the
presence or absence of both these phenomena quite
well.

Other Associated Features
of Dilated CMP
Various other features (also called secondary features)
may also be evident in patients with a dilated CMP.
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Figure 14.3. Two-dimensional imaging with
color-flow showing mitral regurgitation in a patient
with dilated cardiomyopathy. Note the central jet
location. The mitral regurgitation in these patients is
often due to dilatation of the mitral valve annulus.

Mitral Regurgitation (Figure 14.3)
A common secondary feature is mitral regurgitation
(MR) (also called functional MR). This occurs due to a
relative dilatation of the mitral annulus. As the left ven-
tricle dilates and approaches a spherical shape, the
mitral valve apparatus is pulled apically. This results
in a relative dilatation of the mitral annulus, leading to
MR. One has to make an effort, clinically, to sort out
whether the MR is a primary phenomenon resulting
in the dilated CMP or whether it is the result of the
dilated CMP. A transesophageal echocardiogram may
help in resolving the issue. If the mitral valve appa-
ratus appears structurally normal (absence of leaflet
or chordal redundancy, absence of valve thickening,
absence of annular calcification, absence of papillary
muscle dysfunction), and an ischemic cause of the re-
gurgitation is ruled out, then one should consider the
etiology of the regurgitation to be related to the dilated
CMP. The best determination of etiology is important
as it may influence the treatment approach and the
choice of surgical repair technique for a particular pa-
tient. Furthermore, etiology, along with hemodynamic
status and left ventricular mechanical status, also in-
fluences prognosis with or without surgical treatment.
When present secondary to a CMP, the regurgitant jet
is usually central (the cause is relative annular dilata-
tion) (Figure 14.3). Various criteria have been estab-
lished to judge the severity of the regurgitant jet, and
though some are better accepted than others, demon-
stration of flow reversal in the pulmonary veins dur-

ing systole and a high peak inflow velocity across the
mitral valve are good correlates of severe regurgita-
tion. A standard transesophageal echocardiogram or a
three-dimensional study may be superior to standard
two-dimensional imaging for determining the severity
of the regurgitation. Transesophageal echocardiogra-
phy, particularly, also helps in deciding the appropri-
ate surgical approach (valve repair/reconstruction vs.
replacement).

M-Mode Features
In addition to the M-mode features described above,
there are other features that should be reviewed when
performing an echocardiographic examination of a pa-
tient with a dilated CMP.

E Point Septal Separation (EPSS)
(Figure 14.2A,B)
This is best assessed in the parasternal longaxis view
with the ultrasound beam through the mitral leaflets.
The E point of the mitral valve opening is quite close to
the septal wall on M-mode imaging in normal individu-
als. However, this distance is significantly increased in
patients with a dilated CMP.

Aortic Root Motion (Figure 14.2D)
In normal circumstances, there is a sinusoidal pattern
of motion exhibited by the aortic root with anterior mo-
tion during systole. This is best seen in the parasternal
long axis, with the ultrasound beam focused through
the aortic root at the level of the aortic leaflets. In pa-
tients with a dilated CMP, the normal sinusoidal pattern
is replaced by a relatively flat pattern of motion.

Changes in Aortic Valve Opening and Closing
(Figure 14.2D)
The normal pattern of aortic valve opening and closing
appears as a rectangular box on M-mode imaging per-
formed in the parasternal long-axis view through the
aortic valve. In cases of reduced stroke volume, as is
the case in dilated CMP, there is poor opening of the
aortic valve and the valve tends to start closing earlier
in systole. The pattern changes from that of a rectan-
gular box to a more “trapezoidal” box.

Left Ventricular Thrombus
(Figure 14.4)
The presence of a mural thrombus in the left ventric-
ular cavity on two-dimensional imaging can be seen in
a dilated CMP. In cases of ischemic CMP, the thrombus
is most often seen in an akinetic and/or aneurysmal
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Figure 14.4. (A) Two-dimensional imaging in the apical four-chamber view demonstrating a left ventricular
thrombus in the apex (arrowhead). (B) Apical four-chamber view demonstrating a left ventricular thrombus in
the apex (single arrowhead). The thrombus occupies most of the apex. Incidentally, also note the pericardial fluid
around the right atrium (double arrowheads). LA indicates left atrium; RA, right atrium; RV, right ventricle.

segment. The presence of thrombus must be distin-
guished from the endocardium. Though this is usually
straightforward, there are helpful techniques that can
be utilized if confusion exists. Contrast enhancement
can be used to delineate the endocardium. Usually, the
contrast will outline the thrombus by circumventing
it. Color-flow can also be used in a similar fashion. A
color sector focused on the area of concern will out-
line the thrombus, as color will not go into thrombus.
Care should be taken to not have too much gain on
the color jet, as this may well obscure the delineation
between the thrombus and the endocardium.

Left Atrial Dilatation
Left atrial dilatation is a universally associated finding
in dilated CMP. Left atrial size and volume correlate
well with the severity and duration of the dilated CMP.
The left atrial dilatation is caused by multiple reasons,
including the secondary MR, increased diastolic pres-
sures, and potential involvement of the left atrium itself
by the myopathic process. Spontaneous echo contrast
can be seen commonly in the left atrium because of
impaired of blood flow, and may be more prominent if
there is associated atrial fibrillation.

Right Heart Findings (Figure 14.5)
There are various right heart–related findings that can
be seen in patients with a dilated CMP. These include

tricuspid regurgitation, right ventricular dilatation, and
pulmonary hypertension. The right ventricular dilata-
tion is either secondary to pulmonary hypertension,
which is commonly seen in such patients, or due to in-
volvement by the myopathic process. The tricuspid re-
gurgitation, in most cases, is a secondary phenomenon
from the pulmonary hypertension and right ventricu-
lar dilatation, the latter resulting in tricuspid annular
dilatation.

Assessment of Systolic and
Diastolic Performance
Assessment of systolic and diastolic performance
should be done in all patients with a CMP, regardless
of type. The relative impairment in these indices is
predictive of prognosis and clinical course. Though
the evaluation of systolic and diastolic function is de-
scribed in this section with reference to dilated CMP,
similar principles apply with other types of cardio-
myopathies.

Doppler Assessment
Doppler interrogation of all patients with a dilated CMP
is important, as it can assist with the assessment of sys-
tolic and diastolic function, which helps predict prog-
nosis. The most important predictors of survival in di-
lated CMP are end-diastolic and systolic volumes and
ejection fraction.
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Figure 14.5. (A) Apical four-chamber view with color-flow showing tricuspid regurgitation. (B) Continuous-wave
Doppler recording through the tricuspid valve during systole. There is tricuspid regurgitation present, and the
peak gradient across the right ventricle and the right atrium is 46.4 mm Hg. If one assumes a right atrial pressure
of 10 mm Hg and the absence of pulmonic valve stenosis, then the estimated pulmonary artery pressure is 56.4
mm Hg, consistent with moderate pulmonary hypertension.

Systolic Function Assessment
The principles of laminar flow are used in determining
the various indices of systolic function. This includes
an assessment of stroke volume and cardiac output.
The pulsed Doppler can be used to interrogate the flow
in the left ventricular outflow tract (LVOT) over a pe-
riod of time. This generates the time velocity integral
(TVI) (sometimes also referred to as velocity time inte-
gral [VTI]). The mechanical status of the left ventricle
is a key component in determining the TVI. Assuming
the principles of laminar flow, the stroke volume (SV)
is a product of the LVOT cross-sectional area (CSA) and
the TVI (SV = TVI × LVOT CSA). Cardiac output (CO), in
turn, is defined as the product of the SV and the heart
rate (HR). Because the LVOT CSA can be assumed to
be stable for a given patient, and hence a constant, the
change in TVI is directly proportional to the change
in the left ventricular mechanical status. Hence an in-
crease in TVI can be used as gauge for improvement
in left ventricular systolic function when a therapy is
undertaken, such as initiation of inotropic support, al-
leviation of coronary ischemia, treatment of valvular
insufficiency with afterload reduction, placement of an
intraaortic balloon pump, or a combination thereof.
With appropriate therapy, not only is there an increase
in the TVI but, the shape of the envelope also changes
from a more parabolic and somewhat blunted one to
a more triangular one. Measurements of the accelera-
tion and deceleration times of the mitral regurgitant jet

have been identified as predictive of prognosis. These
times correlate well with dP/dt (a measurement of left
ventricular contractility) obtained at cardiac catheter-
ization in similar patients. An acceleration time (dP/dt)
of <600 mm Hg/sec and a deceleration time (−dP/dt)
of <450 mm Hg/sec identifies a significantly higher-risk
group, with a decreased event-free survival.

Diastolic Function Assessment (Figure 14.6)
Doppler assessment of diastolic function relies on in-
terrogation techniques and evaluation of a few key pa-
rameters: mitral valve inflow patterns, tissue Doppler
interrogation techniques, the isovolumic relaxation
time, mitral flow deceleration time, and pulmonary vein
flow patterns. It is important to utilize a combination of
the above findings to arrive at a decision regarding the
diastolic function of a patient. These parameters tend
to be the most predictive with the presence of systolic
dysfunction, and can be altered by various other clini-
cal issues, such as valvular disease, heart rates, and
therapeutics. Though a detailed discussion of these
parameters is beyond the scope of this chapter, basic
principles of the use of Doppler in evaluating diastolic
dysfunction are discussed.

Mitral Inflow Pattern. This evaluation should be per-
formed in the apical view with the sample volume
placed at the mitral valve tips. The two major com-
ponents of the inflow pattern are the E wave and the A
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Figure 14.6. (A) The normal pulsed Doppler pattern
seen with mitral valve inflow. Note the E/A >1 (E
wave: single arrowhead; A wave: double arrowheads).
The best flow patterns are recorded with the sample
volume placed at the mitral valve tips in the apical
four-chamber or apical two-chamber views. (B) Mitral
valve inflow recording with pulsed-wave Doppler
showing evidence of mild diastolic relaxation
abnormality, with E/A <1 (E wave: single arrowhead;
A wave: double arrowheads). (C) (Left): A normal
tissue Doppler pattern recorded at the mitral valve
leaflet. The Ea/Aa >1. Note the placement of the
sample volume at the lateral aspect of the mitral
leaflet (Ea: single arrowhead; Aa: double arrowheads).
(Right): Tissue Doppler recording of the mitral valve
in a patient demonstrating a diastolic relaxation
abnormality. Note the reversal of the Ea/Aa to <1.
Because the annular velocity is not volume
dependent, obtaining a tissue Doppler avoids the
(continued )
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Figure 14.6. (Continued ) issue with pseudonormalization seen with mitral valve inflow velocity pulsed-wave
Doppler measurements in patients with mild diastolic dysfunction (Ea: single arrowhead; Aa: double arrowheads).
(D) Normal isovolumic relaxation time (IVRT) is demonstrated here. The IVRT decreases with progressive
diastolic dysfuction. (E) This demonstrates the normal deceleration time (DT) on pulsed-wave Doppler for mitral
valve inflow (287 m/sec). The deceleration time decreases with progressive diastolic dysfunction, approaching
values <140 m/sec. (F) Pulsed-wave Doppler recording on a transthoracic echocardiogram demonstrating
forward flow in the pulmonary veins. Note the predominance of diastolic flow (double arrowheads) over systolic
flow (single arrowhead). This demonstrates a significant amount of diastolic dysfunction. Also note the wide
pulmonary “a” wave (labeled A).

wave (Figure 14.6A). The rapid early filling phase cor-
relates with the E wave and the latter phase, prompted
by the atrial contraction, yields the A wave. In a nor-
mal circumstance, the E wave amplitude and velocity
and duration are greater than the A wave. Because the
E wave amplitude is greater, in normal individuals the
E/A ratio is >1. However, with progressive worsening
of diastolic function, there is a change in both the vol-
ume and velocity of the E and A waves. The spectrum
extends from a mild form (Grade 1), where there is ab-
normal relaxation, to a severe form (Grade 4), where
the compliance is compromised irreversibly.

Grade 1: Abnormal relaxation, with reversal of the
E/A ratio and attenuated deceleration of the E wave
(Figure 14.6B).

Grade 2: A pseudonormalization pattern, as the ven-
tricle becomes more noncompliant. Use of the Valsalva
maneuver (which decreases preload by diminishing ve-
nous return) may help unmask the pathology here by
showing a reversed E/A ratio (reminiscent of the pat-
tern in Grade 1).

Grade 3: A markedly increased E/A ratio, with a di-
minished A wave and an E velocity that almost touches
the baseline prior to the A wave.

Grade 4: An irreversible phase, where the E/A ratio is
markedly increased and the A wave is diminutive. Fur-
thermore, there is a separation of the E and A waves,
with the A wave velocity not always returning to base-
line.

Tissue Doppler Interrogation (TDI). Tissue Doppler in-
terrogation has the advantage of not being influenced
by atrial rhythm disturbances or by increased heart
rates. The recommended way is to sample the lateral
mitral annulus in the apical view. The velocity of the
mitral annulus in diastole correlates with systolic and
diastolic function. During diastole, the mitral annulus
has two phases: Ea and Aa. These phases are similar
to those discussed above in that Ea occurs in early
diastole and Aa occurs in late diastole and correlates
with the atrial contraction. Similar to the mitral inflow
pattern, the Ea is greater than the Aa under normal cir-
cumstances. As diastolic abnormalities progress (to-
ward an abnormal relaxation pattern), the early mitral
annular velocity decreases, making the Ea/Aa <1. Be-
cause the annular velocity is not volume dependent,
the potential issue with pseudonormalization (seen
with mitral inflow) is avoided, and the ratio remains
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reversed. As diastolic dysfunction progresses to an
irreversible stage, the Ea and Aa waves progressively
become lower in amplitude, but the ratio reversal is
maintained (Figure 14.6C). A predictor of increasing
pulmonary capillary filling pressures is the ratio be-
tween the mitral inflow E wave and the Ea wave. An in-
creasing ratio (particularly greater than 15) correlates
well with adverse outcomes in both ischemic and non-
ischemic CMP.

Isovolumic Relaxation Time and Deceleration Time
(IVRT and DT). Isovolumic relaxation time occurs
when systolic flow across the aortic valve ceases
(marking the end of systole), but before the mitral valve
opens to allow ventricular filling (marking the begin-
ning of diastole). Normal values in adults for IVRT range
between 65 m/sec and 90 m/sec. Isovolumic relaxation
time will decrease progressively with worsening dias-
tolic function, as the rising left atrial pressure results
in earlier opening of the mitral valve. Furthermore, as
the left ventricle becomes more noncompliant, it takes
on a restrictive filling pattern with a decrease in the
DT (<140 m/sec), as most of the LV filling occurs in
early diastole (Figure 14.6D,E). This gives rise to the S3
gallop in dilated CMP, and predicts a higher mortality
in patients with symptomatic heart failure. Similar ad-
verse prognosis is seen in patients who have this filling
pattern postmyocardial infarction.

Pulmonary Venous Flow Patterns. The left upper pul-
monary vein (posteriorly) can be well interrogated by
transthoracic echocardiography. This is accomplished
in the apical view, and contrast enhancement can be
used, if necessary. Under normal circumstances, pul-
monary venous flow is triphasic. During systole, there
is forward flow in the pulmonary veins due to atrial re-
laxation (the “x” descent) and movement of the base of
the heart during the contraction phase. During early di-
astole, there is a second phase of forward flow through
the pulmonary veins due to the open mitral valve (the
“y” descent). During late diastole, in sinus rhythm,
there is a brief period of reversal of flow in the pul-
monary veins because of increasing pressure in the left
atrium during atrial systole. When left ventricular dy-
namics are normal, the amplitude of the systolic phase
of pulmonary flow is greater than the amplitude dur-
ing the diastolic phase. With increasing left ventricular
noncompliance, there is incomplete emptying of the
left atrium during diastole, raising left atrial pressures.
This results in attenuation of pulmonary vein flow dur-
ing the systolic phase. Conversely, there is an increase
in the pulmonary vein flow during diastole, as most

of the filling occurs when the mitral valve is open and
there is direct emptying into the left ventricle. This in-
creases the amplitude of the diastolic phase of the pul-
monary vein flow. In essence, there is a reversal of the
systolic and diastolic ratio (Figure 14.6F). Because the
left atrial pressure is increased, the flow reversal seen
during atrial contraction is more pronounced and lasts
longer. There has been some suggestion that if this flow
reversal period exceeds the A wave period of the mitral
inflow, then the left ventricular end-diastolic pressure
exceeds 15 mm Hg in the majority of cases.

Myocardial Performance Index
Myocardial performance index (MPI) is a measurement
that is obtained in the apical five-chamber view, as mi-
tral flow and left ventricular outflow tract flow need to
be obtained simultaneously (similar to obtaining IVRT).
The measurement allows assessment of both systolic
and diastolic performance using a single Doppler ap-
proach. The concept of MPI relies on interrogating the
entire systolic period, which occurs from the closure of
the mitral valve of one beat to the opening of the mitral
valve of the next beat. This complete systolic period in-
cludes in it the isovolumic contraction time (the period
between the closure of the mitral valve and the opening
of the aortic valve), the ejection period (during which
the aortic valve is open and blood is ejected into the
aorta), and the isovolumic relaxation time, which has
been described earlier. The measurement is given by
(IVRT + IVCT)/ET. A normal MPI is 0.40, and increasing
values suggest worsening left ventricular function.

Two-Dimensional and M-Mode
Assessment
Two-dimensional imaging can also be used to assess
systolic and diastolic dysfunction.

Assessment of Systolic Function (Figures 14.7)
Evaluation of systolic function with two-dimensional
and M-mode echocardiography uses some of the meth-
ods already described earlier, such as wall motion,
left ventricular dilatation on linear measurements, and
wall thickening. However, two other features for sys-
tolic function assessment that use two-dimensional
echocardiography, are fractional area change (some-
times referred to as fractional shortening) and volume
measurements.

Fractional Area Change. Fractional area change looks
at the relative change in area, in the short-axis view, be-
tween diastole and systole. As mentioned earlier, the
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Figure 14.7. Short axis view demonstrating relative change in ventricular area between systole and diastole.

decrease in area during systole is due to the inward
motion and thickening of the ventricular wall. The for-
mula is given by (area in diastole − area in systole)/area
in diastole. The normal values range from 0.35 to 0.60.
With significant dilatation and dysfunction of the left
ventricle in dilated CMP, values in the 0.15 range can
be seen. The limitation with this measurement has to
do with regional wall motion abnormalities. For exam-
ple, in a patient with a left ventricular apical infarction,
fractional area change in the midcavity region may well
be within the normal range, and will not account for the
decrease in ejection fraction from a large akinetic apex.
Hence, much like any measurement in echocardiogra-
phy, the interpreter has to make a conclusion based on
multiple measurements and parameters.

Volume Measurements. Volume measurements are
usually made using various area and length measure-
ments. Many assumptions go into such measurements
regarding the shape of the ventricle, assumed either to
be conical or spherical, depending on where the mea-
surement is made and the view used to make the mea-
surement. The most commonly used method for deter-
mination of left ventricular volumes is Simpson’s rule.
In simple terms, this method involves stacking disks
with a fixed height along the longitudinal axis of the
left ventricle in the apical four-chamber or apical two-
chamber view, in end-systole and end-diastole. The vol-
ume of each disk is calculated and all the volumes are
added together to yield the total volume. Care needs to
be taken to make sure that the entire ventricular cavity
is visualized along its endocardial surface. If there are
regional wall motion abnormalities, evaluating volumes

in two planes is recommended. Once the end-diastolic
and end-systolic volumes have been gained, the dif-
ference between the two is the stroke volume. Stroke
volume multiplied by the heart rate yields the cardiac
output. Recognize that the cardiac output represents
the entire flow from the left ventricle when calculated
with this technique, hence it will include the regurgi-
tant volume if mitral or aortic regurgitation is present,
and may not necessarily represent the true output into
the aorta. Ejection fraction can also be calculated using
Simpson’s rule as (end-diastolic volume − end-systolic
volume)/end-diastolic volume.

HYPERTROPHIC CMP
Though the disease pattern of hypertrophic CMP was
described over a century ago, the true characterization
of the disease was not realized until the 1950s. Various
features have been described in association with the
disease, but the only consistent finding is that of in-
appropriate left ventricular hypertrophy with relation
to the hemodynamic load. Hypertrophic CMP has a fa-
milial predilection, and various genetic mutations have
been associated with this autosomal dominant pattern
of inheritance. There is, however, varied penetrance,
leading to different types of phenotypic expression of
the disease. The various forms of primary hypertrophic
CMP include, hypertrophic CMP (with or without ob-
struction), apical hypertrophic CMP, and hypertrophic
CMP of the elderly. Secondary hypertrophic CMP, the
hallmark of which is a pattern of concentric hypertro-
phy, is usually a late result of hypertension and charac-
terizes hypertensive heart disease. Echocardiography
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is extremely important in characterizing the various
forms of hypertrophic cardiomyopathies, and this is
discussed below with reference to each of the above
entities. The most common imaging views that are
used for discerning the type of hypertrophic CMP in-
clude parasternal long-axis, short-axis, and apical four-
chamber. All interrogation modalities are important,
though M-mode is probably the least utilized.

Hypertrophic CMP (with or
without Obstruction)
This particular entity has had various names associ-
ated with it, including idiopathic hypertrophic subaor-
tic stenosis (IHSS) and muscular subaortic stenosis.
Because obstruction may not always be present, hy-
pertrophic CMP is a more appropriate term. Clini-
cally speaking, timely diagnosis of this disorder in
the critical care setting can be potentially lifesaving
by avoiding critical treatment errors. An example is a
44-year-old male patient who presents with precor-
dial discomfort and dyspnea. The chest discomfort de-
scription has some typical anginal features, and the
patient has dyslipidemia and a family history of sud-
den death and premature cardiovascular disease. The
discomfort is ongoing and on exam a systolic murmur
is identified at the base of the heart. The remainder of
the exam is relatively unremarkable, and the echocar-
diogram (ECG) shows T wave inversions in the pre-
cordial leads. A diagnosis of unstable angina or acute
coronary syndrome and its treatment could be poten-
tially problematic in such a patient. This patient may
well have hypertrophic CMP with an obstructive gradi-
ent. Administering nitroglycerine to control the chest
discomfort may have the paradoxical effect of worsen-
ing the discomfort and precipitating hypotension and
heart failure by worsening the obstructive gradient and
MR. Hence a good history and exam along with echocar-
diography may well avoid such pitfalls in management.

M-Mode and Two-Dimensional Assessment
(Figure 14.8)
M-mode findings were the original way of diagnosing
hypertrophic CMP, and used a septal wall–to–posterior
wall thickness ratio at the end of diastole of greater than
1.3. This finding can be seen in other scenarios as well,
such as right ventricular hypertrophy with pulmonary
hypertension. Two-dimensional echocardiography has
aided in solidifying the diagnosis by eliminating con-
fusion, and the septal thickness is usually at least
15 millimeters (mm). The asymmetrical septal hyper-
trophy is most prominent in the mid portion between

Figure 14.8. M-mode recording in a patient with
hypertrophic cardiomyopathy. Note the systolic
anterior motion of the mitral valve (arrowhead).

the base and the apex in the parasternal long-axis view,
and a variety of thicknesses can be seen from mild hy-
pertrophy to massive hypertrophy (septal thickness
of 60 mm). In a recent study, the septal hypertrophy
pattern on echocardiography was used to predict the
potential for myofilament mutations. The mid septal
thickness pattern (also termed the reverse septal pat-
tern) was significantly associated with an abnormal ge-
netic pattern in 79% of those who had this septal mor-
phology. Left ventricular outflow tract obstruction is
another important finding in this type of hypertrophic
CMP (though it does not have to be present to make
the diagnosis). The thickened septum and an elongated
anterior mitral leaflet create the outflow tract obstruc-
tion. This abnormal geometry also leads to mitral valve
regurgitation and systolic anterior motion of the mitral
valve. The degree of MR is directly related to the degree
of the outflow tract obstruction and the anterior dis-
placement of the mitral valve. Other two-dimensional
features include a small left ventricular cavity, normal
or increased motion of the posterior wall, with abnor-
mal motion of the septum, and fluttering of the aortic
valve due to turbulent flow in the outflow tract in sys-
tole. All of these features can occur to varying degrees,
and may be made more apparent by various provoca-
tive maneuvers (see Doppler section below).

Doppler Assessment (Figure 14.9)
Doppler assessment, both with color and spectral anal-
ysis, is critical to the diagnosis of hypertrophic CMP.
Colored Doppler assessment is important for charac-
terizing the degree of mitral valve regurgitation. The
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Figure 14.9. (A) Color-flow Doppler recording in a patient with hypertrophic cardiomyopathy demonstrating
severe mitral regurgitation. The regurgitant jet is usually central and peaks later in systole. (B) Pulsed-wave
Doppler recording during systole in the left ventricular outflow tract in a patient with hypertrophic
cardiomyopathy. Note the late peaking pattern (single arrowhead) and the jagged knifelike pattern (double
arrowheads).

MR jet is usually central and late peaking, coinciding
with the greatest anterior motion during systole. The
later peak of the mitral valve regurgitation in patients
with outflow tract gradients distinguishes it from cases
of structural mitral valve regurgitation. Hence the MR
is not holosystolic in patients with dynamic outflow
tract gradients. Furthermore, there can often be confu-
sion when interrogating the MR and the outflow tract
velocity on continuous-wave Doppler. The onset of the
MR signal is usually later than that of the outflow tract
signal. The shape of the outflow tract signal is also dif-
ferent, usually in the shape of a dagger, because of the
late-peaking velocity. Spectral analysis during systole
and diastole provides information on the severity of
the outflow tract obstruction and the degree of dias-
tolic dysfunction. Provocative maneuvers include any
physiologic (such as a Valsalva maneuver) or pharma-
cologic manipulation (such as amyl nitrate) that results
in decreased left ventricular volume, or increased con-
tractility. In the critical care setting, use of inotropes,
volume depletion, tachycardia, and use of nitrates can
all serve as provocative maneuvers, and can worsen
the outflow tract gradient. Certain inhalation anesthet-
ics and regional anesthetic agents can also worsen the
outflow gradient, and should be avoided in patients
with hypertrophic CMP. Doppler interrogation of the
outflow tract velocity can be used to measure the ther-
apeutic effect of an intervention, whether pharmaco-
logic (use of negatively chronotropic calcium channel
blockers or beta blockers) or invasive (ablative ther-

apy of the first septal perforator). A change in the de-
gree of mitral valve regurgitation on color Doppler can
also be used to assess response to therapy. Diastolic
dysfunction is present in the majority of the patients
with hypertrophic CMP, and it does not have to be asso-
ciated with an outflow tract obstruction. Furthermore,
the degree of diastolic dysfunction does not always cor-
relate with the degree of hypertrophy.

Apical Hypertrophic CMP
This disorder is seen mostly in the Japanese popula-
tion, and accounts for up to 25% of Japanese patients
with hypertrophic CMP. It is distinctly uncommon in
the Western world. Angiography usually defines the
typical features of the disease with a spade-shaped
ventricle on left ventricular injection. The ECG reveals
deeply inverted precordial T waves. The usual course
is benign in such patients, and they tend to be mini-
mally symptomatic. On echocardiography, there is no
outflow tract pressure gradient. On two-dimensional
imaging, the base of the heart has normal thickness,
and there is an increase in wall thickness toward the
apex. This essentially reduces the size of the apical
cavity. Contrast enhancement during the echocardio-
graphic study can help define the endocardial border
at the apex. Care should be taken to visualize the apex
in its full longitudinal view, as foreshortening can mimic
the hypertrophy. Occasional diastolic dysfunction can
be seen in these patients, particularly with changes in
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Figure 14.10. Two-dimensional image of the apical
four-chamber view in an elderly patient with eccentric
hypertrophic cardiomyopathy. Note the
hypertrophied septum represented as a septal
“knuckle” (arrowhead).

volume status. Atrial fibrillation is the most common
clinical complication in such patients.

Hypertrophic CMP of the Elderly
(Figure 14.10)
This is usually seen in patients who have been hy-
pertensive; however, the hypertrophy tends to be
eccentric rather than concentric. The septum tends to
hypertrophy to a greater degree, and this, coupled with
the change in angulation of the septum accompanied
with aging, results in an outflow tract gradient. Sys-
tolic anterior motion of the mitral valve is also seen
and can result in mitral valve regurgitation. Genetic ab-
normalities distinct from those seen in patients with
the early onset familial form of hypertrophic CMP (de-
scribed above) have been defined in such patients.
The echocardiographic features are similar to those
described above in the hypertrophic CMP section, and
outflow tract obstructive gradients can achieve a sever-
ity seen in the familial forms.

Secondary Hypertrophic CMP
(Table 14.4)
The most common etiologies include hypertension and
aortic stenosis. There is usually concentric hypertro-
phy of the left ventricle. Systolic function tends to be
normal, but if these disorders progress untreated, the
final result is a dilated CMP with all its attendant fea-

TABLE 14.4. American Society of
Echocardiography criteria for grading left
ventricular hypertrophy (LVH)

Mild LVH Moderate LVH Severe LVH
Male 103–116 g/m2 117–130 g/m2 >130 g/m2

Female 89–100 g/m2 101–112 g/m2 >112 g/m2

Modified from: Lang RM, Bierig M, Devereux RB, et al. Recommenda-
tions for chamber quantification: a report from the American Society
of Echocardiography’s Guidelines and Standards Committee and the
Chamber Quantification Writing Group, developed in conjunction with
the European Association of Echocardiography, a branch of the Euro-
pean Society of Cardiology. J Am Soc Echocardiogr. 2005;18:1440–
1463.

tures and clinical prognosis. Diastolic dysfunction is
common in these patients and a depleted volume sta-
tus can potentially provoke midcavitary obstruction
of the left ventricle with a gradient. Echocardiography
can be used to measure and index the left ventricular
mass in such patients, and there are defined criteria for
the same (Table 14.4). The emphasis in treating these
patients should be on the underlying disease state
and keeping them euvolemic. Hemodynamics of hyper-
trophic CMP can also be seen in patients who have a
history of hypertension, and have hyperdynamic left
ventricular wall motion because of volume depletion.
This situation is further augmented in the critical care
setting when such a patient is hypotensive and is put
on inotropic support. A dynamic outflow tract obstruc-
tion is created, and MR can occur due to the systolic
anterior motion of the mitral valve. Repletion of vol-
ume and weaning of the inotropic support will usually
return the hemodynamics toward normal.

Athlete’s Heart
Steady endurance and strength training results in phys-
iologic and electrical changes in the cardiovascular sys-
tem. These changes are also accompanied by changes
in left ventricular volume, wall thickness, and mass.
Such changes need to be distinguished from patho-
logical changes, as they are reversible on cessation of
the training, and usually do not alter prognosis (unless
accompanied by other cardiac pathology or with use
of pharmacologic agents, such as anabolic steroids).
Echocardiography can help in distinguishing the two
subsets. The left ventricular hypertrophy is usually
symmetric in athletes, and wall thickness is usually
< / = 12 mm. Though series looking at trained ath-
letes have described wall thicknesses of up to 16 mm,
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they are typically less than 16 mm. A wall thickness
of greater than 16 mm should prompt an investigation
to rule out a primary hypertrophic CMP. The left ven-
tricular diastolic dimension is typically greater than
50 mm in trained athletes, while it is less than that in hy-
pertrophic CMP (usually less than 45 mm). On Doppler
evaluation of diastolic function, the patterns are nor-
mal in the athletic heart, as is the left atrial dimension
on two-dimensional imaging.

RESTRICTIVE CMP
Restrictive CMP is characterized by normal ventricu-
lar chamber sizes with impaired filling during diastole.
Though hypertrophy of the ventricles is typically ab-
sent, certain acquired forms, such as amyloidosis, can
cause left ventricular wall thickening. Amyloidosis re-
mains the classic association with infiltrative restric-
tive CMP, though it is uncommon as a disease entity.
Because the cause of heart failure in restrictive CMP
is impaired diastolic filling and progressive diastolic
dysfunction, various other forms of heart disease can
result in a “restrictive physiology.” These include hy-
pertrophic CMP (discussed earlier), concentric hyper-
trophy from long-standing hypertension, hypertrophic
heart disease of the elderly, and idiopathic restrictive
CMP. Glycogen storage diseases and hemochromato-
sis are examples of storage diseases that lead to a re-
strictive CMP. Various other important causes include
radiation therapy, endomyocardial fibrosis (particu-

larly in tropical regions), anthracycline toxicity, and
metastatic cancers. Restrictive physiology can be con-
fused at times with constrictive physiology. This issue
can usually be resolved with careful history taking, a
good echocardiographic study, and evaluation of the
pericardium. On some occasions, an endomyocardial
biopsy may be necessary to sort the issue. Because
the main feature of restrictive CMP is diastolic dysfunc-
tion, a careful Doppler analysis of diastolic function is
important in these patients. The Doppler principles of
diastolic function assessment have been discussed ear-
lier in this chapter, and aspects will be highlighted be-
low. Increased left ventricular noncompliance results
in substantially elevated left atrial pressures, and sig-
nificant atrial dilatation is the rule in patients with re-
strictive CMP. Needless to say, atrial arrhythmias can
be quite common in these patients, particularly atrial
fibrillation. Pulmonary venous pressures are also in-
creased, giving rise to the symptoms of heart failure.
Secondary pulmonary hypertension is commonly seen
in these patients.

Two-Dimensional and M-Mode
Assessment (Figure 14.11)
The major findings on two-dimensional imaging and M-
mode imaging include normal ventricular chamber size
and preserved systolic function. As the disease pro-
gresses, the left ventricle may develop some systolic
dysfunction, although initially, this is without dilation.

A B

Figure 14.11. (A) Two-dimensional imaging in parasternal long axis of a patient with amyloidosis. Note the
thickened septum (S) and posterior wall (PW). Although this is a systolic frame, there is severe hypertrophy
present. (B) Two-dimensional imaging in the short-axis view of the same patient represented in (A). Note the
severe concentric hypertrophy with a somewhat refractile myocardium, typical of amyloidosis.



168 Cardiac Sonography in the ICU

A B

Figure 14.12. (A) Mitral valve inflow Doppler pattern showing a restrictive filling pattern. Notice the predominant
E wave (single arrowhead) and the lack of any significant A wave (double arrowheads). (B) Mitral valve inflow
Doppler pattern showing a severely restrictive filling pattern. The diastolic filling occurs almost entirely during
the E wave (thick arrowhead). The A wave is quite diminutive (thin arrowhead). There is an incidental finding of a
ventricular premature beat during the recording (rectangle). Note the interruption of the diastolic filling by the
premature beat and the occurrence of “diastolic mitral regurgitation” seen below the baseline (double
arrowheads).

Though left ventricular hypertrophy is absent in the
idiopathic form, it is commonly seen in infiltrative dis-
eases such as amyloidosis and in chronic hypertension.
Biatrial enlargement is also seen.

Doppler Assessment (Figure 14.12)
Doppler assessment remains the hallmark in diagnos-
ing the diastolic dysfunction accompanying restrictive
CMP. Mitral valve inflow velocities, mitral annular tis-
sue Doppler interrogation, and assessment of the pul-
monary venous flow patterns should be performed
routinely in such patients. Since restrictive CMP is a
global process, there is simultaneous involvement of
the right ventricle. This can be used to an advantage
from the standpoint of echocardiographic diagnosis.
Similar patterns, as seen on the left side, are seen on
the right side with tricuspid valve inflow velocities and
hepatic vein flows.

As mentioned earlier in this section, it may become
necessary to distinguish restrictive physiology from
constrictive physiology in some patients. Echocardio-
graphic features can be used to distinguish between
the two scenarios. The left atrial size is normal in con-
striction, but is enlarged as a rule in restriction. The
septal motion is abnormal in constriction and nor-
mal in restriction. The septum becomes a physiologic

part of the right ventricle in constriction (particularly
in constrictive effusive physiology). Hence the septal
position varies with respiration in constriction, with
increased right-sided inflow during inspiration push-
ing the septum into the left ventricle and compromis-
ing diastolic filling of the left ventricle. Evaluation of
transmitral inflow reveals a significant respiratory vari-
ation in the E wave velocity (usually ≥25%). The E
wave velocity of the transmitral flow is impaired during
inspiration and increases greatly during expiration.
This is contrasted by a lack of such variation in re-
striction. Though the E/A ratio is increased in both
constriction and restriction (usually ≥2), the A wave is
relatively well preserved in constrictive effusive phys-
iology. Much of the diastolic filling in constrictive effu-
sive states occurs during the atrial contraction. Hence
a patient who is hemodynamically compromised from
such physiology may experience complete cardiovas-
cular collapse if the rhythm changes to atrial fibrilla-
tion, particularly with a rapid ventricular response.
Another Doppler feature distinguishing constriction
from restriction is the respiratory variation in isovo-
lumic relaxation time that occurs in constriction and is
unchanged (albeit decreased) in restriction. On tissue
Doppler investigation of the lateral mitral annulus, the
E wave velocity is normal in constriction and dimin-
ished in restriction.
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ARRHYTHMOGENIC RIGHT
VENTRICULAR DYSPLASIA (ARVD)
This is a somewhat rare entity, and is characterized by
abnormal morphology of the right ventricle. Though
echocardiography has been used extensively for the
diagnosis of this disorder, cardiac magnetic resonance
imaging is also becoming an important tool. The my-
ocardium of the right ventricular free wall is replaced
with fibrous and/or fatty tissue. Malignant ventricular
arrhythmias and sudden death are the major concerns
in patients with this disorder. The echocardiographic
diagnosis is based primarily on two-dimensional and
M-mode imaging. Echocardiographic features include
hypokinesis of the right ventricular (RV) free wall, oc-
casional aneurysmal dilatation of the RV free wall, and
increased echogenicity of the RV free wall from the

deposition of collagen and/or adipose tissue. Though
the disease has been linked with right ventricular is-
sues, progressive LV dysfunction has been described.
In one pathologic study, 76% of the hearts with ARVD
had left ventricular involvement. The involvement in
this study was more pronounced, with a longer history
of the disease, and was associated with more signifi-
cant cardiomegaly, inflammatory infiltrates, and heart
failure. The left ventricular abnormalities were also
linked to clinical arrhythmias.

UNCLASSIFIED
CARDIOMYOPATHIES
Three major syndromes will be discussed in this sec-
tion. These include, endocardial fibroelastosis, left

A

B

C

Figure 14.13. (A) A cross-sectional view of the left
ventricle in a patient with LV noncompaction. Notice
the “sinusoids” (arrowheads) that make up the
noncompacted layer. (B) An apical four-chamber view
demonstrating LV noncompaction. The arrowheads
point to the noncompacted layer. (C) An apical
four-chamber view of a noncompacted left ventricle
with color-flow into the noncompacted areas
(arrowheads). The color-flow signifies blood flow into
the noncompacted “sinusoids.” LV indicates left
ventricular.
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ventricular noncompaction, and the transient left ven-
tricular apical ballooning syndrome (also called bro-
ken heart syndrome, stress-induced CMP, or Takotsubo
CMP in Japan). Though these syndromes have features
of dilated CMP or restrictive CMP, they do not neatly
fall into the respective categories.

Endocardial Fibroelastosis
This disease is seen primarily in infants and fetuses. It
is characterized by deposition of collagen and elastin in
the ventricular walls. It is associated with hypertrophy
and endocardial thickening. The disease has an associ-
ation with viral infections, autoimmune diseases, and
congenital left-sided obstructive lesions. In late stages,
it presents as a dilated CMP with restrictive physiol-
ogy. Treatment is usually unsuccessful in infants with
the primary form of the disease, and transplantation
offers the only recourse.

Left Ventricular Noncompaction
(LVNC) (Figure 14.13)
This is a rare disorder associated with heart failure,
thromboembolism, and ventricular arrhythmias. It is
caused by a developmental arrest of compaction of
the left ventricular myocardial trabecular network.
This results in sinusoidal recesses that communicate
with the endocardium and are filled with blood. There
is, however, no communication to the epicardium.
Echocardiographic diagnosis is based primarily on
two-dimensional and colored Doppler imaging. On two-
dimensional imaging, particularly in the apical views,
there is a distinction between the compacted and the
noncompacted portion of the myocardium, appearing
as two layers. A ratio of noncompacted to compacted
layer of ≥2:1 in end-systole is considered diagnostic of
noncompaction. The myocardium in most of the non-
compacted segments is hypokinetic, and is seen in the
apical, midinferior and midlateral regions. On color-
flow Doppler, blood flow can be seen into the sinusoidal
recesses. Other associated echocardiographic features
include left ventricular dilatation, Doppler evidence of
diastolic dysfunction, left ventricular thrombus, and
abnormal papillary muscle structure.

Transient Left Ventricular Apical
Ballooning Syndrome (Figure 14.14)
This syndrome was first described in Japan (called
Takotsubo CMP there), but it has since been seen
in other populations, including the United States. It

Figure 14.14. An apical two-chamber view of the left
ventricle from a patient with transient apical
ballooning syndrome. This systolic frame
demonstrates normal inward motion and thickening
of the inferior base and the anterior base (single
arrowheads) and the lack of motion and ballooning of
the apex (double arrowheads).

presents with signs and symptoms of a myocardial
infarction, and is associated with ST-segment eleva-
tion and apical wall motion abnormalities but with-
out evidence of obstructive coronary artery disease
on coronary angiography. The onset is triggered by ei-
ther significant emotional or physical stress (sudden
loss of a family member, sudden life-threatening acci-
dent, medical illness, physical abuse). A recent study
looked prospectively at patients admitted to the inten-
sive care unit (ICU) with serial echocardiography to see
how many developed the apical ballooning. Of 92 pa-
tients, 26 had the pathology on echocardiography with
a mean ejection fraction of 33 ± 8%. Compared with
the patients without the pathology, those with apical
ballooning more frequently had sepsis as the admis-
sion diagnosis for the ICU (62% vs. 14%), a higher in-
cidence of developing hypotension on admission and
use of inotropes, and higher frequency of cardiomegaly
and pulmonary congestion. Sepsis was the only
associated feature with the cardiac pathology. The find-
ings resolved in 20 of the 26 patients (77%) within two
to 25 days (mean 7.4 ± 5.6 days). The two-month sur-
vival was lower in the group with apical ballooning
compared with those without the pathology (52% vs.
71%, respectively). The echocardiographic features in-
clude apical akinesis or dyskinesis on two-dimensional
imaging; presence of left ventricular thrombus has
been seen resulting in a cerebrovascular accident; the
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basal wall may exhibit hyperkinesis and generate a
left ventricular outflow tract gradient similar to that
seen in hypertrophic CMP, with resultant MR. The ejec-

tion fraction is reduced, though not always severely
(mostly because of hyperkinesis of other ventricular
segments).
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CHAPTER 15

Echocardiographic Evaluation
of Septic Shock

Marc Mikulski, Olivier Axler, and Paul H. Mayo

INTRODUCTION
Septic shock is a common cause for admission to the
intensive care unit (ICU).1−3 It is defined by a systemic
inflammatory response syndrome (SIRS) coupled with
complex hemodynamic failure. By traditional defini-
tion, the term sepsis implies the presence of infection.
In this chapter, the term sepsis will be used in a more
inclusive way. Septic shock follows the activation of
the inflammatory response at the systemic level, most
commonly as a result of infection, but on occasion
due to other initiating factors. The molecular patho-
physiology of sepsis is complex, and beyond the scope
of this chapter. However, the clinical presentation is
well known to the frontline intensivist. Hemodynamic
failure is a dominant feature of septic shock, so that
echocardiography has a major application in the bed-
side management of the condition.4 This chapter will
review the use of echocardiography in characterizing
and managing the cardiovascular dysfunction associ-
ated with septic shock.

BACKGROUND
The pathophysiological consequences of sepsis in-
clude hypovolemia, left ventricular (LV), systolic,
and diastolic dysfunction, and right ventricular (RV)
systolic dysfunction. Echocardiography allows the
intensivist to identify these processes, to monitor
their progression, and to direct therapeutic interven-
tions.

HYPOVOLEMIA AND SEPTIC SHOCK
Absolute hypovolemia is defined as a reduction of total
circulating blood volume. Absolute intravascular hypo-
volemia is common in septic shock on initial presenta-
tion and requires prompt correction; there are several
causes that depend on the underlying disease process.
They may include the following:

1. Insensible losses (e.g., skin and respiratory) aug-
mented by fever, sweating, and hyperventilation.

2. Gastrointestinal losses (e.g., diarrhea and vomiting)

3. Third-space losses (e.g., pancreatitis, burns, soft tis-
sue injury, capillary leak, low oncotic pressure, as-
cites, pleural effusion)

4. Lack of fluid intake (e.g., mental status change,
physical weakness, inadequate volume resuscita-
tion when in hospital)

Relative hypovolemia is caused by an abnormal dis-
tribution of blood volume between the peripheral and
central compartments. Relative hypovolemia is com-
mon in septic shock and may persist as a manifesta-
tion following initial volume resuscitation. The total
blood volume may be normal, but the distribution of
the blood volume is away from the central vascular
compartment. The vasodilatation arises from failure of
peripheral vasoconstrictor mechanisms with an inap-
propriate activation of vasodilator mechanisms.

Whether hypovolemia is absolute, relative, or com-
bined, its effect is the same. Significant central hypo-
volemia reduces venous return to the heart, preload,
stroke volume (SV), mean arterial pressure, and car-
diac output. Volume resuscitation benefits the patient
with septic shock by increasing venous return, preload,
stroke volume, cardiac output, arterial blood pressure
(systolic, mean, and pulse pressure), and tissue oxygen
delivery. Identification and correction of hypovolemia
is a major goal in the treatment of septic shock.

Left Ventricular Systolic Dysfunction
and Septic Shock
Myocardial contractile dysfunction occurs in sep-
tic shock. Both experimental and clinical studies
have demonstrated the presence of circulating sub-
stances that depress myocardial function in septic
shock through a variety of mechanisms. Myocardial
edema,5 cardiomyocyte apoptosis,6 cytokine effects (in
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particular IL1, IL6, and TNF-α), and nitric oxide have
all been invoked.7,8 Elevations of cardiac troponin lev-
els without myocardial infarction occur commonly in
septic shock,9 although coronary perfusion and my-
ocardial energy metabolism are preserved in septic
shock.7,8

The identification of LV systolic dysfunction may
be difficult using echocardiography, as traditional
echocardiographic indices of LV systolic function may
be load dependent. Hypovolemia has a major influ-
ence on preload, while vasodilation may have profound
effect on afterload. The hypovolemic ventricle in the va-
sodilated hypotensive patient may have a normal ejec-
tion fraction. Following volume resuscitation and vaso-
pressor use, the repeat echocardiogram may only then
show depressed contractile activity. Clinical and exper-
imental studies show an early and reversible reduction
in LV function in septic shock with rightward displace-
ment of the LV pressure volume curve.7,10−12 A reduc-
tion in ejection fraction is a common finding in septic
shock, and should alert the clinician to the possibility
of a need for manipulation of afterload and inotropic
support. Likewise, a normal ejection fraction in sep-
tic shock does not exclude LV dysfunction. Alterations
of preload and afterload with volume and vasopres-
sors may alter the echocardiographic findings. There is
controversy as to whether the presence of LV systolic
dysfunction in septic shock might be associated with
improved survival. Parker et al. were the first to de-
scribe this association.13 However, Vieillard-Baron and
colleagues reported no survival difference between pa-
tients with and without LV systolic dysfunction.14 The
hypothesis that LV dilatation associated with depres-
sion of systolic function is adaptive and maintains car-
diac output was not confirmed by echocardiography.15

Left Ventricular Diastolic
Dysfunction and Septic Shock
Left ventricular diastolic dysfunction has also been re-
ported in septic shock11,16,17 and has been associated
with increased mortality.18 It is associated with ele-
vated cardiac troponin levels, increased cytokine ac-
tivity (TNF, IL-8, IL-10), and frequently occurs in con-
junction with systolic dysfunction, but also occurs as
an isolated abnormality in 20% of cases.19

Right Ventricular Dysfunction and
Septic Shock
An impairment of RV contractile function is common in
septic shock. It may occur in the absence of increased

pulmonary artery pressure20−23 or LV dysfunction,24

and is probably caused by the same circulating factors
that result in LV dysfunction. Septic shock is frequently
associated with complications that may indirectly af-
fect RV function. Lung disease such as severe pneu-
monia or acute respiratory distress syndrome (ARDS),
hypoxic pulmonary vascular constriction, and high
ventilator pressures may all cause elevation of RV af-
terload with a resultant acute cor pulmonale pattern
(see Chapter 16). Septic shock may cause RV dys-
function by both direct and indirect depression of RV
function.

Echocardiography in the
Management of Septic Shock
Because significant hypovolemia is so common in sep-
tic shock, initial volume resuscitation should never be
delayed by waiting for echocardiography. Clinical as-
sessment in the prehospital and emergency depart-
ment suffices to make a decision to initiate vigorous
volume resuscitation of the septic patient, as early
volume resuscitation has been associated with im-
proved outcomes.25 However, the intensivist frequently
receives the patient in the ICU following some degree
of volume resuscitation. The question then becomes
whether the patient should receive further volume re-
suscitation, vasopressors, or inotropic support. In this
situation, echocardiography is an ideal tool for the
rapid assessment of the septic patient, as it allows iden-
tification of hypovolemia, LV systolic and diastolic dys-
function, and RV dysfunction. Echocardiography is per-
formed by the intensivist at the bedside of the patient
with hemodynamic failure. The results of the initial as-
sessment allow for the formulation of a therapeutic
plan, while follow-up study allows ongoing assessment
for the effect of therapy, progression of disease, and
identification of new problems.

Echocardiography in the
Management of Septic Shock:
Evaluation of Preload Sensitivity
Volume resuscitation of the septic patient is an im-
portant component of the initial resuscitation. How-
ever, excessive volume resuscitation may have ad-
verse consequences (see Chapter 10). One approach
to this problem is to use bedside echocardiography
to assess for preload sensitivity. In using echocar-
diography, the intensivist is asking a straightforward
question: Will further volume resuscitation improve
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cardiac output? Echocardiography allows the inten-
sivist to answer this question at the bedside of the pa-
tient. The echocardiographic measurement of volume
status uses dynamic measurements of preload sensi-
tivity; the type depends upon the proficiency of the
echocardiographer. Static measurements have been
shown to be unreliable.26

The intensivist with competence in basic critical
care echocardiography has, by definition, limited skill
at Doppler measurement and must rely on 2D imag-
ing to guide decision-making. Respiratory variation of
inferior vena cava (IVC) size is a validated method of
determining volume responsiveness that is easily per-
formed by the basic critical care echocardiographer
(see Chapter 10).27,28 The patient must be on mechan-
ical ventilatory support and completely passive in in-
teraction with the ventilator. In addition, pattern recog-
nition of a small hyperdynamic LV (with effacement
of the end-systolic LV cavity),29 or a small IVC diam-
eter (<10 millimeter [mm]) suggests volume respon-
siveness in the patient with septic shock. While pat-
tern recognition by the echocardiographer of a small
hyperkinetic LV and RV in septic shock strongly sug-
gests hypovolemia, these findings have somewhat lim-
ited predictive value for response to volume resus-
citation.

Competence in advanced critical care echocardio-
graphy allows the intensivist to make a variety of
Doppler-based measurements to identify the need for
further volume resuscitation in the patient with septic
shock. If the patient is on mechanical ventilatory sup-
port and lacking any spontaneous breathing effort, res-
piratory variation of superior vena cava diameter mea-
sured with transesophageal echocardiography (TEE) is
a simple method of determining volume sensitivity.30

Alternatively, respiratory variation of stroke volume
measured with Doppler is useful in identifying preload
sensitivity (see Chapter 10).31 Like the variation in IVC
and superior vena cava (SVC) size, the patient must be
passive in interaction with the ventilator and in sinus
rhythm. The measurement of SV and cardiac output
before and after passive leg raising using Doppler is
another method of identifying preload sensitivity.32,33

This method has the major advantage of having utility
in patients who are breathing spontaneously and with
irregular heart rhythm.

Echocardiography allows the intensivist to guide
volume resuscitation. The initial examination allows
determination of whether the patient is in a preload
sensitive state. If volume resuscitation is indicated, se-
rial examination is useful in determining whether to
continue with volume resuscitation.

Echocardiography in the
Management of Septic Shock:
Evaluation of Left Ventricular
Systolic Function
In the initial phase of septic shock, LV function is of-
ten described as “hyperkinetic” and cardiac output is
classically considered to be augmented (hyperkinetic
phase of sepsis). In fact, the study of cardiac function
indices that are load independent demonstrate impair-
ment of contractile function even though cardiac out-
put and ejection fraction are normal or elevated. The
reduction in LV contractile function occurs early in the
course of septic shock and often resolves completely
7–10 days following resolution of the sepsis. Volume re-
suscitation and the use of vasopressors alter the load
conditions of the LV.

On initial presentation, echocardiography may
demonstrate a hyperdynamic LV contraction pattern
as the LV is underfilled and afterload is low. Following
volume resuscitation and elevation of blood pressure,
echocardiographic findings may then change to show
reduced LV systolic function.

Form a practical perspective, the evaluation of LV
systolic function relies on the measurement of ejection
fraction (EF). The intensivist with basic critical care
echocardiography skills has a limited ability to mea-
sure EF. Visual estimates of EF can be quite accurate
if performed by a skilled echocardiographer. However,
the basic echocardiographer should not attempt a nu-
merical estimate, but rather classify the LV function as
severely impaired, moderately impaired, normal, or hy-
perdynamic. Alternatively, the intensivist with compe-
tence in advanced critical care echocardiography may
use a variety of methods to determine EF. M-mode mea-
surements rely on diameter measurements. The Teich-
holz method requires that the diameter of the LV be
measured at the midventricular level in the parasternal
long-axis view. This method requires careful attention
to technical detail, and has not been validated in criti-
cally ill patients on mechanical ventilation. It cannot be
used in patients with segmental wall abnormality, and
requires that the M-mode interrogation be perpendicu-
lar to the LV wall. This is often difficult to accomplish in
the critically ill, as the heart may be difficult to orientate
for adequate measurement. Coupled with the transla-
tional artifacts that occur with machine cycling and the
geometric assumptions intrinsic to using a diameter
measurement to define a complex three-dimensional
structure, M-mode EF methodology may not be a re-
liable means of measuring EF in the critically ill. The
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alternative is to use an area measurement method.
A simple approach is to measure the surface area
of the LV cavity in the parasternal short-axis view
at the papillary muscle level (using transthoracic
echocardiography [TTE] or TEE) at end-diastole and
at end-systole. These values are used to derive the EF
(end-diastolic surface area–end-systolic surface area/
end-diastolic surface area). While conceptually supe-
rior to diameter-based measurements, the surface area
method is still susceptible to segmental wall abnormal-
ity and translational artifact. An accurate estimate of EF
may be derived using Simpson’s method. The surface
area of the LV at end-diastole and end-systole is mea-
sured from the apical view in two orthogonal planes
(apical four-chamber and apical two-chamber views).
Simpson’s method yields an accurate measurement of
EF, but may not be practical for the frontline intensivist
because it requires significant time to perform, clear
endomyocardial border definition, careful attention to
technical detail (good axis and avoidance of transla-
tional artifact), and a high-quality machine.

The determination of EF is helpful in assessing LV
contractile function, but it does not address the issue
of SV or cardiac output (these values are best indexed
to body surface area). The underfilled hyperdynamic
LV may exhibit an excellent EF, and yet the SV and car-
diac output may be inadequate. Likewise, the dilated
hypocontractile LV with low EF may have an adequate
SV and cardiac output. Measurement of SV and a car-
diac output require the use of Doppler. In the apical
five-chamber view (TTE) or deep-gastric view (TEE),
the pulsed-wave Doppler interrogation box is placed
in the LV outflow tract (LVOT) with parallel intercept to
the direction of blood flow. The area under the systolic
outflow velocity curve (VTI = velocity time integral) is
directly proportional to the SV. The VTI is multiplied
by the area of the LVOT to yield the SV and cardiac
output. These values may be indexed to body surface
area and used to derive other parameters of hemody-
namic function. The knowledge of EF gives the inten-
sivist information about LV contractile function, while
the measurement of SV and cardiac output may be used
to determine whether oxygen delivery is at acceptable
level. Measurement of cardiac output and EF will vary
according to the evolution of the sepsis state and in
response to therapeutic interventions. This favors an
approach of serial echocardiographic examination. An
excellent example of the importance of repeated ex-
amination occurs in the recovery phase from septic
shock. In this case, the study done early in the course
of septic shock might demonstrate a severe reduction
of EF. Several weeks later, a repeat study might show

completely normal LV function. This is very important
information for the clinical management of the patient.
Absent the second examination, the patient could be
labeled as having chronic LV failure and receive inap-
propriate long-term therapy for a self-limited condition.

Echocardiography in the
Management of Septic Shock:
Evaluation of Left Ventricular
Diastolic Function
Septic shock alters LV diastolic function. Diastolic re-
laxation is an active energy requiring process; this is
probably disrupted by the same circulating factors
that cause systolic dysfunction. Traditional methods of
measurement rely on Doppler analysis of mitral valve
inflow. These are load dependent. Alternative load in-
dependent methods measure tissue Doppler velocity
of the longitudinal movement of the mitral valve annu-
lus (E’).34 Assessment of diastolic function has interest
to the intensivist because it allows estimation of LV di-
astolic pressures and left atrial pressures. Elevation of
left-sided diastolic pressures result in an elevation of
pulmonary capillary pressure. This, in turn, augments
risk of hydrostatic pulmonary edema. Current recom-
mendations suggest that patients with septic shock
should receive vigorous volume resuscitation. How-
ever, excessive volume resuscitation runs the risk of
causing pulmonary edema. Patients with septic shock
are at risk for acute lung injury or acute respiratory
distress syndrome (ALI/ARDS). Hydrostatic pulmonary
edema compounds this problem. It is prudent, follow-
ing the initial volume resuscitation phase and partic-
ularly if the patient has ALI/ARDS, to obtain echocar-
diographic estimates of left-sided diastolic pressures.
The identification of elevated pressure can then lead to
therapeutic interventions such as fluid restriction or di-
uretics. The goal is to reduce left-sided filling pressures
to reduce the risk of hydrostatic pulmonary edema.
Doppler measurements allow the intensivist to esti-
mate pulmonary capillary occlusion pressure (PAOP)
in several ways.

Transmitral diastolic flow velocity is readily mea-
sured using pulsed-wave Doppler from the apical four-
chamber view. An E/A >2 is associated with a PAOP
>18 mm Hg with a positive predictive value of 100%.35

Pulmonary venous inflow is also useful in estimating
PAOP. A ratio of the VTI of the systolic anterior ve-
locity envelope to the total VTI of the systolic and di-
astolic velocity envelope <45% predicts a PAOP >12
mm Hg with a positive predictive value of >100%.35 A



Echocardiographic Evaluation of Septic Shock 177

duration of the pulmonary venous retrograde A wave
that is greater than the duration of the mitral inflow
A wave is associated with a PAOP >15 mm Hg with a
positive predictive value of 83%.35 Tissue Doppler of
the lateral mitral annulus allows measurement of the
velocity of early diastolic annular velocity. The ratio of
the mitral E wave velocity to E’ (E/E’) >9 suggests a
PAOP >15 mm Hg.36 Measurement of mitral valve in-
flow and annular velocities are usually obtainable with
TTE. Good quality pulmonary venous inflow velocities
are often difficult to obtain with TTE and may require
TEE examination.

Echocardiography in the
Management of Septic
Shock: Evaluation of Right
Ventricular Function
Right ventricular function may be compromised as a
direct effect of circulation factors of sepsis, as is the
case of the LV. In addition, RV function may be compro-
mised by factors that occur as a complication of sepsis.
Acute lung injury, hypoxic pulmonary vascular vaso-
constriction, and positive pressure ventilation may all
increase RV afterload to the extent of causing acute cor
pulmonale. Echocardiography allows the intensivist to
identify acute cor pulmonale (see Chapter 16). Identifi-
cation of acute cor pulmonale allows the intensivist to
take specific steps to reduce RV afterload, and reduce
RV dilatation.

Echocardiography in the
Management of Septic Shock:
Clinical Applications
Hypovolemia and hypotension are cardinal features
of septic shock. In addition to the immediate use of
broad spectrum antibiotics37 with the control of local-
ized infection, initial management will generally include
vigorous volume resuscitation and the assurance of
perfusion with vasoactive medications (typically nore-
pinephrine). This standard approach is usually ini-
tiated in the emergency department. The intensivist
receives the patient in the ICU following initial stabi-
lization, and must then develop a management plan.
Early echocardiography serves two purposes. First, it
excludes alternative or coexisting causes for the shock
state such as unrecognized pericardial tamponade, se-
vere valve failure, segmental wall abnormality raising
concern for ischemic heart disease, or pulmonary em-
bolism. Second, it allows the intensivist to answer some

key questions related to the ongoing hemodynamic
management of septic shock. These are as follows:

1. Will the patient benefit from further volume resus-
citation? The echocardiographer may answer this
question by pattern recognition alone: a small IVC
or a hyperdynamic LV with end-systolic cavity oblit-
eration suggests a need for further volume resus-
citation. If the patient is on a ventilator without
spontaneous breathing effort, the presence of sig-
nificant respiratory IVC diameter variation indicates
the need for continued volume resuscitation, while
its absence suggests no further need. The advanced-
level echocardiographer may answer this question
by the PLR test in the patient who is making sponta-
neous respiratory effort. Alternatively, If the patient
is on a ventilator without spontaneous breathing ef-
fort and in sinus rhythm, significant respiratory vari-
ation of SV (measured with echocardiography) indi-
cates a need for further volume resuscitation, while
its absence suggests no further need. The decision
to continue volume resuscitation is a critical one, as
inappropriate volume resuscitation may be harmful
to the patient.

2. Should the patient receive inotropic support like
dobutamine or epinephrine? Echocardiography al-
lows the evaluation of LV function. The basic-level
echocardiographer is able to recognize but not
quantitate a reduced EF, while the advanced-level
echocardiographer may accurately estimate the EF
or choose to perform a quantitative determination.
This may be supplemented by the measurement of
the SV and cardiac output. The finding of reduced LV
systolic function is common in septic shock. How-
ever, this does not necessarily warrant the use of
inotropic agents. Direct measurement of SV and car-
diac output, if available, are helpful in this situation.
If the SV and cardiac output are in normal range,
there is no purpose served in using inotropic sup-
port. Targeting supranormal levels of oxygen deliv-
ery is not indicated in septic shock.46 On the other
hand, if SV and cardiac output are sufficiently low
to be associated with a significant reduction in oxy-
gen delivery, inotropes are then indicated. If quan-
titative SV and cardiac output measurement are not
available, the intensivist may need to rely on clinical
indicators in making a decision to initiate inotropic
support. In summary, the finding of reduced LV sys-
tolic function does not by itself require initiation of
inotropic support. Measurement of SV and cardiac
output is helpful in making the decision, as is careful
assessment of the clinical status of the patient.
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3. Is there an indication of elevated PAOP with risk
of hydrostatic pulmonary edema? The advanced-
level echocardiographer may be able to identify the
patient with elevation of PAOP. If this is present,
treatment directed at this problem may improve
lung function in patients who have concomitant
ALI/ARDS.

4. Is acute cor pulmonale present? The intensivist with
competence in basic critical care echocardiography
is able to recognize RV dilatation and septal dyskine-
sia that is diagnostic of acute cor pulmonale. Acute
cor pulmonale may be multifactorial. A direct effect
of sepsis on RV function may contribute, but sec-
ondary factors are also likely, such as when the pa-
tient is on ventilatory support with ALI/ARDS. Identi-
fication of acute cor pulmonale allows the intensivist
to take steps to reduce RV afterload.

The team of Vieillard-Baron et al. has fully integrated
serial echocardiography into the management of sep-
tic shock on a routine basis.14,38 Their approach can
be readily adapted to TTE, and serves as a motivat-
ing example for the utility of critical care echocardio-
graphy.

CONCLUSION
Critical care echocardiography is a useful method for
establishing the diagnosis of hemodynamic failure in
the ICU. It offers the frontline intensivist a bedside
tool to guide the ongoing management of the patient.
It is particularly useful for the management of hemo-
dynamic failure related to sepsis, as it can guide the
use of volume resuscitation, vasopressor, and inotropic
agents.
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CHAPTER 16

Echocardiographic Evaluation of
Valve Function and Endocarditis

Paul H. Mayo

INTRODUCTION
Echocardiography is an effective means of assessing
cardiac valve function. It is useful for a rapid qualitative
assessment or a more comprehensive assessment for
all forms of valve function using transthoracic echocar-
diography (TTE) and transesophageal echocardiogra-
phy (TEE). Doppler assessment allows an accurate
quantitative measurement of the severity of stenotic
and regurgitant lesions. The extent to which the criti-
cal care echocardiographer applies the sophisticated
tools of the cardiologist to assess valvular heart dis-
ease is highly variable. By training, background, and
interest, cardiologists often take the lead in this aspect
of echocardiography. However, the intensivist who per-
forms echocardiography should have competence in
assessing valve function, as many patients in the inten-
sive care unit (ICU) may have valve dysfunction that
adversely impacts their cardiopulmonary status.

In general, the intensivist will be interested in the
identification of catastrophic valve failure or valve dys-
function that is sufficiently severe to impact the hemo-
dynamic functioning of the patient. Conversely, the
identification of lesser degrees of valve disease or nor-
mal valve function are also of interest, as the inten-
sivist may then determine that valve failure is not a
contributing factor to the patient’s critical illness. This
chapter will review the echocardiographic assessment
of valve function from the perspective of the bedside
intensivist.

LEVEL OF TRAINING
Intensivists who perform critical care echocardiogra-
phy will either have competence in basic critical care
echocardiography (several standard 2D views without
comprehensive training in Doppler) or competence
in advanced critical care echocardiography (see also
Chapter 4). The latter is equivalent to level 2 training
by standard cardiology criteria.1 Intensivists who have

basic training in echocardiography have a limited abil-
ity to assess valve function. The standard 2D views
of basic critical care echocardiography generally in-
clude the parasternal short- and long-axis, the apical
four-chamber, and the subcostal views. Detailed exam-
ination of the tricuspid valve (TV) is not part of basic
echocardiographic assessment, as the focus of the ba-
sic examination is to assess for left ventricular (LV) and
right ventricular (RV) size and function, for pericardial
effusion, and for evidence of preload sensitivity. It is
not to perform a detailed valvular assessment. Without
training in Doppler measurements, the basic-level ex-
aminer can identify obvious mechanical failure of the
mitral valve (MV) (e.g., a flail leaflet, ruptured chor-
dae, or ruptured papillary muscle) or obvious aortic
valve (AV) disruption. Severe stenosis of these valves
may also be apparent. By definition, intensivists with
training in basic echocardiograpy do not have compre-
hensive Doppler training and often lack the ability to
perform quantitative measurements of valve function.

Color Doppler may be used for a qualitative assess-
ment of valve function. The basic-level critical care
echocardiographer should be cautious in assuming to
have the skills in the use of color Doppler. One of the
problems with the technique is that it appears to be
straightforward, when it is actually not. The pitfalls of
color Doppler include gain settings, wall jet effects,2 an-
gle effects, and shadowing by surrounding structures,
such as prosthetic valve apparatus or a calcified an-
nulus, and are not intuitively obvious. The problem is
that the echocardiographer may miss a severe valvu-
lar lesion due to misinterpretation of the color Doppler
image. A key cognitive skill for the basic critical care
echocardiographer is to recognize when to call for a
consultation from a more experienced echocardiogra-
pher. If there is the possibility of significant valve dys-
function, a comprehensive study should be performed
by an echocardiographer with advanced training.

Intensivists with proficiency in advanced criti-
cal care echocardiography have, by definition, the
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capability to assess valve function that is similar to that
of a fully trained cardiology echocardiographer. This
proficiency may be particularly useful when immedi-
ate cardiology echocardiography services are not avail-
able. The advanced intensivist echocardiographer,
who is directly involved at the patient’s bedside, is also
able to immediately perform the study. Patients with
severe valve failure may have life-threatening hemo-
dynamic failure requiring prompt intervention such
as vasoactive medication, mechanical assist devices,
or valve replacement. This cannot wait for the conve-
nience of a delayed echocardiogram.

A common indication for bedside echocardiogra-
phy in the ICU is to identify a cause for severe car-
diopulmonary failure. The assessment of valve func-
tion is a key part of the bedside examination for
several reasons. First, severe valve failure may be the
primary cause of the shock state or respiratory failure.
Early recognition of severe valve failure may allow for
lifesaving interventions. Second, significant valve dys-
function may combine with another disease process to
worsen cardiopulmonary failure. It is essential that the
coexisting valve lesion be identified, as this may have
a major influence on management. Finally, the absence
of significant valvular dysfunction is useful information
in a patient with hemodynamic failure.

The focus here is on the identification and quantifi-
cation of major valve failure, as this is the most im-
mediate concern of the bedside critical care clinician.
Comprehensive assessment of valve function requires
training in Doppler analysis, so some of the following
discussion assumes that the reader has background in
Doppler measurements.

TRICUSPID VALVE
The evaluation of the TV focuses on the assessment
of tricuspid regurgitation (TR), as tricuspid stenosis is
an uncommon lesion. The echocardiographic examina-
tion of the TV starts with 2D imaging of the valve and
support structures. Lack of coaptation, flail leaflet, veg-
etation or mass, RV or right atrial (RA) dilation, tricus-
pid annular calcification, or the presence of hardware
(pacer wire, valve repair/replacement), all suggest the
possibility of significant TR. The 2D study includes ex-
amination of the valve from multiple sites: paraster-
nal long- and short-axis, apical four-chamber, and sub-
costal. The severity of TR by color Doppler is classed as
mild, moderate, and severe. It is important to properly
set the color gain and to interrogate the jet at multiple
angles. The severity of TR may be measured semiquan-
titatively by measuring the color jet area.3 Minimal TR

Figure 16.1. Apical four-chamber view of the heart.
Color Doppler examination shows severe tricuspid
regurgitation.

may often be detected in normal individuals.4 A simple
“eyeball” method of judging severity is to consider that
TR is severe when the jet hits the back wall of the RA
or occupies the entire RA (Figure 16.1, and Video 16.1
in enclosed DVD). Severe TR is often associated with
volume overload of the right ventricle, although this
finding is not specific to TR. Spectral Doppler of the TR
jet may provide additional information of severity. If
the intensity of the continuous-wave (CW) Doppler TR
signal is greater than that of the inflow signal, or if the
CW TR jet has a truncated downslope, the TR is likely
to be severe. Measurement of the CW jet velocity per-
mits estimation of pulmonary arterial systolic pressure
(PASP). However, PASP does not necessarily correlate
with the severity of TR. In theory, the severity of TR is
amenable to quantitative measurements using the con-
tinuity principle or proximal isovelocity surface area
(PISA) method. In practice, this is seldom performed.

PULMONIC VALVE
The evaluation of the pulmonic valve (PV) generally
focuses on assessment for pulmonic valve regurgita-
tion (PR), as PV stenosis is uncommon. Trace PR is
often detected in normal individuals. The echocardio-
graphic examination of the PV starts with 2D imaging
of the valve. Rarely, a vegetation may involve the valve,
or a leaflet prolapse may be identified. The PV is diffi-
cult to image with 2D technique even using TEE. The
2D TTE examination of the valve is usually limited to
the parasternal short-axis view and a short-axis view
from the subcostal region. Color Doppler is the primary
means of detecting PR (Figure 16.2, and Video 16.2 in
enclosed DVD). The subcostal approach is frequently a



Echocardiographic Evaluation of Valve Function and Endocarditis 183

Figure 16.2. Right ventricular outflow view of the
heart. Color Doppler examination shows moderate
pulmonary regurgitation.

superior angle for Doppler analysis because the inter-
rogation line may be placed parallel with the blood flow
through the PV and proximal pulmonary artery. Regur-
gitation is detected by color Doppler and is classed
as trace, mild, moderate, or severe.3 Because PR usu-
ally has minimal hemodynamic consequence, clinical
echocardiographers often use an “eyeball” approach
to grading the severity of PR. Spectral Doppler anal-
ysis of valve function is not generally used to assess
the severity of PR. However, spectral Doppler of the PV
area is important for other reasons such as the mea-
surement of cardiac shunts, pulmonary artery diastolic
pressure, and indirect evidence for pulmonary arterial
hypertension.

AORTIC VALVE: AORTIC STENOSIS
Aortic stenosis (AS) is a common valvular lesion in the
critical care unit. When it is severe, it has major hemo-
dynamic consequences. When it coexists with other
causes of shock, such as distributive shock, it compli-
cates hemodynamic management. Many patients come
to the ICU with the diagnosis already established. How-
ever, in others, it is unknown at the time of presenta-
tion. The intensivist with basic-level echocardiography
training may suspect the diagnosis by 2D scanning. The
valve is often hyperechoic or heavily calcified with ob-
viously reduced movement (Figure 16.3, and Video 16.3
in enclosed DVD).

Advanced level training is required for a complete
assessment of the AV. This begins with 2D study to rule
out sub- or supravalular stenosis or a stenotic bicuspid
valve, which lack the characteristic 2D features of typi-
cal AS. These entities have the same physiological con-

Figure 16.3. Parasternal long-axis view of the heart
showing severe aortic stenosis.

sequence. Included in the 2D examination is planimetry
of the valve area in short axis both by TTE and TEE.5

Three methods for identifying severe AS exist.
Doppler analysis is the most reliable method of identi-
fying severe AS. As the aortic valve area narrows, the
velocity of blood flow through it rises. The peak ve-
locity across the valve is measured with CW Doppler
and reliably reflects the pressure gradient across the
valve according to the modified Bernoulli equation.6

A second method for quantification of AS is the con-
tinuity equation.7 This is based on the principle that
the stroke volume measured at one point in the heart
should equal the stroke volume at another point in the
heart (barring shunt or valvular regurgitation). A final
method compares the velocity (or velocity time inte-
gral [VTI]) of the left ventricular outflow track to that
of the aortic valve.8

Commonly accepted values indicating severe aortic
stenosis include9:

1. Peak aortic valve velocity >4.5 m/sec

2. Mean pressure gradient across the aortic valve >50
mm Hg

3. Aortic valve area <0.75 cm2

4. LVOT VTI/aortic VTI <0.25 (LVOT: left ventricular
outflow tract)

Accurate assessment of AS requires skill in advanced
echocardiography. Common pitfalls include underesti-
mation of the peak velocity and mean pressure gradi-
ent due to poor CW Doppler interrogation angle. The
AS jet may also be eccentric; therefore, the examiner
must use multiple points of measurement, including the
suprasternal and right parasternal sites. This may re-
quire the use of a small, nonimaging CW transducer.
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Accurate measurement of the LVOT diameter is re-
quired, as any error is squared in the calculation of
the LVOT area. The LVOT VTI may be overestimated if
the PW interrogation box is placed too close to the AV
with resulting measurement of flow acceleration near
the valve orifice. Patients with poor LV function and
AS may have pseudosevere AS that improves when the
measurements are made during dobutamine infusion.10

AORTIC VALVE: AORTIC
REGURGITATION
Aortic regurgitation (AR) is a common valvular lesion
in the ICU. Acute severe AR may be immediately life
threatening because the LV has no time to adapt to
the sudden volume overload, resulting in fulminant pul-
monary edema compounded by a low-flow state. Aortic
balloon pump is specifically contraindicated with se-
vere AR, and urgent valve replacement may be life sav-
ing. Chronic severe AR is often well tolerated because
the LV has had time to dilate; and, with the maintenance
of good LV function, forward flow is maintained with-
out elevation of hydrostatic pressure in the lung. How-
ever, chronic severe AR may eventually lead to hemo-
dynamic failure. When it coexists with other causes of
shock, it may complicate hemodynamic management.
The degree of regurgitation is afterload sensitive, so
that the identification of significant AR has an impor-
tant influence on acute hemodynamic management.

The evaluation for AR begins with the 2D examina-
tion. Dilation of the aortic root, proximal aortic dis-
section, abnormal valve architecture, noncoaptation or
prolapse of valve leaflets, or vegetation, all suggest the
possibility of significant AR. M-mode findings of severe
AR include anterior MV diastolic fluttering, early clo-
sure of the MV, and the presence of a B wave on M-mode
of the MV. Aortic regurgitation may occur due to dila-
tion of the aortic ring with valvular incompetence from
nonapposition of the leaflets. Valve anatomy may be
normal in this situation. Alternatively, AR may occur
due to structural failure of the valve itself from such
factors as endocarditis, rheumatic heart disease, Mar-
fan’s syndrome, congenitally abnormal valves, degen-
erative calcific changes, or aortic dissection. None of
these anatomic abnormalities allow determination of
the severity of AR.

Doppler studies allow several methods to determine
the severity of AR. Color Doppler performed preferen-
tially in the parasternal long- and short-axis view with
TTE or TEE is one method of determining the severity
of AR (Figure 16.4, and Video 16.4 in enclosed DVD).

Figure 16.4. Parasternal long-axis view of the heart.
Color Doppler examination shows severe aortic
regurgitation.

The length of the regurgitant jet does not correlate
well with severity. The jet area in a short-axis view, rel-
ative to the LVOT area, or the width of the jet at its
origin, relative to the LVOT width in long axis, is con-
sidered a good index of severity.3 The width of the vena
contracta,11 the smallest width of the jet below flow
convergence, is another index of severity that relies
on color Doppler. The pressure half time (PHT) of the
AV regurgitant jet measured with CW Doppler falls in
proportion to the severity of the AR, although the PHT
is load dependent. Severe AR results in a high mitral E
wave velocity as well as diastolic retrograde flow in the
descending aorta.12

The continuity principle and PISA method13 may be
used to quantify the severity of AR. These methods
are laborious, so the bedside echocardiographer fre-
quently relies on color Doppler and PHT.

Commonly accepted values indicating severe AR are
as follows3:

1. Regurgitant jet width/LVOT diameter ratio >65%

2. Regugitant jet area/LVOT area ratio >60%

3. Vena contracta width >6 mm

4. PHT <200 m/sec

5. Holodiastolic flow reversal in the descending aorta

6. Effective regurgitant orifice >0.30 cm2

7. Regurgitant volume >60 mL

8. Regugitant fraction >50%

MITRAL VALVE: MITRAL STENOSIS
Compared with AS, mitral stenosis (MS) is uncommon
in the ICU. When it is severe, it has major hemodynamic
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Figure 16.5. Parasternal long-axis view of the heart
showing mitral stenosis.

consequences. When it coexists with other causes of
shock, it complicates hemodynamic management. For
example, tachycardia has an adverse effect in patients
with MS, so the prompt identification of severe MS al-
lows the intensivist to intervene to reduce heart rate.
Most patients with MS arrive in the ICU with the di-
agnosis already established. However, in others, it will
be unknown at time of presentation. Most cases are
caused by rheumatic heart disease, although severe mi-
tral annular calcification may also cause the condition.
In addition to the typical immobility of the valve tips
(“hockey stick configuration”) (Figure 16.5, and Video
16.5 in enclosed DVD), 2D imaging may demonstrate
calcified leaflets and subvalvular structures, immobil-
ity of the posterior MV leaflet, and “fish mouth” valve
orifice in short axis. Planimetry of the MV area is possi-
ble from the parasternal short-axis view. Heavy calcifi-
cation and poor gain settings may result in inaccurate
planimetry results. Significant MS results in reduced
E-F slope on M-mode.

Definitive identification of severe MS requires
Doppler measurements. Severity of MS may be es-
timated from the mean diastolic pressure gradient
across the valve using CW Doppler from an apical view.
This Doppler envelope is also used to measure the PHT
of the diastolic inflow to apply the following formula:

Mitral valve area (MVA)cm2 = 220/PHT

Pressure half time is load dependent. It may be pro-
longed by factors independent of the MV area such as
abnormal LV relaxation, decreased LV compliance, ele-
vated LV diastolic pressures, coexisting mitral regurgi-
tation (MR), or low cardiac output. The MVA may also
be measured using the continuity principle and PISA.
Atrial fibrillation is common with MS. This complicates

quantitative measurements of MS using Doppler tech-
niques because 5–10 cardiac cycles must be measured,
making the process very laborious.

Commonly accepted values indicating severe MS are
as follows14:

1. Resting mean pressure gradient >10 mm Hg

2. Mitral valve area <1.0 cm2

3. PHT >220 m/sec

MITRAL VALVE: MITRAL
REGURGITATION
Mitral regurgitation is common in the ICU. Functional
MR refers to MR that is caused by LV remodeling with-
out structural abnormalities of the valve itself. Con-
ceptually, the annulus of the valve is enlarged so that
valve closure is incomplete. On 2D echocardiography,
the valve leaflets appear normal. The MR is only de-
tectable by Doppler analysis. Structural abnormalities
of the valve apparatus may also cause MR. These in-
clude MV prolapse, rheumatic heart disease, mitral an-
nular calcification, endocarditis, flail leaflet, ischemic
papillary muscle dysfunction, and ruptured chordae.
Acute failure of the valve apparatus may cause life-
threatening cardiopulmonary failure, while chronic se-
vere MR may complicate hemodynamic management
of the critically ill. The advanced critical care echocar-
diographer should be able to perform a comprehensive
evaluation of MV function to identify patients with se-
vere MR.

The 2D examination serves to identify structural ab-
normalities associated with MR. The basic-level crit-
ical care echocardiogrpaher may be able to identify
flail chordae (Figure 16.6, and Video 16.6 in enclosed

Figure 16.6. Apical four-chamber view of the heart
showing a flail mitral valve chordae.
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Figure 16.7. Apical four-chamber view of the heart.
Color Doppler examination shows severe mitral
regurgitation (color Doppler of Figure 16.5).

DVD), noncoapting valves, or valve destruction by
endocarditis, but Doppler analysis is required for a
definitive assessment of severity. Color Doppler is a
practical means of assessing severity of MR. The area
of the color-flow jet of MR relative to the left atrial (LA)
size is a simple means of assessing severity of MR (Fig-
ure 16.7, and Video 16.7 in enclosed DVD).

However, as discussed previously, the assessment
of MR by color Doppler has limitations that may not
be obvious to the basic-level echocardiographer. Spec-
tral Doppler may demonstrate characteristics suggest-
ing severe MR. The CW Doppler MR jet has increased
intensity with severe MR. Severe MR may cause rever-
sal of systolic flow in the pulmonary vein. The width
of the vena contracta is also an index of severity, as
a width >7 mm is associated with severe MR. When
vena contracta measurement and Doppler color-flow
signal yield ambiguous results, the continuity princi-
ple or PISA allow quantitative measurement of MR. The
PISA method is effective for a central LA jet, while the
continuity method is required for an eccentric jet.

Commonly accepted values indicating severe MR are
as follows6:

1. 2D evidence of severe MV apparatus failure

2. Effective regurgitant orifice >0.40 cm2

3. Regurgitant volume >60 mL

4. Regurgitant fraction >50%

5. Vena contracta >7 mm

6. Pulmonary vein systolic flow reversal

7. MR color Doppler jet >10 cm2 or occupying >40% of
the LA area

Mitral regurgitation is load dependent. For example,
a patient with hypertension in association with cardio-
genic pulmonary edema may have severe MR on initial
echocardiographic examination. Following treatment,
when the patient is normotensive and improved from a
clinical point of view, the MR may be much improved.
Mitral regurgitation in association with cardiac cham-
ber enlargement may show improvement following di-
uresis, as the mitral annulus is smaller in size, so the
MV leaflets can coapt more effectively.

THE ROLE OF TEE IN EVALUATION
OF VALVE FUNCTION
Transthoracic echocardiography is very effective in
evaluating valve function in the ICU. However, if image
quality is poor, TEE may be necessary to fully evaluate
valve function. Transesophageal echocardiography is
particularly effective for imaging the MV and perform-
ing Doppler evaluation of the MV. The AV is also well
situated for 2D imaging and color Doppler evaluation
with TEE, but is not well oriented for use of spectral
Doppler. The PV and TV are often not well seen for 2D
imaging, and reliable Doppler analysis of these valves
is difficult with TEE. Transesophageal echocardiogra-
phy has special utility in the evaluation of prosthetic
valve function, as discussed below.

EVALUATION OF PROSTHETIC
VALVE FUNCTION
Evaluation of prosthetic valve function is a demand-
ing part of echocardiography. Without special commit-
ment that includes performance of a high volume of
prosthetic valve cases, it is unlikely that the intensivist
will be able maintain a high degree of competence in
the field. For a definitive evaluation of prosthetic valve
function, the intensivist will serve patients well by re-
questing cardiology consultation. If there is a delay in
performing the definitive study, the intensivist should
perform a screening echocardiogram, particularly if
the patient is hemodynamically unstable. Generally,
the evaluation of a mechanical prosthetic AV and MV
requires TEE for adequate visualization. The AV may be
difficult to completely visualize with TTE, if a mechani-
cal valve is in the aortic position. A mechanical valve in
the aortic position frequently blocks the view of the LA
and MV when using the parasternal approach, while an
MV prosthesis will block adequate visualization of the
LA from both the parasternal and apical approaches.
In this situation, the use of TEE will allow better
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visualization of posterior structures. The screening
2D examination includes a search for valve instability,
thrombus, vegetation, and paravalvular abscess or re-
gurgitation. If visualized by a screening study, they may
require urgent intervention.

EVALUATION FOR INFECTIVE
ENDOCARDITIS
The evaluation of valvular function by the critical care
echocardiographer includes assessment for infective
endocarditis. Typical echocardiographic findings of in-
fective endocarditis are as follows15:

1. The presence of an oscillating intracardiac mass on a
valve or valve support structure, on a foreign device
in the heart, or in the path of a regurgitant jet

2. New valvular regurgitation

3. New dehiscence of a mechanical valve particularly

4. Cardiac abscess

Typically, infected vegetations occur on the upstream
side of the valve. TV vegetations are generally larger
that left-sided lesions. Pulmonic valve endocarditis is
rare. It has been associated with the use of the pul-
monary artery catheter. The intensivist with basic-level
training may be able to recognize obvious vegetations
(Figures 16.8, 16.9, and 16.10, and Videos 16.8, 16.9, and
16.10 in enclosed DVD).

However, smaller vegetations may be difficult to
recognize, other valves may be affected to a subtle
extent, and there may be significant failure of valve
or perivalvular function that will not be apparent to
the basic-level echocardiographer. If the intensivist
with basic skill identifies vegetations, it is advisable to

Figure 16.8. Parasternal long-axis view of the heart
showing aortic valve endocarditis.

Figure 16.9. Apical four-chamber view of the heart
showing tricuspid valve endocarditis.

proceed with a comprehensive study. Clinical sus-
picion combined with nondiagnostic screening stud-
ies mandates a comprehensive examination by an
echocardiographer with advanced training. In general,
echocardiography to evaluate for the possibility of
native valve endocarditis should be performed by a
skilled echocardiographer because the findings may be
subtle. Fully trained echocardiographers with a back-
ground in TEE are qualified for this level of evaluation.
Evaluation for prosthetic valve endocarditis presents
a difficult challenge. In the case of a nondiagnostic
study of a prosthetic valve, the intensivist should seek
consultation with a cardiology echocardiographer with
specific experience in the field.

Findings consistent with endocarditis are a major
criteria for the diagnosis of the disease; however, the
diagnosis depends on the clinical context. The pa-
tient with positive blood cultures for S. aureus and a

Figure 16.10. Apical four-chamber view of the heart
showing aortic valve endocarditis.
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large vegetation on the MV is not subtle. However, the
difficulty arises when the pretest probability is low,
yet there are findings consistent with endocarditis on
echocardiography, particularly if the findings are min-
imal. This may occur when an abnormality that might
be consistent with endocarditis is detected as an inci-
dental finding in a patient with critical illness and other
explanation for signs of infection.

False-positive findings for endocarditis include the
following:

1. Persistent abnormality of the valve from previously
treated infective endocarditis such as a persistent
vegetation or scarring of the valve. One hint that
the process is no longer active is that, as the veg-
etation “ages,” it may become more echo dense, or
even calcify. The presence of a vegetation does not
necessarily mean that there is an active infection at
that site. Clinical correlation is required.

2. Nonbacterial thrombotic endocarditis. Platelet fib-
rin deposition on damaged valve endothelium may
cause nonbacterial thrombotic vegetations that
have the appearance of infective endocarditis on
echocardiography. The basal portion of the MV is
most often affected, but the process may extend to
the chordae and papillary muscles. The cause is un-
known, but the disease is associated with antiphos-
pholipid syndrome, systemic lupus erythematosus
(SLE), and malignancy (marantic endocarditis).

3. Other mimickers. Lambl’s excresences are an inci-
dental finding that may resemble small vegetations.
They are idiopathic linear mobile structures that
are found most commonly on the upstream side
of the aortic valve. Papillary fibromelastoma is a
small benign tumor that occurs on either surface of
the AV or MV and occasionally on the other valves
or endomyocardial surface. They may have a “sea
anemone” appearance with mobile fingerlike pro-
jections. Rarely, metastatic tumors may adhere to
heart valves, and mimic infective endocarditis. Ster-
ile thrombus may adhere to intracardiac devices
such as pacemaker wires or on the endomyocardium
of the RA or RV, and have the appearance of infected
vegetation.

It is not always possible to distinguish an infected veg-
etation from one of these abnormalities based on the
morphologic pattern alone. Combining clinical assess-
ment with the echocardiographic results is essential
for establishing the diagnosis of infective endocarditis.
Formal criteria for the diagnosis of infective endocardi-
tis are available.15 Echocardiography plays a major role

in establishing the diagnosis, but other criteria are also
important.

Good image quality is particularly important when
the echocardiographic examination is being performed
for possible infective endocarditis. Patients in the ICU
may have poor image quality due to obesity, edema,
chest wall wounds or dressings, subcutaneous air, and
hyperinflation due to mechanical ventilator support
degrade TTE image quality. Transesophageal echocar-
diography has superior resolution when compared to
TTE. Transesophageal echocardiography is more sen-
sitive than TTE in detecting vegetations and the compli-
cations of infective endocarditis such as involvement
of periaortic structures, annular abscess, or disruption
of the MV apparatus.

When should the intensivist use TEE in evaluation
for endocarditis? A reasonable approach is to use TEE
when the TTE is nondiagnostic and the clinical suspi-
cion of infective endocarditis is high. Suspicion of in-
fective endocarditis involving a prosthetic valve is a
strong indication for TEE. Echocardiography of pros-
thetic valve endocarditis may require an echocardiog-
rapher with specific expertise in that application.

Echocardiography has major application in the iden-
tification and stratification of complications of en-
docarditis. Echocardiography is the primary imaging
modality used to identify anatomic complications of
infective endocarditis. These include valve leaflet fail-
ure, perforation of valve leaflet or adjacent structure,
abscess, aneurysm, fistula, and prosthetic valve de-
hiscence, all of which may lead to life-threatening
hemodynamic failure. Serial echocardiography may
demonstrate progression of anatomic complications
predictive of catastrophic valve failure. The echocar-
diographer should work in close cooperation with the
cardiac surgeon to determine the timing and type of
surgical intervention that may be required for progres-
sive valve failure.

Embolic events are another major complication of
infective endocarditis. Echocardiography is useful in
determining risk of embolism because the risk is largely
determined by the size of the vegetation. Vegetations
>10 mm in size, have substantial risk of embolism.

The intensivist with proficiency in echocardiogra-
phy provides an important role in the diagnosis and
management of infectious diseases involving the heart.
Consultation should be sought for those with less
experience or if questions remain. Echocardiography
for prosthetic valve endocarditis often requires an
echocardiography performed by a cardiologist with
specific expertise in that application, and will gener-
ally require TEE.
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CONCLUSION
For the intensivist, echocardiographic assessment of
valve function is useful to answer three key questions:

1. Is there valvular failure that is catastrophic and that
requires urgent surgical consultation?

2. Is there severe but noncatastrophic valve failure that
requires specific medical therapy or that will com-
plicate management of coexisting critical illness?

3. Is there mild or moderate valve dysfunction that is
only incidental to the primary critical illness?

The intensivist with basic critical care echocardio-
graphy skills can identify valvular abnormalities on
2D imaging, particularly if they are severe, but oth-
erwise has limited capability to assess valvular func-

tion. The use of color Doppler to assess the sever-
ity of valvular abnormality is sufficiently challeng-
ing that the basic-level echocardiographer may need
consultation to assist with diagnosis. The basic-level
echocardiographer may screen for major valve fail-
ure, but will need a definitive study if the clini-
cal situation suggests the possibility of significant
valve failure. The intensivist with advanced critical
care echocardiography skills is able to fully evaluate
valve function using 2D examination and Doppler mea-
surements in a manner identical to cardiology-based
echocardiography. The identification and quantifica-
tion of severe valvular stenosis or regurgitation is es-
pecially important, as it may have a major influence
on the management of the patient with hemodynamic
failure.
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CHAPTER 17

Echocardiographic Features of Adult
Congenital Heart Disease

Renée J. Roberts and Anthony D. Slonim

INTRODUCTION
Congenital heart disease (CHD) is defined as a gross
structural abnormality of the heart, great arteries, or
great veins that is present at birth.1 Of all the congenital
anomalies, cardiovascular anomalies are the most com-
mon, comprising 30% of the total congenital disease.2

Although congenital cardiac malformations are rela-
tively uncommon, the total number of adolescent and
adult patients surviving into adulthood is growing con-
siderably, with almost one million people >20 years
with CHD in the United States (US).3−6 Approximately
20,000 open-congenital heart operations are performed
annually in the US, and >85% of these infants can now
expect to reach adulthood due to advances in diag-
nostics, surgical techniques, intensive care, and inter-
ventional devices.1,6−10 The importance of recognizing
heart disease in the critically ill adult lies not so much
on the potential for possible surgical or nonsurgical
intervention but mostly on management of the extrac-
ardiac manifestations of long-standing shunting, ven-
tricular hypertrophy, erythrocytosis, or cyanosis and
their potential relationship to the presenting condi-
tion in the intensive care unit (ICU) as a cerebrovascu-
lar accident, manifestation of pulmonary hypertension,
or cardiac decompensation from endocarditis.7 Fur-
thermore, as the CHD adult ages, the superimposition
of other medical conditions (hypertension, coronary
artery disease, and diabetes) further complicates the
management.

This chapter will focus on the most common undi-
agnosed lesions in symptomatic adults and adults with
diagnosed disease that is corrected.11−14 Here, the fo-
cus will be on the basic anatomy, associated cardiac
anomalies, hallmarks of diagnosis, and brief sequelae
of each lesion. Consideration is given to the echocar-
diographic findings in the primary diagnosis of defects
commonly presenting in adult life, with a brief discus-
sion of follow-up diagnosis and typical echo findings of
simple corrected lesions.

ECHOCARDIOGRAPHIC
EVALUATION OF CONGENITAL
CARDIAC DISEASE IN THE
ADULT PATIENT

Echocardiography is the mainstay of diagnosis and
follow-up for most patients with CHD.15 Echocardio-
graphy should be performed using a standardized
approach, with an understanding of the underlying
anatomy (congenital or postsurgical) and the most
likely residual or acquired lesions. This approach pre-
vents the misinterpretation of the findings, poor image
formation, or incorrect technique.9

Congenital cardiac lesions can be classified in sev-
eral ways, all of which aid in understanding the
physiology.5,7,10,14 The first classification schema is by
anatomic location, which is helpful when performing a
screening echo (Table 17.1). The second classification
schema is to group the lesions by physiology, which
is helpful when doing Doppler studies (Table 17.1).
Finally, they can be classified by presentation (Table
17.1).

The echocardiographic approach to CHD lesions is
the basic segmental exam, a systematic and sequen-
tial approach.16 The first step in the exam is to deter-
mine the basic anatomical relationships of the great
arteries and the heart chambers. An L-transposition
has occurred if the great arteries arise from the wrong
ventricles (ventricular arterial discordance) and if the
atria and valves are also switched (atrioventricular dis-
cordance). This condition is compatible with normal
health into adulthood.17,18 Although this lesion is rare
and will not be discussed further, it is very easy to dis-
cern and is the very important first step of the CHD
screening exam. The rest of the exam involves evaluat-
ing ventricular size and function, atrial size, valvular
function, flows in the great arteries, and ventricular
peak systolic pressures.11 The simplified segmental ex-
amination for CHD and the lesions discussed in this
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TABLE 17.1. Classification of congenital heart
disease lesions

Anatomic classification
Atrial level: Atrial septal defect, patent

foramen ovale
Ventricular level: Ventricular septal defect
Aortopulmonary
level:

Patent ductus arteriosus

Left heart
malformation:

Bicuspid aorta, l-transposition
of the great arteries

Right heart
malformation:

Tetraology of Fallot

Physiologic classification
Acyanotic with left to
right shunt:

Atrial septal defect, ventricular
septal defect, patent ductus
arteriosus

Acyanotic without a
shunt:

Atrioventricular septal defect,
l-transposition of the great
arteries, bicuspid aorta

Cyanotic: Tetraology of Fallot,
l-transposition of the great
arteries, Eisenmenger’s
complex

Classification by presentation
Asymptomatic with a
murmur:

Atrial septal defect, small
ventricular septal defect,
bicuspid aorta

Symptomatic with a
murmur:

Bicuspid aorta, atrial septal
defect, large ventricular septal
defect, tetraology of Fallot

chapter are presented in Table 17.2. Transthoracic
echocardiography (TTE) is the most widely used pri-
mary imaging technique for characterizing simple and
complex structural cardiac defects.9,19 It is noninva-
sive and universally available, and can provide detailed
and quantifiable information on intracardiac morphol-
ogy and function, valve gradients, pulmonary artery
(PA) pressure, chamber hypertrophy, and enlargement
at the bedside of the critically ill patient.9,12 How-
ever, in adult patients who often have poorer transtho-
racic windows because of body size, chest deformity,
or previous median sternotomy, image quality may
be limited. Transesophageal echocardiography (TEE)
is an excellent alternative when any of these condi-
tions exist.9 The strengths of TEE, in conjunction with
Doppler, are improved visualization of posterior struc-
tures (especially the atria and atrioventricular (AV)

TABLE 17.2. Lesions as diagnosed by
segmental echocardiographic exam

Systemic circuit
Atrium morphology, pulmonary

venous connections,
atrial septum

ASD

AV connection AVSD
Ventricle morphology, size and

function, septum
VSD

VA connection aortic valve
Bicuspid, lTGA
Great artery aorta TGA,

PDA
Pulmonary circuit
Atrium atrial morphology,

coronary sinus
AV connection
Ventricle morphology, size and

function, outflow tract
lTGA,
TOF

VA connection pulmonary valve TOF
Great artery pulmonary arteries TOF

ASD indicates atrial septal defect; AV, atrioventricular (AV connection:
the tricuspid and mitral valve); AVSD, atrioventricular septal defect;
PDA, patent ductus arteriosus; TGA, transposition of the great arteries;
TOF, tetralogy of Fallot; VA, ventricular arterial (VA connection: the
aorta and pulmonary artery [PA]); VSD, ventricular septal defect.

valves, atrial septum, and the mitral valve), improved
localization of the pulmonary veins, and improved eval-
uation of the branch pulmonary arteries for stenosis,
septal defects, and the presence of a patent foramen
ovale (PFO).8,12,19 In contrast, information regarding
the ventricular chambers, right ventricular outflow
tract (RVOT), and pulmonary arteries is impaired with
TEE.9

PATENT FORAMEN OVALE
GENERAL: The most common atrial communica-

tion is a PFO.7

INCIDENCE: Anatomic obliteration of the foramen
ovale ordinarily follows its functional closure
soon after birth, but a residual mobile flap of
tissue that is “probe patent” upon autopsy is a
normal variant in approximately 25% of people;
atrial septal defect (ASD) denotes a true defi-
ciency of the atrial septum and implies func-
tional and anatomic patency.10
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PRESENTATION: Most people with a PFO are asym-
ptomatic. However, several well-described clin-
ical associations include patients <5 years of
age with cryptogenic stroke (prevalence 50%),
peripheral systemic emboli, or decompression
sickness during a dive.8,15,20

ANATOMY: The PFO is a small hole in the atrial sep-
tum that is used during fetal circulation. Nor-
mally, the foramen ovale closes at birth when
increased blood pressure on the left side of the
heart forces the opening to close. When persis-
tent, it becomes a PFO, allowing blood to flow
from the heart’s right atrium (RA) to the left
atrium (LA), and vice versa.21

PATHOPHYSIOLOGY: The PFO works like a flap
valve opening during conditions with in-
creased intrathoracic pressure (Figure 17.1).21

This increased pressure or shunting occurs
when people strain during a bowel move-
ment, cough, or sneeze (transient Valsalva
maneuver).21 A PFO can also be associated
with atrial septal aneurysms, which are char-
acterized by excessive mobility of the atrial
septum.21 If the pressure is great enough, clot
or particles in the blood can cause paradoxic
emboli to the brain, causing a cerebrovascular
event, or into a coronary artery, causing myo-
cardial ischemia.1

Figure 17.1. Depiction of a PFO showing its flaplike
characteristics. (From Ref. 21.)

ECHOCARDIOGRAPHY: The presence of a PFO is
best assessed by using an echocardiographic
“bubble” contrast medium composed of agi-
tated saline to entrain microbubbles of air into
solution.22 While the sensitivity for TTE is 7%,
it can be improved to 50% if contrast is used.15

TEE with contrast is considered the “gold stan-
dard” for the diagnosis of PFOs, even small
ones, with a sensitivity of 79%.8 A Valsalva ma-
neuver can be used during the examination to
increase pressure in the RA and the flow of
blood from the right to LA, thereby improving
visualization of the PFO.21

VIEW: The optimal view for a PFO is a longitudinal
plane of a TEE (Figure 17.2).

FINDINGS: The optimal method to evaluate an PFO
was described very well by Seiler.20 To get the
best results, the patient should be in a left lat-
eral position; the Valsalva maneuver should
be practiced a few times, then the evaluation
should to be started without prior inspiration;
and it has to last about 5–10 seconds. The en-
hanced volume supply to the right atrium dur-
ing the release phase of the Valsalva maneuver
can be supported by injecting echo contrast
from the right cubital vein and by lifting this
arm at the end of the maneuver. The Valsalva
maneuver should lead to a visual change in the
convexity of the fossa ovalis membrane from
right to left. Contrast bubbles in the LA occur
within three to four heartbeats after release of
the Valsalva maneuver; by TEE, it can be rec-
ognized that the structure of the bubbles is al-
tered when they cross the lung (smaller, and
less echo dense). The washout of contrast bub-
bles by flow from the inferior vena cava (IVC)
streaming alongside a prominent eustachian
valve can be so dynamic that they do not reach
the PFO. In such cases, a higher contrast vol-
ume (5 mL instead of 2 mL) can be adminis-
tered to overcome the problem, or the con-
trast injection should be performed from a vein
in the foot. Finally, the size of the PFO is esti-
mated using a score of 0–3, with a score of 1
representing the crossover of a few single bub-
bles, and a score of 3 representing the shunt of
an entire cloud of bubbles (score 2 between 1
and 3).

FOLLOW-UP: If asymptomatic, patients with a PFO
do not require treatment.21 Patients who have
had a stroke or transient ischemic attack
(TIA) may be placed on anticoagulants or
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Figure 17.2. Transesophageal contrast echocardiography (TEE) for the detection of patent foramen ovale (PFO).
(A) Transesophageal echocardiography long-axis view (right side—cranial; left side—caudal) showing the left
atrium (LA) and the aortic root free of ultrasound contrast medium as well as the right atrium (RA) filled with
contrast bubbles. The image is taken close to the end of the Valsalva strain phase with the interatrial septum
bulged toward the RA. (B) Identical TEE image plane as in all other panels (long-axis view), taken immediately
after release of the Valsalva strain phase: the interatrial septum (fossa ovalis region) now bulges toward the LA,
thus indicating a pressure rise in the RA above that in the LA (PA, PA). (C) Long-axis view image obtained
instantaneously after that in panel B revealing a shunt of contrast medium across a PFO from the right to the left
atrium. (D) The shunt is much less pronounced on this next image (PFO grade 3). Washout of contrast medium in
the RA is visible (arrow), which is caused by the inflow of contrast-free blood from the inferior vena cava. (From
Refs. 7, 14, 20.)

recommended for device closure to prevent
recurrence.21

ATRIAL SEPTAL DEFECT
GENERAL: An ASD is a direct communication or

“hole” between the atrial chambers.1 The de-
fects vary in size from the smallest fenestrated
ASD (a few millimeters) to the largest defect of
an absent atrial septum with a common atrium.
The variation in location determines the type
of ASD (Figure 17.3).

INCIDENCE: Atrial septal defects are among the
most common forms of CHD in adults, account-

ing for approximately one third of CHD cases,
with men affected twice as often as women.1,5,22

PRESENTATION: Atrial septal defects are detected
regularly as incidental findings on echocardio-
graphy undertaken for other reasons.14,15 An
associated congenital defect may be seen in
up to 30% of cases.1 The hallmark of an ASD is
fixed splitting of the second heart sound with
breathing and incomplete right bundle branch
block (RBBB) on electrocardiogram (EKG).14

ANATOMY: The names and locations of the ASDs
are related to events and structures in embry-
ological development.23 The first atrial septum
(septum primum) arises from the endocardial
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Sinus venosus 
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Persistent common atrioventricular 
canal (ostium primum defect [15%])

Ostium secundum 
defect (75%)

Anatomic features of atrial septal defects.

Figure 17.3. Anatomic location of atrial septal defects. (From Ref. 7.)

cushion and migrates inferiorly starting at the
atrioventricular valves8,23 Failure of migration
leads to a constellation of ASD-primum defects:
atrioventricular septal defect (AVSD), endocar-
dial cushion defect, or atrioventricular canal
(AVC).23 A second septum migrates inferiorly
down the right side of the first, and normally
completely covers the right side of the atrial
septum except for an “ovale,” which, if it re-
mains unfused, becomes a PFO. If this growth
is aborted, the hole in the middle of the atria
is an ASD secundum.8 A third form of ASD is
the sinus venosus defect; a hole arises from
failure of the embryonic superior vena cava
(SVC) to properly merge with the atria.8 Rarer
forms of ASD exist, including an “inferior” si-
nus venosus defect associated with failure of
the IVC to merge with the atria and a coronary
sinus ASD that is basically an unroofed coro-
nary sinus.7,8 Fifteen to 20% of ASDs are the pri-
mum type and are associated with a common
AV valve (atrial and ventricular septae do not
fuse, leaving a confluent defect with a common
valve ring).15,22 Secundum ASDs account for ap-
proximately 75% of all ASDs, and two thirds
of these present late in life.1,8,11 Two percent
of secundum ASDs are associated with partial
anomalous pulmonary venous (connection of
the right upper pulmonary veins to the right
atrium) and mitral valve prolapse.1,22

PATHOPHYSIOLOGY: Normally, oxygenated blood
from the higher-pressure LA passes into the RA,
increasing right ventricular (RV) output and
pulmonary blood flow.8 A small defect (<0.5 cm
in diameter) is associated with a small shunt
and no hemodynamic sequelae.22 A sizable
defect (>2 cm in diameter) may be asso-
ciated with a large shunt, with substantial
hemodynamic consequences.22 In most adults
with ASDs, the RV is more compliant than
the left ventricle (LV); as a result, LA blood
is shunted to the RA, causing increased pul-
monary blood flow and dilation of the atria,
RV, and pulmonary arteries.22 Symptoms usu-
ally develop when the pulmonary-to-systemic
shunt is >5:1. Atrial septal defects are usually
asymptomatic and not accompanied by strik-
ing physical examination abnormalities; there-
fore, they often remain undetected.22 As the
shunt increases, symptoms include fatigue, ex-
ertional breathlessness, and palpitations from
arrhythmias.14 With aging, the LV compliance
declines and concomitant hypertension and
coronary artery disease increase the magni-
tude of the shunt. This in turn causes RA en-
largement, atrial arrhythmias, pulmonary arte-
rial hypertension, and RV failure, which may be
the presenting symptoms for the ICU patient
with decompensated congestive heart failure
(CHF).7,8,10 Although pulmonary pressures are
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modestly elevated, severe pulmonary hyper-
tension resulting in Eisenmenger’s physiology
occurs in <15% of patients.7,8 Patients can ex-
perience paradoxical right-to-left emboli.8 In-
terestingly, paradoxical emboli may be more
common in patients with an PFO than an ASD.8

ECHOCARDIOGRAPHY: An ASD should be sus-
pected on echocardiography if there is evi-
dence of RA enlargement or RV volume over-
load demonstrated by a flattened septal motion
during systole.16 On M-mode it will appear as
paradoxical (anterior) septal motion.10,15

VIEW: Although an apical, right parasternal or
subcostal four-chamber view can be used to
demonstrate the atrial septum, the subcostal
view is best because the intraatrial septum
is perpendicular to the ultrasound beam and
provides optimal images of the gap in the
septum.10,15 It is the ideal view to distinguish
among primum, secundum, and sinus venosus
ASDs.16 If the ultrasound beam is almost paral-
lel to the atrial septum, dropout of the signal
can be misinterpreted as a defect, especially in
the apical and parasternal views.11 The trans-
ducer can be tilted anteriorly to demonstrate
the high septum at its junction with the SVC
and to check for a sinus venosus defect if there
is no other apparent ASD.16

FINDINGS: Echocardiography demonstrates the lo-
cation and size of the defect and the di-
rection of shunting.1 Ostium primum (Figure
17.4) or secundum (Figure 17.5) defects are
often visualized directly with TTE, but sinus
venosus defects (Figure 17.6) are elusive and
may be better visualized on TEE.8,16,22 When
identified, the defect’s size should be mea-
sured and the rim of atrial tissue should be
assessed.15 The sensitivity of echocardiog-
raphy may be enhanced by bubble contrast,
which will move across the defect into the LA.22

Because the difference in atrial pressures is
small, the Doppler sample velocity should be
aligned perpendicular to the atrial septum in
the subcostal view, so that the low velocity
jet can be recorded.16 Bidirectional flow and
smaller defects can be confirmed with color-
flow and pulsed Doppler.8,15,17 Care should be
taken not to mistake the signal of flow into the
RA from the SVC or tricuspid regurgitation for
ASD flow.15 A TEE is helpful when TTE qual-
ity is suboptimal; it improves the sensitivity
(up to 100%) for small shunts and provides

Figure 17.4. Apical four-chamber view from a
transthoracic echocardiogram in a patient with
atrioventricular septal defect and Down syndrome.
The crux of the heart is missing, and a large ostium
primum atrial septal defect and large ventricular
septal defect are evident. LA indicates left atrium; LV,
left ventricle; RA, right atrium; RV, right ventricle.
(From Ref. 7.)

a more accurate assessment of the size and
location of atrial communications.7,16 In par-
ticular, TEE and Doppler color-flow echocar-
diography are useful in identifying sinus veno-
sus defects and anomalous pulmonary venous
drainage.7,22 Both venae cavae can easily be
seen entering the RA with superior and inferior

A B

TV

ASD

RA

IAS

Figure 17.5. Transesophageal echocardiogram of a
patient with an ostium secundum atrial septal defect
(ASD). (A) The image clearly demonstrates the
position of the ASD in the midportion of the interatrial
septum (IAS). (B) The image is obtained after
intravenous injection of agitated saline, which
opacifies the right atrium (RA). The negative contrast
effect produced by the unopacified left atrial blood
entering the RA is clearly demonstrated (double
arrow). TV indicates tricuspid valve. (From Ref. 7.)
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Figure 17.6. Transesophageal echocardiogram of a 50-year-old man with a sinus venosus atrial septal defect.
(A) Horizontal view showing the defect (arrow) in the superior portion of the interatrial septum. (B) The defect
(arrow) is clearly demonstrated in this longitudinal plane view. Ao indicates aorta; LA, left atrium; RA, right
atrium; SVC, superior vena cava. (From Ref. 7.)

scanning in the vertical plane.24 In the horizon-
tal plane (0◦) the entire septum is interrogated,
from the SVC/RA superiorly to the coronary si-
nus/RA junction inferiorly so as to ensure small
defects at the septal margins are identified.17

Rotation of the image plane to the bicaval (bi-
atrial) view (90◦) displays the septum in an or-
thogonal plane, from IVC to SVC, thereby en-
suring that inferior and superior sinus venosus
ASDs are not missed.17 Dimensions should be
measured in multiple planes to ensure proper
sizing.16

The partial AVSD or ASD primum includes abnormal
development of the AV septal region and valves, all of
which must be assessed in detail.17 The abnormality
can be ascertained from an apical four-chamber view
where absence of tissue in the inferior atrial septum is
diagnostic.16 The atrioventricular valves are attached
to the edge of the ventricular septum in the same plane
rather than the normal more apical position of the
tricuspid valve.16 The left AV valve usually has three
leaflets (the anterior leaflet divided into superior and
inferior parts by a “cleft,” which is best viewed in the
parasternal short-axis view.16,17 Both AV leaflets insert
into the crest of the ventricular septum, thereby “seal-
ing off” an interventricular connection, often giving the

upper septum an aneurysmal appearance.17 Doppler
will show AV valve regurgitation—the mitral valve of-
ten has an eccentric posteriorly directed flow.16 A com-
plete AVSD, which additionally has an inlet ventricular
septal defect (VSD), is rare in adults.

Atrial septal defect primum/partial AVSD defects are
best visualized on TEE in the horizontal four-chamber
view.24 In the transgastric horizontal plane, the cleft
in the “anterior” leaflet may appear as a fold or cleft
between the superior and inferior leaflets.24 Regurgita-
tion is identified by color-flow mapping.17 This is best
seen at 0◦, flexing slightly to interrogate the superior
part of the anterior leaflet and by scanning through the
valve from 0◦ to 130◦, where it is seen lengthways.17

The chordal arrangement of both AV valves should
also be assessed and can be performed by scanning
up and down the transverse plane.17 Short-axis trans-
gastric views of the AV valves are obtained by care-
ful full flexion of the probe at 0◦.17 This may show the
position of each leaflet and the site of regurgitation.17

Partial ASVD where the AV valve attachments dimin-
ish the VSD requires a separate interrogation. In com-
mon with other unusual or variable findings, this can
be done efficiently by keeping the region of interest in
the center of the scan sector and performing a careful
180◦ sweep, first with two-dimensional echo and then
color-flow mapping.17
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OTHER: The size of the left-to-right shunt through
the ASD is reflected in the RV dimension, but
the appearance is also found with other causes
of volume overload, such as anomalous pul-
monary venous drainage or tricuspid or pul-
monary regurgitation.7,15 Just as RV pressure
can be measured from signal of tricuspid re-
gurgitation, PA pressure can be estimated from
the peak velocity of the tricuspid regurgitant
jet.7 Common associations with an ASD should
be sought, in particular mitral valve prolapse
or an anomalous pulmonary vein.

Care should be taken not to misdiagnose color-flow
mapping jets entering the RA from the cavae. Flow may
appear to cross the septum when viewed from the sub-
costal view, where the eustachian valve appears as a
septum, but with Doppler, this flow will show respi-
ratory variation opposite that of a real ASD.11 Venae
cavae flow increases with inspirations and decreases
with expiration because of changes in intrathoracic
pressure.11 Atrial septal defect demonstrates the op-
posite findings.11 Additional findings heighten the cer-
tainty of the diagnosis: RV enlargement, D shaped LV,
paradoxical septal motion, RA enlargement, flow across
the septum, and elevated pulmonary pressures.11

ECHOCARDIOGRAPHY: Repaired ASD: After surgi-
cal correction, residual shunts and valve re-
gurgitation necessitates long-term follow-up.15

Even successful AVSD repair is never per-
fect; residual or progressive mitral regurgi-
tation may be present in addition to resid-
ual shunts.11 Consequently, in follow-up, in
addition to the echocardiographic determina-
tion of the presence or absence of residual
atrial and ventricular level shunts and pul-
monary vascular disease, the degree of MR
should also be assessed.11 In addition, subaor-
tic stenosis/ventricular outflow tract obstruc-
tion is another potential late complication.10,14

Repaired ASDs without residual defects and
normal physiology and prognosis may present
with arrhythmias.11 However, if there are nor-
mal pulmonary pressures on an early exam,
later development of pulmonary hypertension
is unlikely.11 For those repaired late in child-
hood, RV size does not return to normal in a
significant proportion of patients.11

OTHER IMAGING: Although echocardiography may
provide enough information to guide the man-
agement of an ASD, catheterization may be
required to determine the magnitude and di-

rection of shunting and the presence and
severity of pulmonary hypertension.22 Cardiac
catheterization is also often helpful, especially
if there are associated anomalous pulmonary
veins, associated malformations, or if coro-
nary artery disease is a possibility.8,10 Both
computed tomography (CT) and magnetic res-
onance imaging (MRI) can also elucidate the
ASD and allow for observation of associated
lesions.8

FOLLOW-UP: Firm guidelines on indications for de-
fect closure are lacking.14 However, closure
should be considered in patients in whom sec-
ondary cardiac symptoms occur, right-sided
cardiac chamber enlargement is evident, or
cardiac catheterization has confirmed the pres-
ence of reversible pulmonary hypertension or
a large intracardiac shunt (Qp:Qs >2:1).14,16

A very small defect with minimal left-to-right
shunting (characterized by a ratio of pul-
monary to systemic flow of <1.5) usually
causes no symptoms or hemodynamic abnor-
malities and is not usually surgically closed;
however, many (20–30%) of the ASDs studied
enlarge over time.5,8,22 Despite poorer surgical
results in adults >40 years, a late operation
often improves the functional class and elimi-
nates the risk of paradox emboli. The incidence
of atrial arrhythmias remains and must be mon-
itored and treated.12

BICUSPID AORTIC VALVE
GENERAL: Bicuspid aortic valve is the most com-

mon anomaly encountered in adults.14

INCIDENCE: It is the most common cause (7%) of
CHD, accounting for 2–3% of births.7

PRESENTATION: Bicuspid aortic valves are the
most often diagnosed pathology in patients
<65 years of age with symptomatic aortic
stenosis (AS).1,22 Approximately 20% of pa-
tients with bicuspid aortic valves have as-
sociated cardiovascular abnormalities, such
as patent ductus arteriosus (PDAs), aortic
coarctation, VSD, or left-dominant coronary
circulation.1,22 The hallmark of bicuspid aor-
tic valve is an ejection click loudest at the apex
occurring after the first heart sound.14

ANATOMY: The bicuspid valve occurs when the
two commissures fuse, resulting in two rather
than three valve leaflets, causing an eccen-
trically oriented orifice.1,22 The valve is often
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dysplastic, with thickening and rolling of the
leaflets.7

PHYSIOLOGY: Although the deformed valve is not
stenotic at birth, it is subjected to abnor-
mal nonlaminar flow and hemodynamic stress,
which leads to thickened, fibrotic, and calcified
valve leaflets.1,7,22 Considered a normal variant
by some, a bicuspid aortic valve may function
normally throughout life or may develop either
stenosis or an LV-to-aorta pressure gradient of
variable severity.1,7 In many patients, there is
a coexisting abnormality of the medial layer of
the aorta above the valve, which predisposes
patients to dilatation, dissection, or aneurysm
formation of the aortic root.1,7,22 Left ventricu-
lar outflow tract (LVOT) obstruction may occur
at the level of the valve, below the valve, or in
the ascending aorta.1

ECHOCARDIOGRAPHY

View
Bicuspid aortic valve is best seen in the long-axis view
of the LVOT, which also allows measurements to be
taken of the aortic valve annulus, sinuses of Valsalva,
sinotubular ridge, and ascending aorta (Figure 17.7).

Findings
The abnormally thickened leaflets, doming of the valve,
and an oval, not triangular, opening are easily seen dur-
ing systole.7,11 Typically, the two unequal-sized aortic
cusps and an eccentric closure can be seen on M-mode
echocardiography.1,7 There is often mild poststenotic
dilation of the ascending aorta, which can be present
without stenosis due to the disturbed flow through the
valve.11

Other
The presence of associated regurgitation or stenosis
should be demonstrated and quantitated, with assess-
ment of the transvalvular gradient.1 Heavy calcifica-
tion may obscure the original valve morphology in
the older individual with stenosis, thus left ventric-
ular hypertrophy (LVH) and LV function (both sys-
tolic and diastolic) should always be assessed.1,7 Be-
cause there is a strong association, coarctation should
also be sought.11 Transesophageal echocardiography
has proven value in patients with poor precordial
windows.7

ECHOCARDIOGRAPHY REPAIRED BICUSPID: For
patients with repaired valves, the key pa-
rameters to assess are related to valve

A B

Figure 17.7. Transesophageal echocardiographic views of a patient with bicuspid aortic valve. (A) Systolic frame
showing two leaflets of the aortic valve (AV) with an ovoid opening (arrow). (B) Diastolic frame showing the single
line of coaptation (arrow). LA indicates left atrium; RV, right ventricle. (From Ref. 7.)
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stenosis or insufficiency: valve pressure gradi-
ents, valve area, qualitative assessment of in-
sufficiency, LV wall thickness, LV dimensions
and function.11

FOLLOW UP: All patients with bicuspid aortic
valves are at risk for endocarditis, which may
be the presenting illness to the ICU.1 Cardiac
catheterization is usually reserved for patients
in whom either surgical or catheter interven-
tion is contemplated or for additional quantifi-
cation of the severity of valvular disease.1 In
the adult population, the indications for surgi-
cal intervention are the same as for those pa-
tients with acquired forms of AS, namely chest
pain, CHF, and syncope.1 Once symptoms of
AS develop, the prognosis without valve re-
placement is poor, with a five-year mortality ap-
proaching 90%.12 Both percutaneous valvulo-
plasty (if the valve is not calcified) and surgical
repair have had limited success due to conse-
quent aortic regurgitation and its progression
over time.1,12

EISENMENGER’S SYNDROME
GENERAL: Three related, but dissimilar clinical

terms bear the name of Eisenmenger. The de-
velopment of pulmonary hypertension in the
presence of increased pulmonary blood flow is
called Eisenmenger’s reaction.7 Eisenmenger’s
syndrome is a general term applied to pul-
monary hypertension in the presence of any
shunting congenital defect that has reversed
flow (right to left).7 Eisenmenger’s complex,
as originally described, is the association of a
VSD with pulmonary hypertension and shunt
reversal. Here, because of its importance to
the critically ill adult, the concentration is
on Eisenmenger’s syndrome: a term applied
to any large communication between the sys-
temic and pulmonary circulation that results
in irreversible changes in the pulmonary vas-
cular bed, subsequent development of pul-
monary hypertension, shunt flow reversal, and
cyanosis.1,12

INCIDENCE: Eisenmenger’s syndrome was seen in
9% of patients with ASD in Wood’s initial study,
but the prevalence of Eisenmenger’s syndrome
is declining with improved diagnosis and ther-
apy for CHD.1 In large adult CHD clinics, approx-
imately 4% of patients have Eisenmenger’s syn-
drome, although there is a higher percentage of
Eisenmenger’s in patients with cyanotic physi-

ology due to corrected or uncorrected lesions.1

Those with unrecognized shunts at the atrial
level are more likely to be initially diagnosed in
adulthood.1

PRESENTATION: Commonly, there is a history
in infancy of murmur or cyanosis suggest-
ing pulmonary congestion (shunt), symptoms
of dyspnea, and exercise intolerance arise in
childhood, which then resolve as pulmonary
vascular resistance increases and the mag-
nitude of shunting decreases.4 As the dis-
ease progresses (and the shunting reverses),
symptoms increase gradually: exertional dysp-
nea, fatigue, palpitations, chest pain, edema,
hemoptysis, and syncope.1,10 Hallmarks on
exam are cyanosis; clubbing; a palpable RV
heave and PA impulse; and a pulmonary ejec-
tion sound (prominent P2).7 Laboratory evalu-
ation reveals a compensatory erythrocytosis,
iron deficiency, and hyperuricemia.10

PATHOPHYSIOLOGY: With substantial left-to-right
shunting, the pulmonary vasculature is ex-
posed to increased blood flow and pressure, re-
sulting in the activation of pulmonary vascular
elastase, the induction of mediators, smooth
muscle migration and hypertrophy, and stim-
ulation of elastin and collagen synthesis.1 The
pathologic changes have a formal grading sys-
tem. The initial morphologic alterations (me-
dial hypertrophy of the pulmonary arterioles,
intimal proliferation and fibrosis, and occlu-
sion of capillaries and small arterioles) are
potentially reversible.4 However, with progres-
sion, advanced morphologic changes (plex-
iform lesions and necrotizing arteritis) are
irreversible.4 The result is obliteration of much
of the pulmonary vascular bed, leading to in-
creased pulmonary vascular resistance.4 As
the pulmonary vascular resistance approaches
or exceeds systemic resistance, the shunt is re-
versed.

ECHOCARDIOGRAPHY

View
A parasternal long-axis view will demonstrate the RV,
LV, and the septum, the four-chamber apical view; the
RA and tricuspid valve (Figure 17.8).

Findings
The LV appears small and underfilled; the septum devi-
ates toward the LV.7 Right ventricular function may be
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Figure 17.8. Transthoracic echocardiogram in a
32-year-old woman with Down syndrome. She has
Eisenmenger’s syndrome due to an atrioventricular
septal defect. (A) Four-chamber view shows
hypertrophied right ventricular (RV) wall, ventricular
septal defect (double white arrow), and ostium primum
atrial septal defect (single white arrow). (B) Parasternal
short-axis view shows markedly dilated pulmonary
artery (PA). (C) Subcostal view after intravenous
injection of agitated saline. The right atrium (RA) and
right ventricle (RV) are opacified and there is rapid
appearance of contrast in the left atrium (LA) and
ventricle (LV) (double black arrow). A moderate
pericardial effusion (PE) is also noted. AV indicates
aortic valve; PV, pulmonary valve. (From Ref. 7.)

normal until the late stages of the disease, when there is
severe right ventricular hypertrophy (RVH) and right
atrial enlargement.7 Always evaluate for RV pressure
and pulmonary hypertension.4 Measure the tricuspid
regurgitant velocity to estimate the peak RV systolic
pressure.7 Pulmonary insufficiency with a high-velocity
regurgitant jet is also a frequent finding.7 The underly-
ing cardiac defect (usually VSD) can be visualized, al-
though shunting across the defect may be difficult to
demonstrate because of low or bidirectional flow due to
ventricular pressure equalization (i.e., pulmonary pres-
sure equals systemic pressure).4,7 Color-flow Doppler
and bubble contrast injection may permit the location
of the shunt.4 Other valvular lesions are uncommon,
except in ASD primum or AV canal defects, when mitral
regurgitation is invariably present. Eisenmenger’s syn-
drome can usually be differentiated from primary pul-
monary hypertension noninvasively by TTE, although
shunting across a PFO may mimic an ASD with Eisen-

menger’s syndrome.7 In these cases, further investiga-
tion with TEE or cardiac catheterization is indicated.

Follow up
Despite high pulmonary pressures, patients with Eisen-
menger’s syndrome have more favorable hemodynam-
ics and a better prognosis than those with primary pul-
monary hypertension.1 The rate of survival after an
Eisenmenger’s syndrome diagnosis is 80% at 10 years,
77% at 15 years, and 42% at 25 years.4 Death is usu-
ally sudden, presumably caused by supraventricular
arrhythmias (seen in 36%), but some patients die of
heart failure, hemoptysis, brain abscess, or stroke.4

There are no prospective studies of long-term outcome
in patients with Eisenmenger’s syndrome, but a history
of syncope, clinically evident RV systolic dysfunction,
older age at presentation, poor functional class, com-
plex underlying disease, supraventricular arrhythmias,
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low cardiac output, RV dysfunction, severe hypox-
emia (O2 saturation <85%), and increased serum
uric acid concentration are associated with a poor
outcome.1,4

Surgical closure of the shunt is an option, but the
degree to which pulmonary vascular resistance is ele-
vated before operation is a critical factor determining
postsurgical prognosis.10 If the pulmonary vascular re-
sistance is less than one third of the systemic value, pul-
monary vascular disease should not progress.10 How-
ever, if higher, there may be continued progression of
disease postoperatively.10 Improved results in heart–
lung transplantation offer an alternative for adoles-
cents and young adults with Eisenmenger’s syndrome
not amenable to surgical repair of the primary defect,
and are promising.12

The management of patients with Eisenmenger’s
syndrome is deceptively simple: avoid destabilizing
the “balanced physiology.”1 In general, management in-
cludes promptly restoring sinus rhythm; avoiding after-
load reduction, which worsens shunting; treating arte-
rial hypertension to reduce the risk of intrapulmonary
bleeding and hemoptysis (a potentially fatal compli-
cation); and avoiding pregnancy, which is associated
with a high maternal mortality and a high risk of fetal
complications.1 Anticoagulation is generally avoided in
these patients due to their increased risk of bleeding,
but is indicated for atrial fibrillation, atrial flutter, recur-
rent thromboembolic events, mechanical heart valves,
or other high-risk anatomy. Prostacyclin and bosentan
have been shown to be of help.1

VENTRICULAR SEPTAL DEFECT
GENERAL: A ventricular septal defect (VSD) is a

hole in the wall that separates the right and left
ventricles of the heart. Only small or moderate-
size defects are usually seen initially in adult-
hood, as most patients with isolated large
defects come to medical, and often surgical,
attention early in life.10

INCIDENCE: A VSD is the most common congeni-
tal cardiac defect, occurring in approximately
30% of patients, with an equal male and female
frequency.1 It is much less commonly seen in
adults because 75% of VSDs close by the time a
child is 10 years of age.1,5,7,22 Although all types
of VSDs may exist in patients reaching adult-
hood, the most likely to be first diagnosed in
adulthood are the perimembranous and outlet
VSDs.11

PRESENTATION: The presentation in adults is de-
pendent on the size of the shunt and whether
there is associated pulmonic or subpulmonic
stenosis that has protected the lung from the
systemic pressure and volume.8 Adults may re-
main asymptomatic, but have a murmur that
will be picked up on exam. Or they may present
with chest pain, fatigue, tachypnea, and ex-
ercise intolerance if the VSD is larger. Unpro-
tected lungs with large shunts invariably lead
to symptoms of pulmonary vascular disease
and severe pulmonary hypertension.8 All pa-
tients with a VSD may present with endocardi-
tis. Usually an isolated defect, VSDs can also
occur in the setting of more complex CHD such
as tetralogy of fallot (TOF) and AVSD.1,10 If pa-
tients do not present with symptoms, the exam
is notable for a holosystolic murmur at the left
sternal border radiating rightward with thrill
and an EKG with LVH or RVH.8

PATHOPHYSIOLOGY: The ventricular septum con-
sists of the trabecular muscular septum, the
inlet septum (mitral and tricuspid valve area),
the outlet or infundibular septum (pulmonary
and aortic valve area), and the membranous
septum, which separates the LVOT from the
RV and RA as it courses upward.1,16 Nor-
mal closure of the ventricular septum occurs
through three concurrent embryologic mech-
anisms: (1) downward growth of the outflow
tract ridges forming the outlet septum, (2)
growth of the endocardial cushions forming
the inlet septum, and (3) growth of the muscu-
lar septum forming the apical and midmuscu-
lar portions of the septum.25 Failure of growth,
alignment, or fusion of these components re-
sults in a VSD.1

The functional disturbance is dependent
primarily on VSD size and on the relative re-
sistances of the systemic and pulmonary vas-
cular beds. Defects can be classified as restric-
tive and nonrestrictive defects.7,10,22 In restric-
tive VSDs, RV pressure is less than one half
of the systemic levels. Anatomically, small re-
strictive defects are less than one third of the
aortic root size and moderate restrictive de-
fects are approximately one half the size of the
aortic valve.1 Nonrestrictive defects, by defi-
nition, permit equalization of the ventricular
pressures.

Ventricular septal defect size has impli-
cations for the pathophysiology. A small
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restrictive VSD has a high-pressure gradient
across it from the LV to the RV, with nor-
mal or mildly elevated PA pressure and pre-
dominant left-to-right shunting.7,8 There is lit-
tle or no functional disturbance because pul-
monary blood flow is increased only minimally
and pulmonary vascular resistance remains
normal.1,22 Thus the smallest VSD (maladie
de Roger) is a hemodynamically insignificant
shunt, with a loud murmur, but still carries a
risk for endocarditis.22

Patients with moderate defects have
moderate-to-severe left-to-right shunting,
may develop symptoms associated with LV
volume overload, and are at risk for devel-
oping pulmonary vascular disease.1 A large,
nonrestrictive VSD causes a large, left-to-right
shunt initially, and the pulmonary circulation
is exposed to systemic pressures early in
the course of the disease (in the absence of
RVOT obstruction). Over time, the pulmonary
vascular resistance usually increases, and the
magnitude of left-to-right shunting declines,
causing bidirectional shunting.1,7,22 Eventually,
the pulmonary vascular resistance equals or
exceeds the systemic resistance (pulmonary
hypertension); the shunting of blood from
left to right then ceases, and right-to-left
shunting begins.22 Patients with nonrestrictive
VSDs usually develop irreversible pulmonary
vascular disease within the first decade of
life, which can progress to the Eisenmenger
physiology.1

Unlike patients with an ASD, patients with
a VSD present as a volume-loaded left heart,
with progressive enlargement of the LA and in-
creased LV vascularity.5 There is a lesser de-
gree of enlargement of the RV.5 Because most
VSDs close spontaneously and the larger de-
fects are diagnosed and repaired in childhood,
it is relatively uncommon to encounter adults
with previously undiagnosed VSDs of hemody-
namic consequence.7 The importance of iden-
tifying small VSDs is that they pose an ongoing
risk for endocarditis and the potential compli-
cation of progressive aortic regurgitation.7

Classifications, alternate names, and loca-
tions of VSDs are presented in Table 17.3.
The crista ventricularis is a band of muscle
in the posterior RVOT, which is used to di-
vide the “supracristal” or outlet VSDs from
the “infracristal” or membranous VSDs.23 Al-

TABLE 17.3. Types of ventricular septal defects

Location Common name Alternate names
OUTLET
Below crista Perimembranous Membranous

Infracristal
Subaortic
Semimembranous

Above crista Outlet Supracristal
Infundibular
Conoventricular
Doubly committed
subarterial
Subpulmonary

With
malalignment

Malalignment Part of tetralogy of
Fallot
Other syndromes

MUSCULAR Muscular Trabecular
AV VALVES Inlet Endocardial

cushion,
AV Canal Defects
AV septal defects

AV indicates atrioventricular.

though they are both subaortic and subpul-
monary, the supracristal defect is closer to the
pulmonic valve but is associated with aortic in-
sufficiency and many other names. Figure 17.9
shows the anatomic locations of the various
types of VSDs.

Inlet VSDs comprise 5–10% of VSDs and
occur high, near the junction of the mitral
and tricuspid valves (so-called atrioventricu-
lar canal defects).22,25 They are always associ-
ated with abnormalities of the relationship of
the two valves and a cleft in the anterior mi-
tral leaflet.23 Inlet septal defects rarely close
spontaneously.1

Muscular defects or defects of the trabec-
ular septum account for 20% of all VSDs.1

The muscular VSDs, often multiple, may be lo-
cated in any region of the trebecular septum—
inlet trebeculum or outlet trebeculum—but
are not to be confused with inlet or outlet
VSDs.7 Common sites for small defects are
the apex of the RV and at the anterior junc-
tion with the RV free wall.23 Muscular VSDs
(“Swiss cheese VSDs”) are the type that most
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VENTRICULAR SEPTAL DEFECTS
(Viewed From Left Ventricle)

1.  Posterior A-V Canal Type
2.  Perimembranous
3.  Muscular
4.  Apical Muscular
5.  Multiple Anterior Muscular
6.  Supracristal
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Figure 17.9. Locations of ventricular septal defects 1:
Inlet; 2: Perimembranous; 3–5: Muscular; 6: Outlet.
Malalignment is not shown. (From Ref. 26.)

often close spontaneously, usually in the first
two years of life.16,25

The perimembranous VSD is the most com-
mon VSD in the adult, and comprises 75% of
VSDs overall.22,23 Because this VSD occurs at
the junction of the inlet, outlet, and trabecu-
lar septum, it becomes “perimembranous” be-
cause it most often extends variably into these
regions.1,16 These VSDs may undermine part of
the aortic annulus, resulting in aortic insuffi-
ciency in 2–5% of patients.23 The perimembra-
nous VSD underlies the septal leaflet of the
tricuspid valve and may decrease in size or
close spontaneously due to adherence of sep-
tal leaflet tissue to the defect, resulting in a ven-
tricular septal aneurysm.1

An outlet VSD is located in the RV infundibu-
lum beneath the pulmonary valve and com-
prises 5–7% of VSDs.25 It can undermine the
aortic valve annulus, allowing the right coro-
nary leaflet to prolapse, resulting in regurgita-
tion and a decrease in VSD size.1,22 Because of
the location of this VSD, the disturbed flow may
be mistaken for pulmonary stenosis (PS).23

Malalignment VSDs are always associated
with overriding of one of the great arteries rel-
ative to the ventricular septum.23 It is always
associated with a syndrome like TOF.7

ECHOCARDIOGRAPHY: Two-dimensional echocar-
diography with Doppler flow can confirm the
presence and location of the VSD, and color-
flow mapping provides information about the
magnitude and direction of shunting.8,22 The
key elements to evaluate are the velocity of flow
across ventricular septum, and size of the over-
loaded chambers by measuring RV and PA pres-
sures, LV size, and LA size.8,11 In general, slow
velocity across the defect <4 m/sec suggests a
large shunt or a high pulmonary resistance or
both.11 The higher the gradient across the sep-
tum, the smaller the defect and the left-to-right
shunt.8

VIEW: Multiple views are required to examine the
entire septal region, as the septum is curved
and does not lie in a single echocardiographic
plane.16 Figure 17.10 shows the best echocar-
diographic views for each type of VSD site.15,16

The VSD can usually be identified with imag-
ing and color Doppler studies of ventricular
septum long-axis, short-axis and four-chamber
sweeps.15 For the most common types of VSDs
(perimembranous and outlet), viewing is best
done from the parasternal long- and short-
axis window.11,16 Muscular and inlet VSD jets
are best seen in the apical or subcostal four-
chamber views, but the study should include
more medial positions to demonstrate some
apical muscular or inlet VSDs.7,15

FINDINGS: Color-flow Doppler imaging allows VSD
localization by demonstrating a high-velocity
(aliased) systolic jet across the VSD into the
RV.7 Saline bubble contrast administration can
help the degree and direction of shunting. In
the parasternal short-axis view, the jet may be
seen in the region of the tricuspid valve (per-
imembranous VSD) (Figure 17.11) or toward
the PA (outlet VSD).7 Muscular VSDs (Figure
17.12) may appear as narrow, irregular chan-
nels, where the orifice on one side is displaced
for the orifice on the other side. In addition to
the absence of septum, inlet VSDs can be con-
firmed by assessing the relative position of the
two AV valves. If the tricuspid valve is not in
its normal apical position and is instead on the
same planes as the mitral valve, this is pathog-
nomonic for an AVSD.

Whenever a VSD is suspected, Doppler imaging
diagnoses location and characterizes flow direction
and velocity.16 The spectral Doppler signal shows a
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Figure 17.10. Schematic diagram of the location of the various types of
ventricular septal defect when viewed using two-dimensional
echocardiography. Ao indicates aorta; LA, left atrium; LV, left ventricle;
MV, mitral valve; PV, pulmonary valve; RA, right atrium; RV, right ventricle;
RVOT, right ventricular outflow tract; TV, tricuspid valve. (From Ref. 16.)

rapid early systolic rise to a midsystolic peak and
rapid late systolic fall.15 The velocity through the sep-
tum assesses the magnitude of shunting.8 Color-flow
Doppler through a small restrictive VSD is a thin, tur-
bulent, high-velocity, left-to-right jet, whereas larger,
slow-velocity, wider jets indicate larger defects.16 In
continuous-wave Doppler, orienting the transducer
parallel to the flow allows accurate peak velocity of
the jet and provides a true LV-RV gradient (using the
modified Bernoulli equation).7,16 If there is no LVOT ob-
struction, subtracting this gradient from the LV systolic
pressure measured by cuff theoretically gives the peak
RV systolic pressure.15 In the absence of RVOT obstruc-
tion (no pressure gradient), this value is equal to the PA
systolic pressure and gives an estimate of the presence
and severity of pulmonary hypertension.7,16 The pres-
ence of RV hypertrophy and high RV pressure confirms
the diagnosis.

However, there are potential inaccuracies in this cal-
culation, so it is more prudent to take the velocity

into account: a high velocity indicates low RV and pul-
monary pressure; a low velocity, a high pressure (as
in Eisenmenger’s syndrome).15 In this instance there
is probably bidirectional flow, which can be shown on
spectral Doppler (Figure 17.13).16 The pressure gradi-
ent may also be inaccurate in the setting of tortuous or
serpiginous defects often seen in muscular VSDs, where
the modified Bernoulli equation is not applicable.1 If
there is tricuspid regurgitation, RV pressure can be in-
directly estimated from continuous-wave Doppler in-
terrogation of the tricuspid regurgitation jet.15 Care
must be taken with this approach because the regurgi-
tant jet may be contaminated by the VSD jet (particu-
larly with perimembranous defects), resulting in inac-
curate RV pressure estimation.1

OTHER: A variety of easily detected associated le-
sions occur with VSDs. The most common is
a ventricular septal aneurysm, a thin mem-
branous tissue at edge of defect (usually
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Figure 17.11. Transthoracic echocardiogram of a
40-year-old woman with a large membranous
ventricular septal defect (double arrow). The right
ventricle (RV) was enlarged because of pulmonary
hypertension. AV indicates aortic valve; LV, left
ventricle. (From Ref. 7.)

perimembranous) just below the aortic valve
that may incorporate the septal leaflet of the
tricuspid valve.7,16 This leaflet then may spon-
taneously close the VSD. Aneurysms appear
best in the parasternal long and short axis
and may be highly mobile, protruding through
the defect into the RV during systole.16 Color-

Figure 17.12. Transthoracic echocardiogram of a
45-year-old woman with a small muscular ventricular
septal defect (VSD). LV indicates left ventricle; RV,
right ventricle. (From Ref. 7.)

Figure 17.13. Spectral Doppler recording of flow
through a ventricular septal defect in a woman with
Eisenmenger’s syndrome. The velocity is low
(maximum 2.3 m/sec) and the pattern demonstrates
flow from left to right (above the line) in systole and
bidirectional in diastole. (From Ref. 15.)

flow Doppler determines the aneurysm’s pa-
tency and evaluates associated tricuspid re-
gurgitation. A second association is aortic
insufficiency in outlet VSDs due to absence
of the myocardium below the aortic valve
destabilizing the annulus.16 Third, perimem-
branous (subaortic) VSDs may cause aortic
right-coronary cusp prolapse and resultant
aortic insufficiency.1,8 Both lesions can easily
be evaluated by color Doppler. Inlet VSDs of-
ten are associated with mitral valve clefts and
abnormalities of chordal insertion and should
be evaluated as part of AVSD, as discussed ear-
lier. If the VSD is one of malalignment, continue
evaluation for TOF.11

The outlet VSD may mimic pulmonic stenosis on
color Doppler examination because the disturbed flow
starts just below the pulmonic valve, and turbulence
continues out into the main PA in systole.11 Careful
pulsed-wave and continuous-wave Doppler of the di-
rection, pattern, and timing will distinguish pulmonic
stenosis from an outlet VSD.11

ECHOCARDIOGRAPHY: Repaired VSD: Evaluation
is the same as for a native VSD. In the post-
repair patient, the VSD patch may or may not
be apparent, depending on the size of the orig-
inal defect.7 Once endothelialized, the patch
does not cause acoustic shadowing (or dis-
tal echo blackout).7 Color-flow Doppler is the
most sensitive technique for detecting residual
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shunt due to patch leaks at the peripheral su-
ture lines.7,16

Transesophageal echocardiography imaging will
provide a clear image of the defect when standard
views are unsatisfactory.15 The ventricular septum is
a complex structure that requires careful interrogation
in multiple planes.17 Single-plane (horizontal) TEE is
reliable in assessment of the membranous or inlet por-
tions, but has limitations for inlet and muscular VSDs.
Biplane TEE is much more ideal: the vertical plane is
good for delineating outlet and muscular VSDs.24 From
the midesophageal window (0◦), flexion displays the
LVOT and thin membranous part of the septum (see
perimembranous VSD).17 Advancing the probe reveals
the muscular/trabecular part of the septum (see mus-
cular VSD), but it may be impossible to fully interrogate
the apex in this view.17 Image plane rotation to 30–45◦

produces a short-axis view of the heart analogous to
an inverted parasternal short-axis view.17 By rotating
the probe to image in a plane passing below the level
of the aortic valve, perimembraneous and outlet VSDs
can be seen and differentiated.17 Further rotation of
the image plane to 130◦ produces an approximation
of the apical long-axis view, providing further imag-
ing of the perimembranous septum, another imaging
plane through the muscular septum, and an ideal view
to identify an overriding septum (i.e., TOF).17 Having
performed the two-dimensional echo sweep, this is re-
peated using color-flow mapping.17 Although it may be
difficult to align the Doppler beam parallel to VSD flow,
it is important to look out for turbulence within the
RV cavity and a flow convergence zone within the LV
cavity.17 In order to interrogate the muscular septum
fully, a transgastric transverse (0◦) image is obtained
and swept from its highest point to its deepest, first
by two-dimensional echo.17 From the deep fundal view,
a view analogous to the apical TTE views may be ob-
tained; this provides excellent imaging of the apex.17 In
patients with perimembraneous VSD, TEE is valuable in
identifying the mechanism of spontaneous closure and
associated findings—for example, suction of the right
aortic cusp into the defect, resulting in aortic regurgi-
tation or involvement of tricuspid subvalvar tissue.17

OTHER IMAGING: Magnetic resonance imaging and
CT can often visualize the defect and describe
any other anatomic abnormalities.8 Magnetic
resonance imaging and radionuclide flow stud-
ies are sometimes used to quantify the relative
size of the left-to-right shunt.8 Cardiac catheter-
ization can confirm the presence and location
of the defect, as well as determine the magni-

tude of shunting and the pulmonary vascular
resistance.22 A pulmonary vascular resistance
to systemic vascular resistance (PVR/SVR) ra-
tio of >0.7 usually implies inoperability.8

FOLLOW UP: Adults with small defects and nor-
mal pulmonary arterial pressure are generally
asymptomatic, and pulmonary vascular dis-
ease is unlikely to develop.22 Such patients
do not require surgical closure, but they are
at risk for infective endocarditis and should
therefore receive antibiotic prophylaxis.22 Non-
restrictive VSDs can cause LV failure or pul-
monary hypertension with associated RV fail-
ure, which is important to evaluate to de-
termine suitability for closure.11,22 Surgical
closure of the defect is recommended if the
magnitude of pulmonary vascular obstructive
disease is not prohibitive.22

Severe pulmonary hypertension (Eisenmenger’s
complex) is more frequent in adults with large uncor-
rected VSDs than in those with ASDs.12 In those patients
with severe pulmonary vascular disease, a therapeutic
approach that has had a midterm benefit is bilateral
lung transplantation.5 Early results with continuous in-
travenous prostacyclin therapy also are encouraging,
but remain largely under research protocols.5

Overall, late outcome after early surgical closure of
a VSD is excellent.1 Residual shunts are common, seen
in up to 20% of cases after surgery, but are usually
small, and second operations are required in only 5%
of patients.1,12 Late complications after surgical repair
include endocarditis (if a residual shunt persists after
surgery), surgically induced aortic or pulmonary regur-
gitation, and tricuspid regurgitation.1 Arrhythmias and
conduction disturbances may be seen: RBBB occurs
in 30–60%, first-degree AV block in 10%, and complete
heart block in 1–3% over long-term follow-up.1 Patients
may have LV dysfunction with late repair of the de-
fect or with significant aortic regurgitation.1 Patients
may have persistent pulmonary hypertension despite
successful closure of their shunt.1 In general, patients
undergoing early repair without a residual shunt, ev-
idence of pulmonary hypertension, arrhythmias, or
conduction block survive to lead normal adult lives.12

TETRALOGY OF FALLOT
GENERAL: Tetralogy of Fallot (TOF) is the most

common repaired complex CHD in adults.14 It
is characterized by a large malaligned ventric-
ular septum that results in a VSD, obstruction
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of the RVOT, RV hypertrophy, and a dilated an-
terior and rightward aorta that in about 50% of
patients overrides the ventricular septum.4,8,10

Without surgical intervention, most patients
die in childhood; occasionally, an acyanotic pa-
tient with only mild PS and minimal right-to-
left shunting is encountered as an adult (pink
TOF).7

INCIDENCE: Tetralogy of Fallot accounts for 10%
of all CHD, with a slight male preponde-
rance.1 Without surgical intervention, the rate
of survival is 11% at 20 years, 6% at 30 years,
and 3% at 40 years.4,5,12

PRESENTATION: Uncorrected adults present with
a history of cyanosis from birth and sudden
hypoxic “spells,” characterized by tachypnea
and hyperpnea that resolved in adolescence.4

They re-present as adults with dyspnea and
limited exercise tolerance. As the shunt wors-
ens, progressive cyanosis ensues.4 Presenting
symptoms to the ICU include erythrocytosis,
hyperviscosity, abnormalities of hemostasis,
cerebral abscesses or stroke, and endo-
carditis.4 Physical exam reveals a parasternal
RV lift from dilation, and a systolic ejection
murmur from RVOT obstruction. The more se-
vere the obstruction, the louder and longer
the outflow track murmur is with a diminished
P2.5 The EKG demonstrates right-axis devia-
tion, RV hypertrophy, and RA enlargement with
occasional ventricular ectopy if the RVOT is
severely obstructed.5 With repaired tetralogy,
there will be a normal S1 and delayed S2 with
a low-pitched diastolic murmur from residual
pulmonary insufficiency at the left sternal bor-
der. Electrocardiogram abnormalities are usu-
ally present after repaired TOF.7

Several abnormalities may occur in association with
TOF, including right aortic arch in 25% (no functional
significance), ASD or PFO in 15% (pentalogy of Fal-
lot), coronary arterial anomalies in 10% , and multiple
VSDs.1,4,7

PATHOPHYSIOLOGY: Although it is called a tetral-
ogy, only the perimembranous nonrestrictive
VSD and PS contribute to the pathophysiology
of this disorder.7 The severity of PS determines
the RV systolic pressure and thus the degree of
right-to-left shunting across the nonrestrictive
VSD.1,7,12 The PS can occur anywhere along the
pulmonary outflow tract from the valve to the
branch arteries, but most commonly is sub-

valvular (infundibular) due to an obstructing
muscular band in the RVOT.1,7 Right ventric-
ular hypertrophy occurs as a consequence of
both RVOT obstruction and the large, nonre-
strictive VSD.

Because the resistance to flow across the RVOT is
relatively fixed, changes in systemic vascular resis-
tance affect the magnitude of right-to-left shunting.4

When the obstruction is severe, the pulmonary blood
flow is reduced markedly, and a large volume of desat-
urated systemic venous blood is shunted from right to
left across the VSD, resulting in severe cyanosis. Unlike
patients who have isolated, large VSDs, patients with
TOF are “protected” by PS from the development of pul-
monary hypertension, and they are often surgical can-
didates as adults.12 Intracardiac repair with closure of
the VSD and correction of the pulmonary or infundibu-
lar stenosis is considered one of the most successful
operations in congenital heart disease.12 The sequelae
of repaired TOF include residual outflow obstruction,
pulmonary valve regurgitation, RV aneurysms, and VSD
patch leak and conduction abnormalities.1,12

The most common repair is by branch pulmonary
dilitation, VSD closure, resection of the stenosis, and
use of an RVOT patch extending through the pulmonary
valve into the PA (transannular patch). If the conduit
is valveless, the pulmonic regurgitation over time in-
creases the RV volume and necessitates a pulmonary
valve replacement.8,17

ECHOCARDIOGRAPHY: Transthoracic and Doppler
echocardiography diagnose the tetrad of fea-
tures, assess the presence of associated abnor-
malities, and determine the level and severity
of the obstruction of the RVOT and, in the re-
paired state, the integrity of the patches and
any residual lesions (Figure 17.14).4,7

VIEW: Two-dimensional echocardiography from
the parasternal long axis demonstrates the
malalignment of the septum and VSD and the
overriding aortic root, and the parasternal
short-axis and subcostal coronal views can
assess the various potential levels of RVOT
stenosis.16

FINDINGS: A large perimembranous VSD and right-
to-left shunting can be visualized by color
Doppler imaging, although the peak velocity of
the VSD jet seen by spectral Doppler is usually
low.7 Right ventricular hypertrophy should be
evident and evaluated along with estimates of
RV size and function.7,15 The site of obstruction
of the RVOT should be determined by imaging
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A B

Figure 17.14. Transthoracic echocardiogram of a patient with tetralogy of Fallot. (A) The parasternal long-axis
view shows the ventricular septal defect (VSD), overriding aorta. (B) Continuous-wave Doppler signal across the
right ventricular outflow tract shows a high-velocity, late-peaking jet. This demonstrates severe outflow tract
obstruction. The late peak suggests a component of dynamic obstruction due to the hypertrophied infundibulum.
AV indicates aortic valve; LA, left atrium; LV, left ventricle; RV, right ventricle; RVH, right ventricular hypertrophy.
(From Ref. 7.)

pulmonary valve and the outflow tract in-
cluding the main PA and its branches as far
as possible.8 Systolic color-flow aliasing and
a continuous-wave Doppler gradient should
be detectable across the RVOT or pulmonic
valve,4,7,16 but if the distal obstruction imaging
is poor RV pressure may give a better estimate
of the gradient than spectral velocity.15 Short-
axis and suprasternal views determine the size
of the pulmonary arteries any post-stenotic
dilation.7,16 Last, the aortic root is variably en-
larged and overrides the VSD (if >50% over-
rides the LV, it is TOF; if >50% overrides the
RV, it is double outlet RV).7,16 Measure aortic
root size and look for aortic regurgitation.7,8

ECHOCARDIOGRAPHY REPAIRED TOF: After re-
pair of TOF, echocardiography plays a key
role in assessing surgical results. The long-
term sequelae to monitor on echocardiogra-
phic exam are RV hypertrophy and dilata-
tion, RVOT aneurysms, PS, and (severe)
pulmonary regurgitation7,11,17 In addition,
there may be residual VSD patch leak or
residual RVOT obstruction.7,11,17 The aortic
root remains large and dilated.17 Homografts,
over time, are susceptible to calcific degenera-
tion, causing homograft stenosis and/or regur-
gitation and endocarditis.17 Transesophageal

echocardiography is particularly suited to de-
fine the anatomy of the RVOT and the pul-
monary valve when precordial imaging is
difficult.7 The horizontal plan can be used to as-
sess the distal main PA and its bifurcations and
the right PA.24 Vertical plane TEE is essential
for precise assessment of valvular, subvalvu-
lar, and proximal supravavlular RVOT lesions
and conduits.24 Calcifications, however, make
imaging difficult even with TEE.17

VIEW: Parasternal long-axis view will reveal the VSD
patch as a linear structure passing obliquely
from the septum to the anterior aortic root.

FINDINGS: Right ventricular outflow tract conduit
obstruction is indicated by a high-velocity
spectral signal and high RV pressure. How-
ever, if there is severe tricuspid regurgitation,
the RV may not demonstrate high pressure de-
spite a significant obstruction. Measure maxi-
mum velocity at any areas of aliasing.7 Evalu-
ate for residual VSDs, especially at the edge of
the grafts. Color-flow Doppler and the swirling
of blood around the upper and lower anasto-
moses of the grafts may reveal an aneurysm,
pseudoaneurysm or abscess.11,17 Assess pul-
monic regurgitation, an expected finding if
a valvotomy was performed or a transannu-
lar patch was grafted.8,11 Color Doppler may
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Figure 17.15. Views along the right ventricular
outflow tract (RVOT) and main pulmonary artery in a
patient who has undergone repair of tetralogy of
Fallot. The right ventricle, outflow tract, and
pulmonary artery are dilated, and there is jet of
pulmonary regurgitation occupying the full width of
the pulmonary ring. (From Ref. 15.)

underestimate significant pulmonic regurgita-
tion, thus the severity of regurgitation may be
better assessed from the RV volume overload
and the Doppler backflow signal in the PA and
into the RV (Figure 17.15).8,15

Increased pressures in PA and RV indicate a pe-
ripheral or postpatch pulmonic stenosis, especially
in those who have had a pulmonary homograft
(patch enlargement) to augment a hypoplastic pulmo-
nary.11 A high-velocity spectral signal will indicate an
obstructive lesion, but because there can be narrow-
ing at more than one level and a distal lesion may not
be visualized, it is not possible to ensure that there
is not an additional lesion.15 The shape of the PA con-
duit prosthesis means that a spectral Doppler signal
is likely to underestimate the transconduit gradient.15

Most repaired adults have tricuspid regurgitation, thus
serial measurement of RV pressure is the best echocar-
diographic means of assessing the progression of
obstruction.15

OTHER IMAGING: Because echocardiographic
imaging and velocity gradients are poor indica-
tors of RVOT obstruction and because good im-

ages are seldom obtained due to calcification
of the RVOT valve or conduit, other imaging
is necessary.15 Magnetic resonance imaging/CT
can identify any RVOT stenosis and quantitate
pulmonary insufficiency and RV volumes.8,15

With catheterization, it is possible to confirm
the diagnosis and obtain additional anatomi-
cal and hemodynamic data, including the lo-
cation and magnitude of right-to-left shunting,
the level and severity of RVOT obstruction,
anatomic features of the RVOT including the
pulmonary valve and arteries, and the origin
and course of the coronary arteries.4,7,10,15

FOLLOW-UP: The sequelae of TOF repair include
residual RVOT obstruction, RV aneurysms, pul-
monary valve regurgitation, VSD patch leak,
conduction abnormalities, and aortic root
dilation.1,4,12 Residual or recurrent obstruction
of the RVOT should be evaluated with serial
imaging, and may require repeated surgery.1,4

Even though substantial regurgitation can be
tolerated for long periods, the presence of pro-
gressive RV enlargement, worsening tricuspid
regurgitation, arrhythmias, and evidence of de-
teriorating exercise tolerance are all indica-
tions for pulmonary valve replacement.1,4,7,15

Approximately 10–20% of patients with re-
paired TOF have residual VSDs requiring re-
peated surgery if the defects are of sufficient
size.4,7,15 Conduction abnormalities (RBBB,
premature ventricular contraction [PVC]) oc-
cur in a majority of patients. Rarely, AV block
and ventricular tachycardia (VT) occur and
should be treated.1 The new onset of an
arrhythmia should always prompt investiga-
tion of the patient’s hemodynamic status,
with correction of lesions and cryoablation
as indicated.1 Finally, mild aortic regurgitation
from increased root dimension persists.1,4,15

Tetralogy of Fallot repair has a 90–95% survival
at 10 years, and reintervention is needed in
approximately 10% of patients older than 20
years.1
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CHAPTER 18

Echocardiographic Evaluation
of Cardiac Trauma

David A. Vitberg and Dorothea McAreavey

INTRODUCTION
Trauma to the heart occurs in association with either
blunt thoracic or penetrating injuries to the chest wall.
Tears in the great vessels and many cardiac insults,
such as acute cardiac rupture or valvular regurgita-
tion, are often incompatible with life and the patient
dies prior to or shortly after arrival at the emergency
department (ED).1 In viable patients with more slowly
developing problems, an aggressive plan is essential
to detect and manage potentially treatable injuries.

BEDSIDE ULTRASOUND
FOR ASSESSMENT OF
CARDIAC TRAUMA
The quintessential principle in cardiac ultrasound
for all trauma patients, particularly those with chest
trauma and potential cardiac injury, is early detec-
tion of blood (or blood clot) in the pericardium. The
observation of Beck’s triad—elevated jugular (cen-
tral) venous pressure, muffled heart sounds, and
hypotension—should always prompt the clinician to
further evaluate the heart and pericardial space.
However, these textbook physical examination find-
ings are often absent and may occur very late in the
course of traumatic cardiac injury.2 Net circulating vol-
ume status will affect the clinician’s ability to detect
the hemodynamic changes typically associated with
cardiac trauma. Patients who have sustained multiple
traumatic injuries with hemorrhage may have such a
profoundly reduced intravascular volume that central
venous pressure remains low despite devastating in-
juries like cardiac rupture with worsening tamponade.
Furthermore, because of advances in prehospital emer-
gency care, some patients may arrive in the ED with
potentially life-threatening thoracic wounds and yet
be relatively asymptomatic.3 The integration of bed-
side cardiac ultrasound into the early portion of the
trauma assessment of patients with multiple traumatic

injuries, and particularly those with chest trauma, is
important.

Focused abdominal sonography in trauma (FAST)
has become a standard diagnostic component dur-
ing the early evaluation phase of trauma patients (see
Chapter 28). First described by Rozycki et al.,4 this
examination intentionally has limited goals that al-
low the physician to make rapid decisions, identify
life-threatening disorders, and expedite definitive oper-
ative interventions. A 3.5-MHz transducer is placed in
the pericardial, right upper quadrant, left upper quad-
rant, and pelvic regions to evaluate for the presence
of free fluid. The FAST examination is noninvasive, can
be accomplished rapidly, and can be carried out with
handheld or highly portable equipment. It is easily in-
corporated into the primary or secondary survey of
trauma patients. Unlike more invasive procedures, se-
rial FAST examinations can be performed to detect
evolving injuries (i.e., accumulation of blood in the peri-
cardium) or to reassess a patient when there are signif-
icant hemodynamic changes.

The FAST examination is included in both the 1◦ and
2◦ patient surveys outlined in Advanced Trauma Life
Support (ATLS) guidelines.5 Under “C” of the “ABCs” of
the ATLS 1◦ survey, the physician is advised to “con-
sider the diagnosis of cardiac tamponade” and urged
to rapidly perform the FAST examination (particularly
the pericardial view) for patients “with shock that is
unresponsive to volume, particularly with penetrating
chest trauma” as this “may confirm the diagnosis” (Fig-
ure 18.1). Most surgeons would argue that patients with
penetrating chest trauma and hemodynamic instability
should undergo emergent sternotomy or thoracotomy
without delay, even for the brief period of time it would
take to perform a FAST examination. Furthermore, ATLS
guidelines state that the FAST examination should be
considered during the 2◦ survey of patients with blunt
abdominal trauma.

At exactly what point during a trauma assessment
the clinician performs the rapid visualization of the
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A B

Figure 18.1. The FAST examination in the pericardial window view. (A) Location of the transducer to obtain
cardiac views. (B) Normal cardiac anatomy and liver. LA indicates left atrium; LV, left ventricle; RA, right atrium;
RV, right ventricle. (Reproduced with permission from Dr. RA Jones.)

heart and pericardium, in isolation or as part of the
FAST examination, is variable. Unlike computerized to-
mography (CT), a FAST examination can be performed
during resuscitation and concurrent with other assess-
ments and interventions. While the exact timing of
this examination is variable, it is critical to look for
hemopericardium early in the assessment of patients
with chest trauma that are not immediately taken to the
operating room for exploration (Figure 18.2). If the FAST

examination is not performed by one clinician while an-
other clinician undertakes 1◦ and 2◦ surveys, it should
be included as part of the 2◦ survey.5 Formal echocar-
diography performed by an ultrasonographer or cardi-
ologist with all of the conventional windows is rarely
used in a rapid trauma assessment and resuscitation.
Instead, the simple subxiphoid or parasternal cardiac
views obtained during the FAST examination are more
likely to be used to rapidly detect hemopericardium by

A B

Figure 18.2. The FAST examination in the pericardial window view. (A) Cardiac window and presence of a
pericardial effusion. (B) Cardiac window with clot in the pericardial space. (Reproduced with permission from
Dr. RA Jones.)
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the surgical or emergency medical staff involved in the
acute resuscitation.

The overriding principle for evaluation of patients
with potential cardiac trauma is early diagnosis and
rapid surgical repair. Salvage rates increase with the
detection of hemopericardium before hypotension
ensues.6 The use of diagnostic pericardiocentesis and
subxiphoid pericardial windows has been markedly re-
duced by the increasing availability of bedside ultra-
sound. Patients may be spared thoracotomy and the
exploration of penetrating chest wounds when hemo-
dynamically stable if the bedside echocardiogram fails
to show a pericardial effusion.

Use of beside ultrasound for the detection of
hemopericardium in the patient with potential cardiac
or chest trauma does have limitations (Table 18.1).
Subcutaneous emphysema, pneumopericardium, and
lung movement from mechanical ventilation may all
make obtaining good ultrasonographic windows diffi-
cult. Pain or tenderness with ultrasound probe place-
ment, spinal immobilization, and ongoing procedures
may also make image acquisition difficult. Narrow inter-
costal spaces may make a parasternal or transthoracic
view impossible. The examination is also challenging in
the presence of obesity, muscular chest physique, hy-
perinflated lung changes associated with obstructive
lung disease, calcified rib cartilage, and abdominal dis-
tention.

TABLE 18.1. Limitations of bedside ultrasound
for the detection of hemopericardium in trauma
patients

Subcutaneous emphysema
Presence of chest tubes
Pneumopericardium
Lung movement from mechanical ventilation
Pain or tenderness at site of probe placement
Restraining devices/straps associated with spinal
immobilization
Procedures occupying the chest wall or subcostal
space
Obesity
Muscular chest
Hyperinflated lungs (COPD)
Calcified rib cartilage
Abdominal distention

COPD indicates chronic obstructive pulmonary disease.

A

B

Figure 18.3. The FAST examination in the pericardial
window view. (A) Cardiac window and presence of a
right pleural effusion as well as perihepatic fluid.
(B) Cardiac window with both pericardial and pleural
effusions. (Reproduced with permission from Dr. RA
Jones.)

Care must be taken to differentiate pleural fluid from
pericardial fluid (Figure 18.3). In the parasternal long-
axis view, a pericardial effusion tends to taper as it ap-
proaches the left atrium. The best way to differentiate
between pericardial and pleural fluid is to note that the
descending aorta can only be separated from the left
atrium by a pericardial effusion but not by a pleural
effusion. Absence of an echo-free space between the
descending aorta and the left atrium makes any retro-
cardiac fluid collection more likely pleural than peri-
cardial in origin.

Emphasis should be placed on the detection of peri-
cardial fluid posterior to the left ventricle because
anterior fluid may be negligible with small (or early)
effusions. Of importance, anterior epicardial fat can
cause an echo-free space that may be mistaken for
hemopericardium. In general, with a large pericardial
effusion, the heart tends to settle posteriorly, resulting
in greater accumulation of fluid anteriorly. Conversely,
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TABLE 18.2. Estimated right-sided volume/pressure status of trauma patient at time of cardiac ultrasound

Chronic RV/RA pressure elevation
Euvolemia Hypovolemia (and/or RV hypertrophy)

Clinical examples � Hemorrhage with
prior volume
resuscitation

� Isolated injury

� Significant
hemorrhage

� Ongoing
hemorrhage
despite volume
resuscitation

� Multiple traumatic
injuries

� Pulmonary hypertension

Elevated CVP or
detectable JVD?

YES
(acute increase)

NO
(“low pressure
tamponade”)

YES
(chronically elevated)

IVC status Plethoric; Blunted
respiratory variation

Collapsed Plethoric;
Variable respiratory variation

RV diastolic collapse
likely with large
pericardial effusion?

YES YES Euvolemia
Hypovolemia

NO
Hypertrophy or elevated
RA/RV pressures may
prevent right-sided
collapse

Response to IV
fluids?

May prevent
right-sided collapse

May prevent
right-sided collapse

Euvolemia RV was likely not
collapsing prior to
volume infusion
May prevent right-sided
collapse

CVP indicates central venous pressure; JVD, jugular venous distension; IV, intravenous; IVC, inferior vena cava; RA, right atrium; RV, right ventricle.

with smaller pericardial effusions, fluid tends to accu-
mulate posteriorly.

The instance in which circulating blood volume is
so low that clinical evidence of tamponade is lacking is
referred to as “low-pressure tamponade.” While jugular
venous distention may not be present in low-pressure
tamponade, one should still see echocardiographic ev-
idence of right ventricular diastolic collapse and atrial
collapse. Exponential volume resuscitation, as is typi-
cal in hypotensive patients with traumatic injuries, may
increase right atrial and ventricular pressures to the
point that the right-sided collapse disappears.

Right-sided collapse may also be absent in patients
with a hypertrophied right ventricle or elevated right-
sided chamber pressures. Under normal physiologic
circumstances, the low pressure chambers and thin
walls of the right atrium and ventricle are easily com-
pressible with elevated pericardial pressure. Table 18.2
demonstrates how intravascular volume status at the
time of ultrasound examination and cardiac function

prior to a traumatic injury affects the ability to detect
classical findings associated with cardiac tamponade.

Patients with preexisting, nontraumatic pericardial
effusions are at high risk for developing cardiac tam-
ponade. Hypovolemia induced by noncardiac trauma
can cause a reduction in preload and right-sided pres-
sures to the point that pressure in the pericardial com-
partment exceeds that in the right-sided cardiac cham-
bers. While emergent thoracotomy and pericardiotomy
is typically reserved for patients who have sustained
penetrating chest trauma, this procedure can be life-
saving in patients with blunt trauma who develop car-
diac tamponade as a result of acute hypovolemia and
a preexisting pericardial effusion.7

BLUNT (NONPENETRATING)
CARDIAC TRAUMA
The use of echocardiography in patients with blunt
cardiac trauma is directed at the diagnosis of aortic
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TABLE 18.3. Potential cardiac injuries and
abnormalities associated with blunt chest
wall trauma

Aortic transection
Blunt cardiac injury (formerly myocardial
contusion; especially right ventricle dyskinesia)
Septal rupture
Free wall rupture
Valvular disruption (especially tricuspid valve)
Coronary artery thrombosis (especially left anterior
descending)
Cardiac failure
Minor ECG or enzyme abnormality
Complex arrhythmia
Pericardial effusion/tamponade

ECG indicates electrocardiographic.

transection, blunt cardiac injury (formerly referred to
as cardiac contusion), cardiac rupture, and valvular
disruption (Table 18.3).

Aortic Transection
Aortic transection should be suspected in any patient
who has sustained a high-speed deceleration injury to
the chest and has an abnormal chest x-ray, specifically,
a widened mediastinum. Aortography is considered
the “gold standard” diagnostic test for evaluation of
the blunt trauma patient with a widened mediastinum.
Aortography, however, is time consuming and involves
transfer of a potentially very unstable patient to the ra-
diology suite. The portable chest x-ray obtained as part
of a rapid trauma assessment is a suboptimal screen-
ing study for aortic injury due to limited exposure ca-
pability, expiratory views, patient motion, difficult pa-
tient positioning, and magnification and distortion of
the mediastinum in the supine position. Additionally,
the positive yield for patients with a widened medi-
astinum is rather low; <20% of patients with a widened
mediastinum have an aortic injury, while up to 28% of
those with aortic rupture have a normal chest x-ray.8

Table 18.4 lists the echocardiographic findings as-
sociated with aortic rupture after blunt chest trauma.
Many different criteria for the diagnosis of traumatic
aortic rupture exist.9−11 Periaortic hematomas may
arise from multiple other injuries that produce bleed-
ing in the mediastinum, including tearing of mediastinal
veins, rib fractures, sternal fractures, injury to the bra-

TABLE 18.4. Echocardiographic findings
associated with aortic rupture after blunt
chest trauma

1. Abrupt and discrete change in aortic diameter
(normal diameter proximal and distal to the site
of rupture; lumen is widened at site of rupture)

2. Presence of one or more consistent linear
echoes indicative of transaction flaps dividing
the aortic lumen into two or more lumina

3. Focal but complete intimal and medial disruption
with formation of a pseudoaneurysmatic cavity

4. Color doppler identification of a
pseudocoarctation pattern (flow acceleration
through the injured aortic segment)

5. Periaortic hematoma

chiocephalic vessels, and caudal dissection of blood
from cervical injuries.

Most patients with aortic transection will die un-
less the bleeding is trapped by soft tissue and a false
aneurysm is produced.12 Only 20% of patients with aor-
tic rupture survive for >1 hour after injury, and 80% of
patients die at the scene.13 In initial survivors, if the in-
jury is not surgically repaired, 40% die within 24 hours
and 90% are dead by 10 weeks. Echocardiography, par-
ticularly transesophageal echocardiography (TEE), is
very accurate in the identification of aortic rupture.
Studies comparing transthoracic (TTE) with TEE for
evaluation of aortic injury after blunt chest trauma sup-
port the utilization of TEE whenever possible. Image
quality is frequently suboptimal with TTE due to as-
sociated chest wall injuries. Ninety percent of aortic
ruptures occur at the aortic isthmus, a region that is
impossible to visualize with a TTE. A major disadvan-
tage of TEE is that it often requires the presence of
a cardiologist or trained specialist. Other advantages
and disadvantages of TEE are outlined in Table 18.5.

Blunt Cardiac Injury
(Cardiac Contusion)
Some experts use the term “blunt cardiac injury” to re-
fer only to wall motion abnormalities following chest
trauma (the classical “cardiac contusion”), while oth-
ers include all injuries to cardiac structures caused
by blunt chest wall trauma under the generic term of
“blunt cardiac injury.” For our purpose, “myocardial”
or “cardiac contusion” is now called “blunt cardiac
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TABLE 18.5. Transesophageal echocardiography for detection of aortic injury after blunt cardiac trauma

Advantages Disadvantages
1. Markedly improved image quality compared with TTE

2. Can be performed concurrent to other diagnostic,
therapeutic, and resuscitative measures

3. Reduces need for aortography and decreases time to
definitive surgical repair

4. Greater accuracy for detection of aortic rupture

5. Better visualization of the aortic isthmus

1. Semiinvasive procedure

2. Potential complications in patients with esophageal or
gastric trauma

3. May cause excessive head and neck movement in
patients with cervical spine injuries

4. Poor visualization of the distal ascending aorta and
proximal aortic arch (due to the interposition of the
air-filled trachea and left main bronchus)

TTE indicates transthoracic echocardiography.

injury” across the trauma literature. The precise def-
inition and criteria required to make the diagnosis of
a blunt cardiac injury remains controversial. However,
blunt cardiac injury has been defined as the presence
of wall motion abnormalities detected by echocardio-
graphy, including either, or both, ventricles, following
nonpenetrating chest trauma in the absence of trans-
mural myocardial infarction detected on electrocardio-
gram (ECG). Although prior wall motion abnormalities
may exist, the diagnosis is made on clinical grounds
when there is a high index of suspicion for traumatic
cardiac injury. The left anterior descending coronary
artery, tricuspid valve, and right ventricle are the most
commonly injured structures due to their proximity to
the chest wall.

The reported incidence of blunt cardiac injury
ranges from 8% to 71% in patients sustaining blunt
chest trauma. In one case series of victims with fatal
nonpenetrating chest trauma, 15% had blunt cardiac
injury demonstrated at autopsy.14 Patients with sig-
nificant chest trauma (i.e., multiple rib fractures, pul-
monary contusions, hemothorax, major intrathoracic
vascular injury) have an estimated 13% incidence of
significant blunt cardiac injury.

Patients with blunt cardiac injury may present with
a wide spectrum of signs and symptoms ranging from
asymptomatic to severe cardiac compromise. Arrhyth-
mias and conduction defects are the most common
complications of blunt cardiac injury. There are many
reasons why a patient with blunt chest trauma may
be hypotensive, hypoxic, tachycardic, or in heart fail-
ure. These include pulmonary contusion, pneumoth-
orax, hemorrhagic shock, and cardiac tamponade. A
thorough investigation to rule out these potentially

reversible causes of pump failure is essential before
focusing on blunt cardiac injury as the etiology.

Current trauma guidelines recommend an admis-
sion ECG for all patients with suspected blunt cardiac
injury.15 Hemodynamically stable patients with a nor-
mal ECG require no further workup for blunt cardiac
injury, as the risk of serious complications is minimal.
If the admission ECG is abnormal, the patient should
be admitted for continuous ECG monitoring for 24 to 48
hours. Echocardiography is recommended only in the
patient with suspected blunt cardiac injury that causes
hemodynamic compromise. If adequate windows on
the chest wall are unobtainable, a TEE should be per-
formed. Presence of a sternal fracture does not predict
the presence of blunt cardiac injury and, thus, is not an
indication for cardiac monitoring or ECG evaluation.15

Of importance, however, echocardiography should
not be used as a primary screening modality but should
be reserved for patients with hemodynamic instabil-
ity of unclear etiology, an abnormal ECG, or cardiac
arrhythmias with documented risk of blunt cardiac
injury.10,16−19 Creatine kinase levels and cardiac spe-
cific markers (CK-MB, cTnI) may all be elevated in
trauma patients for a variety of reasons and should not
be used as a screening tool for blunt cardiac injury.20

Repeat echocardiography in patients with blunt car-
diac injury will often show normalization of wall motion
abnormalities.

The same physical examination findings that alert
the clinician to the potential presence of blunt cardiac
injury may limit the ability to perform a comprehen-
sive TTE. Chest wall tenderness, a flail chest, or crepi-
tus may all limit placement and manipulation of the
ultrasound probe. Near-field artifact during TTE limits
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evaluation of the right ventricular outflow tract, a site
which, in blunt chest trauma patients, can be focally in-
jured. Thus, the provider should consider performing
a TEE in patients with a very high clinical suspicion for
blunt cardiac injury but a suboptimal or unrevealing
transthoracic examination.

Patients with blunt abdominal trauma should always
be screened for pericardial effusion and tamponade.
This is a routine practice at most trauma centers where
the FAST examination is performed in patients not im-
mediately taken to the operating room. A quick screen
for pericardial effusion and tamponade is particularly
important in patients with blunt abdominal trauma who
develop increasingly unstable hemodynamic parame-
ters. Patients with a preexisting pericardial effusion can
develop cardiac tamponade from acute hypovolemia
related to blunt abdominal trauma.7

Cardiac Rupture
Cardiac rupture after blunt chest trauma is usually a
rapidly fatal event. The precise incidence is unknown
because many of these patients will die at the scene
of the trauma. Rapid prehospital transportation, early
diagnosis, and surgical repair offer the only chance for
long-term survival. There are several case reports that
describe the use of echocardiography in the ED to di-
agnose pericardial effusion in patients found later to
have cardiac tears.21,22

Other Intracardiac Injuries
Intracardiac injuries, such as septal defects or valvular
lesions, are rare complications of blunt chest trauma.
Echocardiography with Doppler capability can quickly
and noninvasively identify and quantify these lesions.

Traumatic rupture of the interventricular septum is
an uncommon entity but has been reported after blunt
chest trauma. It rarely occurs as an isolated lesion. In
an autopsy series by Parmley and colleagues, only 5 out
of 546 cases of nonpenetrating injuries to the chest had
isolated ventricular septal rupture.13 Incomplete ven-
tricular septal tears occur even less frequently. Rup-
ture may be the consequence of a laceration of the
septum from traumatic injury, or may be from a con-
tused septum that subsequently becomes necrotic, and
later ruptures.23 A tear in the interventricular septum
is more likely to arise when severe chest compression
and abrupt deceleration occurs during late diastole or
early systole when the ventricles are full and the valves
are closed (Figures 18.4 and 18.5). This time period in
which the heart is vulnerable to the proposed mech-

Figure 18.4. Transthoracic echocardiogram apical
four-chamber view demonstrating incomplete
transverse tear (arrow) of the interventricular
septum. This image was obtained from a 50-year-old
man involved in a 40 MPH motor vehicle crash into a
tree. (Image courtesy of Lisa Motavalli, M.D. retrieved
from http://cme.mcgill.ca/php/pre.php?id=597 and
hosted by the McGill Faculty of Medicine.)

anism of injury is about 6.25% of the cardiac cycle.24

The most common site of septal tear is in the muscular
portion of the interventricular septum near the apex.25

Severe hypoxemia is not uncommon after blunt
chest trauma and is usually the result of pulmonary
injuries, intrapulmonary shunting, and altered chest
wall mechanics. Valvular injury and dysfunction may
explain severe hypoxemia when pulmonary and chest
wall injuries are less severe. Traumatic tricuspid regur-
gitation with intracardiac right-to-left shunting through
a patent foramen ovale has been reported after blunt
chest trauma.26 Injury to right heart structures is often
well tolerated and the onset of distressing symptoms
may be delayed.

There are case reports of rupture of both atrioven-
tricular valves after blunt chest trauma.27 For patients
undergoing operative repair of a single atrioventricu-
lar valve injury, strong consideration should be given
to performing an intraoperative TEE to exclude injury
to the other atrioventricular valve.

http://cme.mcgill.ca/php/pre.php?id=597
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Figure 18.5. Transesophageal echocardiogram
four-chamber view from a 50-year-old man involved in
a 40 MPH motor vehicle crash into a tree (same
patient as in Figure 18.4), demonstrating incomplete
septal tear (arrow). Only a thin membrane in the area
of the rupture separates the two ventricles. (Image
courtesy of Lisa Motavalli, M.D. retrieved from
http://cme.mcgill.ca/php/pre.php?id=597 and hosted
by the McGill Faculty of Medicine.)

PENETRATING CARDIAC TRAUMA
Most patients with penetrating cardiac trauma die be-
fore reaching medical attention or present with rapidly
progressive hemorrhagic shock culminating in cardiac
arrest. Despite advances in prehospital and hospital-
based emergency care over the last few decades, re-
ported survival rates from penetrating cardiac trauma
have only minimally improved. Reports of hospital sur-
vival after penetrating cardiac trauma may decline or
not appear to be improving as prehospital emergency
medical systems become better at resuscitating and
rapidly delivering unstable patients to the hospital. The
incidence of stab wounds and gunshot wounds among
the subset of patients who actually make it to the ED
with signs of life is roughly equal.28

Physiologic status of the patient at ED presentation
has consistently been shown to be the best predictor
of survival. When a patient arrives in the ED with no
vital signs, even in the instance where prehospital care
providers report signs of life just prior to hospital ar-
rival, the mortality rate with vigorous resuscitation in-
cluding thoracotomy approaches 100%. Patients that
arrive with profound hypotension (systolic blood pres-
sure <60 mm Hg) and agonal respiratory effort have
a mortality rate near of 60%. Gunshot wounds of the

heart are generally associated with 2–4 times the mor-
tality of stab wounds to the heart. This is thought to
be related to the surrounding tissue injury of the high-
velocity projectile versus the low velocity of the stab
instrument.29,30

The anatomic site of cardiac injury and the num-
ber of cardiac chambers injured affects prognosis. The
right ventricle is affected more often than the left ven-
tricle due to its anterior anatomic location, but left ven-
tricular wounds carry a worse prognosis. The left or
right atrium is affected in 20% of cases.31 One third
of penetrating cardiac wounds affect multiple cham-
bers, and the relative risk of death is 2.5 times greater
than single-chamber injuries.32 In 5% of cases, a coro-
nary artery is lacerated. These injuries usually involve
a distal segment of the artery and rarely produce
significant acute myocardial infarction when they are
ligated, whereas more proximal coronary artery lac-
erations require coronary bypass.33 Rarely, the inter-
ventricular septum, a valve, papillary muscle, or chor-
dae tendineae is injured, producing an acute shunt or
valvular insufficiency. These lesions are poorly toler-
ated and can quickly cause massive pulmonary edema
and cardiogenic shock. Intrapericardial aortic injuries
are almost universally fatal.

Penetrating cardiac injury may result in exsanguinat-
ing hemorrhage if the cardiac lesion communicates
freely with the pleural cavity or cardiac tamponade if
the hemorrhage is contained within the pericardium.
The reported incidence of acute pericardial tampon-
ade is approximately 2% in patients with penetrat-
ing trauma to the chest and upper abdomen. Car-
diac tamponade is itself a life-threatening condition,
but appears to offer some degree of protection and
increased survival in patients with penetrating car-
diac wounds.32,34 It occurs more commonly with stab
wounds than with gunshot wounds, and 60–80% of
patients with stab wounds involving the heart de-
velop tamponade. Intermittent hemorrhage from the
intrapericardial space may cause an intermittently de-
compressing tamponade. This latter condition may be
tolerated for a longer period.

Hypotension, cardiopulmonary resuscitation, non-
thoracic injuries (other significant, noncardiac in-
juries), and emergency thoracotomy are all risk
factors that have been associated with death after
penetrating cardiac trauma. Emergency department
thoracotomy is associated with a higher mortality
rate than operating-room thoracotomy. Blood pressure
>90 mm Hg and pericardial tamponade are prognos-
tic signs often associated with improved survival in
patients with penetrating cardiac trauma.32,34 Clinical

http://cme.mcgill.ca/php/pre.php?id=597


Echocardiographic Evaluation of Cardiac Trauma 221
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Figure 18.6. Algorithm incorporating bedside echocardiogram into the
evaluation of penetrating chest trauma.

signs of pericardial tamponade in penetrating cardiac
injuries are the exception rather than the rule. Given
the paradoxical protective effect of pericardial tampon-
ade on patients with cardiac injuries, patients who sur-
vive the acute stage after penetrating cardiac trauma
(i.e., those who make it to the hospital alive) are
more likely to have tamponade. It is critical to iden-
tify patients with cardiac injury (and tamponade) early,
before the “protective” effect is lost. Figure 18.6 in-
tegrates a rapid bedside 2D echocardiogram (usually
performed within the context of the FAST examination)
into the assessment of a patient with penetrating chest
trauma.

Few patients with significant penetrating cardiac
trauma present without symptoms. In rare instances,
a patient may present with much delayed symptoms
of penetrating cardiac trauma. Echocardiography is in-
valuable in evaluating this subset of patients.

Two-dimensional echocardiography has the capac-
ity to visualize cardiac defects very well. It also has
the advantage of being able to evaluate left ventricular
function and to determine whether there is pericardial
effusion. Doppler echocardiography can be used to fur-
ther visualize flow from one compartment to another.
Two-dimensional echocardiography is very sensitive
and specific in patients without hemothorax (sensitiv-
ity 100% and specificity 89%) but is less useful when the

patient has a hemothorax (sensitivity 56% and speci-
ficity 93%).2,35 An explanation for the poor sensitivity
of this test in the subset of patients with hemothoraces
lies in the fact that many patients with penetrating in-
jury to cardiac structures lacerate the pericardium.
Pericardial blood escapes into the pleural cavity, re-
sulting in an empty pericardial space and the presence
of a hemothorax.

One multicenter study of surgeon-performed ultra-
sound demonstrated a sensitivity of 100% and speci-
ficity of 97% for the detection of hemopericardium in
penetrating precordial injuries, resulting in minimal de-
lay to operation.36 Another demonstrated 100% sensi-
tivity and 99.3% specificity in patients with penetrat-
ing precordial or transthoracic trauma.37 Emergency
physicians using bedside ultrasound demonstrated
that they could reliably examine the pericardium for
effusion with an accuracy of 97.5%.38 Time to diagnosis
and disposition to the operating room is significantly
reduced and survival increased for patients with pen-
etrating cardiac injuries when 2D echocardiography is
included in the initial trauma assessment.39

Pericardiocentesis is unreliable for the detection of
hemopericardium in the setting of penetrating chest
trauma with an approximate 20% false-positive and
false-negative rate. The most sensitive test for de-
tection of occult cardiac injury and posttraumatic
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tamponade is a (subxiphoid) pericardial window,40 but
this invasive intervention requires general anesthe-
sia in the operating room. There has been a signif-
icant drop in the performance of pericardiocentesis
and subxiphoid exploration with the advent of bedside
ultrasound. Similarly, utilization of pericardiocentesis
as a temporary therapeutic maneuver has been aban-
doned and emergency thoracotomy is being used with
increasing frequency. For patients undergoing laparo-
tomy for abdominal injuries, subxiphoid exploration
and pericardiotomy can be performed in the operating
room if there is a suspicion of cardiac injury.

Penetrating cardiac injuries are highly lethal in-
juries that can present with normal hemodynamic pa-
rameters or cardiac arrest. Pericardial tamponade is
the most reversible etiology that produces cardiac
arrest in patients with penetrating injuries. A hemo-
dynamically unstable patient with a penetrating tho-
racic injury should proceed to emergent thoracotomy
without any ultrasound or other imaging. During the ini-
tial evaluation of the hemodynamically stable patient,
a focused examination for the detection of hemoperi-
cardium can be performed in the context of the FAST
examination pericardial views. Because it is rapid and
easily repeatable, bedside cardiac ultrasound is espe-
cially useful for the assessment of patients with tho-
racic wounds, not only to establish the presence or
absence of hemopericardium, but also to reevaluate a
patient who suddenly becomes hypotensive.

MISCELLANEOUS TRAUMA
Endocardial biopsies from patients who have sustained
significant electrical shocks have shown patchy en-
domyocardial necrosis.41 Echocardiographic changes
following alternating current (AC) electrocution have
shown left ventricular dysfunction with reduced frac-
tional shortening as well as global hypokinesis. These
changes may resolve over time. Similar findings occur
with higher voltage injuries, but the changes are more
likely to be permanent.42

IATROGENIC CARDIAC TRAUMA
Cardiac perforation with resultant pericardial effu-
sion is a complication that may occur in the cardiac
catheterization laboratory. An intravascular ultrasonic
catheter placed in the right atrium can detect pericar-
dial fluid. Pacemaker and implantable cardiac defibril-
lator leads may penetrate into the myocardium and
perforate the right ventricular free wall. The risk of per-
foration is minimized when the lead is screwed into the
thicker ventricular septum at the right ventricular apex
rather than the ventricular free wall. Patients with prior
myocardial infarction or dilated cardiomyopathy with
thinner ventricular walls may be at greater risk for this
complication. Lead repositioning and/or explantation
should be performed in the operating room with surgi-
cal backup under TEE guidance.43

TABLE 18.6. Goal-directed echocardiography for cardiac trauma

Nonpenetrating cardiac trauma Penetrating cardiac trauma
1. Obtain subcostal, parasternal long-axis and apical

four-chamber views

2. Assess for the presence of a pericardial effusion, which
suggests mediastinal trauma or possible cardiac rupture

3. Assess wall motion for dyskinesis associated with blunt
myocardial injury

4. Evaluate for valvular dysfunction or ventricular septal
defect

5. Assess the thoracic aorta for the presence of hematoma,
intimal flap, and altered contour, suggesting aortic
transection

6. Consider TEE for improved visualization of the aorta and
to improve diagnostic accuracy

1. Obtain subcostal and parasternal long-axis views

2. Assess for the presence of a pericardial effusion, which
suggests myocardial laceration or perforation

3. Evaluate the size, location, and hemodynamic effects of
the effusion, focusing particularly on the presence of RA
and RV diastolic collapse

4. Identify a “safe” track for therapeutic pericardiocentesis,
if indicated

5. Perform serial examinations for patients under
observation or with sudden clinical or hemodynamic
changes

RA indicates right atrium; RV, right ventricle; TEE, transesophageal echocardiography.
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CONCLUSIONS
Intensivists must recognize the tension between the
need for accurate noninvasive diagnosis of injury and
the need for immediate surgical intervention in pa-
tients presenting with cardiac and thoracic trauma.
The goal of the intensivist should be to perform lim-
ited, goal-directed ultrasonography, a philosophy that
has been promoted by emergency medicine physi-

cians (Table 18.6). The noncardiologist critical care
provider should not be expected to identify subtle
cardiac abnormalities. The goal of cardiac imaging in
trauma should be to rapidly answer specific binary
(yes or no) questions to help determine the pres-
ence or absence of disease, specifically a hemoperi-
cardium or other life-threatening cardiac injury, and
whether or not emergency surgical intervention is
indicated.
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CHAPTER 19

Echocardiographic Evaluation of
Cardiopulmonary Interactions

Antoine Vieillard-Baron

INTRODUCTION
Cardiopulmonary interactions are not a new issue. A
PubMed search (www.ncbi.nlm.nih.gov/PubMed) us-
ing the keywords “heart–lung interactions” yielded
more than 100 references published since 1962. But
heart–lung interactions are not just of interest in terms
of discussions among physiologists. They also have a
strong impact on our ability to accurately interpret
hemodynamic measurements and blood gas analysis
and to manage patients in the intensive care unit (ICU).
In many situations, such as acute respiratory distress
syndrome (ARDS), severe asthma, chronic obstructive
pulmonary disease (COPD), and mechanical ventila-
tion, heart–lung interactions may account for consid-
erable hemodynamic and blood gas changes. For exam-
ple, Kumar and colleagues first suggested that positive
end-expiratory pressure (PEEP)-induced oxygenation
improvement could actually be due to a marked de-
crease in cardiac index rather than to an improvement
in lung recruitment.1

Echocardiography is currently the most accurate
tool to evaluate cardiac function beat by beat during
the respiratory cycle. It does not require highly so-
phisticated equipment, but only the opportunity to
correctly visualize the heart in either spontaneously
breathing or mechanically ventilated patients. The
study of cardiopulmonary interactions requires two-
dimensional, time-motion, and Doppler modes. Visual-
ization of the airway pressure tracing on the screen of
the machine is mandatory.2 We have exhaustively illus-
trated the different mechanisms promoting heart–lung
interactions3 and have also developed a Web site de-
voted to echocardiography in the ICU, a large part of
which covers heart–lung interactions.4

The objectives of this chapter are to briefly report
the mechanisms that promote heart–lung interactions,
to illustrate how they can be easily described using
echocardiography, and to discuss their clinical impli-
cations in the ICU. At the end, readers will better un-

derstand how to use echocardiography and how funda-
mental heart–lung interactions are to effective patient
management in the ICU.

PHYSIOLOGICAL REMINDERS
Cardiopulmonary interactions are mainly related to the
fact that a circulation, the pulmonary circulation, is in-
terposed between the right heart and the left heart.
This circulation contains close to 500 milliliters (mL)
of blood. So, whereas the preload reserve for the right
heart is the systemic venous circulation,5 the preload
reserve for the left heart is actually pulmonary capillar-
ies and veins.6 For a given cardiac function, the more
blood there is in the pulmonary circulation, the higher
the left ventricular stroke volume.6

Heart–lung interactions can be separated accord-
ing to their direct and indirect consequences for
cardiac function. The main consequences are direct
and are promoted by changes in intrathoracic and
transpulmonary pressures and have been extensively
reported by Scharf and collegues since 1977.7 They
are usually described as the respiratory variations
in systolic and pulse pressures, reflecting respiratory
variations in left ventricular stroke volume. In sponta-
neously breathing patients, these variations are called
the “pulsus paradoxus” and are observed in diseases
such as severe asthma, where left ventricular stroke
volume, and thereby pulse pressure, decrease during
inspiration and increase during expiration.8 In mechan-
ically ventilated patients, they are called “reverse pul-
sus paradoxus”9,10 because, conversely, pulse pressure
increases during inspiration and decreases at expira-
tion. (Figure 19.1).11 Briefly and simply, increased in-
trathoracic pressure will induce a decrease in systemic
venous return by reducing the pressure gradient be-
tween the periphery and the right atrium (Figure 19.2),5

and also by increasing the resistance to flow.12 Many
clinical situations may be responsible for this: PEEP

www.ncbi.nlm.nih.gov/PubMed
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A B

Figure 19.1. Respiratory variations in blood pressure (panel A) and left ventricular stroke volume (panel B) in a
mechanically ventilated patient. Left ventricular stroke volume was evaluated by recording the flow into the left
outflow track (pulsed Doppler mode). Pulse pressure and left ventricular stroke volume increased during
inspiration, and decreased during expiration. Ao indicates aorta; LV, left ventricle; pairway, pressure in the
trachea.

(either intrinsic, as in exacerbation of COPD and in se-
vere asthma, or therapeutic), controlled ventilation in
pressure or volume, decreased chest wall compliance.
Increased transpulmonary pressure will augment right
ventricular afterload by its ability to act on the pul-
monary capillaries and so to increase pulmonary vas-
cular resistance (Figure 19.3).13,14 But it is seen when
the distending pressure of the lung is high, and so es-

SVR
(1/min)

RAPMSP
(mmHg)

-2 2 6

Figure 19.2. Guyton’s representation of the systemic
venous return (SVR), which depends on the pressure
gradient between the mean systemic pressure (MSP)
and the right atrial pressure (RAP). Any increase in
RAP induces a decrease in SVR.

pecially occurs in ARDS,15 where lung compliance is
severely depressed, or in severe asthma,16 where lung
overdistension is present.

Indirect consequences of heart–lung interactions
are promoted by changes in PaO2, PaCO2, and pH,
according to change in ventilation or ventilatory set-
tings, and their effects on the pulmonary circulation.
For example, by their strong vasoconstrictor effect on
the pulmonary circulation, decrease in PaO2 and in-
crease in PaCO2 are able to impair right ventricular
function.17,18,19 Once again, such effects may occur in
many clinical situations in the ICU related either to the
patient’s status (Figure 19.4) or to the intensivist’s ven-
tilatory strategy.

Finally, acute lung injury and ARDS are great mod-
els for heart–lung interactions. Because most patients
are septic, initially mechanical ventilation and appli-
cation of PEEP significantly alter the hemodynamics
by decreasing systemic venous return.20 After initial
resuscitation and control of the septic process, heart–
lung interactions may explain development of right
ventricular dysfunction, called acute cor pulmonale.21

Occurrence of acute cor pulmonale is strongly related
to the plateau pressure (Figure 19.5),22 and also to
the PEEP15 and hypercapnia.21 The plateau pressure
(which mainly reflects the transpulmonary pressure in
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Figure 19.3. Relationship between pulmonary vascular resistance (PVR, y axis) and transpulmonary
pressure (TPP, x axis). This relationship is nonlinear and can be separated into three zones, according to
West’s zones. In zone 3, pulmonary artery pressure (PAP) and pulmonary venous pressure (PVP) always
remain higher than the distending pressure of the alveoli (PALV): the PVR is then only slightly increased. In
zone 2 and in zone 1, the distending pressure becomes higher than the PVP and/or the PAP: the capillary is
collapsed, the flow is restricted, and PVR is markedly increased.

Figure 19.4. Echocardiographic evaluation of pulmonary artery pressure using tricuspid regurgitant flow in a
patient hospitalized for acute exacerbation of chronic obstructive pulmonary disease. At admission, the patient
had severe respiratory acidosis with a pH of 7.0. Echocardiography showed enlargement of the right ventricle with
a high maximal velocity of the tricuspid regurgitation. Systolic pulmonary artery pressure was calculated as 79
mm Hg. After four hours of noninvasive ventilation, pH was 7.32, right ventricular size was normalized, and
systolic blood pressure was calculated as 42 mm Hg. LV indicates left ventricle; RV, right ventricle; SPAP, systolic
pulmonary artery pressure; TR, tricuspid regurgitation; V, velocity.
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Figure 19.5. Patient hospitalized in the ICU for ARDS related to severe pneumonia. Top: plateau pressure (PP)
and compliance of the respiratory system (Crs) after two, five, and nine days of mechanical ventilation. Bottom:
long-axis view of the left ventricle by a transesophageal approach at days 2, 5, and 9, permitting evaluation of the
size of the right ventricle. Progressive impairment in respiratory mechanics (decreased Crs and increased PP)
was associated with progressive dilatation of the right ventricle. Whereas at day 2 the right ventricle was slightly
dilated without any hemodynamic impairment, subsequently there was pronounced right ventricular dilatation,
especially at day 9, leading to severe restriction of the left ventricle. The patient required increased doses of
norepinephrine on day 5 and day 9. ARDS indicates acute respiratory distress syndrome; ICU, intensive care unit;
LV, left ventricle; RV, right ventricle.

ARDS) deemed “safe” for the right ventricle has been
reported as <27 cmH2O in a population of more than
300 patients.22

CARDIOPULMONARY
INTERACTIONS,
ECHOCARDIOGRAPHY AND
CLINICAL IMPLICATIONS
Study of cardiopulmonary interactions led intensivists
to develop new echocardiographic indices to manage
the need for fluids in mechanically ventilated patients.
Reductions in systemic venous return during tidal ven-
tilation not only depend on changes in intrathoracic

pressure, as emphasized above, but also on the filling
status of patients. In other words, the lower the pa-
tient’s filling status, the greater the consequences of
changes in intrathoracic pressure.23 As first hypothe-
sized by Fessler et al.,12 Vieillard-Baron and colleagues
have demonstrated that reductions in systemic venous
return related to tidal ventilation in humans is in part
related to collapse of a great vessel, the superior vena
cava (SVC), interposed between the periphery and the
right atrium.24 The surrounding pressure of the SVC
is the intrathoracic pressure, which significantly in-
creases during inspiration. In certain conditions, this
increase may induce total or partial collapse of the ves-
sel (Figure 19.6). The same authors have shown that
these respiratory variations in the SVC, as defined by
the “SVC collapsibility index,” are a strong predictor of
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Figure 19.6. Transesophageal echocardiography in a patient during surgery for hepatic
metastasis. Echocardiography recorded the right ventricular ejection flow, using pulsed Doppler in
the pulmonary artery, and respiratory variations in the superior vena cava, using the time-motion
mode. At baseline (panel A), no significant change was observed during inspiration. During
cross-clamping of the inferior vena cava by the surgeon (panel B), the vessel collapsed during
inspiration, resulting in a significant decrease in right ventricular ejection flow. Ao indicates aorta;
E, expiration; I, inspiration; PA, pulmonary artery; SVC, superior vena cava.

A B C

Figure 19.7. Patient mechanically ventilated for an acute lung injury related to aspiration.
Echocardiography by a transesophageal route recorded the right ventricular ejection flow and the
respiratory variations in the superior vena cava in three conditions: at baseline without PEEP
(panel A), after application of a PEEP of 5 cmH2O (panel B), and with a PEEP of 5 cmH2O after
infusion of 500 mL of fluid (panel C). Application of a PEEP led to inspiratory collapse of the
superior vena cava, resulting in a fall in right ventricular ejection flow. After fluid infusion, this was
corrected and cardiac index increased significantly. PEEP indicates positive end-expiratory
pressure; SVC, superior vena cava.
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Crs 35mL/cmH2O

TV : 6 ml/kg

Pplat 28 cm H2O
PEEP 15 cm H2O

Crs 25mL/cmH2O
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Pplat 28 cm H2O
PEEP 15 cm H2O
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Figure 19.8. Schematic representation of the baby lung
concept in ARDS. For a compliance (Crs) of 35 mL/
cmH2O, application of a PEEP of 15 cmH2O requires a
tidal volume (TV) of 6 mL/kg to maintain a plateau
pressure (Pplat) at 28 cmH2O. However, a compliance at
25 or 15 mL/cmH2O, for the same Pplat and the same
PEEP, requires a decrease in tidal volume to 4 or even
2.6 mL/kg, leading to severe hypercapnia. ARDS
indicates acute respiratory distress syndrome; PEEP,
positive end-expiratory pressure.

Figure 19.9. Transesophageal echocardiography in a patient mechanically ventilated for ARDS with
two different PEEPs but the same plateau pressure. With a PEEP of 5 cmH2O, the long-axis view of the
left ventricle showed only a slight increase in right ventricular size and the short-axis view showed
the absence of paradoxical septal movement. Application of a PEEP of 14 cmH2O induced RV
dilatation associated with paradoxical septal motion (arrow), resulting in hemodynamic impairment.
ARDS indicates acute respiratory distress syndrome; LV, left ventricle; PEEP, positive end-expiratory
pressure; PP, plateau pressure; RV, right ventricle.
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Figure 19.10. Another patient ventilated for ARDS. Transesophageal echocardiography was performed at two
different plateau pressures, first 33 cmH2O, then 26 cmH2O, obtained by decreasing the tidal volume. At 26
cmH2O, echocardiography visualized a decrease in right ventricular size and in left ventricular restriction. This
was associated with an improvement in hemodynamics. ARDS indicates acute respiratory distress syndrome; PP,
plateau pressure; RV, right ventricle.

hypovolemia and of fluid responsiveness.25 Such
respiratory variations in the SVC are dependent on
volume status, and also on ventilatory settings, and
well illustrate the concept of heart–lung interactions
(Figure 19.7).

Another very practical application of the study of
heart–lung interactions regards adaptation of ventila-
tory settings in ARDS patients to hemodynamics and
especially to right ventricular function. For instance,
echocardiography can be used to check how well pa-
tients with severe ARDS tolerate increasing PEEP.26

High PEEP may impair right ventricular function by
two mechanisms: first, by overloading the right ventri-
cle during expiration when it is still overloaded by tidal
ventilation; second, by inducing severe hypercapnia re-
lated to a tidal volume decreased to avoid any increase
in plateau pressure above 30 cmH2O (Figure 19.8). Ex-

amples of adjustment of PEEP and plateau pressure,
in the light of the echocardiographic examination, are
demonstrated in Figures 19.9 and 19.10.

To conclude, cardiopulmonary interactions are cru-
cial to the understanding and management of many
diseases in the ICU and, especially, mechanically ven-
tilated patients and patients with severe asthma or
ARDS. Echocardiography, by its ability to analyze car-
diac function beat by beat during respiration, is the
most valuable tool to study these interactions. More
than an intriguing topic of conversation between phys-
iologists, the study of heart–lung interactions strongly
influences management: it yields new parameters of
fluid responsiveness, enhances understanding of the
impact of ventilatory settings on right ventricular func-
tion, and so enables adaptation of respiratory settings
to this function.
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CHAPTER 20

Ultrasound Evaluation of the Neck
and Upper Respiratory System

Christian Butcher

INTRODUCTION
Ultrasound of the neck and upper respiratory sys-
tem has many potentially useful clinical applications.1

Aside from vascular access (see Chapter 30), some of
these indications include confirmation of satisfactory
endotracheal tube placement, evaluation of the larynx,
guidance for percutaneous tracheostomy, and evalua-
tion of the paranasal sinuses. The data demonstrating
improved outcomes by using ultrasound for imaging
the upper airway remain scarce. However, there are
important opportunities to improve care for the inten-
sive care unit (ICU) patient that can be derived from its
use.

PARANASAL SINUSES
Ultrasound use for the evaluation of the paranasal si-
nuses was recognized in Europe as technically fea-
sible to confirm the presence of sinus disease as
early as the 1960s.2 However, widespread clinical ap-
plication emerged only recently with the development
of low-cost, high-quality bedside ultrasound imaging
technology. Earlier studies established ultrasound as
an alternative to computed tomography (CT) for the
diagnosis of maxillary sinus disease and described the
typical findings associated with sinusitis.3,4 With im-
provements in imaging, more recent reports focused
on improving the diagnostic accuracy of ultrasound
by performing postural maneuvers.5 In 2006, Vargas
and colleagues investigated the role of ultrasound for
performing transnasal puncture of the maxillary si-
nus in intubated ICU patients. In patients suspected
of having sinusitis, they found ultrasonographic evi-
dence of maxillary sinusitis in 70% of patients, and of
these, 93% had positive results from transnasal punc-
ture, demonstrating the comparability of ultrasound
to CT for the diagnosis and transnasal puncture of
sinusitis.6

There are no studies that describe an improvement
in ICU outcomes by using ultrasound instead of stan-

dard CT, even though a CT scan has more radiation,
is more expensive, and requires the transportation of
critically ill patients to and from the radiology depart-
ment and the use of valuable critical care nursing time.
There are important roles, however, for CT imaging of
the sinuses that cannot be duplicated with ultrasonog-
raphy. These include any planned surgical procedure
involving the sinuses, suspected sinus trauma, and sus-
pected malignant disease. This discussion focuses on
the use of ultrasound for the evaluation of paranasal
sinusitis.

Sinus disease is important to recognize in critically
ill patients because it is a source of fever, which leads
to costly diagnostic workups and empiric therapeutic
regimens.7,8 Additionally, maxillary sinus disease is an
independent risk factor for the development of nosoco-
mial lung infections.9 Although not studied in any sys-
tematic fashion, it is also conceivable that undiagnosed
sinusitis may lead to significant pain and agitation, re-
sulting in the increased use of sedatives and analgesics,
which could then delay extubation.

Technique
The anatomy of the paranasal sinuses is shown in
Figure 20.1. The sinuses most amenable to ultrasono-
graphic examination are the maxillary and frontal si-
nuses; however, most studies have been performed on
the maxillary sinus. The maxillary sinus is contained
within the maxilla, and is bordered by the orbital floor
superiorly, the hard palate inferiorly, the nasal wall me-
dially, and the zygoma laterally. In the normal state,
the sinus is air filled, thus impairing the transmission
of ultrasound energy. In this case, what is seen is the
anterior wall only, with some artifact known as “acous-
tic shadowing” (Figure 20.2), which obscures all under-
lying structures; this is considered a negative study.
When filled with fluid, ultrasound penetrates the ante-
rior wall, “travels” through the fluid, and strikes the
posterior or lateral walls and “reflects” back to the
transducer, resulting in an image of the sinus cavity
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Figure 20.1. Anatomy of the paranasal sinuses. (Source:
http://www.merck.com/mmpe/sec08/ch089/ch089a.html (in
public domain).)

in its entirety (Figure 20.3). This is known as a “sinuso-
gram,” which is a positive study. A partial sinusogram,
where only the posterior wall or a side wall is seen,
can occur due to the presence of an air-fluid level in
the sinus or mucosal thickening. The patient’s position
influences the appearance of the fluid in a partial si-
nusogram. In the supine position, fluid can “layer out”
away from the anterior wall, resulting in either acous-
tic shadowing or a partial sinusogram. However, when
placed in a semirecumbent or upright position, the fluid
(if present) will follow gravity and cover the floor of the
sinus, coming in contact with the anterior wall. When
imaged, this results in either a partial or complete sinu-
sogram, depending on how much fluid is present and on
the transducer orientation or angulation (Figure 20.4).

For a sinus ultrasound, patients can be placed in a
semirecumbent position. A 3–5 MHz cardiac probe with

Figure 20.2. Normal maxillary sinus showing anterior
wall only.

a small footprint is used. Proper transducer position is
demonstrated in Figure 20.5. The horizontal plane is
scanned first, angulating the probe cephalad (toward
the orbital floor) and caudally (toward the floor of the
sinus); this is followed by turning the transducer 90◦

and scanning from the medial to the lateral wall. The
technique is then repeated on the alternate side. A com-
plete ultrasound maxillary sinus scan, in contrast to CT
scanning, can be performed in <60 seconds (sec). If a
complete sinusogram is seen, no further evaluation is

Figure 20.3. Abnormal, fluid-filled maxillary sinus
showing anterior and posterior walls.

http://www.merck.com/mmpe/sec08/ch089/ch089a.html
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Supine Upright

Postural maneuvers may “bring” fluid 
forward (against the anterior wall) enabling 

insonation of the posterior wall

Figure 20.4. Diagram showing the effect of changing
patient position from supine to upright. Note that in
the supine position, fluid (dark blue) does not contact
the anterior wall, thus the ultrasound beam cannot
“penetrate.” However, in the upright position, the fluid
layers out inferiorly with gravity, and comes into
contact with the anterior wall. The ultrasound then
penetrates to the posterior wall, resulting in either a
partial sinusogram (if imaged vertically) or a
complete sinusogram (if imaged horizontally).

necessary and the patient should be treated for sinusi-
tis. If a partial sinusogram is obtained, postural maneu-
vers may help elucidate the cause: sinusitis vs. mucosal
thickening. Until proficiency with the ultrasound tech-
nique is mastered, bedside ultrasound can be corre-
lated with CT scan.

LARNYX/
ENDOTRACHEAL INTUBATION
In 1987, Raphael and Conard used B-mode 2D transtra-
cheal ultrasound to assess the capability of ultrasound
to visualize and confirm ETT placement (REF).10 In this
study, the investigators were primarily interested in
verifying the intratracheal placement in patients al-
ready known to have successful tracheal intubations.
The study was not attempting to identify esophageal
intubation or any other malposition. The authors sug-
gested that ETT cuffs be filled with saline to reduce
the acoustic impedance of the air-filled ETT balloon,
which would improve ultrasound transmission (similar
to having a full bladder during abdominal ultrasonog-
raphy). The contrast between the air-filled trachea and
saline-filled balloon allows the position of the ETT to
be identified more easily. It was also suggested that
a longitudinal view, combined with a slight to-and-fro
motion, could improve visualization. They concluded
that this technique was beneficial for certain patient

Figure 20.5. Proper transducer position. Top:
horizontal. Bottom: vertical.

populations like pregnant women or patients receiving
frequent chest radiographs to monitor ETT position.

A blinded, prospective study of 40 patients un-
dergoing elective surgery was performed to identify
esophageal intubation using 2D ultrasound.11 The au-
thors identified esophageal intubations with a sensitiv-
ity of 100% and correctly identified all five esophageal
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intubations, and 34 out of 35 tracheal intubations. Two
additional studies, using both live patients and cadav-
ers, confirmed the high sensitivity and specificity of 2D
ultrasound to evaluate ETT position.12,13 In addition,
improved sensitivity and specificity could be achieved
by using a dynamic approach (visualization of the tube
during placement) as compared with a static approach
(confirmation of placement after the fact).13

Endotracheal tube malposition in the right main-
stem bronchus can also be identified by using bilat-
eral pleural ultrasound.14 The parietal–visceral pleu-
ral interface can be easily identified with a high-
frequency probe (Figure 20.6). This interface, known
as the visceral-parietal pleural interface (VPPI), has a
characteristic “shimmering” appearance during lung
ventilation. The two pleural surfaces can be seen to
slide past one another, which is responsible for pro-
ducing the shimmering effect. If the ETT is positioned
in a mainstem bronchus, the sliding or shimmering will
either be greatly reduced or absent on the contralateral
side. This assumes that there is no anatomic airway
obstruction, such as an obstructing tumor, causing the
reduced or absent pleural shimmer, which could lead
to a false-positive test and inappropriate repositioning
of the ETT. This approach was confirmed by Weaver
et al.,15 using cadavers. The sensitivity for identifying
esophageal intubation was 95–100% and the sensitivity

Figure 20.6. Visceral-parietal pleural interface
(VPPI). Normal appearance of the pleural surfaces.
The white line “shimmers” during respiration.

for a right mainstem intubation versus a tracheal intu-
bation was lower, at 70–75%, using the sliding lung sign.

Other applications for upper airway ultrasound,
aside from verification of endotracheal tube position,
include appropriate ETT size selection, the prediction
of a difficult airway, and the prediction of postextuba-
tion stridor. Lakhal et al. studied whether or not appro-
priate selection of ETT size could be informed by using
translaryngeal ultrasound. After measuring the diam-
eter of the airway in the subglottic region by transla-
ryngeal ultrasound, the investigators then compared
their measurement to those obtained by using mag-
netic resonance imaging (MRI) and found a strong cor-
relation between the two measurements. The authors
suggested that ultrasound could accurately gauge the
diameter of the subglottic airway and could guide se-
lection of an appropriately sized ETT.16

Pretracheal soft tissue (PST) swelling is identified as
a risk factor for difficult laryngoscopy and can be iden-
tified using ultrasound.17 Patients were clinically clas-
sified as either “difficult” or not, followed by ultrasono-
graphic quantification of PST. Difficult patients had PST
measurements of 28 ± 2.7 millimeters (mm), compared
with 17.5 ± 1.8 mm for nondifficult laryngoscopy. These
findings were refuted by Komatsu, who concluded that
ultrasound quantification was unable to predict sub-
sequent difficult laryngoscopy in a cohort of obese
patients.18 While having a noninvasive tool to assist
with predicting difficult laryngoscopy and difficult-to-
intubate patients, the data available are equivocal for
this indication.

Ding and colleagues studied whether translaryn-
geal ultrasound measurements of airway column width
around the endotracheal tube could predict postextu-
bation stridor. A preextubation air leak test and ultra-
sonographic measurements of air column widths were
obtained on intubated patients. The air column width
was measured with the balloon inflated and deflated.
The patients who developed stridor had an air leak at
25 cc compared with 300 cc in the nonstridor group.
The air column width in the normal group was 6.4 mm,
compared with 4.5 mm in the stridor group. The
authors concluded that preextubation translaryngeal
quantification of the air column width could help iden-
tify patients at risk for postextubation stridor.19 There
are several limitations to this study, including the ef-
fect of endotracheal tube size on air column width and
the presence of secretions, which would decrease air
column width measurements. Although inconclusive,
this represents an exciting opportunity for further in-
vestigation.
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Technique

Endotracheal tube malposition is a common problem
in the ICU. Accordingly, most of the data on the use
of ultrasound for airway management focuses on the
verification of ETT position. Two basic techniques are
available for this purpose: translaryngeal ultrasound
to evaluate the proximal trachea and evaluate for prox-
imal malposition, and pleural ultrasound to evaluate
for distal malposition of the ETT.

Translaryngeal 2D ultrasound for visualization of the
ETT is best performed longitudinally during ETT place-
ment, so called “dynamic guidance.” This requires that
the ultrasound equipment be readily available during
intubation. A midline longitudinal view, using a 5–7 MHz
linear array (vascular) probe, through the larynx at the
level of the cricoid cartilage is optimal. The “depth”
of the image should be set deep enough to visualize
the tracheal lumen and not just the anterior tracheal
wall. Remember that air produces significant artifact
due to its high acoustic impedance and structures lying
deeper to air will generally not be seen. However, with
careful examination and practice, the presence of the
ETT can be seen with this view as an echogenic stripe
lying deep to the anterior tracheal wall. While this may
initially be considered a reverberation artifact from the
tracheal wall itself, with further practice, the anterior
surface of the ETT can be appreciated, particularly in
the setting of a “high,” or subglottic intubation. In this
case, the echogenic stripe does not continue the en-
tire length of the image (Figure 20.7). Angulation of the
probe under the manubrium is sometimes necessary
to visualize the tip of the ETT (Figure 20.8). In cases
of a relatively low intubation, the tip will not be seen.
To enhance this technique, a transverse ultrasound ex-
amination looking for the curved, echogenic contour
of the anterior endotracheal tube may be helpful (Fig-
ure 20.9). Again, angulation under the manubrium may
be required. In general, if the tip of the tube is seen
without significant angulation under the manubrium in
either the longitudinal or transverse view, it is likely
to be within the proximal trachea and may require ad-
vancement.

Pleural ultrasound (see Chapter 22), is an extremely
useful tool to evaluate for esophageal intubation, con-
firm tracheal intubation, and determine mainstem in-
tubation in most patients. Conveniently, the same
probe used for translaryngeal ultrasound (linear array,
5–7 MHz) can also be used to evaluate the VPPI. As
discussed above, in cases of satisfactory tracheal in-
tubation, and in the absence of unilateral airway ob-

Figure 20.7. Longitudinal view through the trachea
showing the distal tip of the endotracheal tube (bright
white line).

struction from a tumor or foreign body, there will be
bilateral and equal pleural sliding during respiration.
In cases of esophageal intubation, there will be mini-
mal or no pleural sliding (caused by the cardiac cycle,
known as the lung pulse). This would be associated
with desaturation, reduced breath sounds, epigastric
gurgling with bagging, and an undetectable end-tidal
CO2 prompting immediate tube removal and tracheal
reintubation. In cases of distal malposition, such as
a right mainstem intubation, there would be vigorous
pleural sliding on the right, with diminished or absent
sliding on the left. There is importance in comparing
one side of the chest to the other, similar to techniques

Figure 20.8. Angulation of the probe to image
inferiorly to the manubrium.
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Figure 20.9. Transverse view through the trachea
showing the anterior surface of the endotracheal tube
(bright white, curvilinear structure).

of lung auscultation learned in medical school. A com-
bined approach of translaryngeal ultrasound to iden-
tify proximal malposition of the ETT, paired with pleural
ultrasound to identify distal malposition, may be a
viable alternative to chest radiography to verify tube

position. Figure 20.10 demonstrates an algorithm that
we use for this purpose. This same basic technique
can be applied to other situations, such as confirming
proper double lumen ETT placement.1 The limitations
of using lung sliding to verify endotracheal tube po-
sition include the presence of any process that causes
loss of lung sliding such as pneumothorax, pleural scar-
ring, or severe parenchymal lung disease that prevents
lung inflation (e.g. severe ARDS or pneumonia).

PERCUTANEOUS TRACHEOSTOMY
Percutaneous dilatational tracheostomy (PDT) has be-
come the procedure of choice for providing long-term
airway access in many institutions. Once considered
only for “ideal” candidates, the procedure is now be-
ing performed safely in the morbidly obese and in
those with prior neck surgery or coagulopathy. Re-
cently, there has been significant attention to studying
the application of ultrasound to PDT to reduce com-
plications, especially in patients belonging to high-risk
groups.

Examination of the anterior neck prior to surgical
tracheostomy was first described by Bertram et al.
in 1995,20 in a study in which 50 patients underwent
an ultrasound evaluation of the neck prior to the op-
eration. This study established the feasibility of per-
forming a targeted ultrasound examination to identify
anatomic variations that may complicate the proce-
dure. Sustic et al. first reported on the use of ultrasound
guidance for percutaneous tracheostomy,21 and the

Translaryngeal U/STranslaryngeal U/S

Intratracheal?Intratracheal?

Tip visible?1Tip visible?1 Remove and reintubateRemove and reintubate

Pleural U/S2Pleural U/S2

Bilateral sliding pleura?Bilateral sliding pleura?

Tube position OKTube position OK

Chest RadiographChest Radiograph Pull tube back 1-2 cmPull tube back 1-2 cm1.    “too high”1.    “too high”
2.    “too low”2.    “too low”

May be too high,
assure no cult leak,

measure distance below
VC

May be too high,
assure no cult leak,

measure distance below
VC

yes

yes

yes

yes

no

no

no

no

Effusion or PTX?Effusion or PTX?

Confirm with auscultation, ETCO2, etcConfirm with auscultation, ETCO2, etc

Figure 20.10. Algorithm for determining satisfactory
endotracheal tube placement.
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clinical utility of this technique has been confirmed in
several other reports.22−25 These studies demonstrate
the benefits of ultrasound for both the selection of an
insertion site and an appropriately sized tracheostomy
tube,26 in addition to allowing visualization of aberrant
anatomy.

Although safe, PDT can be associated with life-threa-
tening complications, such as severe bleeding and mal-
position. Most bleeding events are delayed two to three
weeks after placement, and are due to erosion of the
brachiocephalic artery caused by the high-pressure
tracheostomy tube cuff. However, bleeding can also
occur at the time of tracheostomy placement. A recent
case of fatal hemorrhage following PDT was reported.27

In this case, the authors cited the cause of hemorrhage
as an aberrant right subclavian artery, following thy-
roid surgery that coursed high in the neck at the level of
the cricoid cartilage before turning toward the extrem-
ity. In a follow-up letter, Gwilym and Cooney28 reported
their experience with hemorrhage caused by injury to
the lowest thyroid artery during PDT. Ultrasound map-
ping of the neck was not performed in either case,
although the latter group now uses ultrasound reg-
ularly. Additionally, Muhammad and colleagues pub-
lished their series of 497 cases in which bleeding oc-
curred in 5%, usually due to an inferior thyroid vein,
brachiocephalic vein, or high communicating anterior
jugular vein.29 Clearly, aberrant vascular anatomy ex-
ists and should be screened for.

Malposition is another complication of PDT. How-
ever, the selection of an appropriate insertion site
minimizes risk. Proximal malposition could cause
damage to the vocal cords at the time of insertion
(immediate damage), or could cause the tracheostomy
tube to lie directly underneath the vocal cords
and damage them over time, resulting in permanent
vocal cord dysfunction and hoarseness. Distal mal-
position could result in the tip of the tracheostomy
tube abutting the carina during neck flexion or lying
in a mainstem bronchus. Contact with the carina re-
sults in cough, patient-ventilator dysynchrony, difficult
suctioning, suction trauma, and bleeding. Using ultra-
sound, the tracheal cartilages can be counted and the
appropriate site marked on the skin, usually between
the second and third tracheal cartilage, which can eas-
ily eliminate proximal malposition. Careful ultrasound
examination to identify the insertion site reduces the
incidence of cranial malposition from 33% to 0%.30 In
addition, the distance from the carina to the subglot-
tic area can be measured by bronchoscopy, providing
a rough estimate of tracheal length, which minimizes
the risk of distal malposition. Therefore, using these

two techniques, malposition of any kind can be virtu-
ally eliminated.

Another potential complication of PDT, as commonly
performed, is hypercarbia. Most procedures are en-
doscopically guided, which is associated with hyper-
carbia when compared to surgical tracheostomy or
tracheostomy with ultrasound guidance alone (with-
out bronchoscopy). In one study comparing pCO2 lev-
els in patients undergoing endoscopically guided PDT,
ultrasound-guided PDT, or surgical tracheostomy, the
pCO2 increased up to 24 mm Hg in the bronchoscopy
group, compared with 8 mm Hg in the ultrasound group
and 3 mm Hg in the operative group.31 This has implica-
tions for patients in whom hypercarbia is undesirable,
such as neurotrauma patients or patients with elevated
intracranial pressure.

Technique
Selection of an appropriately sized tracheostomy tube
can be aided by ultrasound in several ways. A B-mode
scan of the pretracheal soft tissues, utilizing a 7 MHz
linear array probe, allows an estimation of the distance
from the skin to the anterior tracheal wall. Based on this
information, the operator can choose either a standard
tube for small distances or one with a proximal long
segment for longer distances. This measurement can
be performed in either a longitudinal or transverse ori-
entation (Figure 20.11) and is best performed at the pro-
posed insertion site. Also, the diameter of the trachea
can be easily estimated by a transverse measurement
of the tracheal lumen, again at the level of the proposed
insertion site. This measurement guides the selection
of a tube with a compatible diameter (Figure 20.12).

Selection of an insertion site is easily accomplished
with a midline, longitudinal view of the trachea from
cricoid cartilage to sternal notch (Figure 20.13). The
tracheal cartilages can be counted, and the appropri-
ate site can be marked on the skin, usually between the
second and third tracheal cartilage. This, of course, re-
quires that the patient be sedated enough that there is
no movement of the head or neck between skin mark-
ing and tracheostomy insertion. If movement occurs
during this window, the area needs to be rescanned to
confirm that the skin mark is still appropriate.

After selection of an insertion site, a scan of the
overlying tissues with color-flow Doppler should be
performed to identify any vascular structures at risk
for damage during the procedure. This is performed in
both a longitudinal and transverse orientation to look
for “bridging” jugular veins, high brachiocephalic ves-
sels, or thyroid veins or arteries. When examining the
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Figure 20.11. Measuring the pretracheal soft tissue
to help with proper tracheostomy tube selection.
Distances much greater than 2.5 cm may require a
proximal long tracheostomy type.

Figure 20.12. Measuring the tracheal diameter to aid
proper tracheostomy tube selection.

Figure 20.13. Midline longitudinal view of trachea,
showing the tracheal rings. Superior is to the left,
inferior to the right. The ring furthest to the left is the
fist tracheal ring. The thumb indicates the desired
insertion site.

trachea transversely, the thyroid gland, including both
lobes, the isthmus, and the location of the carotid arter-
ies and jugular veins, especially in patients with prior
neck surgery, should be examined (Figure 20.14).

Cannulation of the trachea can be visualized under
dynamic guidance. To achieve this, a longitudinal view
just lateral to the midline is obtained. The cannulation
needle is then applied to the skin in the midline; the nee-
dle causes an indentation of the subcutaneous tissue
(Figure 20.15), which approximates the needle tract.

Figure 20.14. Transverse view through the trachea,
showing the right lobe of the thyroid gland as well as
the thyroid isthmus.
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Figure 20.15. Cannulating the trachea under dynamic
guidance utilizing a longitudinal ultrasound view.

The needle position can be adjusted either caudally
or cranially, until this indentation overlies the desired
puncture site. This is called longitudinal positioning.
Once the desired longitudinal position is achieved, the
probe can be rotated 90◦ to guide the transverse posi-
tion of the needle (Figure 20.8). Transverse position is
less important than longitudinal position, as the punc-
ture site is somewhat anterior. The ultrasonographic
view is seen in Figure 20.16. When the needle is in the
desired position, cannulation can occur in the conven-
tional manner. After tube placement, especially if bron-
choscopy is not used to verify tube position, remember
to scan the anterior chest bilaterally for sliding pleura;
this confirms an intratracheal placement that is not too
low.

In our practice, ultrasonography has not replaced
bronchoscopy in the guidance of PDT. Bronchoscopy
retains certain advantages, including the direct visual-
ization of the position of the ETT during withdrawal and
visualization of the posterior tracheal wall during nee-
dle cannulation and dilation. Additionally, in cases of
overzealous ETT tube withdrawal, one can easily rein-
tubate the trachea over the bronchoscope.

Figure 20.16. Transverse view through the trachea
showing cannulation in the midline. The needle
position can be adjusted under ultrasound
guidance to assure a midline puncture. The
acoustic shadow can be seen as two angled vertical
lines overlying the mid portion of the tracheal
ring.

SUMMARY
Ultrasound examination of the neck and upper airway
has many useful clinical applications in the ICU. Maxil-
lary sinusitis is commonly overlooked, yet easily iden-
tifiable with ultrasound, sometimes obviating the need
for CT. Confirmation of ETT placement, probably the
most common indication for “STAT” portable chest ra-
diographs in the ICU, can be achieved with a high de-
gree of confidence by using ultrasound. Percutaneous
tracheostomy can be made even safer by performing a
few simple scans to identify aberrant anatomy and to
locate an appropriate insertion site. Utilization of this
technology can help provide timely, cost-effective, and
safe care for patients.
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CHAPTER 21

Ultrasound Evaluation of the Pleura
Lewis Eisen and Peter Doelken

INTRODUCTION
Pleural ultrasonography has great utility for the in-
tensivist. As early as 1967, it was apparent that ultra-
sound was ideally suited for the detection of pleural
effusions.1 In addition to permitting imaging of pleu-
ral effusions, thoracic ultrasonography can also detect
less common pleural pathology and is ideally suited to
guide thoracentesis and other pleural procedures.

GENERAL CONSIDERATIONS IN
PLEURAL ULTRASOUND
Ultrasound examination of the pleura is influenced
by the surrounding structures. The ribs completely
absorb ultrasound waves and prevent deeper struc-
tures from being visualized. In contrast, air reflects
ultrasound. The surface of aerated lung will reflect
most of the ultrasound waves. The point of reflec-
tion is immediately below the pleura. However, if the
lung is consolidated or atelectatic, it can be readily
visualized.

In addition to the artifacts seen in other aspects of
medical ultrasonography, there are specific artifacts,
such as rib shadowing, that are found commonly in
pleural ultrasound. Air reverberation artifacts, which
originate below the pleura, are another artifact type
that can be commonly observed by clinicians (see
Chapter 22). Translational artifacts, due to patient
breathing or mechanical ventilation, may also confuse
the examiner.2

Obesity and subcutaneous edema can degrade im-
age quality. Significant edema may also present prob-
lems in judging the depth for procedures. The presence
of subcutaneous air will make visualization of deeper
structures problematic. The use of firm pressure on the
skin and the use of a coupling medium will reduce some
artifacts. Artifacts are often visible in only one scan-
ning plane, so changing the probe angle may cause ar-
tifacts to disappear. Furthermore, artifacts usually will
not move with the respiratory cycle. The observation
of an image throughout several respiratory cycles often
clarifies the issue.

ULTRASOUND MACHINE
REQUIREMENTS AND
MACHINE CONTROL
Pleural ultrasonography can be performed with many
different types of two-dimensional ultrasound ma-
chines. Doppler capability is not needed. A probe with
a small enough “footprint” to easily fit between rib
spaces should be used. The preferred ultrasound probe
is a sector or curved-array transducer with a frequency
of 2–5 MHz (typically 3.5 MHz). Probes with higher fre-
quencies can visualize the pleural surface but lack ad-
equate penetration for most clinical applications.

In order to enhance one’s knowledge of pleural ultra-
sonography, the use of a uniform probe orientation and
screen marker is suggested. This allows easy compar-
ison of images with those found in the literature. Fur-
thermore, the recording and reporting of images will
be standardized. The machine should be prepared so
that the image marker on the screen is in the upper
left corner of the screen. In longitudinal scanning, the
probe should be oriented with the marker positioned
cephalad. If this orientation is maintained, the cepha-
lad projection will always be on the left of the screen.

Before making any clinical judgments, the clinician
should set the gain and depth on the machine. The gain
should be set so that images of the pleural surface and
chest wall are optimized. Additionally, gain should be
adjusted so that deeper structures such as the liver or
spleen are clearly visualized. It is recommended that
the depth setting first be set to near-maximum depth,
which allows for a general overview of the entire area
and prevents oversight of deeper structures. When bet-
ter visualization of the pleural surface and superficial
structures is required, the depth setting can be ad-
justed to allow for better magnification of near-field
structures.

NORMAL PLEURAL EXAMINATION
The pleural ultrasound examination should be per-
formed in a systematic fashion. With the probe ap-
plied in an interspace in a longitudinal orientation, the
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pleural surface appears as a bright line between the
chest wall and the air artifact of the lung. By sliding the
probe longitudinally along the chest wall, adjacent in-
terspaces can be examined. After completing an entire
scan line, the probe can be moved medially or laterally
and another scan line can be obtained. In this way, a
near-complete mapping of the pleura can be obtained.
The diaphragmatic pleura can be viewed through a
transhepatic approach. On the patient’s left side, in the
absence of pleural fluid, the full length of the diaphrag-
matic pleura may not be visible due to air artifact. How-
ever, in most cases, clinically relevant information can
still be obtained. The mediastinal pleura generally can-
not be visualized with a transthoracic probe. The vis-
ceral subcostal pleura may be obscured by rib shadow-
ing. As the intensivist becomes more skilled in image
acquisition, changing of probe angle or alteration of
patient position can overcome this problem.

The normal pleura is 0.2–0.4 millimeters (mm)
thick.3 Although the frequency of the probe used for
general ultrasonography cannot individually resolve
the parietal and visceral pleura, this does not have
any clinical relevance for the intensivist. A complete
ultrasound examination of the pleura in the ambula-
tory patient is usually performed with the patient in an
upright position. This poses particular problems for
the intensivist because patients are in the supine posi-
tion while mechanically ventilated and sedated. Fortu-
nately, many abnormalities can be detected via an ante-
rior and lateral thorax examination of a supine patient.
If the posterior chest must be examined, the supine pa-
tient may be placed in a lateral decubitus position. If a
major change in a patient’s position is required to per-
form pleural ultrasonogaphy, the intensivist must pay
careful attention to support lines and tubes to avoid
unplanned device removal.

PLEURAL EFFUSION
Pleural effusion is a common problem in the in-
tensive care unit (ICU). Mattison et al. reported a
prevalence of 62% in medical ICU patients.4 The most
common causes were heart failure, atelectasis, para-
pneumonic effusion, and hepatic hydrothorax. Malig-
nancy accounted for 3.2% and empyema accounted for
1.6%. Compared with patients without effusions, pa-
tients with effusions are sicker and have longer ICU
stays and longer durations of mechanical ventilation.

Ultrasonography is well suited for the identification
and evaluation of fluid because fluid is less echogenic
than soft tissue. Many studies have demonstrated the
usefulness of ultrasound for this indication. Pleural

effusions as small as 3–5 milliliters (mls) can be de-
tected ultrasonographically.5 Clinical examination is
neither sensitive nor specific for the detection of pleu-
ral effusion.6 Pleural ultrasonography is superior to
standard chest radiography in detecting the presence
of pleural effusions and in distinguishing pleural effu-
sions from atelectasis or pleural thickening.5,7 Com-
pared with the “gold standard” of chest computerized
tomography (CT) scan, pleural ultrasound has 93% sen-
sitivity and specificity for pleural effusions.8 When a
patient has complete opacification of a hemithorax, ul-
trasound has 95% sensitivity for pleural effusion.9

The supine chest radiograph in patients in the ICU
has poor performance characteristics for the detec-
tion of pleural fluid. Intensive care unit radiographs
suffer from problems with penetration, rotation, and
magnification. In the supine patient, pleural effusions
accumulate in dependent areas. Thoracic opacities in
a supine chest radiograph may be caused by pleural ef-
fusions, atelectasis, consolidation, or any combination
of these processes. For example, a patient with acute
respiratory distress syndrome may have all three of
these processes. Pleural ultrasound outperforms chest
radiography when compared with chest CT for this
indication.8 ICU radiographs often cannot distinguish
between pleural and parenchymal abnormalities.10−12

In a series of ICU patients, supine radiographs detected
only 61.4% of the incidents of pleural fluid as compared
with those detected by ultrasound.13 The gold standard
in this case was withdrawal of pleural fluid during tho-
racentesis.

Free-flowing pleural effusions will layer posteriorly
in the thorax of the supine patient. Patients with multi-
ple lines or compromised hemodynamic and oxygena-
tion status will be difficult to position sitting upright
in bed. If the patient is supine, the bed may prevent
the easy visualization of small pleural effusions. One
option is for the examiner to place the transducer in
the posterior axillary line while angling the probe up
toward the center of the body to visualize smaller ef-
fusions. In unstable patients who have effusions that
are difficult to visualize, positioning the patient in a lat-
eral decubitus position may be helpful. The examiner
should always identify three findings (Table 21.1) indi-
cating the presence of a pleural effusion (Figure 21.1,
and Video 21.1 in enclosed DVD).

1. Anatomic boundaries: This requires clear identifica-
tion of the diaphragm and subdiaphragmatic organs
(liver or spleen, depending on the side), the chest
wall, and the lung, which should be clearly differen-
tiated from the pleural effusion.
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TABLE 21.1. Ultrasonographically detectable
characteristics helpful in pleural effusion
evaluation

1. Pleural effusion boundaries
Chest wall, diaphragm with underlying liver or
spleen, lung, heart, spinal column

2. Dynamic signs
Floating lung, sinusoid sign, curtain sign,
undulating fronds or strands, swirling particles

3. Echogenicity
Anechoic, homogeneously echogenic,
heterogeneously echogenic (complex),
strands, fronds, septations, particles

4. Semiquantitative assessment of effusion volume

2. Echo-free space: The relatively echo-free space sur-
rounded by typical anatomic boundaries is the pleu-
ral effusion.

3. Dynamic changes: Characteristic changes for a pleu-
ral effusion should be identified.

In the supine position, the examiner should start scan-
ning in the posterior axillary line. The diaphragm
should be visualized as a curved structure that moves
with respiration. Its location should be confirmed by
clearly identifying the subdiaphragmatic structures.
Generally, pleural fluid will be less echogenic than the
adjacent liver or spleen. Rarely, a complex pleural effu-
sion will have echogenicity similar to these organs. The
misidentification of pleural fluid in this instance could
have deleterious effects if thoracentesis is planned.

Figure 21.1. Large pleural effusion showing
characteristic anatomic boundaries: diaphragm, chest
wall, and atelectatic lung surrounding a hypoechoic
pleural effusion.

Figure 21.2. Small pleural effusion showing
characteristic anatomic boundaries: diaphragm, chest
wall, and atelectatic lung with adjacent hypoechoic
pleural effusion. The atelectatic lung has the same
echogenicity as the adjacent liver.

The inside of the chest wall, because it is a stationary
structure, should not undergo dynamic changes with
respiration. Local lung tissue will generally have tissue
density, but becomes atelectatic when it is compressed
by the neighboring pleural effusion and appears as a tis-
sue density structure on ultrasonographic examination
(Figure 21.2, and Video 21.2 in enclosed DVD).

This is termed sonographic hepatization of lung,
as sonographically, atelectatic lung has the same
echodensity as liver. The compressed lung can be visu-
alized floating in the pleural fluid. This has been termed
lung flapping or the jellyfish sign (Video 21.3 in enclo-
sed DVD). Aerated lung may move into the scanning
field during the respiratory cycle. Interposition of aer-
ated lung into the scanning plane will block visualiza-
tion of deeper structures. This has been termed the
curtain sign (Video 21.4 in enclosed DVD). If the opera-
tor is familiar with M-mode ultrasound, examination of
the pleural surface generally will show a sinusoid sign,
indicating dynamic movement of the pleural surface
within a fluid-filled space. (Figure 21.3).14

Other findings characteristic of pleural effusions in-
clude the plankton sign (Video 21.5 in enclosed DVD),
which is caused by swirling debris agitated by car-
diac or respiratory motion in a pleural effusion. Fib-
rin strands may be seen moving in synchronization
with cardiac pulsations or respiratory motion (Video
21.6 in enclosed DVD). These strands may be visibly
connected to one or more of the pleural surfaces. The
hematocrit sign may be observed in cases of cellular
pleural effusions of different etiologies. The effusion is
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Figure 21.3. Sinusoid sign. M-mode ultrasonography
of a pleural effusion shows the hypoechic pleural
effusion and movement of the lung during respiratory
cycling. This is a convenient method of documenting
the presence of a pleural effusion without storage of a
video clip.

layered into two phases of different echogenicity by its
gravitational effect (Video 21.7 in enclosed DVD).

In addition to the identification of a pleural effu-
sion, the examiner should seek to characterize the fluid
and quantify its amount (Table 21.2). Several authors

TABLE 21.2. Key concepts and findings in
pleural ultrasonography

1. Anatomic boundaries: diaphragm, chest wall,
ribs, visceral pleura, lung (normal, consolidated,
or atelectatic)

2. Other structures: liver, spleen, kidney, heart,
spinal column, aorta, IVC

3. Dynamic findings: diaphragmatic motion,
floating lung, lung point, respirophasic shape
changes (sinusoid sign)

4. Characterization of pleural fluid: echogenicity,
presence of strands/debris/septation

5. Miscellaneous findings: pleural-based lesions,
masses, or thickening

6. Semiquantitative assessment of fluid volume

7. Limits of pleural ultrasonography: inadequate
image quality due to technical limitations,
hemothorax, echo dense purulent fluid, mimics
of effusion

8. Significance of lung sliding, B-lines, seashore
sign, lung point, stratosphere sign for evaluation
of pneumothorax

have developed rules to quantify the amount of fluid
in the pleural space with reasonable accuracy.15−18

In most circumstances, it is sufficient to qualitatively
judge a pleural effusion as small, moderate, or large.
The echogenecity of the fluid should be characterized.
Transudates are almost always anechoic.19 However,
they may also have a complex nonseptated pattern.20

They should not have a homogenous exudative or sep-
tated pattern. Highly cellular exudates may be homoge-
nously echogenic. Echogenic swirling patterns are sug-
gestive of exudates (particularly malignant effusion);
however, this pattern can also be seen occasionally
in transudative effusions.21 Exudative effusions may
have an echogenic pattern that is not homogenous.
Debris, strands, or septations may be visible. In the
case of parapneumonic effusions, these structures in-
dicate either a complicated parapneumonic effusion or
an empyema.22 Patients with septated effusions visi-
ble on ultrasonography require longer hospital stays,
longer chest tube drainage, and more often require fib-
rinolytic therapy or surgery for adequate drainage (Fig-
ure 21.4, and Videos 21.8–11 in enclosed DVD).20 Pleural
ultrasound is superior to CT scan in visualizing septa-
tions within a pleural effusion.23

The most complicated effusions are loculated. Locu-
lated effusions characteristically occur in a nondepen-
dent position and do not move with changes in body
position. Loculated effusions consist of thick-walled
circular fluid collections. A complete pleural ultra-
sound is required to identify the presence of a loculated
effusion because its position may be nondependent.

Once pleural fluid has been characterized by ul-
trasound, the intensivist is left with the question of
whether thoracentesis should be performed. Thora-
centesis is a safe procedure in the ICU, even in me-
chanically ventilated patients.13,24−28 For a particular
patient, the intensivist should assess the risk and

Figure 21.4. Complex septated pleural effusion.
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benefits of thoracentesis. A distance of >15 mm from
the chest wall to underlying structures should be vi-
sualized. The intensivist should observe multiple res-
piratory cycles to avoid interposition of any vital
structure.29

Once the feasibility is assured, thoracentesis may
be performed for diagnostic or therapeutic reasons.
Tu and colleagues studied 94 febrile ICU patients
with pleural effusions. A total of 61.7% had infectious
exudates of which 15/95 (16.0%) were empyemas. Sub-
group analysis of those patients with empyema showed
that all of the patients with empyema had either a com-
plex hyperechoic pattern, a complex septated pattern,
or a homogenously echogenic pattern. They concluded
that in the febrile patient, nonechoic and hypoechoic
effusions do not require immediate thoracentesis
because they are unlikely to represent empyemas.22

Fartoukh et al. studied routine thoracentesis of pleural
effusions in the ICU. They concluded that of the 82
patients without contraindication to thoracentesis,
the presumptive diagnosis was changed in 45.1% of the
patients and treatment was changed in 35.4%.24 This
evidence indicates that, in an ICU patient meeting stan-
dard indications, thoracentesis should be performed.

The benefits of therapeutic thoracentesis have been
harder to prove. Ahmed et al. performed thoracentesis
on 22 ventilated patients in the surgical ICU. The
mean fluid removed was 1262 mL. Drainage of pleural
effusions resulted in increased oxygen delivery and
consumption. There was a reduction in pulmonary cap-
illary wedge pressure, and the pulmonary arteriove-
nous shunt decreased.30 Doelken et al. demonstrated a
reduction in the work of breathing after thoracentesis
in eight patients receiving mechanical ventilation.31

However, no change in respiratory system resistance,
compliance, intrinsic positive end-expiratory pressure
(PEEP), or gas exchange was evident. Because all of
these individual measurements offered only a limited
assessment of a complex system, the clinician should
weigh the risks and benefits of thoracentesis in each
patient. In our opinion, thoracentesis of large pleural
effusions helps liberate patients from mechanical venti-
lation; however, more research in this area is required.

SOLID PLEURAL ABNORMALITIES
A variety of solid pleural abnormalities may be vi-
sualized as echogenic structures within the pleural
space. Benign pleural tumors such as benign mesothe-
lioma, lipomas, or chondromas may be seen. They will
be surrounded by a distinct capsule and will not in-
vade tissue planes. A complementary imaging modality
may be required for confirmation. Malignant mesothe-
lioma will have hypoechoic thickening of the pleural
surface with irregular or indistinct borders. Malignant
mesothelioma may invade the diaphragm or chest wall.
It may also be nodular in character. Pleural metastatic
disease will often be accompanied by a pleural effusion.
Metastatic lesions are frequently multiple. Their echo-
genecity is variable. Chest wall and diaphragmatic in-
vasion will be apparent. Two case series demonstrated
the value and accuracy of ultrasound for detecting
chest wall invasion by lung cancer.32−33 Pleural fibro-
sis is the end result of multiple types of pleural injury.
Pleural thickening will be evident. Respiratory move-
ment will be diminished or absent at this location.34

In addition to helping to characterize lesions, pleural
ultrasonography is ideally suited for guiding biopsy.
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CHAPTER 22

Ultrasound Evaluation of the Lung
Paul H. Mayo

INTRODUCTION
Lung ultrasonography is easy to learn, simple to per-
form, and has strong clinical utility for the critical
care clinician. Interestingly, radiologists have not been
instrumental in developing critical care applications
of lung ultrasonography. Perhaps because lung ultra-
sonography in the intensive care unit (ICU) is a purely
beside technique, it required a frontline ICU clinician
to develop the field. Dr. Daniel Lichtenstein is respon-
sible for developing critical care lung ultrasonography.
In the 1990s, he published a series of landmark arti-
cles that defined the important features of the field.
He also developed the semiology of lung ultrasonog-
raphy that is in current use. Based on his original
work, in the past few years there have been numer-
ous published studies from other groups, which have
served to validate and expand the field. This section
will review critical care applications of lung ultrasono-
graphy.

BASIC PRINCIPLES OF LUNG
ULTRASONOGRAPHY
Air is the enemy of the ultrasonographer. There is a
large difference in the acoustic impedance and veloc-
ity of ultrasound between tissue and air. This leads to
a reflection of the ultrasound wave at any air–tissue
interface. When combined with the unfavorable atten-
tuation coefficient of air, this leads to the homoge-
neous amorphic grayness that occupies the ultrasound
screen deep to a tissue–air interface. This frustrates
any attempt to scan through air to deeper body struc-
tures.

The normal alveolar lung parenchyma is filled with
air, so that lung is not visible as a discreet struc-
tural entity with ultrasonography. Air blocks the vi-
sualization of normally aerated lung. When a disease
process reduces the amount of air within the lung,
ultrasound findings change in a predictable fashion.
Atelectatic lung is airless, and appears as a discrete
structure with tissue density. Likewise, lung that is con-
solidated from pneumonia appears as a well-defined hy-

perechoic structure. Lung that is edematous, though
still aerated, has ultrasonographic findings that are
different from normally aerated lung. One of the lim-
itations of lung ultrasonography is that abnormalities
that are surrounded by aerated lung cannot be visual-
ized. Fortunately, most lung processes that are of in-
terest to the intensivist (e.g., pneumonia, hydrostatic
pulmonary edema, lesional edema) extend to the pe-
riphery of the lung. The effect that fluid accumulation
has on ultrasonographic findings is summarized in Fig-
ure 22.1. Lung ultrasonography demonstrates a spec-
trum of patterns that depends on the ratio of air to fluid:
from a normal aeration pattern to alveolar/interstitial
edema and finally to a tissue density pattern. Each
of these findings may have major implications for the
management of the critically ill patient.

MACHINE REQUIREMENTS
Lung ultrasonography may be performed with a wide
variety of ultrasound machines with two-dimensional
(2D) scanning capability. It was fully described using a
machine manufactured in 1990. A 3.5–5.0 MHz trans-
ducer of convex sector design works well. Vascular
transducers of higher frequency may also yield service-
able images, although the examination may be limited
by a lack of penetration in the larger patient. A micro-
convex transducer has the advantage that it fits well
between rib interspaces. As lung ultrasonography will
generally be performed in the context of a whole body
approach, many groups use a cardiac transducer for
general critical care ultrasonography (lung, pleura, ab-
dominal) to reduce cost. Transducers of linear design
may be used, but these are difficult to use in a lon-
gitudinal scanning orientation in the thin individual.
Paradoxically, high-end, recent generation ultrasound
machines may yield inferior lung ultrasound images
compared with machines from the 1990’s. Complex
image smoothing technology that is appropriate for
advanced cardiac imaging may provide suboptimal re-
sults for lung ultrasonography. When using this type of
machine, the operator may have to bypass machine
settings in order to obtain a basic or fundamental
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Figure 22.1. Pneumothorax and normal aeration
pattern yields A line pattern (image 1) with a high
air/fluid ratio. Lung edema cause B lines with a
moderate air/fluid ratio (image 2). Pleural fluid and
alveolar consolidation (seen together in image 3) with
a very low air/fluid ratio. The amount of fluid relative
to air results in the characteristic ultrasound patterns
of thoracic ultrasonography.

ultrasound image with the clear near-field resolution
necessary for lung ultrasonography.

PERFORMANCE OF LUNG
ULTRASONOGRAPHY
By convention, lung ultrasonography is performed in
a longitudinal scanning plane with the transducer held
perpendicular to the skin surface. Multiple sites on the
chest are scanned in sequence. It is advisable to scan
the thorax using a standard section approach, as re-
sults can then be reported in reference to a particular
area. For this purpose, the chest may be divided into an
anterior and lateral area. The anterior area is bordered
by the sternum and the anterior axillary line, while the
anterior and posterior axillary lines border the lateral
area. Many patients who are critically ill are in a supine
position. This represents a challenge to the ultrasono-
grapher because the posterior thorax may be difficult
to image by virtue of being blocked by the surface of
the bed. This is frequently an important area to image
because pleural effusions and posterior consolidation
are found in the dependent thorax. To image these ar-
eas, the transducer may be pressed into the mattress
and angled anteriorly. Alternatively, the patient may
be rolled to a lateral decubitus position to fully expose
the posterior thorax. Lung ultrasonography is then per-

formed, as with the lateral and anterior exam, by apply-
ing the transducer at multiple interspaces on the back.
An efficient manner of thoracic scanning is to move the
transducer up the chest wall in a series of scan lines
examining each interspace and underlying lung in se-
quence. This allows the examiner to construct a 3D
image of the thorax from multiple 2D images gathered
in organized scan-line sequences. Thoracic ultrasonog-
raphy of the patient who is able to sit up with arms ab-
ducted allows easy scanning of the entire thorax with
the multiple scan-line technique.

KEY FINDINGS OF LUNG
ULTRASONOGRAPHY
Lung ultrasonography is able to detect pneumothorax,
normal aeration patterns, alveolar–interstitial fluid ac-
cumulation, lung consolidation, and pleural fluid. It is
superior to standard supine radiography and similar
to chest computerized tomography (CT) in detecting
these key findings.1 The key findings of lung ultrasonog-
raphy for critical care applications are as follows.

Lung Sliding
With the transducer in a longitudinal orientation per-
pendicular to the skin surface and centered between
two adjacent ribs, a typical lung ultrasound image with
the depth adjusted to examine the pleural interface can
be displayed (Figure 22.2). Two adjacent rib shadows
are noted on either side of the image, with the hypere-
choic horizontally orientated pleural line appearing ap-
proximately 0.5 centimeters (cm) deep to the origin of
the rib shadows. The pleural line represents the apposi-
tion of the visceral and parietal pleural surfaces. In the
normal examination, the pleural surfaces move against
each other during the respiratory cycle. This causes
the finding of lung sliding, which is a shimmering mo-
bile pleural line that moves in synchrony with the res-
piratory cycle (Video 22.1 in enclosed DVD). A related
finding is lung pulse. With lung pulse, the pleural line
moves synchronously with cardiac pulsation, as the
force of cardiac pulsation is sufficient to cause move-
ment of the lung and overlying visceral pleura (Videos
22.2 and 22.3 in enclosed DVD). Sliding lung and lung
pulse are dynamic findings that require for their detec-
tion real time, 2D scanning. For convenience, they may
be recorded with M-mode for purposes of easy docu-
mentation (Figure 22.3).

The findings of lung sliding and lung pulse have ma-
jor significance because they exclude the presence of
a pneumothorax at the site of transducer application
with a high level of certainty.2 As air within the pneu-
mothorax space will distribute to the anterior thorax
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A B

Figure 22.2. (A) The image is obtained using a 3.5 MHz cardiac transducer. The transducer is in longitudinal
orientation and placed perpendicular to the chest wall to scan through the second intercostal space. The two
adjacent ribs yield shadow artifact. The pleural line is present about 0.5 cm deep to the ribs. (B) The image is
obtained using a 7.5 MHz vascular transducer held in an identical fashion to that in (A).

in the supine patient, the critically ill patient is ide-
ally positioned for the examination. Multiple sites may
be easily examined for sliding lung over both hemitho-
races, so that the intensivist can promptly and con-
fidently rule out pneumothorax. Several groups have
reported on the superiority of ultrasonography to rule
out pneumothorax when compared with supine chest
radiography.3−6

Unfortunately, the absence of lung sliding is not as
useful (Video 22.4 in enclosed DVD). Loss of lung slid-
ing may occur with pneumothorax, but it also occurs in
many other circumstances. Any process that greatly re-
duces the movement of air into the lung will reduce or

abolish lung sliding. Right mainstem bronchial intuba-
tion and other causes of mainstem bronchial occlusion
(e.g., mucous plug, blood clot, foreign body, tumor) will
ablate lung sliding of the left lung. Similarly, any process
that impairs lung inflation, such as severe pneumonia,
apnea, or severe adult respiratory distress syndrome
(ARDS) will result in an absence of lung sliding. Pleural
symphysis (inflammatory, neoplastic, cicatricial) will
cause a loss of lung sliding. Apnea causes loss of lung
sliding, though necessarily of short duration. The pres-
ence of lung sliding is therefore a powerful sign because
it rules out pneumothorax. The absence of lung sliding
is less useful.7

A B

Figure 22.3. M-mode ultrasound image demonstrating “seashore sign”: (A) consistent with sliding lung and
“stratosphere” sign and (B) consistent with the absence of sliding lung.
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In certain situations, lung pulse may be observed in
the absence of lung sliding. For example, with a uni-
lateral mainstem bronchial block, lung sliding is lost
ipsilateral to the block due to the lack of air entry into
the affected lung.8 Transmission of the cardiac pul-
sation will remain, providing strong evidence of lung
inflation.

Lung Point
Using standard scanning techniques as described
above, the presence of a pneumothorax may yield a
diagnostic finding on lung ultrasonography called lung
point. The lung point is found at the site where partially
collapsed lung is apposed to the inside of the chest wall.
Some pneumothoraces are total, i.e., the lung is com-
pletely collapsed, but most are partial with some re-
maining apposition of the visceral and parietal pleural.
With careful technique, the examiner searches for the
site at which the two pleural surfaces touch. It appears
as intermittent lung sliding, because the collapsed lung
still inflates synchronously, to some extent, with the
respiratory cycle. Designated as the lung point, this
finding is diagnostic of pneumothorax (Video 22.5 in
enclosed DVD).9 Unfortunately, while 100% specific for
pneumothorax, it is relatively insensitive. The sensi-
tivity is, in part, related to operator experience. The
detection of lung sliding is an entry-level skill, while
lung point requires more experience.

A Lines
Using standard scanning technique with a scanning
depth set to examine deeper structures, normally aer-
ated lung yields a characteristic pattern of air artifact
called “A lines.” A lines are one or more horizontally
orientated lines seen deep to the pleural line (Figure
22.4, and Video 22.6 in enclosed DVD). Their depth is
a multiplicative of the distance between the skin sur-
face and the pleural line because they are reverbera-
tion artifacts from ultrasound reflection between these
two surfaces. In the presence of sliding lung, A lines
indicate normally aerated lung. They are strongly cor-
related with a normal aeration pattern on CT scan.1

In the absence of sliding lung, A lines are less useful.
They are found in pneumothorax. They are also found
in the absence of pneumothorax without lung sliding
(see above).

B Lines
Using standard scanning techniques with a scanning
depth set to examine deeper structures, edematous

Figure 22.4. A lines are demonstrated using a 3.5
MHz transducer in longitudinal orientation scanning
through an intercostal space.

lung yields a characteristic pattern of air artifact
termed B lines. B lines have several characteristics (Fig-
ure 22.5, and Video 22.7 in enclosed DVD):

1. They are horizontal in orientation and may occur as
one or more per field (sometimes termed comet tails
or lung rockets)

2. They originate at the pleural interface

3. They extend raylike to the bottom of the screen

4. They efface A lines where the two intersect

5. They generally move in synchrony with lung sliding.
However, they are not necessarily mobile, as in the
case of B lines in the absence of lung sliding

6. Their presence excludes pneumothorax10

Figure 22.5. B lines are demonstrated using a 3.5
MHz transducer in longitudinal orientation scanning
through an intercostal space.
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B lines are characteristic of lung edema or any pro-
cess that infiltrates the interstitium of the lung, such
as inflammation, neoplasm, or scarring.11−15 They are
thought to be caused by ring-down artifact from small
subpleural fluid collections or tissue densities. The
presence of B lines is strongly correlated with alve-
olar or interstitial pattern abnormalities on CT scan
(ground glass or reticular pattern abnormality).1 Nor-
mal individuals may have a few B lines in the lateral
lower lung. Both A lines and B lines may be found dif-
fusely or focally on lung ultrasonography, depending
on the underlying pathophysiology of the lung process
in question.

Consolidation
Using standard scanning techniques with a scanning
depth set to examine deeper structures, consolidated
lung yields a characteristic ultrasound pattern (Figure
22.6, and Videos 22.8–10 in enclosed DVD). Consoli-
dated lung is tissue density.16 It has similar echogenic-
ity as the liver; hence, it is sometimes referred to as
sonographic hepatization of lung. If the bronchial struc-
tures that supply the affected consolidated lung are
patent, the consolidated lung may have sonographic air
bronchograms within it. These appear as hyperechoic
foci that represent small amounts of air in the bronchi.
They may be mobile, reflecting movement of air within

Figure 22.6. Alveolar consolidation pattern of right
lower lobe. Sonographic air bronchgrams (white dots
in the tissue density lung) are present in the lung. The
diaphragm is visible as a curvilinear structure
between the liver and lung. The image is obtained
using a 3.5 MHz transducer in longitudinal orientation
scanning through the fifth intercostal space
midaxillary line on the left.

the bronchus due to respiratory activity. The examiner
may easily localize consolidation to a specific lobe; and,
with experience, to specific segments of the lung. The
finding of consolidation with lung ultrasonography is
strongly correlated with results of CT scanning.1 It is im-
portant to understand that the finding of consolidation
on lung ultrasonography is purely descriptive, similar
to the finding of consolidation on chest radiography
or CT scanning. Any process that renders the alveo-
lar compartment airless will demonstrate consolida-
tion on lung ultrasonography or in other radiographic
techniques. All causes of airless lung, such atelecta-
sis (compressive, resorptive, or cicatricial), infiltrative
processes (tumor, purulent material as in pneumonia),
or severe pulmonary edema with complete filling of the
alveolar compartment, will yield the ultrasonographic
finding of lung consolidation. Lung ultrasonography
identifies the consolidation; the clinician determines
its cause.

Pleural Effusion
Pleural effusion may be observed when performing
lung ultrasonography. Knowledge of lung ultrasonogra-
phy is essential for proficiency in pleural ultrasonogra-
phy. A complete discussion of pleural ultrasonography
is found in Chapter 21.

CLINICAL APPLICATIONS OF LUNG
ULTRASONOGRAPHY

Clarification of the Ambiguous Chest
Radiograph
Chest radiography in the supine critically ill patient on
ventilator support is frequently difficult to interpret.
A complex 3D structure is viewed in two dimensions
compounded by the common occurrence of rotation,
penetration, and projection artifact. The resultant ra-
diograph shows nonspecific radiodensity; the clinician
cannot discern between normal, lung, alveolar or inter-
stitial abnormalities, consolidation, or pleural effusion.
Lung ultrasonography is an excellent means of clarify-
ing the results of an ambiguous chest radiograph in the
ICU.

Evaluation for Pneumothorax
Lung ultrasonography is very effective for rapidly rul-
ing out pneumothorax. In patients on mechanical ven-
tilatory support, a pneumothorax is particularly dan-
gerous because it may be under the threat of tension.
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The supine chest radiography is unreliable in ruling out
pneumothorax.3 Lung ultrasonography may be used to
rule out pneumothorax with minimal time delay and
a high degree of accuracy in the ICU. In addition, it is
useful in the emergency evaluation of pneumothorax in
cases of thoracic trauma.5,6 Lung ultrasonography may
be used to evaluate for postprocedure pneumothorax
(following thoracentesis or subclavian/internal venous
access). It is a straightforward exercise to identify slid-
ing lung before the planned procedure. Following the
procedure, the continued presence of sliding lung rules
out procedure-related pneumothorax, whereas the new
absence of sliding lung where it was previously present
is strong evidence for a procedure-related pneumotho-
rax.

It is a simple matter to rule out a pneumothorax.
Definitive diagnosis of a pneumothorax is more diffi-
cult. Absence of sliding lung is suggestive but not di-
agnostic. Unequivocal diagnosis of pneumothorax re-
quires identification of lung point, which requires an
experienced examiner.

Rapid Evaluation of Acute
Respiratory Failure
The critical care clinician frequently evaluates the pa-
tient with acute respiratory failure. The limitations of

standard chest radiography have already been dis-
cussed and include, in the acute situation, an element
of time delay. Chest CT has time delay, risk of transport
of the unstable patient, and major radiation exposure.17

The intensivist who is equipped with a portable ultra-
sound unit can bring to the bedside a device that yields
more accurate imaging than standard chest radiogra-
phy. Lung ultrasonography allows prompt identifica-
tion of the cause for acute respiratory failure in rapid-
response-team events, the emergency department, and
at the bedside of the acutely decompensating patient
in the ICU. In a recent study, Lichtenstein et al. have
confirmed the excellent operational utility of lung ul-
trasonography for the assessment of acute respiratory
failure.7 Based on their data, they have proposed a sim-
ple algorithm for evaluating the patient with acute dys-
pnea derived from performing lung ultrasonography in
a large group of patients (Figure 22.7).

In similar fashion, lung ultrasonography is useful in
evaluating the patient on mechanical ventilator sup-
port with acute severe desaturation, where the in-
tensivist needs immediate diagnosis of a potentially
life-threatening event. Barring obvious causes (e.g., me-
chanical failure of the ventilator/endotracheal tube sys-
tem, unplanned extubation, severe patient/ventilator
dysynchrony etc.), the intensivist may use ultra-
sonography to rule out pneumothorax and mainstem
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bronchial block (endotracheal tube movement or mu-
cous plugging) and evaluate for acute pulmonary
edema or embolism.1 Lung ultrasonography is easily
combined with basic echocardiography and leg study
for deep venous thrombosis to yield maximal diagnos-
tic information in the emergency evaluation of severe
cardiopulmonary failure.

Advanced Applications
of Lung Ultrasonography
Lichtenstein has described a number of lung ultra-
sound findings that are of interest to the intensivist,
but which are beyond the scope of this text.18 An in-
teresting potential application of lung ultrasonogra-
phy is to observe for lung recruitment during venti-
lator manipulation.19 Another potential application is
in determining whether lung edema is related to a hy-
drostatic mechanism (heart failure) or lung injury (le-
sional, as in ARDS). Lung ultrasonography may be used
to guide transthoracic needle or device insertion for
purposes of biopsy of a lesion that is adjacent to the
pleural surface.20 Intraparenchymal lesions are not vis-
ible because the surrounding lung is aerated and blocks
the view of the ultrasound. An exception to this princi-
ple is lung abcess, where the surrounding lung is gen-
erally consolidated thus permitting visualization of the
abscess.21 Lung ultrasonography can be used for the
targeted insertion of a drainage catheter into a lung
abscess, if clinically indicated. Lung ultrasonography
may be used to confirm successful endotracheal tube
placement22 and to rule out a right mainstem bronchial
intubation. Lung ultrasonography has utility in the di-
agnosis of high-altitude pulmonary edema in remote
locations23 and for the identification of lung contusion.

LIMITATIONS OF LUNG
ULTRASONOGRAPHY

Operator-Related
Lung ultrasonography requires that the intensivist
have specific training in image acquisition, image in-
terpretation, and integration of the results into an ef-
fective management strategy. Lung ultrasonography is
performed by the frontline intensivist without input
from the radiologist or ultrasound technician. A bed-
side technique, its clinical utility is completely depen-
dent on the skill of the intensivist–ultrasonographer.
Adequate training in the field is obviously a require-
ment.

Machine-Related
Not all ultrasound machines can produce adequate im-
age quality for lung ultrasonography. In particular, ex-
tensive image processing may degrade the image qual-
ity required for lung ultrasonography. Near-field clutter
and lack of resolution of the pleural interface are prob-
lems with some recent-generation machines.

Documentation-Related
Critical care lung ultrasonography is frequently per-
formed on an emergency basis in the ICU. The inten-
sivist may be handling multiple tasks, and there may
be insufficient time to label and save images that are
being quickly obtained from multiple sites on the tho-
rax or to issue a complete written report of all findings.
Chest radiography and chest CT scans result in durable
reviewable hard copies that are read and documented
by well-organized radiology services. The same may
not be said for lung ultrasonography.

Difficulty with documentation can lead to problems.
First, lack of documentation is a medical–legal concern.
Second, the lack of documentation also impacts on the
need to know what previous lung ultrasound results
showed in a particular patient. In a busy ICU, the ICU
team might perform numerous rapid lung scans each
day and use the results for important immediate man-
agement decisions. Deficient documentation and a lim-
ited ability to retrieve ephemeral images for review pre-
vent the clinician from comparing today’s result with
those of yesterday.

Miscellaneous
Lung ultrasonography cannot resolve lesions that are
surrounded by aerated lung. Chest wall dressings and
massive edema or obesity may preclude adequate
imaging of the lung. Subcutaneous air prohibits lung
ultrasonography at the site of the air collection.

CONCLUSION
Lung ultrasonography has strong utility for the front-
line intensivist. It can identify pneumothorax, alveolar/
interstitial changes, consolidation, and pleural effu-
sion. It is superior in many respects to supine radio-
graphy in the ICU. Proficiency in lung ultrasonography
will help the intensivist clarify the ambiguous chest
radiograph, promptly recognize postprocedure pneu-
mothorax, and rapidly evaluate the patient with acute
respiratory failure.
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CHAPTER 23

Ultrasound Evaluation of the Abdomen
Alan Cook and Heidi L. Frankel

INTRODUCTION
The intensivist must often consider the abdomen of the
critically ill patient as a source for concern. Whether
in the medical, surgical, cardiac, neurological, or trans-
plant intensive care unit (ICU) patient, the source of
bleeding, fever, pain, jaundice, or elevated white blood
cell (WBC) count is often found in the peritoneal cavity
or retroperitoneum. Focused ultrasonographic assess-
ment can often help to identify the problem and assist
with therapy.

The American Institute of Ultrasound in Medicine
(AIUM) delineates eleven indications for an abdomi-
nal ultrasound examination (Table 23.1).1 All but indi-
cations number “6” and “7” may be applicable to the
ICU patient. Acute appendicitis, cholecystitis, mesen-
teric ischemia or an abscess may all cause abdomi-
nal pain and are potentially detectable by ultrasound.
Jaundice may be due to acalculous cholecystitis whose
sonographic features are discussed below. A mass
caused by a hernia with bowel intrusion into a sac
may be appreciated by ultrasound. Further, the cause
of an elevated white blood cell count or the pres-
ence of fascial dehiscence may also be readily appar-
ent by ultrasound. Trauma patients with solid visceral
organ damage (liver, spleen, or kidney) can be fol-
lowed for the continued wisdom (or lack thereof) of
nonoperative management. Renal and hepatic trans-
plant patients can undergo ultrasound screening for
evaluation of the perfusion of their transplanted or-
gans, as can those with new onset failure of their na-
tive ones. Finally, the presence and nature of peri-
toneal fluid can be assessed by ultrasound to guide
drainage.

Of course, the concept of a focused ultrasound exam
performed by nonradiologists to address a specific
question originated with a limited abdominal exami-
nation performed by trauma surgeons, the so-called fo-
cused assessment with sonography for trauma (FAST)
protocol.2−4 Although the acronym is now known as
the “focused assessment with sonography for trauma,”
in recognition of the components of the exam that as-
sess the thorax, the “A” in FAST originally stood for
“abdomen.”5 We believe that all ICU patients under-

going abdominal ultrasonographic examination should
be studied with a variant of the FAST, that is, a search
for fluid. The amount, location, and loculation of the
fluid should be assayed and compared to prior stud-
ies, if any. Additional focused components of the exam
should be added as needed (Table 23.2). Indeed, the ini-
tial description of the ultrasound evaluation of trauma
patients relayed detailed examinations of intraperi-
toneal and retroperitoneal structures, not merely a
search for free fluid.6−8

Schacherer and colleagues reported on their experi-
ence of abdominal ultrasonography of 400 ICU patients
over three years.9 They described a median examina-
tion time of 18 minutes and an accuracy of 83.7%; how-
ever, they noted that the test was of limited quality or
unhelpful in 50% of cases, suggesting that ultrasound
is best used as a screening tool in patients who cannot
undergo more definitive diagnostic procedures. For de-
tection of fluid and biliary tract disease, however, ultra-
sonography is the diagnostic study of choice.

EQUIPMENT AND TRANSDUCER
SELECTION
Base Unit. The ideal ultrasound unit for use in the ICU
should be portable, easy to use, highly reliable, rela-
tively indestructible, and inexpensive. Ultrasmall units,
although intuitively attractive, particularly in locations
with limited space, may be taken from the ICU and not
be readily available when needed. We find that even
larger ultrasound units, particularly if easy to use and
with good resolution, often get removed from our ICU.
In our ICU, we resolved this problem by assigning the
less expensive equipment to simpler tasks (i.e., central
venous catheter insertion) and leaving the more so-
phisticated machines for torso imaging. In the future,
we look forward to ultrasound technology that can be
plugged into the overhead column in the ICU with dis-
posable, inexpensive, single-patient use transducers.
Until then, the choice of equipment remains a highly
personal decision.

Most focused ICU abdominal ultrasound examina-
tions do not rely on the use of Doppler imaging. More
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TABLE 23.1. AIUM indications for abdominal
ultrasonography

1. Abdominal, flank, and/or back pain

2. Signs/symptoms referred from abdominal
organs, such as jaundice

3. Palpable abnormalities such as a mass

4. Abnormal lab value suggestive of abdominal
pathology

5. Follow-up of known or suspected abdominal
pathology

6. Search for metastatic disease or occult primary
neoplasm

7. Evaluation of suspected congential
abnormalities

8. Abdominal trauma

9. Pre- and posttransplantation evaluation

10. Planning and guidance for an invasive procedure

11. Search for the presence of free or loculated
peritoneal and/or retroperitoneal fluid

AIUM indicates American Institute of Ultrasound in Medicine. (From
Ref. 1)

advanced renal ultrasound may require this modality
to assist in diagnosis. However, the addition of reliable
Doppler capability to the ultrasound unit may compli-
cate the issues of size, expense, and training.

Transducer Selection. The examinations described
below all require imaging with good penetration and
less resolution; hence a low-frequency transducer is
appropriate (e.g., 2–5 MHz). Furthermore, a curvilin-
ear transducer with a small footprint (i.e., microconvex
probe) is more appropriate in ICU patients to navigate
intercostal spaces, the subcostal region, and painful
areas. By using another base unit to perform central
venous catheter insertions, we reduce the difficulties
associated with multiple transducers and base unit dis-
infection.

Data Capture. Portable printers can be added to ICU
ultrasound units to capture images for documenta-
tion purposes. However, digital capture through video
cards that allow for archiving of motion pictures tend
to be more useful.

Ultrasound Coupling Agent. Proprietary ultrasound
gel need not be used to acquire quality ultrasound im-
ages. Packets of lubricant found at the bedside of an ICU
patient may be more convenient. Liechtenstein and col-
leagues describe using only water as a coupling agent,
with adequate image acquisition and no apparent harm
to their ultrasound units.10

Cleaning Transabdominal Transducers. The AIUM
recommends that after each use probes be cleaned
with soap and water or quaternary ammonium sprays
or wipes as directed by the manufacturer in the

TABLE 23.2. Components of a focused abdominal ultrasound

Goal Task Views
Identify fluid Amount, Location, RUQ, LUQ,

Loculation Bladder, Gutters
Characterize mass Locate fascia Local
Elevated WBC, pain View gallbladder, appendix Complete

Bowels, aorta
Jaundice Presence of stones, fluid GB

Wall thickness Long and transverse
Decreased urine output Is bladder full? Long and transverse

Is there hydronephrosis?
Are kidneys perfused?

Transplant organ evaluation Arterial/venous flow? Over organ
Organ size and tenderness

GB indicates gallbladder; LUQ, left upper quadrant; RUQ, right upper quadrant; WBC, white blood cell (count).



Ultrasound Evaluation of the Abdomen 261

operating manual. Heavy contamination with blood or
enteric contents may warrant additional cleaning.11

IMAGE ORIENTATION AND
ANATOMIC CORRELATION
The majority of scans obtained in a focused ICU abdom-
inal ultrasonographic assessment are performed in the
longitudinal or transverse plane. Exceptions are noted
in the original FAST, where the right and left upper quad-
rant views were more sagittal than longitudinal (i.e.,
lined up in a plane with the sagittal sinus of the brain)
because the views started very posterior to avoid in-
testinal and stomach air. The FAST bladder view starts
transverse but moves coronal (and matches the images
seen in computerized tomography [CT] scanning). In
the longitudinal orientation of general abdominal ul-
trasound imaging (in contrast to the convention used
in cardiac imaging), the patient’s head is at the left of
the screen and toes are oriented toward the right. The
transverse images of general abdominal ultrasonogra-
phy match the convention used with CT scanning (i.e.,
the left side of the screen corresponds to the patient’s
right side and the right side of the screen to the pa-
tient’s left side). Thus, the indicator on the transducer
is oriented to the patient’s right (and the screen’s left)
in a conventional abdominal imaging setup on the soft-
ware package (Figure 23.1). Of course, with additional
experience, the transition between purely longitudinal
or purely transverse images is blurred and the sono-
grapher answers a focused clinical question “on the
move.”

Figure 23.1. In an abdominal transverse ultrasound
view, the transducer indicator is located on the
patient’s right and on the left of the screen.

As in all ultrasound imaging, structures seen in gen-
eral abdominal ultrasonography are either anechoic
(or hypoechoic), echoic, or hyperechoic. Jet black or
anechoic structures may be either artifactual (e.g., a
rib shadow) or free fluid (meaning that it contains no
clot, sludge, or loculations as it might in an abscess,
infected biliary fluid, or resolving hemoperitoneum in-
cluding organizing hematomas after injury). Hypere-
choic structures are artifactual (caused by gas), real
(such as bone, other calcifications or omentum), or
pathological (e.g., gas in tissues, chronic renal failure)
conditions. Finally, echoic structures include normal
parenchyma or complex fluid, as described above.

There are multiple limitations to performing a com-
plete abdominal ultrasound in the ICU patient, even one
designed to answer a specific question. Rib shadows
and bowel gas may obscure the ability to obtain quality
images. Obese patients and those who have received
large volume fluid resuscitation often provide similar
challenges, as do injured patients with extensive dress-
ings, particularly those covering an “open abdomen.”
Of course, deeper structure visualization (e.g., aorta
and pancreas) is the most difficult task here, whereas
right and left upper quadrant views may be adequate.
For most patients, it is possible to complete a focused
ICU abdominal ultrasound examination in the supine
position (unlike a focused cardiac echocardiographic
examination, where we find it more helpful to have pa-
tients placed in the left lateral decubitus position).

FAST AND OVERALL
ABDOMINAL EVALUATION
The classic FAST protocol consists of a subxiphoid
or cardiac view in addition to three abdominal views
(right upper quadrant or Morrison’s pouch, left upper
quadrant or splenorenal, and suprapubic or retrovesi-
cal) (Figure 23.2). Traditionally, the cardiac view is ob-
tained first to allow the operator to establish the overall
gain based on the fluid inside of the cardiac chambers.
Further discussion of the performance of this and other
cardiac and thoracic views can be found in Chapters 7
and 22. Attention here will be placed on the purpose of
the FAST in the abdomen for the identification of free
fluid. For the injured patient in the emergency depart-
ment, the assumption is that free fluid in an unstable
patient equates to blood. This is not necessarily the
case, of course, and it can be quite embarrassing to
perform a laparotomy on a patient with ascites due
to liver failure and a baseline low blood pressure. It is
equally disconcerting to triage the hypotensive patient
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Figure 23.2. Views of the focused assessment with
sonography for trauma (FAST).

with a pelvic fracture and positive FAST to laparotomy
before pelvic arteriography to control bleeding, when
the cause of the positive FAST is a ruptured bladder and
the cause of the hypotension is pelvic fracture hemor-
rhage. Cases such as these have resurrected the use of
diagnostic peritoneal aspiration or lavage in the emer-
gency department. Generally, hemodynamic instability
with a positive FAST mandates expeditious laparotomy
that will invariably be therapeutic.

However, the inability of FAST to distinguish fresh
blood from ascites makes the use of focused abdom-
inal ultrasound not very helpful in the ICU patient. In
addition to the three abdominal FAST views discussed
above, the gutters should also be assessed for fluid
(Figure 23.3).

The right upper quadrant, hepatorenal or Morrison’s
pouch, view is most helpful to detect the presence
of free fluid in a supine patient (most sensitive). The
retropubic view is the most sensitive view to detect
fluid in an upright patient. The right upper quadrant
view is a sagittal one at intercostal space 10/11 at the
posterior axillary line that generates the image seen in
Figure 23.4. Fluid will first collect in the space between
the liver and the right kidney, first anteriorly and then
posteriorly, usually occurring first in intercostal space

Figure 23.3. Views to identify fluid in the peritoneal
space.

7/9 at the midclavicular line. If there is an extremely
large amount of fluid or blood in the abdomen, the liver
will appear to be floating (Figure 23.5).

The left upper quadrant view requires the opera-
tor to move the transducer even more posteriorly and
cephalad than the analogous view on the right to avoid
gastric air. Fluid may collect either superior or inferior

Figure 23.4. FAST right upper quadrant view.
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Figure 23.5. FAST right upper quadrant view showing
moderate fluid collection in Morrison’s pouch. *Fluid.
(Image courtesy of Jeffrey Pruitt, MD, Associate
Professor of Radiology, UT Southwestern.)

to the spleen (Figure 23.6). Finally, the suprapubic or
retrovesical view is a transverse view of the full blad-
der that looks for fluid in the pouch of Douglas (Figure
23.7). Some also obtain a longitudinal view to confirm
the same findings. Bowels seem to be floating in very
large amounts of fluid (Figure 23.8).

The flank views are most helpful in the ICU patient
because they may assist in therapeutic maneuvers. A
paracentesis should be performed where the maximum
amount of fluid is located, with the safest path by the
needle to the target (Chapter 28). The right upper quad-
rant view is rarely helpful is reaching this decision.

Figure 23.6. FAST left upper quadrant view showing
free fluid. (Image courtesy of Jeffrey Pruitt, MD,
Associate Professor of Radiology, UT Southwestern.)

Figure 23.7. FAST suprapubic transverse view.

Ultrasonography practiced in this fashion is highly
sensitive in identifying free fluid; as little as 100 cc of
fluid (and likely less with machines of higher quality)
may be detected.12,13 In fact, the accuracy of FAST in
identifying free fluid that is blood approaches 80%.14−19

Of course, there are several potential abdominal catas-
trophes present in ICU patients that may not be asso-
ciated with large amounts of free fluid. Hollow visceral
injury, even with perforation, may be missed, as may
a pancreatic injury, even one with transection, if one’s
abdominal evaluation is limited to the FAST protocol.

The amount of fluid present in the peritoneal cav-
ity has been described by several scoring systems.20,21

These are valuable in the emergency department to
judge the eventual need for therapeutic laparotomy

Figure 23.8. Positive FAST suprapubic view showing
fluid in the pouch of Douglas (asterisk). (Image
courtesy Jeffrey Pruitt, MD, Associate Professor of
Radiology, UT Southwestern.)
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Figure 23.9. Peritoneal fluid with loculations.

even in the face of hemodynamic normality. These scor-
ing systems are less useful in the ICU setting.

The nature of the peritoneal fluid collection should
also be assayed with a focused ultrasound. Anechoic
free fluid may be fresh blood or ascites related to
primary liver failure, portal hypertension, right-sided
heart failure, or aggressive volume resuscitation with
a capillary leak. The presence of any echogenicity sug-
gests an exudate. This may be due to hemoperitoneum
with organizing clots or peritonitis with an infectious
etiology. The latter is often associated with many in-
ternal septations or loculations that may not be appre-
ciated on CT imaging (Figure 23.9). Nonetheless, even
with occasional internal septations, sparsely loculated
peritoneal fluid collections can be successfully sam-
pled under ultrasound guidance to further characterize
their nature.

Follow-up of the hemodynamically stable, injured
patient with solid visceral injury and concomitant or-
thopedic injuries is also assisted by serial abdominal ul-
trasonographic assessments. Is the falling hematocrit
due to the lacerated liver or the bilateral femur frac-
tures? A rapid repeat FAST may answer this question
more quickly and inexpensively than a CT scan without
the need for patient transport, which is often difficult
in the acutely ill or traumatized patient.

Peritonitis with a perforated hollow viscus should be
suspected with the presence of a new peritoneal collec-
tion with loculations and echogenicity in a patient who
has matched fluid balance. Additionally, evaluation of
the adjacent intestines, although a more advanced skill
as described below, can further suggest an infectious
etiology to the peritoneal fluid collection.

Pneumoperitoneum can also be identified by fo-
cused abdominal sonography. Analagous to the lack
of pleural sliding with a pneumothorax, there is a lack
of peritoneal sliding with pneumoperitoneum. This can
be appreciated in a longitudinal view of the abdomen

Figure 23.10. Pneumoperitoneum with absence of
“gut sliding.” (peritoneal edge at “X”).

with a low frequency transducer due to the depth of
the peritoneum versus the pleura (Figure 23.10). Mas-
sive pneumoperitoneum may even be associated with
an inability to obtain the traditional FAST views.

Additionally, the presence of pneumoperitoneum
can be assayed in M-mode ultrasound, much as one can
do for pneumothorax when looking for the presence of
the seashore sign. A seashore sign (beach under sea)
is normal, as opposed to “all sea or barcode,” which
suggests a large pneumoperitoneum (Figure 23.11).

Finally, attention to the peritoneum can help to
exclude the presence of a dehiscence (Figure 23.12)
or identify a hernia sac with bowel incursion (Figure
23.13).

Figure 23.11. Pneumoperitoneum as witness in
M-mode with absence of seashore sign (see text).
“All sea or barcode sign” is seen intermittently and is
partially obscured by patient movements.
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Figure 23.12. Ultrasound image depicting fascial
dehiscence (“X” marks fascial edges).

LIVER ULTRASOUND
Defined questions regarding liver anatomy that are
helpful to the intensivist are frankly few in number. Fo-
cused liver ultrasonography can evaluate for the pres-
ence of many lesions (particularly abscesses), intra-
ductal dilatation, portal gas, perfusion, and relative
function in a new transplant recipient. Comprehen-
sive analysis of the segments of the liver is beyond
the scope of most intensivists. Even appreciation of
the features of intrinsic liver diseases such as cirrhosis
(surface irregularity known as the “hump sign,” smaller
size, and a coarse echo texture, in addition to ascites)
will rarely impact therapy in the ICU.

The liver is imaged in longitudinal and nearly trans-
verse planes (more truly oblique, or following along the
course of the subcostal space [Figure 23.14]). Several

Figure 23.13. Ultrasound image showing hernia with
bowel (B) present in the hernia sac.

Figure 23.14. Subcostal placement of the ultrasound
probe rendering an oblique view of the liver.

anatomic features are constant. Three hepatic veins
join the inferior vena cava in the oblique scan and the
portal vein branches into right and left divisions (Fig-
ure 23.15). In the longitudinal scan, the portal vein is
seen posterior to the hepatic artery (medial) and com-
mon bile duct (lateral) (Figure 23.16). The common bile
duct should be less than 4–7 millimeters (mm) in diam-
eter. Abscesses are generally hypoechoic and may be
drained under ultrasound guidance (Chapter 28). In-
trahepatic ductal dilatation and the association with
stones can be assessed. Portal gas may be seen as hy-
perechoic imaging in the parenchyma of the liver (Fig-
ure 23.17) and generally portends a poor prognosis.
Finally, arterial and venous flow into and from a trans-
planted liver may be evaluated with Doppler technol-
ogy, although not a routine feature of the intensivist’s

Figure 23.15. Hepatic veins (H) (3) entering the
inferior vena cava (I) and portal vein (P) dividing into
left and right sides.
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Figure 23.16. Longitudinal view of the portal triad
showing relationship between the portal vein (PV),
hepatic artery (HA) and common bile duct (CBD).

focused examination. Posttransplant biliary complica-
tions may also be assessed. In general, flow in the hep-
atic veins and inferior vena cava (IVC) is bidirectional
and impacted by the cardiac cycle and respiratory
phase. Portal flow is normally low-flow and continuous
toward the liver, and hepatic artery flow is generally
biphasic, not triphasic, as in larger vessels.

SPLENIC ULTRASOUND
As with the liver, focused questions regarding splenic
anatomy are rarely helpful to the intensivist. This is
particularly true given the normally homogenous na-
ture of splenic parenchyma. Splenic abscesses may
appear as hypoechoic structures; however, just as
commonly, they may be isoechoic to the spleen and
inconsistent to the intensivist. Of course, if visualized
by ultrasound and unilocular, splenic abscesses may

Figure 23.17. Gas in the portal system obscuring
anatomy.

Figure 23.18. Splenomegaly where the product of
lines A and B exceeds 20 cm2.

be percutaneously drained under guidance. Comput-
erized tomography scanning is clearly the better imag-
ing modality in stable patients who can be transported
from the ICU. More important is the need to iden-
tify the spleen prior to any interventional procedures
(e.g., thoracentesis or paracentesis in the presence of
splenomegaly). Wang and Chen describe splenomegaly
as an ultrasound product of >20 cm2 of the perpendic-
ular hilar lines seen in Figure 23.18.22

BILIARY ULTRASOUND
Far more useful to the intensivist is ultrasound imaging
of the biliary tree and, to a lesser extent, the pancreas.
Typically, ICU patients are imaged in the supine posi-
tion and enteral feeds are continued. A longitudinal-
axis view of the gallbladder with the common bile
duct present anterior to the portal vein is seen in Fig-
ure 23.19. This approach provides the intensivist with

Figure 23.19. Gallbladder visualized in the
longitudinal access.
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Figure 23.20. Ultrasound showing gallbladder wall
thickening and a gallstone.

important answers to the following questions: Does the
jaundiced patient have gallstones or sludge, or is acal-
culous cholecystitis present? Is there evidence of duc-
tal dilatation and choledocolithiasis? Does the septic
patient have features of acute cholecystitis (either cal-
culous or not) such as a sonographic Murphy’s sign,
gallbladder wall thickening, and pericholecystic fluid?
Is there a mechanical reason for jaundice?

The diagnosis of acute acalculous cholecystitis, al-
though an infrequent cause of all cases of cholecystitis,
is the most common cause of postoperative cholecys-
titis. It is likely due to an ischemic insult to the gallblad-
der, although this is far from certain. Furthermore, the
sensitivity of ultrasound to establish the diagnosis has
been questioned and it is often one of exclusion that
is made after the gallbladder has been percutaneously
drained. Of course, a negative aspiration in a patient
receiving antibiotics also may not exclude the diagno-
sis. Nonetheless, there are features that are typically
seen in patients with acalculous cholecystitis. The first
is an enlarged gallbladder, exceeding 90 mm on longitu-

Figure 23.21. Ultrasound showing gallbladder sludge
(*).

Figure 23.22. Ultrasound showing pericholecystic
fluid (arrow). (Image courtesy of Jeffrey Pruitt, MD,
Associate Professor of Radiology, UT Southwestern.)

dinal axis and 50 mm on transverse axis.23 Second, the
gallbladder wall is thicker than 3 mm (Figure 23.20),
although Slaer suggests that this finding in isolation,
particularly in a cardiac patient, is rarely significant.24

Next, sludge is invariably present in the lumen of the
gallbladder (Figure 23.21). Alternatively, a sonographic
Murphy’s sign (pain on subcostal imaging) is rarely
present (likely more a testament to ICU pain control
regimens than to the sensitivity of the test), although
described as classic, as is pericholecystic fluid (Figure
23.22).

Acute calculous cholecystitis is rarely an ICU dis-
ease, unless the patient is admitted for sepsis of un-
known etiology. In addition to the features above,

Figure 23.23. Gallstones present with acoustic
shadowing.
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Figure 23.24. Dilation of the common bile duct (CBD)
relative to the portal vein (PV). (Image courtesy of
Jeffrey Pruitt, MD, Associate Professor of Radiology,
UT Southwestern.)

gallstones with acoustic shadowing, as noted in Figure
23.23, are seen.

Intra- or extrahepatic ductal dilation beyond 7 mm
is the sonographic hallmark or biliary obstruction.
Bile ducts are considered dilated if the same size or
larger than the adjacent portal vein (Figure 23.24). The
cause for the biliary obstruction (i.e., stone, stricture,
or other) should be sought and the level of the ob-
struction, although transabdominal ultrasound is no-
toriously inaccurate (as are most other modalities) in
identifying common bile duct stones.

The pancreas may be difficult to identify, particu-
larly in large patients with an ileus. Normal pancreatic

Figure 23.25. Normal pancreas (P).

Figure 23.26. Nasogastric tube (NGT) in good
position in the stomach collapsed around it.

parenchyma is homogenous with a well-visualized pan-
creatic duct (Figure 23.25). Pancreatitis may result in
an enlarged gland with areas of hypoechoic character-
istics, but this is not universal. By far, the better imag-
ing modality in the stable patient is CT scanning. Inten-
sivists should not aspire to become masters of imaging
this organ.

ULTRASOUND OF THE
GASTROINTESTINAL TRACT
Sonographic imaging of gastrointestinal structures also
falls into the realm of an advanced technique that is
rarely helpful for the intensivist in ruling out a particu-
lar condition, although a positive finding may assist in
care of the patient. The location of a nasogastric tube
(by the presence of an acoustic shadow and the decom-
pression of the stomach) may be assessed as in Figure
23.26. Bowel peristalsis, wall thickness <4 mm, echoic
bowel contents and cross-sectional area <12 mm

Figure 23.27. Dilated small bowel (SB).
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Figure 23.28. Acute obstruction of the renal pelvis
(*). (Image courtesy of Kristen Hawkes, SonoSite, Inc.)

indicates a normal small intestine. Pathologic in-
testines are motionless, with thick walls and large di-
ameter and anechoic bowel contents (Figure 23.27). Dif-
ferential diagnosis includes ileus with a nonabdominal
cause, mechanical bowel obstruction, mesenteric is-
chemia, or peritonitis. Doppler sonography can assist
in determining whether or not perfusion is adequate.

URINARY TRACT ULTRASOUND
(ALSO SEE CHAPTERS 24 AND 25)
The diagnosis of acute renal failure, whether due to
prerenal, renal (acute tubular necrosis), or postrenal

Figure 23.29. Chronic obstruction of the renal pelvis
(P) with thin cortex (*) and ureter (U) noted. (Image
courtesy of Jeffrey Pruitt, MD, Associate Professor of
Radiology, UT Southwestern.)

Figure 23.30. Normal renal architecture in a young
patient showing relatively hypoechoic parenchyma
and hyperechoic renal sinus.

causes, is generally made by the interpretation of lab-
oratory values; however, focused ultrasound may rule
out an obstruction. In addition, ultrasound evaluation
of the renal parenchyma and perfusion status can pro-
vide additional clues as to the etiology of renal failure.
Finally, assessment of the bladder is often helpful in the
critically ill and injured patient.

Evaluation of the renal pelvis and bladder can be
used to exclude postrenal causes of renal failure. A
full bladder may indicate obstruction due to a malfunc-
tioning catheter or bladder hematoma. Hydronephro-
sis with dilation of the calices and renal pelvis may be
chronic or due to an acute infection. Acute obstruction
of the renal pelvis, such as with infection or a stone,
results in less dilation and a concave morphology (Fig-
ure 23.28, as opposed to major dilation and a more
rounded morphology (Figure 23.29) seen in chronic

Figure 23.31. Spectral analysis by color Doppler
evaluating (normal) renal arterial inflow.
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Figure 23.32. Longitudinal view of the aorta.

obstruction. Stones are more easily visualized if >5 mm
in diameter.25 Visualization of the ureter in a flank view
by ultrasonography is nearly always pathologic and in-
dicates obstruction.

Renal parenchymal evaluation considers the follow-
ing variables: longitudinal diameter, thickness, mar-
gins, echogenicity, and perfusion status. Kidneys are
normally 9–12 centimeters (cm) in longitudinal diam-
eter. Those with chronic renal failure have smaller
kidneys; those with acute infection may have much
larger dimensions. Normal renal thickness varies be-
tween 1.5 cm and 1.8 cm, and thins with chronic re-
nal failure. Renal lobulation and irregularity may indi-
cate chronic inflammation or ischemia. Echogenicity
increases with age and pathology. Further, the distinc-
tion between the more hypoechoic parenchyma and
the more hyerpechoic renal sinus is more apparent in
younger patients (Figure 23.30). Assessment of renal
perfusion by Doppler scanning is an advanced tech-
nology that is likely beyond the scope of most inten-

Figure 23.33. Transverse view of the aorta (Ao).

sivists. The right kidney is more easily visualized than
the left, and a transverse scanning plane is utilized. A
so-called resistive index can be calculated using spec-
tral analysis in color Doppler imaging (systolic peak-
diastolic peak/systolic peak × 100), with values over
0.70 pathological for many ICU disease states ranging
from sepsis to prerenal causes (Figure 23.31). Venous
thrombosis after transplantation can also be assessed,
with a tender, enlarged graft, and arterial thrombosis,
with resultant anuria. Acute rejection may also result
in an elevated resistive index, although this is far from
diagnostic.26

Bladder scanning using inexpensive technology per-
mits ICU practitioners to remove bladder catheters, al-
lowing patients to spontaneously void, without result-
ing in distension. Routine bladder scanning in those
recovering from acute renal failure can be utilized

Figure 23.34. Inferior vena cava (IVC) Diameter in inspiration (I) and expiration (E).
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instead of daily “in and out” catheterization for
monitoring of recovery. Doppler ultrasound showing
ureteral jets argues against obstruction.

ABDOMINAL VASCULATURE
ULTRASOUND
Ultrasound assessment of the retroperitoneum can as-
sess aortic size and contour, presence of flow in major
visceral branches, and the size of the IVC as a mea-
sure of volume status (see Chapter 10). Longitudinal
(Figure 23.32) and transverse views (Figure 23.33) are
obtained; successful imaging can be impaired by the
presence of bowel gas. In longitudinal imaging, the first
abdominal branch of the aorta, the celiac artery, is vi-
sualized, dividing into the common hepatic and splenic
arteries (the left gastric artery is not easily seen). The
superior mesenteric artery is more easily visualized
than in the inferior mesenteric artery. The left renal
vein courses anteriorly to the aorta and posteriorly to
the superior mesenteric artery, whereas the right renal
artery passes posterior to the inferior vena cava. In the
transverse view, the posterior hyperechoic nature of
the spine is referred to as the horseshoe sign. The com-
pressible and irregularly shaped inferior vena cava is
seen to the left of the screen (to the patient’s right of the
aorta).

An enlarged aorta (measuring from outside wall to
outside wall) >3 cm with luminal thrombus and irreg-
ularity suggests an aortic aneurysm. Occasionally, an
intimal flap can be appreciated. Rarely is “leaking” from
an abdominal aortic aneurysm appreciated by sonog-
raphy. Rather, the presence of an aneurysm in a patient
in shock establishes the diagnosis and warrants urgent
surgical repair.

Mesenteric ischemia is likely only if two of the
three mesenteric vessels (celiac, superior, and inferior
mesenteric arteries) are occluded. Atherosclerotic ves-
sels will have an increased flow velocity and turbu-
lence. These are all difficult diagnoses to make because
of the interference of adjacent bowel gas, making other
diagnostic modalities far more attractive.

Figure 23.35. M-mode view of the inferior vena cava
(IVC) in inspiration (Insp) and expiration (Exp).

Compressibility of the inferior vena cava with inspi-
ration in long axis as it enters the right atrium provides
a rapid assessment of a patient’s volume in the ICU
(Figure 23.34). In addition to assaying this on B-mode
ultrasound, this can also be measured in M-mode (Fig-
ure 23.35). The presence of positive pressure ventila-
tion can alter the reliability of these assessments, but
we have not found this to be the case in surgical inten-
sive care unit patients.

SUMMARY
The intensivist can readily perform a goal-directed ab-
dominal ultrasound on critically ill and injured pa-
tients. The presence and nature of peritoneal fluid can
be assayed as well as the etiology of pain, a palpable
mass, and an elevated white cell count or jaundice. The
presence of an ileus, volume overload, and subcuta-
neous emphysema may render the examination diffi-
cult; however, in most cases, the novice sonographer
can accomplish an accurate screening test. As equip-
ment continues to become more user-friendly, the indi-
cations for abdominal sonography in the intensive care
unit will continue to expand.
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CHAPTER 24

Ultrasound Evaluation of the Renal
System and the Bladder

Yefim R. Sheynkin

INTRODUCTION
Ultrasound is a powerful and inexpensive tool partic-
ularly well suited for the diagnosis and monitoring of
critically ill patients. While portable bedside sonogra-
phy may not be the preferred tool for a detailed ex-
amination, the development of versatile portable ultra-
sound machines significantly improves its utility and
clinical accuracy.1

Easy accessibility for major organs of the urinary
system makes ultrasound a commonly performed test
in critically ill patients. Sonography of the kidneys and
bladder in critical care has multiple applications in-
cluding evaluation of patients with reduced or absent
urinary output, complicated urinary tract infections,
and fever of unknown origin, renal trauma, and idio-
pathic hematuria. It is the most useful initial investiga-
tion in the early or late period after kidney transplan-
tation. Sonographic study often provides the clinician
with a diagnosis or guidance for rapid decision-making
necessary for the treatment of critically ill patients.
The most important goal of ultrasound evaluation of
the urinary system is to identify or rule out a problem
that requires prompt, goal-directed surgical or medical
intervention to improve the patient’s condition. While
not intended as a comprehensive formal examination,
ultrasound is a convenient bedside monitoring tool for
use in the intensive care unit (ICU).

In addition, many incidental abnormalities may be
found during sonographic evaluation of kidneys and
bladder. Whereas they may not have an impact on the
immediate treatment decision, physicians should be
able to recognize them and provide appropriate care if
necessary.

SONOGRAPHIC ANATOMY OF
URINARY TRACT
The normal adult kidney is a bean-shaped structure
surrounded by a well-defined, smooth echogenic cap-

sule representing Gerota’s fascia and perinephric fat.
The kidneys have a convex lateral edge and concave
medial edge called the hilum. The lower pole is located
more laterally and anteriorly than the upper pole. The
sonographically measured normal adult kidney is be-
tween 9 and 12 centimeters (cm) in length and about
4–5 cm wide.

The kidney parenchyma surrounds centrally located
hyperechoic fatty renal sinus, which contains renal
pelvis, calyces, major branches of renal artery and vein,
and lymphatic vessels. Parenchyma corresponds to the
area between renal sinus and outer renal surface and
has two main components: the more echogenic periph-
erally located cortex and centrally located hypoechoic
medulla, which contains renal pyramids (Figure 24.1).
The normal renal parenchyma is 1.0–1.8 cm thick. The
visible distinction between the cortex and medulla is
a sign of a normal kidney. While easily recognized in
children and younger patients, it may not always be
detectable in the elderly.

Parenchymal homogeneity is determined in compar-
ison with that of adjacent liver and spleen. Normally,
the renal cortex is hypoechoic or isoechoic to the liver
(right kidney) and hypoechoic to spleen (left kidney).
The collecting system of the kidney is not usually visi-
ble with ultrasound because calyces and pelvis are col-
lapsed within renal sinus. The normal ureters measure
approximately 8 millimeters (mm) wide and are diffi-
cult to evaluate sonographically. However, proximal or
distal ends of significantly dilated ureter (hydroureter)
can be seen.

The shape and appearance of the normal bladder
depends on the degree of distention. When empty,
the bladder lies behind the symphysis pubis. On lon-
gitudinal transabdominal view, the full bladder has a
teardrop-shaped anechoic appearance, with distinct
wall, while on the transverse view it appears rectan-
gular. The thickness of the bladder wall varies with
the degree of bladder filling. When mildly distended or
empty, the bladder wall is thick and irregular. With full
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Figure 24.1. (A) Normal renal anatomy. C indicates calyx; P, pyramid; RA, main renal artery; RV, main renal
vein. (B) Normal kidney. Longitudinal view of the kidney demonstrates peripheral hypoechoic universally
thick parenchyma and central hyperechoic renal sinus. Note the echogenic white Gerota’s fascia.
Parenchyma is less echogenic then liver. (C) The cortical echogenecity is equal of that of the liver. Several
slightly hypoechoic renal pyramids are seen. C indicates cortical echogenecity; L, liver. (D) Portable
ultrasound of the normal right kidney. Note less contrast appearance but renal contour, parenchyma and
renal sinus are clearly identified.

distension, the normal bladder wall is thin and
smooth and does not exceed 4–5 mm in thickness
(Figure 24.2).2

IMAGING TECHNIQUE
The spectrum of urologic ultrasound includes gray-
scale and Doppler evaluation of the kidneys and the
bladder. In accordance with American Institute of Ul-
trasound in Medicine (AIUM) practice guideline, the ex-
amination of kidneys should include longitudinal and
transverse views and assessment of the cortex and re-
nal pelvis. Renal echogenecity may be compared with
echogenecity of the adjacent liver or spleen. Kidneys
and perirenal regions should be assessed for abnormal-
ities (Table 24.1).3

Sonographic evaluation of a critically ill patient is
typically limited by a supine position, lack of patient
cooperation, presence of monitoring devices, tissue
changes (e.g., bowel gas, edema, ascitis), postsurgical
incisions, and dressings.

Kidneys demonstrate a significant mobility with res-
piration (about 2–3 cm), which complicates the evalu-
ation of patients on a ventilator.4

Commonly, a sector or curved-array transducer (3–
5 MHz) is used, while higher-frequency probes (5–
7 MHz) with higher space resolution may be necessary
to evaluate children, thin patients, and transplanted
kidneys. Imaging of the urinary tract must always in-
clude evaluation of both kidneys and the bladder.

The right kidney is best examined in the supine or
left lateral decubitus position through the liver, which
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Figure 24.2. (A) Transabdominal ultrasound (transverse scan) of a normally distended bladder. (B) Foley
catheter in the collapsed bladder (portable ultrasound).

serves as an acoustic window. The probe should be
placed along the right lateral subcostal margin in the
anterior axillary line, scanning through the liver to lo-
cate the right kidney. After visualization of the whole
kidney, the optimal longitudinal view is obtained by
slowly adjusting the probe’s position up and down or
side to side. The kidney is traditionally measured in the
longest axis (length and width) because the longitudi-
nal diameter has minor inter- and intraobserver vari-
ations. If needed, a transverse plane (short-axis view)

can be obtained by rotating the probe 90◦ and eval-
uating upper, mid, and lower portions of the kidney
separately.

The left kidney is typically less visible due to its loca-
tion in a more superior position, the lack of the sono-
graphic window generated by the liver and the over-
lying small bowel, and gastric gas. If possible, placing
the patient in the right lateral decubitus position with
the probe positioned in the posterior axillary line or
left costovertebral angle may improve visualization. If

TABLE 24.1. Renal ultrasound in critically ill patients

Parameter Description
Longitudinal diameter Easy to obtain and reproduce with less intra and inter-observe variation. Average length is

between 9 cm and 12 cm
Parenchymal thickness Measurements between renal surface and hyperechoic sinus, normally >1 cm
Kidney margins Sharp and regular. V-shaped indentation may represent persistent fetal lobulation. The outline

depression with rounded angles indicates inflammatory or ischemic scars
Parenchymal
echogenecity

Cortex hypo/isoechogenecity compared with that of liver or spleen is usually normal, while
hyperechogenecity indicates a diffuse parenchymal pathology. Medulla is slightly less
echogenic than cortex

Collecting system Visible only when dilated (hydronephrosis), mostly secondary to mechanical obstruction
Calcifications Small hyperechogenic lesions are nonspecific and may represent small stones, vascular or

intraparenchymal calcifications. Larger stones are easily diagnosed by the characteristic
posterior acoustic shadowing

Renal/extrarenal masses Solid masses are usually neoplastic and require further evaluation with CT or MRI. Simple
renal cyst is anechoic thin-walled space occupying lesion with good through-transmission and
no internal echoes

Resistive index Color Doppler study of renal perfusion. Normal RI <0.70. High resistance pattern indicates
decrease perfusion of various causes

CT indicates computerized tomography; MRI, magnetic resonance imaging; RI, resistive index.
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bowel gas obscures the kidney (especially left) and re-
flects the ultrasound waves, the transducer can be po-
sitioned in the mid or posterior axillary line.5

The bladder can be examined only when it is dis-
tended. Sonographic evaluation is usually performed
from a transabdominal location, with the patient in
a supine position. A probe is placed 1 cm above the
symphysis and angled laterally, inferiorly, and superi-
orly. Most commonly, the transverse scan is obtained
first. A normal bladder is located in the midline without
deviation, and appears symmetric, smooth, and with-
out irregularities of inner surface. On the longitudinal
scan, the bladder is oriented toward the umbilicus and
tapered anteriorly. Transverse and longitudinal scans
provide a fairly accurate calculation of the urine vol-
ume within the bladder. If needed, postvoid residual
urine volume can be automatically calculated.

Detailed bladder ultrasound may have a limited
application in critically ill patients with draining in-
dwelling Foley catheters. However, it can provide im-
mediate bedside diagnosis of urinary retention in pa-
tients with decreased or absent urinary output.

COLOR DOPPLER ULTRASOUND
Complex Doppler studies have not been used rou-
tinely as a bedside test in critically ill patients. How-
ever, the technical improvement of portable ultrasound
machines with color and power Doppler equipment
enables the ability to combine gray-scale ultrasound
with limited Doppler study in the critical care set-
ting. Changes in the perfusion of renal parenchyma
are commonly associated with different renal pathol-
ogy. Color-flow and spectral Doppler studies are able
to provide noninvasive, indirect global assessment of
renal blood flow and identify the vessels at the level
of the renal hilum and in the renal parenchyma. Be-
cause the spatial resolution of gray-scale sonography
is much lower than frequency resolution, the Doppler
study is able to detect the arteries on the basis of the
flow and not the anatomic size.2 The Doppler spectral
tracing reflects a low vascular resistance and classi-
cally has a ski slope appearance. From the many dif-
ferent indices introduced to quantify blood flow, the
most commonly used single parameter is the resistive
index (RI), a ratio between end-diastolic velocity and
peak systolic velocities. Restrictive index is a physio-
logical parameter reflecting the degree of renal vascu-
lar resistance. Normal renal blood flow has a low re-
sistance pattern, with a flow maintained throughout
diastole. The normal RI values are 0.58 ± 0.10.2 Val-
ues >0.70 are considered abnormal and may be due

to lower arterial patency, although major clinical sig-
nificance is observed for values >0.80. Doppler signals
are commonly obtained from renal artery or interlobar
arcuate arteries at the corticomedullary junction and
border of medullary pyramids. However, the identifi-
cation of these areas requires more training and expe-
rience in performing Doppler ultrasound. The test is
routinely performed to evaluate the transplanted kid-
ney. The RI has been proposed to assist with the differ-
ential diagnosis between obstructive and nonobstruc-
tive hydronephrosis, or diagnosis of acute obstruction
when dilatation has not yet developed. A minority of
patients with obstructive renal failure may not show
hydronephrosis due to dehydration or decompression
caused by rupture of calyceal fornix. High intrarenal
pressure and changing renal hemodynamics due to
the release of vasoactive substances and vasoconstric-
tion secondary to obstruction cause an increase in in-
trarenal arterial resistance measured by a higher RI.
While the diagnostic accuracy of RI still remains con-
troversial due to a wide range of results, a normal RI
may still be helpful in arguing against the presence of
obstruction.6−8 Color-flow Doppler ultrasound is fre-
quently performed for the evaluation of the patency
of the ureter. Jet phenomenon should be seen in the
bladder when the urine bolus from the ureter is being
propelled into the bladder cavity due to periodic peri-
stalsis (1–12 jets per minute). Ureteral jets are usu-
ally identified during transverse bladder scanning as
a color projecting into the bladder lumen from lat-
eral posterior border and coursing superior and me-
dial (Figure 24.3). While most critically ill patients
have indwelling Foley catheters, bedside evaluation
of ureteral jets may be limited due to the empty
bladder.

Figure 24.3. Color Doppler ultrasound of the urinary
bladder shows crossing bilateral ureteral jets.
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CLINICAL APPLICATIONS

Renal Failure
Acute and acute-on-chronic renal failure (ARF) is rela-
tively common in critically ill patients with a reported
prevalence ranging between 16% and 23%.9 While phys-
ical examination and laboratory tests are invaluable
in making a correct diagnosis, sonography rapidly
provides useful information about the kidneys indepen-
dent of renal function. The American College of Radiol-
ogy Appropriateness Criteria suggests ultrasound as a
primary imaging technique in acute renal failure.10

Traditionally, renal failure is categorized as prerenal,
intrinsic to the kidney, and postrenal. While prerenal
kidney failure will not be associated with specific sono-
graphic abnormalities, intrinsic and especially postre-
nal (obstructive) causes usually will have visible ul-
trasound features. Ultrasound evaluation can establish
the presence of kidneys, their size, shape, and echo-
genecity. The absence of kidney in the normal anatom-
ical position (pelvic kidney is usually located close to
midline, just above the bladder) requires further inves-
tigation.

Renal parenchymal damage is a major cause of in-
trinsic renal failure. Sonographic evaluation is not help-
ful in providing a precise diagnosis of renal disease.
However, it may provide some information regarding
the nature of renal insufficiency. Normal or enlarged
kidneys are likely associated with acute renal failure.
Parenchymal echogenecity is equal or greater com-
pared to the liver. It is important to remember that
liver echogenecity may also be altered in a critically ill
patient. In more severe cases the echogenecity of the
renal parenchyma is equal to the renal sinus echoes.

The most common cause of ARF in critical care pa-
tients is acute tubular necrosis (ATN).11 While sonog-
raphy is not a diagnostic method used for ATN, recent
research provides support for the possible use of color
Doppler for the monitoring of improvement of renal
hemodynamics in the critically ill patient. The recovery
of renal function has been characterized by improve-
ment in RI when there are still no significant changes
in the diuresis.2

Chronic renal failure is associated with small (5–
8 cm in length) contracted kidneys with increased
echogenecity. Renal sinus echoes are still visible, but
the parenchyma may show evidence of focal losses
(Figure 24.4).

Postrenal ARF can be efficiently corrected if promp-
tly diagnosed. About 5% of patients with ARF suffer
from obstructive uropathy (hydronephrosis). It is more

Figure 24.4. Chronic renal failure. Small contracted
right kidney. Parenchymal echogenecity is equal to
that of the liver and slightly less than of renal sinus.

common in patients with certain predisposing factors
including urolithiasis, retroperitoneal cancer, or a soli-
tary kidney. In patients with no risk factors for urinary
obstruction, only approximately 1% will have sono-
graphically detected hydronephrosis.9 Nevertheless,
obstructive uropathy remains the most important find-
ing that requires urgent treatment because it is likely to
be reversible. Alternatively, knowing that obstruction
is absent is as important a finding as treating obstruc-
tion.

Sonography can usually diagnose obstruction
quickly and simply with a sensitivity of approximately
95%. The dilatation of the renal collecting system (hy-
dronephrosis) is the most important sonographic fea-
ture of obstructive uropathy. Renal pelvis and calyceal
dilation are characterized by effacement of the re-
nal sinus fat by an anechoic-branched structure with
through-transmission. Hydronephrosis is most com-
monly categorized as mild, moderate, or severe. The
degree of renal damage can be quantified on the ba-
sis of a reduction in parenchymal thickness. Mild hy-
dronephrosis (grade I) refers to minimal dilatation of
the collecting system known as splaying. Moderate
hydronephrosis (grade II) shows rounding of the cal-
ices with obliteration of the papillae. Cortical thinning
is minimal in moderate hydronephrosis. Severe hy-
dronephrosis (grade III) refers to massive dilatation of
renal pelvis and calyces associated with cortical thin-
ning (Figure 24.5).

However, the degree of dilatation does not nec-
essarily correlate with the presence or severity of
obstruction. Acute, high-grade obstruction may pro-
duce only minimal hydronephrosis on early ultrasound
before significant dilatation of the collecting system
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Figure 24.5. (A) Mild hydronephrosis with slight widening of the renal collecting system. (B) Moderate
hydronephrosis. (C) Moderate hydronephrosis without loss of renal parenchymal thickness. (D) Hydronephrosis
and proximal hydroureter (U). (E) Severe hydronephrosis with thinning of renal parenchyma. (F) Loss of the
right ureteral jet in patient with right obstructive hydronephrosis.

develops. This problem may be common in critically
ill patients with reduced renal function.

Hydronephrosis does not necessarily equate with
obstruction because other factors (e.g., infection, per-
sistent diuresis, and reflux) can cause dilatation of

the pelvico-calyceal system. Doppler evaluation has
been proposed for the suspected renal obstruction.
Normal RIs suggest the absence of obstruction, while
RIs greater than 0.70 suggest an obstructive etiol-
ogy of hydronephrosis. However, this method remains
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Figure 24.6. (A) Renal cyst may be single or multiple. Borders are well defined. No internal echoes are seen.
(B) Large centrally located renal cyst. (C) Polycystic kidneys are usually bilateral. Normal renal parenchyma of
enlarged kidney is replaced with multiple cysts of different sizes. (D) Two parapelvic cysts do not communicate
with the renal collecting system (portable ultrasound).

controversial because of equivocal and conflict-
ing results in detection of either acute or partial
obstruction.8

Analysis of ureteral jets by Doppler interrogation
may be another way to diagnose ureteral obstruction.
The detection of intermittent flashes of Doppler color
(jets) indicates patency of upper urinary tract. The ab-
sence of a unilateral jet is highly significant as an indica-
tion of obstruction. The presence or absence of ureteral
jets does not correspond to the degree of hydronephro-
sis. The bilateral absence of jets is less specific and may
indicate a lack of difference in specific gravity between
urine entering the bladder and urine in the bladder.
The combined Doppler study (RI and ureteral jets) im-
proves the accuracy of renal ultrasound in the diagno-
sis of obstruction.6

Identification of the obstructing lesion remains the
best way to confirm the significance of hydronephro-

sis. However, it is not always possible with the limited
ultrasound evaluation of critically ill patient. Bilateral
hydronephrosis in patients with ARF, regardless of its
cause, requires emergency decompression of the kid-
neys to restore urinary output.

Certain sonographic findings mimicking hy-
dronephrosis include renal cysts, an extrarenal pelvis,
and polycystic renal disease (Figure 24.6). Question-
able findings in patients with anuria may require an
extended evaluation beyond ultrasound to confirm a
diagnosis of obstruction.

Renal cysts are the most commonly found renal
mass. Sonographic features of a simple cyst include
a spherical appearance, an anechoic lumen without
internal echoes, a well-defined back wall, clear wall
demarcations, no measurable wall thickness, and an
acoustic enhancement posterior to the cyst. Single
or multiple cysts may be located anywhere in the
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Figure 24.7. (A) Longitudinal view of the right transplanted kidney. The renal parenchyma is well visualized with
bright renal sinus echoes centrally. (B) Color Doppler ultrasound image of the transplanted kidney. Spectral gate
is placed over arcuate vessels. A number of indices can be measured simultaneously. Resistive Index <0.7 is
considered normal.

kidney. A renal sinus cyst is called parapelvic and ac-
counts for 6% of renal cysts. A parapelvic cyst does
not communicate with renal pelvis and calyces. Unlike
the cauliflower appearance of a dilated pelvis, a para-
pelvic cyst is rounder, with good through-transmission.
Sonographically, the differential diagnosis between hy-
dronephrosis and parapelvic cyst may be difficult, es-
pecially if the cysts are bilateral. Complex cysts do not
meet the sonographic criteria of simple cysts. They
may be septated and multilocular. While the ultra-
sound diagnosis of a simple cyst is very accurate, com-
plex cysts may require additional imaging studies (e.g.,
computerized tomography [CT] or magnetic resonance
imaging [MRI]) to rule out malignancy.

Autosomal-dominant polycystic kidney disease is
one of the etiologies of end-stage renal failure. Multiple
variably sized cysts located in the cortex and medulla
are characteristic for this bilateral disease. The kid-
neys are enlarged and the parenchyma can be identi-
fied or completely replaced by numerous cysts. The
extrarenal pelvis lies largely outside the kidney rather
than in its usual central location. Usually, dilatation of
the calyces is not associated with nonobstructed, di-
lated extrarenal pelvis.

KIDNEY TRANSPLANT
Decreased renal function after transplantation is the
most important indication for ultrasound evaluation.
The more superficial location of the transplanted kid-
ney requires a 5–7 MHz transducer. Longitudinal and
transverse scans over the kidney provide accurate
measurements of kidney size, echogenecity, shape and

evidence of hydronephrosis, bladder sonogram, and
the color Doppler flow studies.

The normal transplanted kidney is similar to the na-
tive kidney morphologically. It has a smooth contour
and homogenous parenchyma. The urinary bladder
should be visualized where possible. Normally, it must
be empty because full bladder may cause hydronephro-
sis (Figure 24.7).12,13

The primary goal of ultrasound in the transplanted
kidney is to differentiate between obstructive uropa-
thy and systemic or intrinsic causes of reduced func-
tion (acute rejection or acute tubular necrosis) and to
identify peritransplant fluid collections.

Acute rejection (AR) and acute tubular necrosis have
no specific diagnostic sonographic features. The diag-
nostic value of ultrasound in ATN or acute rejection
is limited. The kidney may be enlarged, with increased
cortex hyperechogenecity and occasional distortion of
the renal outline. While the differential diagnosis be-
tween AR and ATN is not possible with ultrasound, ob-
struction (hydronephrosis) is very distinctive and is
important to rule out (Figure 24.8).

The sonography can promptly identify hy-
dronephrosis and establish indications for surgical
intervention or close follow-up. Hydronephrosis has
the same appearance in the transplanted kidney
as in the native kidney and may be secondary to
anastomotic failure or a fluid collection due to urine
leak (urinoma), lymphatic leak (seroma), or bleeding
(hematoma). Peritransplant fluid collections have
been reported in up to 50% of renal transplantation.
The clinical relevance of these collections is largely de-
termined by their size, location, and possible growth.12
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Figure 24.8. (A) Hydronephrosis of the transplanted kidney. (B) Color Doppler study shows elevated resistive
index of the arcuate arteries.

Peritransplant fluid collections are readily detectable
by ultrasound. Regardless of their nature (urine,
blood, or lymph), sonographically they may appear as
well-defined anechoic areas, with or without septation,
although acute hematoma may be echogenic. Internal
echoes are mostly seen in hematomas where clots
have become organized (Figure 24.9).

Color Doppler is used routinely to evaluate the trans-
planted kidney. However, RI itself is not specific for the
differential diagnosis of transplant complications, al-
though it may be helpful to confirm an obstructive hy-
dronephrosis. The most common cause of elevated RI
(over 0.70) in the absence of obstruction or infection is
acute rejection.13 The likelihood of an acute rejection
increases as the values of RI increase.

RENAL TRAUMA
Focused assessment with sonography for trauma
(FAST) has been an accurate method for detecting
hemoperitoneum in unstable patients. However, ultra-
sound is presently not advocated as a first-line imaging
modality in renal trauma because its sensitivity in di-
agnosing and grading renal injury remains low. Normal
findings do not exclude renal injury and major injuries
may not be identified.14,15

While renal ultrasound may reveal subcapsular or
perinephric fluid collections, it cannot provide cru-
cial differentiation between blood, extravasated urine,
and other types of free fluid. Color Doppler ultrasound
can be helpful in the evaluation of renal blood flow by

BA

Figure 24.9. (A) Large hematoma anterior to the transplanted kidney, which does not affect kidney function.
Renal parenchyma shows normal echogenecity. (B) Normal resistive index of the interlobar arteries.



282 Ultrasound Evaluation of the Neck, Trunk, and Extremities

Figure 24.10. Perirenal hematoma in patient with left
renal laceration. H indicates hematoma; K, kidney, S,
spleen.

assessing perfusion of the whole kidney or any portion.
If renal ultrasound suggests injury or if it is negative in
patient with the clinical evidence of renal involvement
(hematuria), a contrast CT should be provided in stable
patient for further evaluation.

However, ultrasound is a very useful tool for a
bedside monitoring of the resolution or expansion of
hematomas in the critical care setting, as recent man-
agement of even severe isolated renal injuries is mostly
conservative (Figure 24.10).

UROSEPSIS
Urinary tract infection (UTI) is one of the most com-
mon hospital-acquired infections and most frequent
nosocomial infection in critically ill patients. Compli-
cated UTI is not uncommon in ICU patients due to
multiple predisposing factors including compromised
immune systems, associated medical problems, and
indwelling urinary catheters. The spectrum of UTI
extends from acute pyelonephritis with or without
obstructive uropathy to renal and perirenal abscesses.

While pyelonephritis usually has no specific sono-
graphic features, ultrasound can diagnose such abnor-
malities as hydro- and pyonephrosis, renal and perire-
nal abscesses, or emphysematous pyelonephritis.

Pyonephrosis represents pus in the obstructed and
infected collecting system. It is a medical emergency
requiring immediate renal decompression. Pyonephro-
sis must be suspected in patients with hydronephrosis,
urinary tract infection, and ultrasound findings of low-
level echoes with occasional layering in the dependent
position of the dilated collecting system.

Renal intraparenchymal abscess appears as a com-
plex hypoechoic mass with thick irregular walls and oc-

casional fluid debris level. A perinephric abscess will
result in a heterogeneous crescent-shaped fluid collec-
tion surrounding the kidney that may deform the renal
cortex. While additional tests (CT) may be necessary to
differentiate between abscess and renal cancer, ultra-
sound can be a valuable tool to monitor the diagnosed
abscess or focal pyelonephritis during medical treat-
ment (Figure 24.11).

Emphysematous pyelonephritis is an uncommon
but life-threatening diffuse infection of the renal
parenchyma caused by gas-forming bacteria. Most
patients are female, and 90% are diabetic. Patients
are usually extremely ill, often toxic, presenting with
fever, flank pain, acidosis, hyperglycemia, dehydration,
and electrolyte imbalance. Ultrasound typically reveals
an enlarged kidney containing high-amplitude echoes
within the parenchyma/renal sinus associated with a
low-level posterior acoustic shadowing. Computerized
tomography scan is necessary to confirm the presence
of air in the renal parenchyma.

OTHER SONOGRAPHIC FINDINGS
Screening, observational, or focused ultrasound evalu-
ation of the critically ill patient frequently reveals ad-
ditional sonographic findings that have no direct im-
pact on the patient’s condition and will not change the
immediate treatment . However, such incidental find-
ings require further evaluation with additional imaging
modalities to establish correct diagnosis when the pa-
tient is stable (Figure 24.12).

A solid renal mass is a heterogeneous, isoechoic, or
hypoechoic lesion of variable dimensions adjacent to a
normal renal parenchyma. Ultrasound is used primar-
ily to differentiate solid masses from simple cysts. All
solid renal masses in adults should be considered ma-
lignant until proven otherwise. Further evaluation with
CT scan is required for appropriate diagnosis.

Nephrolithiasis is one of the most common kidney
problems. Kidney stones are intensely hyperechoic lin-
ear or arching foci with posterior acoustic shadowing.
They can be of different sizes and locations within the
kidney. Obstructing stones occasionally can be seen
in patients with hydronephrosis and dilated proximal
or distal ureter.16 Nonobstructing kidney stones do not
require urgent treatment.

BLADDER ULTRASOUND
The sonographic evaluation of the bladder is uncom-
mon in critically ill patients with an indwelling Fo-
ley catheter and collapsed bladder. However, it is a
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Figure 24.11. (A) Pyonephrosis. Moderate-to-severe hydronephrosis with fine debris in the renal collecting
system. (B) Nonspecific finding of the enlarged kidney in patient with clinical picture of acute pyelonephritis.
(C) Hyperechoic lesion within renal parenchyma in patient with urosepsis represents area of focal pyelonephritis
(FP). (D) Follow-up ultrasound revealed complete disappearance of the lesion after medical treatment.

A B

Figure 24.12. (A) Multiple renal stones. Nonobstructed kidney containing hyperechoic (white) calcifications with
posterior acoustic shadowing. (B) Large solid renal mass (M) distorting renal collecting system (K).
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Figure 24.13. (A) Portable ultrasound. Distended bladder with obstructed Foley catheter. (B) Dislodged Foley
catheter in the prostatic urethra below the bladder. (C) Large blood clot in patient with gross hematuria may
simulate bladder tumor. (D) Grossly enlarged prostate protruding into the bladder lumen. (E) Large bladder
diverticulum. (F) Bladder stone. BC indicates blood clot; F, Foley catheter.
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necessary part of renal ultrasound because urinary
retention may cause hydronephrosis. Dislodged or
obstructed Foley catheters are a common cause of
“anuria” in critically ill patients. Bladder ultrasound al-
lows prompt visualization of a distended bladder and
can locate the balloon of the Foley catheter within or
outside of a full bladder.17 Bladder volume can be auto-
matically calculated by measuring horizontal and ver-
tical dimensions of the bladder on a transverse image
and maximum longitudinal dimension on longitudinal
image. Bladder stones appear hyperechoic with pos-
terior acoustic shadowing. They move with changes
in patient position. Blood clots may be visualized in
patients with gross hematuria. The differential diagno-
sis must include bladder tumor, which also appears as
a polypoid, hyperechoic projection from the bladder
wall. Diverticuli present sonographically as sonolucent
masses adjacent to the bladder. Large bladder divertic-

ula may still be visible with an empty bladder. A grossly
enlarged prostate may be seen as a round or polypoid
mass protrusion at the bottom of the bladder (Figure
24.13).

SUMMARY
The role of ultrasound of kidneys and bladder in crit-
ical care has been widely debated based on its use-
fulness and cost-effectiveness. While bedside urologic
ultrasound is not a substitute for standard sonogra-
phy or other important and informative imaging modal-
ities, it certainly provides properly trained physicians
with the unique ability to perform bedside ultrasound-
enhanced clinical evaluations of the urinary system of
critically ill patients. Whether it is a screening, observa-
tional, or emergency evaluation, this approach is help-
ful in expediting treatment and improving outcome.
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CHAPTER 25

Ultrasound Evaluation of the Pelvis
Michael Blaivas

INTRODUCTION
Relevant pelvic pathology that can be encountered in
the intensive care unit (ICU) setting, and is amenable to
bedside ultrasound evaluation, may be split into three
general categories. The first is a source of blood loss
and will most typically include ectopic pregnancy, hem-
orrhagic cyst, or mass. The second is a source of infec-
tion and is most likely to include pelvic inflammatory
disease and tubo-ovarian abscess. The third is a source
of pain apart from the first two categories including
ovarian cysts, masses, and ovarian torsion.

RELEVANT ANATOMY
Sonographic pelvic anatomy can be challenging and,
depending on the ultrasound technique utilized,
anatomical relationships may appear confusing. The
uterus, a pear-shaped muscular organ typically mea-
suring 6–8 centimeters (cm) in length and 4 cm in width,
is bordered anteriorly by the bladder and posteriorly
by the rectum. The uterus comprises the fundus, body,
and cervix, where it narrows and protrudes into the
vagina (Figure 25.1). The fallopian tubes exit the uterus
on either side of the uterine fundus at the level of the
cornua. The anterior cul-de-sac is a potential space be-
tween the uterus and bladder, while the posterior cul-
de-sac (pouch of Douglas) is between the uterus and
rectum. With the patient supine, the pouch of Douglas
is the most dependent part of the pelvis and is typi-
cally the first area to collect fluid such as blood or pus.
The fallopian tubes extend laterally from the cornua
in the broad ligament. An ovary attaches to the broad
ligament posteriorly on each side. The iliac artery and
vein run posterior and lateral to the ovaries and the
two are a major landmark sonographically.

PROCEDURE
The pelvic ultrasound examination is split into two dis-
tinct types that are not mutually exclusive, and one
may lead to the other depending on the pathology
discovered. The easiest is the transabdominal (TAS)

pelvic ultrasound examination. It is performed utilizing
a curved linear array with a typical frequency range of
5–2.5 MHz. The broad field of view afforded by this type
of transducer is ideal for surveying the pelvis. In gen-
eral, the TAS pelvic ultrasound examination requires
a full bladder. In the case of many ICU patients, this
simply means clamping the urinary catheter. An alter-
native is to fill the bladder with either sterile saline or to
simply hold up the catheter bag and have some of the
urine flow back into the bladder. The ideal volume that
allows the bladder to act as an optimum acoustic win-
dow will vary from patient to patient. Approximately
350 milliliters (mL) will be ample in most cases and it
is possible to overfill the bladder and actually move
organs of interest farther away from the transducer.
Similar to the pelvic portion of the focused assessment
with sonography for trauma (FAST) examination, the
transducer is held in two standard orientations. The
transverse orientation is with the marker oriented to
the patient’s right hip and the longitudinal one is with
the probe indicator pointed to the patient’s head. It is
critical to scan through the bladder in order to best im-
age pelvic organs in the TAS approach. Pelvic organs,
like most others, should be scanned in two orthogonal
planes. The TAS examination gives limited views of the
ovaries and fallopian tubes in most patients. The fal-
lopian tubes are rarely seen on TAS unless filled with
fluid. Even then it may be difficult to differentiate them
from other fluid collections without using an endovagi-
nal (EV) approach.

The EV ultrasound approach is generally preferred
for structures within the true pelvis. The ovaries are
visualized with greater detail, pregnancy can be seen
at a much earlier date, and ectopic pregnancies can be
identified with much greater accuracy than with TAS.2

However, it is still considered by most as an examina-
tion to perform after TAS. The EV ultrasound exami-
nation requires an endocavity probe. These are typi-
cally microconvex and tend to range from 8 MHz to
4 MHz, with some variation. Color or power Doppler is
critical for this type of transducer in order to differen-
tiate blood flowing in vessels from other types of fluid.
The endocavity transducer is encased in a nonsterile
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Figure 25.1. A normal uterus is seen in long axis on
ultrasound. B indicates body of uterus; C, cervix; F,
fundus of uterus.

sheath, such as a condom. Condoms with receptacle
tips tend to trap air and are best avoided. The middle
finger of a glove can be used as well. Prior to insertion
into a sheath, the probe tip is covered with ultrasound
gel. Once the sheath is slipped over the probe, the tip
should be stretched tight and all air bubbles smoothed
out with a finger. Additional gel is used on top of the
sheath over the transducer’s scanning surface. Unlike
the TAS approach, the EV approach requires an empty
bladder. Once dressed properly, the probe is ready to
insert into the vaginal vault. In modern society, it is best
to perform the examination in the constant presence of
a chaperone, preferably a female. This will avoid poten-
tial questions that may be difficult to defend against if
no chaperone was present. Typically, the probe is in-
serted too far by beginners and it does not need to go
beyond the anterior fornix. There are two general imag-
ing planes in endovaginal ultrasound. They are a coro-
nal plane and a longitudinal plane. It may be helpful for
beginners to imagine the patient standing on her head
as they view the ultrasound machine screen. Anatomy
will now make sense, even though the orientation will
take some time to adjust to. With the probe indicator
pointing toward the ceiling, the empty bladder, long
axis of the uterus, and posterior structures are seen
(Figure 25.2). A full bladder will make the examination
frustrating and has to be corrected. The probe is moved
from side to side to obtain images from one adnexa to
the other. In addition, the transducer can be angled
up and down while the indicator remains pointed to-
ward the ceiling as well as introduced slightly deeper
or pulled back in the vaginal vault. The fundus, cervix
of the uterus, and surrounding structures can be visual-
ized with good detail using these movements. To obtain

Figure 25.2. An endovaginal probe is being held in
the vaginal vault of an ultrasound phantom, with the
transducer indicator pointed toward the ceiling. This
orientation gives a long-axis view through the uterus
similar to that in Figure 25.1.

a short-axis or coronal view, the transducer is rotated
toward the adnexa of interest and moved up and down
or from side to side (Figure 25.3). In EV scanning it is
critical to image in two orthogonal planes, as structures
of interest are periodically seen better in one plane than
another. The ovaries are located lateral to the uterus
and are almost invariably anterior and medial to the in-
ternal iliac artery and vein. These vascular structures
are relatively easy to find on the EV examination and
are an excellent landmark (Figure 25.4). The fallopian
tubes can be seen leaving the cornuate portions of the
uterine fundus on either side and may often be tracked
nearly to each ovary (Figure 25.5). The tubes are obvi-
ous when filled with fluid, but with modern equipment
they are still easily seen in most patients.

Figure 25.3. The probe inserted into the vaginal
vault of the ultrasound phantom has been turned 90◦
counterclockwise and toward the right adnexa and is
now pointed into the adnexa. Short-axis views of the
uterus and both ovaries are accomplished in this
orientation.
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Figure 25.4. The right ovary (O) is seen adjacent to
the iliac vein (V) and artery (A).

HEMORRHAGE FROM PREGNANCY
One of the best ways to rule out the presence of an
ectopic pregnancy is by ruling in an intrauterine preg-
nancy (IUP).2 Although ectopics coexisting with IUPs
are encountered, they were traditionally thought to
be exceedingly rare in the general population, approx-
imately 1 in 30,000.3 However, more modern figures
show a background incidence closer to 1 in 8000.4 Pa-
tients undergoing any fertility treatment are at a much
greater risk for heterotopic pregnancy, with some stud-
ies suggesting as high as 1 in 100 for very specialized in-
fertility practices.5 It is important to note that as many
as 70% of all ectopic pregnancies resolve on their own
and many others can be treated medically. Thus identi-
fying one does not mean an impending surgical disaster
if there is no evidence of rupture and if the ectopic mass
is small.6 While identifying an embryo (fetal pole), es-

Figure 25.5. The fallopian tube (arrows) is seen
leaving the uterus (U) and traveling out into the
adnexa toward the ovary (not seen in this image).

Figure 25.6. This endovaginal ultrasound of a
pregnant uterus shows the gestational sac (G), yolk
sac (Y), and fetal pole (F).

pecially with a heartbeat, is the best way to diagnose
an IUP, earlier embryonic structures can be used con-
fidently to rule in an IUP. Specifically, a yolk sac, the
earliest reliable embryonic structure (Figure 25.6). A
gestational sac alone is not enough to diagnose an IUP.
Having a double decidual sign increases the likelihood
of an IUP to over 80%, but still does not reliably rule out
an ectopic pregnancy.7 A double decidual sign refers
to the two concentric circles outlying a normal gesta-
tional sac, made up of the maternal and fetal decidua.
An apparent gestational sac may in actuality be a pseu-
dogestational sac, which is seen in a portion of ectopic
pregnancies as fluid collects in the endometrial canal
due to hormonal stimulation of the endometrial lining
(Figure 25.7).8

Figure 25.7. A thin collection of fluid (F) is seen in
the endometrial canal of this patient with an ectopic
pregnancy and represents a pseudogestational sac.
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The TAS examination allows for visualization of em-
bryonic structures as soon as six to eight weeks with
ideal ultrasound equipment, while the EV approach will
typically reliably show a yolk sac by 4.5 weeks’ gesta-
tional age. The normal location of a gestational sac is
in the uterine fundus just off the endometrial midline.
The fetal pole is located next to the yolk sac, but if
measured, the yolk sac should not be included in the
measurement. If IUP is not confirmed on TAS, then an
ectopic has not been ruled out. TAS findings suggest-
ing ectopic pregnancy include an absence of IUP (in
most cases), presence of echogenic fluid in the pouch
of Douglas, a large amount of fluid in the pelvis, and a
discrete mass in the adnexa. Actual live ectopics can
be seen on TAS and it may even be possible to date
an embryo. This is more likely on EV, however (Figure
25.8). Reported rates of live ectopic pregnancy range
from 3% to 10%.9,10 Certainty of ectopic pregnancy de-
pends on the ultrasound findings, coupled with clin-
ical scenario. Obviously, having a positive pregnancy
test is important for ectopic diagnosis, but anecdotal
reports of ruptured ectopic in the setting of negative
pregnancy test do exist. Thus, never say never with ec-
topic pregnancy. The earliest sign of an ectopic on EV
ultrasound is typically a small circular mass with cen-
tral clearing, located next to the ovary. This structure
is called a “tubal ring sign” and represents the fallopian
tube with the ectopic pregnancy implanted in it (Figure
25.9). On the opposite end of the spectrum, the tubal
ring can be very subtle and may be difficult to differ-
entiate from the corpus luteum of the ovary (which
should be located on the same side as the ectopic in
the majority of cases). Gently prodding the ovary with

Figure 25.8. Blood flow in the heart of a live ectopic
pregnancy is shown (large arrow). The ectopic mass
(small arrows) sits adjacent to the left ovary, which
contains a solid corpus luteum outlined with blood
flow on power Doppler (arrow heads).

Figure 25.9. A tubal ring (arrows) is shown adjacent
to the left ovary (O) and measures just over 1 cm
across.

the EV probe will result in movement of the tubal ring
and ovary as separate units and is a reliable sign to dif-
ferentiate a corpus luteum from a tubal ring.11 A mass
next to the ovary and a large amount of echogenic fluid
in the pelvis should further raise suspicion for ectopic
pregnancy. Occasionally, a yolk sac or embryo may be
seen in the tubal ring and this will clinch the diagnosis
of ectopic pregnancy.

HEMORRHAGE IN A
NONPREGNANT PATIENT
Blood loss can also occur from an ovarian cyst or mass.
Hemorrhagic cysts can occasionally result in signifi-
cant intraabdominal blood loss, especially when arte-
rial bleeding is present. Typical findings include pelvic
fluid and a complex ovarian cyst, which may contain ev-
idence of thrombus in it (Figure 25.10). It may occasion-
ally be possible to see blood flow from the offending
vessel into the cyst and pelvis. Masses, especially ma-
lignant ones, may hemorrhage also, but this is less com-
mon. Fibroids can also be the source of significant hem-
orrhage, but, typically, do not bleed exclusively into
the pelvis, and vaginal bleeding will often be present.
Fibroids take on a heterogeneous appearance and cast
shadows on ultrasound examination. This shadowing
can make it difficult to see other structures around the
uterus (Figure 25.11). Central liquefaction may be seen
in some cases as the fibroid degenerates.

SOURCES OF INFECTION
Although describing the variety of possible pathologies
leading to infection is beyond the scope of this chapter,
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Figure 25.10. A large cyst inside of an ovary
stretched around it is shown. Arrows outline the
outer edge of the ovary. The cyst contains thrombus
of different density (T) as well as free fluid (F) that is
liquid blood.

there are several specific aspects to focus on. Sources
of infection may arise from the pelvis and will most fre-
quently include pelvic inflammatory disease, and may
also involve abscess formation such as tubo-ovarian
abscess (TOA). Pelvic inflammatory disease (PID) af-
fects about 10–15% of women in the United States.12

As many as 275,000 women are hospitalized annually
for PID, with more than 100,000 surgical procedures
performed.13,14 Pus in the pelvis appears as echogenic
fluid with mixed echoes. It can be confused with blood
that is starting to thicken. Small amounts of fluid are

Figure 25.11. A transabdominal longitudinal image of
the uterus shows two distinct masses, both fibroids
(Fib). Characteristic shadows are cast by both to
different degrees. The patient had pelvic pain that
was worsening over several weeks.

Figure 25.12. The image shows a complex mass (M)
from the right adnexa extending behind the uterus
(U). The patient required surgical drainage of this
TOA.

first seen in the pouch of Douglas and then extend
up further along the uterus as the quantity increases.
Tubo-ovarian abscesses are often unilateral but occa-
sionally appear as bilateral entities. Ultrasonography
is most useful in differentiating TOA from other stages
of PID.15 The most common sonographic findings in PID
include thickened, heterogeneous endometrium, an en-
larged uterus with fluid in the endometrial cavity, and
fluid-filled fallopian tubes.16,17 A tubo-ovarian complex
(TOC) is an inflammatory pelvic mass without any pus
within a cavity. A TOC consists of edematous, adherent,
infected ovaries and tubes, which can still be visual-
ized but cannot be separated by an endovaginal probe.
In TOA, there is a loss of the normal boundaries be-
tween the fallopian tube and ovary due to edematous,
inflamed tissue that is filled with pus. A variety of sono-
graphic appearances have been described for TOA.18

The typical sonographic appearance of a TOA is a com-
plex adnexal mass of varying echogenicity with debris,
septations, and irregular margins (Figure 25.12).19−21

The other sonographic markers of TOA are pyosalpinx
and loculated or speckled echogenic fluid in cul-de-sac
(Figure 25.13).22−24

SOURCES OF PAIN
Ovarian cysts, masses, and torsion are likely to be the
most common sources of pain encountered. Large fi-
broids, especially degenerating ones, can cause severe
pain and are readily detected on EV ultrasound when
small, and on TAS when larger. Typically, larger fibroids
cause more pain than smaller ones. Ovarian cysts or
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Figure 25.13. This left fallopian tube is dilated and
filled with echogenic material. Measurement in the
right lower corner shows its size.

masses can cause pain by virtue of mass effect as
they grow. In addition, cysts or masses associated with

ovaries may occasionally lead to torsion, which will re-
sult in severe pain and eventual loss of the ovary and
possibly fallopian tube. Typically, a source for torsion
is required, and if a sizable cyst or a mass is not present
on the ovary or immediately next to an ovary, torsion
is unlikely. If a large cyst or a mass is present, then the
ovary may be at risk for torsion if clinical symptoms are
present. Due to the dual arterial supply of each ovary,
both ovarian and uterine arteries, it is easier to rule
torsion in than out with ultrasound. If an EV examina-
tion with power Doppler shows an absence of blood
flow in the ovary containing a large cyst or a mass,
then torsion is quite likely. However, if an EV exami-
nation shows blood flow in an ovary with a mass or
cyst and clinical suspicion is high, laparoscopic evalu-
ation may be necessary to completely rule out torsion.
Rupture of a simple cyst may cause intense pain that
diminishes in intensity with time and should disappear
completely within a day. Endovaginal examination may
show a small collection of fluid in the pouch of Douglas
and occasionally immediately adjacent to the ovary in
question.
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CHAPTER 26

Ultrasound Evaluation of the
Peripheral Vascular System

James E. Foster, II and Kevin Wiseman

INTRODUCTION
Duplex ultrasound examination of the peripheral arte-
rial and venous systems has been refined to the point
where it has become the initial modality of choice for
vascular diagnosis. Technical advances have improved
diagnostic accuracy such that treatment decisions pre-
viously based on angiographic studies can now be
based solely on noninvasive studies. This is most ev-
ident in the noninvasive diagnosis of deep venous
thrombosis (DVT),1 and is becoming more prevalent
in the management of carotid occlusive disease and
atherosclerotic peripheral vascular disease.

ULTRASOUND EXAMINATION OF
THE PERIPHERAL VENOUS SYSTEM
Risk factors associated with the development of DVT
are common in the critical care setting. Virchow’s triad
of stasis, endothelial injury, and altered coagulation are
readily seen in today’s intensive care unit (ICU). Clinical
factors such as major trauma, which include neurolog-
ical injury, pelvic and long bone fractures2,3; prolonged
immobilization due to altered mental status, paralysis,
morbid obesity; multiple sites for venous access and
central monitoring; and advancing age, all contribute
to this increased risk.4

The true prevalence of acute DVT in the ICU set-
ting is unknown. Reported incidence varies widely (4–
60%) due to patient population, detection methods,
and the application of surveillance programs.5−7 De-
spite increased awareness and aggressive application
of protocols for the prevention of DVT, postmortem
studies indicate that subclinical, undetected DVT and
pulmonary embolism (PE) continue to exist.8 In addi-
tion, many ICU patients are at risk for rebleeding and
are not candidates for anticoagulation.

Invasive hemodynamic monitoring or prolonged
central venous access is common in the critical care
environment. Catheter-associated thrombosis occurs
in response to endothelial injury and the alterations in

normal venous flow patterns caused by the catheter.
This may be more significant in children, where
small diameter veins can be functionally occluded by
catheterization.9

Although the most common sequelae of DVT are the
late problems of venous insufficiency and stasis ulcera-
tion, PE is the primary concern in the acute care setting.
The present emphasis on DVT prophylaxis arises from
the recognition that PE is one of the most preventable
causes of death and major morbidity in hospitalized
patients. Because most clinically significant PE arises
from deep veins of the lower extremities, some cen-
ters have advocated routine duplex ultrasound surveil-
lance of patients during their ICU stay.

Continuous-wave Doppler ultrasound technology
was introduced to clinical practice in the 1970s. Al-
though no images were possible, these devices allowed
the examiner to assess venous flow patterns by au-
ditory waveform analysis. The combination of ultra-
sound imaging and Doppler spectral analysis provided
the basis for current duplex ultrasound technology. By
the early 1990s, the venous duplex ultrasound examina-
tion replaced contrast venography as the gold standard
for the diagnosis of DVT.

Standard practice requires a trained sonographer to
transport the ultrasound machine (portable but bulky)
to the ICU, where a full lower extremity examination is
performed and recorded on videotape or digital me-
dia. The study is reviewed by the interpreting physi-
cian who generates a report that is transcribed and
returned to the patient’s chart. This process, although
very accurate, is time consuming and may not always
serve the needs of the very dynamic and often unstable
conditions in the critical care environment.

The recently developed portable, handheld, duplex
scanners with multihertz transducers and color-flow
Doppler capability bring the possibility of a focused
venous examination to the bedside. The clinician is
now able to obtain diagnostic information rapidly and
interpret these results within the context of the pa-
tient’s overall clinical condition. Bedside investigation
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can eliminate the need for patient transport to the ul-
trasound department or the computerized tomogra-
phy (CT) scanner, often an enormous task with criti-
cally ill patients that itself has inherent risks. Where
results are uncertain or equivocal, a formal diagnostic
study can be obtained to assist in a definitive diagno-
sis. With proper training and experience, a focused ve-
nous duplex examination at the bedside can be accom-
plished by any clinician familiar with venous anatomy,
venous flow characteristics, and the basics of duplex
ultrasonography.

Venous Anatomy
The venous systems of both the upper and lower ex-
tremities are divided into deep and superficial compo-
nents. The deep venous system is composed of those
veins draining the muscle compartments and paired
with named arteries. The superficial systems drain cu-
taneous structures and run in the subcutaneous space.
These superficial veins are not associated with adja-
cent arteries.

In the lower extremity, the deep venous system in-
cludes the external iliac, common femoral, superficial
and deep femoral, popliteal, anterior and posterior
tibial, peroneal, and soleal and gastrocnemius veins
(Figure 26.1). All of the deep veins are accompanied
by named arteries, except for the soleal and gastroc-
nemius veins. The two main veins of the superficial
venous system are the greater and lesser saphenous
veins. The lesser saphenous is located in the lateral calf
and drains into the deep system at the popliteal vein.
The greater saphenous vein runs along the medial as-
pect of the leg from ankle to proximal thigh, where it
traverses the fossa ovalis and drains into the common
femoral vein. An unfortunate consequence of the tradi-
tional anatomic nomenclature is that the “superficial”
femoral vein is actually a deep venous structure and
is often the site of acute DVT leading to all the compli-
cations of thrombosis including pulmonary embolism.
Therefore, it is important to understand that throm-
bosis of any segment of the femoral vein (superficial,
deep, or common) constitutes a deep venous thrombo-
sis and should be so identified for documentation and
treatment purposes.

In the upper extremity, the deep veins include the
internal jugular, subclavian, axillary, brachial, radial,
and ulnar veins (Figure 26.2). These veins each have a
companion artery. The major components of the super-
ficial venous system of the arm are the cephalic vein,
running laterally from wrist to shoulder and draining
into the subclavian vein, and the basilic vein, running
medially from antecubital fossa to the axilla, where it
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Figure 26.1. Venous anatomy of the lower extremity.
(Available at: http://www.google.com/imgres?imgurl=
http://www.icvein.com/images/perforators-image.
jpg&imgrefurl=http://www.icvein.com/venous-
disease-varicose-vein-treatment-iow-city-ia.htm&usg=
pC-NUcynW8Bg79T56G2trGjuVxl=&h=384&w=308&
sz=41&hl=en&start=4&tbnid=LVqqafQInoStm:&
tbnh=123&tbnw=99&prev=/images%3Fq%3Dlower
%2Bextremity%2Bvenous%2Banatomy%2Bpictures
%26hl%3Den%26sa%DG. Accessed On March 29th,
2009.)

drains into the axillary vein. When available, the super-
ficial veins are the sites of choice for peripheral venous
access.

Sonographic imaging is performed with B-mode
scanning, often using color-flow imaging to add more
information. The external iliac artery and vein exit the
pelvis deep to the inguinal ligament to become com-
mon femoral vessels. The common femoral vein is me-
dial to the artery and is slightly larger in diameter.
These relationships are easily identified when scanning
in a transverse plane at the groin crease (Figure 26.3).
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Figure 26.2. Venous anatomy of the upper extremity.

The transverse plane is used to assess the veins for
compressibility (see below). Moving distally along the
common femoral vein, the greater saphenous can be
identified as it passes from the superficial plane to drain
into the femoral vein. Again, no artery accompanies
the greater saphenous vein. Moving slightly more dis-
tally, common femoral vessels divide into superficial
and deep femoral vessels. At this level, four vessels
are seen in cross-section (Figure 26.4). From this point
distally, the superficial femoral artery (SFA) and vein

Figure 26.3. Transverse view of common femoral
vessels.

Rt SFA Saph V

DFA

RSFA

FV

PV

PA
Distal

DFA

DFV

CFV
Lateral Medial

Lateral Medial

Lateral Medial

Proximal

Figure 26.4. Diagrams of vessel relationships at three
levels.

continue to the adductor canal, where they enter the
popliteal space and are designated as popliteal vessels
(Figure 26.1).

Once the distal external iliac vein is identified at the
inguinal ligament, turning the transducer 90◦ provides
a longitudinal image of the vessel. This view is best
suited for a rapid survey of the veins and allows for as-
sessment of the extent and nature of a thrombus when
seen (Figure 26.5). Vein compression is not reliable

Figure 26.5. Acute deep venous thrombosis (DVT),
common femoral vein (longitudinal view).
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while scanning in the longitudinal plane. Compressibil-
ity must be confirmed in the transverse view.

Diagnostic Criteria
Diagnostic criteria for identifying DVT can be divided
into vessel characteristics and flow characteristics.
The primary vessel characteristic is compressibil-
ity; the ability to demonstrate wall-to-wall apposition
of the vein when adequate pressure is applied us-
ing the ultrasound transducer in the transverse plane.
Adequate pressure is determined by noting mild defor-
mation of the adjacent artery (Figure 26.6). Noncom-
pressiblity indicates that intraluminal thrombus is pre-
venting the vessel walls from collapsing. It is important
to remember that fresh, immature thrombus may not
be echogenic because newly formed clot has an acous-
tic impedance similar to blood. The second vessel char-
acteristic is identification of intraluminal echogenic
material. This can often be seen on the initial survey of
the venous system and should alert the clinician to the
presence of thrombus. Intraluminal echogenic material
should be confirmed in both imaging planes, and when
thrombus is identified, compression should be limited
due to the possibility of dislodging the clot. Longitudi-
nal imaging provides the best view for determining the
extent or length of thrombus and whether it is adherent
to the vessel wall or may have a free floating tip (Figure
26.7). A third vessel characteristic that may be help-
ful is the assessment of valve function. Occasionally,
venous valves are visible in situations where higher
frequency transducers can be used (thin patients, chil-
dren). Normal valves open and close in conjunction
with venous flow. However, because valve cusps are
often the site of thrombogenesis, an immobile valve
cusp may be a clue to the presence of thrombus.

Figure 26.6. Common femoral artery and
compressed common femoral vein (compare with
Figure 26.3).

Figure 26.7. Free-floating thrombus in extending from
greater saphenous vein into common femoral vein.

Venous blood flow characteristics are also impor-
tant in assessing the presence of acute DVT. Normal
venous flow patterns show a phasicity that varies with
respiration. Normal inspirations decrease intratho-
racic pressures and cause associated increase in ve-
nous flow. Similarly, expiration increases intrathoracic
pressure and is reflected in a decrease in venous flow.
A Valsalva maneuver increases intrathoracic pressure
sufficiently to completely interrupt venous flow that is
associated with an augmentation in venous flow when
the Valsalva maneuver is released. These changes are
easily identified by observing the Doppler waveform
or by listening to flow patterns with a continuous-wave
Doppler unit. Any obstructive process between the tho-
racic cavity and the site of insonation of the veins of the
lower extremity can alter the normal phasic changes as-
sociated with respiration. Absence of phasic changes
with a continuous-flow pattern or loss of augmentation
with deep inspiration suggest obstruction of the ve-
nous system. Additional maneuvers to augment flow in-
clude compression of calf muscles and the distal thigh
to demonstrate increased flow at the site of insonation.
Loss of normal augmentation with compressions also
suggests the presence of obstruction in the venous sys-
tem. The assessment of both vessel characteristics and
venous blood flow characteristics lead to highly accu-
rate and reliable detection of DVT. Normal vessel and
flow characteristics also provide a very high negative
predictive value for DVT.

Performing the Studies
Equipment requirements for venous duplex examina-
tions include high-resolution gray-scale imaging, color
Doppler capability, and spectral analysis directional
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Figure 26.8. Patient position for lower extremity
venous examination.

Doppler. The transducer selection should allow for
optimal imaging and Doppler analysis, and gener-
ally means using the linear-array, high-frequency (7–
10 MHz) transducer for most patients. Occasionally, a
low-frequency (3–5 MHz), curved-array transducer will
be necessary if the patient is obese or there is consid-
erable edema.

Patient positioning is very important, as proper posi-
tioning enhances the demonstration of abnormalities,
eases the strain on the sonographer, and reduces time
to complete the study. For lower extremity examina-
tions, the patient is placed supine with the head el-
evated approximately 30◦, if possible. The leg to be
scanned is externally rotated with the knee flexed (Fig-
ure 26.8). For upper extremity studies, the patient is
also placed supine, with the head turned away from the
side being scanned. The chin should be raised (neck
extended) slightly, if possible (Figure 26.9).

The first component of the lower extremity protocol
involves transverse compressions in gray-scale imag-
ing mode. Beginning at the femoral crease, with the
transducer in a transverse (cross-section) orientation,
identify the common femoral vein. There should be one
artery and the sapheno-femoral junction should be vis-
ible. Using gentle-to-moderate probe pressure applied
toward the femur, observe the femoral vein compres-
sion with wall-to-wall contact. Identification of intra-
luminal echogenic material mandates gentle pressure
only. Visualization of a mobile thrombus within the vein
precludes further compression to avoid dislodging an
embolus. If compressions are easy and complete, the
probe can be moved a few centimeters distally, and
the division of the common femoral vein into the deep
and superficial femoral veins can be observed. Repeat

Figure 26.9. Patient position for upper extremity
venous examination.

the compression maneuver every 5 centimeters (cm),
proceeding distally along the superficial femoral vein.
At the distal thigh, the vein traverses the adductor
canal and enters the popliteal space. At this point, po-
sition the transducer in the popliteal space, identify
the popliteal artery and vein, and compress the vein to
assure wall-to-wall contact.

The second phase of the lower extremity venous ex-
amination evaluates flow characteristics using color
Doppler imaging and Doppler spectral analysis. The
transducer is returned to the groin and the common
femoral vein is again identified in the transverse view.
The transducer is then rotated 90◦ to obtain a longitudi-
nal (sagittal) image of the vein (Figure 26.10). Observe
the Doppler signal for flow that is spontaneous and pha-
sic with respiration. A Valsalva maneuver will halt flow
at end inspiration and will demonstrate augmented

Figure 26.10. Normal color-flow image of common
femoral vein. Note: direction of flow is away from
transducer.
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flow when respiration resumes. Flow can also be aug-
mented by squeezing the calf muscles. This should pro-
duce a spike in the spectral signal. These observations
are made in the superficial femoral and popliteal veins
to complete the study.

A similar protocol is used to evaluate the upper
extremities. Transverse compressions of the internal
jugular, axillary, and brachial veins should be demon-
strated. The subclavian vein cannot be compressed
because of the clavicle. Therefore, color Doppler and
spectral analysis are used to obtain signals from the
subclavian vein and its confluence with the internal
jugular vein. Flow in the subclavian and internal jugular
should be spontaneous and somewhat pulsatile. These
indirect findings confirm the patency of the brachio-
cephalic veins and the superior vena cava, which can-
not be routinely imaged directly on the Duplex exami-
nation.

Interpretation of Results
Table 26.1 shows the sensitivity, specificity, positive
and negative predictive values for the vessel, and flow
characteristics assessed in the venous study.10 It is
readily seen that a combination of noncompressible
veins with intraluminal echogenic material and abnor-
mal flow characteristics is diagnostic for DVT. The ab-
sence of these abnormal findings correlates with no
venous pathology.

The venous duplex study is straightforward and eas-
ily accomplished at the bedside. But besides the in-
formation on venous pathology, a variety of additional
information can be obtained while performing these
studies. Associated arterial disease is often recognized
because adjacent arteries are easily viewed with the
same modalities. Atherosclerosis, arterial injury, pseu-

TABLE 26.1. Diagnostic value of venous
Duplex parameters for diagnosis of acute DVT

Criteria Sensitivity Specificity PPV NPV
Thrombus seen 50 92 95 37
Incompressible 79 67 88 50
No spontaneous
flow

76 100 100 57

Absent phasic
flow

92 92 97 79

DVT indicates deep venous thrombosis; NPV, negative predictive
value; PPV, positive predictive value.

doaneurysm, or arterial embolization may be evident
and are described more fully below. Flow abnormalities
may be a clue to increased central venous pressures
or valvular heart abnormalities. Mass effects with ex-
trinsic compression may show altered flow patterns,
with no evidence of intraluminal pathology. Central
venous catheters are easily recognized and may
demonstrate catheter-associated thrombus. The inter-
nal jugular exam may suggest associated thyroid ab-
normalities.

The availability of high-quality portable bedside du-
plex scanners has advanced the ability to accurately di-
agnose acute DVT within the capability of every physi-
cian dealing with critically ill patients. The education
and skills required to become comfortable with the
techniques are basically extensions of the physical ex-
amination skills. And it is almost axiomatic that the in-
dividual who is best able to interpret the findings is the
one with daily responsibility for the care of the patient
and who can correlate the results within that individual
patient’s clinical context.

ULTRASOUND EXAMINATION
OF THE PERIPHERAL
ARTERIAL SYSTEM
The most common application of ultrasound in the
evaluation of the arterial system is to assess the pres-
ence and degree of atherosclerotic peripheral vascular
disease. Atherosclerotic plaque and calcification of ar-
terial walls are easily demonstrated by gray-scale imag-
ing. Duplex imaging and Doppler waveform analysis
provide reliable information related to flow character-
istics and arterial stenosis.

Perhaps the most common ultrasound-based assess-
ment is the ankle-brachial ratio (ABI), which utilizes
continuous-wave Doppler instruments to identify ar-
terial flow, while blood pressures are obtained to cal-
culate the index. Although the baseline assessment of
peripheral vascular disease is valuable, in the ICU set-
ting screening ultrasound examinations are most often
directed to determining the presence or absence of
flow and indications of arterial injury such as arterial
dissection, pseudoaneurysm, or arteriovenous fistula.
Diagnosis of these problems is based on the accurate
assessment of flow characteristics and requires a ba-
sic understanding of arterial anatomy, hemodynamics,
and the fundamentals of pulsed Doppler ultrasound
to optimize results. Because bedside arterial examina-
tions may be technically challenging, suspected abnor-
malities are best confirmed by formal complete sono-
graphic examination or by angiographic modalities.
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Figure 26.11. Arterial anatomy of the lower
extremity.

Arterial anatomy of the upper extremity is consis-
tent and generally accessible to ultrasound examina-
tion. Examination of the great vessels is best performed
with a transesophageal approach (see Chapter 8). Pe-
ripheral vessels amenable to ultrasound evaluation
include the carotid and vertebral arteries supplying
the head, face and brain, and the subclavian, axillary,
brachial, radial, and ulnar arteries in the upper extrem-
ities. The arterial supply of the lower extremities con-
sists of the external iliac vessels, the common, deep,
and superficial femoral artery in the thigh, the popliteal
artery and its branches—the anterior and posterior
tibial arteries along with the peroneal artery (Figure
26.11).

The common carotid arteries are readily identified in
the cervical region, lateral to the trachea and deep to
the internal jugular veins. The right common carotid
arises from the innominate artery. The left common
carotid arises directly from the aortic arch. At the level
of the larynx, the common carotid bifurcates into the
internal and external carotid vessels. The external is
more medial, has multiple branches, and supplies the
face and scalp. The internal carotid is lateral, has no
branches in the neck, and supplies the brain.

Normal peripheral arterial hemodynamics are char-
acterized by laminar flow in a high-resistance system

Figure 26.12. Normal triphasic waveform of a
peripheral artery.

that generates a characteristic triphasic waveform (Fig-
ure 26.12). The initial forward flow is generated by
ventricular systole (phase 1). The second phase is a
short period of reversed flow that occurs as the aor-
tic valve closes. Phase 3 reflects forward flow gen-
erated by the elastic recoil of normal arterial walls.
The normal triphasic waveform is easily recognized
by Doppler spectral analysis or color-flow imaging. In
addition, the characteristic auditory signal is easily
recognized when using continuous-wave Doppler in-
struments without imaging capability. Arterial flow in
low-resistance systems such as the internal carotid and
vertebral arteries show characteristic changes in the
waveform due to the requirement for continuous for-
ward flow to high-demand organs such as the brain.
Low-resistance waveforms show forward flow during
systole and maintain forward flow through the entire
cardiac cycle with no phase 2 flow reversal. These char-
acteristics are helpful in distinguishing internal carotid
artery (low-resistance) from the external carotid artery
(high-resistance).

Various disease processes produce changes in the
flow patterns that form the basis for duplex evaluation
and diagnosis. Medial calcinosis of peripheral arteries
seen in diabetes leads to decreased vascular elasticity
and a loss of phase 3 of the normal arterial waveform.
Atherosclerosis can cause similar changes in its early
stages. As plaque deposition increases, normal lami-
nar flow becomes more turbulent, leading to spectral
broadening seen on ultrasound examination. As steno-
sis progresses, flow velocities and turbulence increase.
Turbulent flow is associated with spectral broadening
and generates audible bruits. The ultrasound manifes-
tation of the high-grade stenosis is a Doppler artifact
known as “aliasing” (see Chapter 2). Aliasing occurs
when the flow velocity exceeds the ability of the pulsed
Doppler signal to accurately describe the flow rate (see
Chapter 2). The duplex instrument falsely generates
an opposite image or color map of the arterial flow.
Aliasing is beneficial in quickly directing the sonogra-
pher to a point of maximum stenosis. When aliasing is
identified, the sonographer should change instrument
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settings to eliminate the artifact. Only after appropri-
ate adjustments can accurate flow information be ob-
tained. Critical degrees of arterial stenosis eventually
lead to low flow states and occlusion, often as result
of thrombosis. Arterial occlusion is characterized by
the absence of a Doppler signal or color-flow signal
in the vessel distal to the point of obstruction. Du-
plex findings consistent with arterial occlusion should
be confirmed by some angiographic technique, as a
“string sign” with extremely low flow can be missed
by ultrasound. In addition, embolic events can lead
to acute arterial occlusion that can be recognized
by duplex examination. Emboli to the carotid arter-
ies can be a cause of stroke, and in the extremities
lead to acute arterial insufficiency. These events re-
quire a search for the source including mural thrombi
from the heart, large vessel aneurysms, and possible
paradoxical emboli originating in the venous system
and traversing an intracardiac shunt.11 All of these eti-
ologies can be evaluated using various sonographic
techniques.

Arterial injuries also have characteristic ultrasound
findings. Aortic dissection is the most common and
may be best evaluated by transesophageal echocardio-
graphy (TEE) (see Chapter 8). The increase in cervical
trauma related to shoulder belt injuries from motor ve-
hicle collisions has also raised the awareness of carotid
artery dissection. These injuries are characterized by
altered flow in the affected artery. Gray-scale imag-
ing sometimes demonstrates an intraarterial echogenic
line that represents the separated intima. Doppler or
color-flow analysis may show different flow patterns
on either side of the septum.12,13 Additional imaging
with magnetic resonance (MR) angiography or CT an-
giography may be warranted to confirm the ultrasound
findings.14

Advances in percutaneous intravascular procedures
from coronary angiography to intravascular stent
placement have led to an increased incidence of ar-
terial injuries and pseudoaneurysm formation. Iatro-
genic femoral artery pseudoaneurysm is reported
to occur in up to 6% of diagnostic and therapeu-
tic catheterizations.15 These pseudoaneurysms can be
recognized as extravascular fluid collections that com-
municate with the arterial system by a narrow tract.
Duplex examination demonstrates high-flow velocity
with marked turbulence in the tract and a swirling, tur-
bulent flow pattern within the pseudoaneurysm itself
(Figures 26.13 and 26.14). Current treatment options
include ultrasound-guided thrombin injection.16 Care
must be taken to avoid delivery of thrombin to the na-
tive artery. Repeat injections can be performed for per-

Figure 26.13. Common femoral artery
pseudoaneurysm.

sistent or recurrent pseudoaneurysms. Arteriovenous
(AV) fistula can result from blunt or penetrating trauma
or attempts at vascular access for a variety of purposes.
Arteriovenous fistula at the peripheral level changes a
high-resistance system to a low-resistance system. As
such, the resulting changes in sonographic flow pat-
terns are predictable. Marked turbulence is identified
at the site of the abnormal communication. The pres-
ence of aliasing artifact is helpful in identifying the
site. The arterial waveform takes on the low-resistance
characteristic of higher-end diastolic flow. The flow pat-
tern in the adjacent involved vein will be “arterialized,”
reflecting the pulsatile waveform of the high-pressure
artery.

Performing the Studies
Carotid Duplex Examination
Equipment: Ultrasound system with high-resolution
gray-scale imaging, color Doppler capability, and spec-
tral analysis directional Doppler for velocity measure-
ments.

Figure 26.14. High-velocity, turbulent flow seen in
tract of pseudoaneurysm.
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Figure 26.15. Patient position for carotid arterial
examination.

Transducer: Linear-array, high-frequency transducer
(7–10 MHz), with the occasional use of curved-array
transducer (3–5 MHz) for deep vessels.

The patient is placed supine, with the head elevated
slightly without a pillow and turned away from the side
of the examination; the chin should be raised slightly.
This approach helps to extend the neck. The patient’s
head position can and should be altered during the
examination to obtain the best image (Figure 26.15).
Examination Protocol

Step 1: Gray-Scale
Examine the carotid arteries in at least two long-axis
views and one transverse view. Identify the bifurca-
tion of the common carotid into internal and external
carotid arteries. Document the extent and severity of
plaque formation (location, characteristics, luminal re-
duction).

Step 2: Color Doppler
Examine the carotid arteries in a transverse plane with
color Doppler to demonstrate the patency of the ves-
sels and to determine the flow disturbances caused by
plaque formation or other abnormalities.

Step 3: Spectral Analysis
Obtain a velocity spectrum from the following loca-
tions:

Subclavian artery (high-resistance waveform)
Proximal and distal common carotid artery
Proximal external carotid artery (high-resistance

waveform)
Proximal internal carotid artery (low-resistance

waveform)
Vertebral artery: the vertebral is found by rotat-

ing the transducer laterally and identifying the

vessel between the transverse processes of the
cervical vertebrae.

Note: All velocity recordings should be made with an
angle of insonation of 60◦ or less, parallel to the ves-
sel wall, and in the center of the vessel where flow is
highest. Obtain a velocity spectrum at the level of any
stenosis as well as immediately distal to the lesion to
assess flow disturbance. The aliasing artifact can be
very helpful at this time in identifying the areas of max-
imum flow velocity/stenosis.

Arterial Duplex Examination of the
Lower Extremities
Equipment: Ultrasound system with high-resolution,
gray-scale imaging, color Doppler capability, and spec-
tral analysis directional Doppler for velocity measure-
ments.

Transducer: Linear-array, high-frequency transducer
(7–10 MHz), with the occasional use of a curved-array
transducer (3–5 MHz) for deep vessels.
Patient Positioning: Supine, with head slightly elevated.
Examined leg is flexed at the knee and externally ro-
tated.

Examination Protocol
Step 1: Gray-Scale
Beginning in the groin with a transverse probe posi-
tion, identify the common femoral artery (CFA). Ro-
tate to a longitudinal probe position in line with the
CFA. Follow the CFA distally to identify the bifurcation
into profunda and superficial femoral arteries (SFA).
Continue to follow the SFA to the distal thigh. Change
probe position to the popliteal fossa. Begin again in
the transverse probe position to identify the popliteal
artery. Rotate to a longitudinal probe position in line
with the popliteal artery. All arteries should be exam-
ined in gray-scale first to look for acute emboli, plaque
formation, or other abnormalities.

Step 2: Color Doppler and Spectral analysis
Repeat step 1 following the CFA, SFA, and popliteal ar-
teries, using color-flow and spectral Doppler modes.
Signals should be obtained in the CFA, SFA (proximal,
mid, and distal segments), and the popliteal artery.

Note: All velocity recordings should be made with an
angle of insonation of 60◦ or less, parallel to the ves-
sel wall, and in the center of the vessel, where flow
is highest. Obtain a velocity spectrum at the level of
any stenosis as well as immediately distal to the lesion
to assess flow disturbance. The aliasing artifact can
be very helpful at this time in identifying the areas of
maximum-flow velocity/stenosis.
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Examination of the upper extremities follows a similar
pattern to that described above for the lower extremi-
ties.

Interpreting the Findings
The diagnosis of arterial stenosis depends on elevated
flow velocities when seen in the appropriate clinical
setting. In high-resistance vessels, a doubling of the
flow velocity at a site of stenosis when compared
with the arterial flow velocity immediately prior to the
suspicious area suggests a hemodynamically signifi-
cant stenosis when accompanied by characteristics of
Doppler spectral broadening and turbulent flow.17 Such
findings may warrant a formal arterial duplex exam for
confirmation.

Diagnosis of hemodynamically significant stenosis
in the internal carotid artery is somewhat more re-
fined. Peak systolic velocity >145 cm/sec is associated
with stenosis >50%. An associated end-diastolic veloc-
ity >140 cm/sec identifies the critical stenosis in the
range of 80–99%. An additional criterion is the ratio
of peak internal carotid artery velocity divided by the
peak velocity in the common carotid artery; the inter-
nal carotid artery/common carotid artery (ICA/CCA)
ratio. A ratio >3.7 helps confirm the critical stenosis.
The ICA/CCA ratio can also be helpful when flow in the
carotids is restricted, as in the case of associated aortic
stenosis or conditions of decreased cardiac output.10

Vascular occlusion is identified by complete absence
of color-flow or Doppler signal in the examined artery.
Intraluminal emboli may be seen on gray-scale imag-
ing (Figures 26.16 and 26.17). Patent collateral vessels
may be identified; however, these are not often seen in
the acute setting. Suspected internal carotid artery oc-
clusion should be confirmed by another angiographic
modality prior to deciding the patient is not a candidate
for endarterectomy.

Figure 26.16. Intraarterial (carotid) embolus.
Longitudinal view.

Figure 26.17. Intraarterial (carotid) embolus.
Transverse view.

Additional Information
Duplex arterial exams can yield associated information
that can be helpful in recognizing pathologic condi-
tions. Generally, reduced arterial flow may be an in-
dication of left ventricular failure (Figure 26.18). Valvu-
lar heart disease can be suspected from alterations in
the arterial waveforms. Ventricular and valve function
can then be evaluated with transthoracic echocardio-
graphy. Associated venous disease can be recognized,
along with nonvascular problems such as cysts and tu-
mors.

TRANSCRANIAL DOPPLER
The application of transcranial Doppler ultrasound
technology to the evaluation of the cerebral circulation
was introduced by Aaslid and colleagues in 1982.18 The
initial technique involved a handheld, low-frequency
pulsed-wave transducer and relied on waveform anal-
ysis and depth of insonation to identify cerebral
vessels. With current duplex technology, color-flow
imaging serves as an adjunct to vessel location,

Figure 26.18. Double systole waveform of a patient
on intraaortic balloon assistance.
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Figure 26.19. Transcranial doppler: acoustic
windows.

identification, and flow assessment. Areas of clinical
application include assessment of arterial stenosis and
occlusion, identification of vascular anomalies, assess-
ment of blood flow in the posterior cerebral circulation,
intraoperative monitoring during carotid endarterec-
tomy, assessment of vasospasm in relation to sub-
arachnoid hemorrhage (SAH) and in sickle cell anemia,
autoregulation of cerebral blood flow, and as an adjunct
in assessment of brain death.10 Compared with other
duplex vascular examinations, transcranial Doppler
(TCD) is more technically demanding due to limited
acoustic access to the cerebral circulation and require-
ments to alter power levels and Doppler parameters to
insure an optimal study with reliable and reproducible
results.

Study protocols are generally standardized. A 2 MHz
pulsed-wave signal is used for insonation. Access to
the cranial vessels is obtained via any of three com-
mon acoustic windows: transtemporal, transforaminal,
and transorbital (Figure 26.19). The transtemporal win-
dow allows evaluation of the middle cerebral, anterior
cerebral, and posterior cerebral arteries (Figure 26.20).

MCA 40-50 mm ACA 50-58 mm

Ophthalmic artery

Bfurcation 52-54 mm

Top of basilar 58-62 mm

Basilar 68-72 mm
(from suboccipital)

PCA 48-58 mm

Distal ICA 54-58 mm

M1 36-40 mm

Figure 26.20. Diagram of circle of Willis with depths of insonation from ipsilateral
transtemporal window.
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Figure 26.21. Transcranial color image of the circle
of Willis. ACA indicates anterior cerebral artery; MCA,
middle cerebral artery; PCA, posterior cerebral artery.

Ipsilateral and contralateral vessels may be insonated
from the same window. It should be noted that 8–12%
of patients may have inadequate acoustic windows.19

The transforaminal window allows access to the verte-
bral and basal arteries via the foramen magnum. The
transorbital window is used to insonate the ophthalmic
artery and the carotid siphon. Care must be exercised
to reduce power settings to prevent adverse bioeffects
to the eye. Several parameters are combined to confirm
the vessel being insonated. These include depth of the
sample volume in relation to the acoustic window be-
ing utilized; orientation of the transducer; direction of
blood flow in relation to the transducer; and relation-
ship of the examined artery to the junction of middle
cerebral and internal carotid arteries. Duplex machines
add the benefit of color imaging, which can assist in
vessel identification and demonstration of the circle

Figure 26.22. Abnormal middle cerebral artery
(MCA) waveform seen in brain death. Note the high-
resistance pattern with end-diastolic flow reversal.

of Willis (Figure 26.21). Flow velocities are calculated
as time-average means and normal values vary by ves-
sel. Tables of norms are published,20 and it is suggested
that each vascular laboratory validate its own results in
comparison with these norms (Table 26.2). Perhaps the
most significant application in the ICU setting is moni-
toring middle cerebral artery (MCA) vasospasm follow-
ing SAH. In a recent review, Springborg et al. reported
a high sensitivity and specificity for serial TCD stud-
ies when compared to arteriography.21 Sharp increases
in MCA flow velocities when compared with baseline
values predicted the development of MCA vasospasm.
The role of TCD in the diagnosis of brain death remains
ill defined. Several patterns of altered waveforms have
been described, but the most accurate has not been
determined (Figures 26.22 and 26.23). Sensitivity >90%
and specificity of 100% have been reported.22 However,

TABLE 26.2. Transcranial Doppler parameters

Artery Depth (mm) Mean velocity Direction Peak systolic End diastolic Children mean vel
MCA 45–65 32–82 toward 63–110 23–52 <170
ACA 62–75 18–82 away 53–93 20–45 <150
ICA siphon 60–64 20–77 bidirectional — — <130
OA 50–62 20 ± 6 toward 38 ± 11 11 ± 4 —
PCA 60–68 16–58 bidirectional — — <100
Basilar 80–100 12–66 away 32–64 12–32 <100
Vertebral 60–80 12–66 away 32–64 12–32 <80

MCA > ACA > ICA > PCA ≥ Basilar > Vertebral

ACA indicates anterior cerebral artery; ICA, internal carotid artery; MCA, middle cerebral artery; OA, ophthalmic artery; PCA, posterior cerebral artery.
Source: Modified from Aaslid R et al. (Ref. 18)
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Figure 26.23. Normal middle cerebral artery (MCA)
waveform. This is a low-resistance pattern with flow
throughout the cardiac cycle.

limitations to the diagnostic value of TCD still present
problems. Premorbid TCD studies must be available to
confirm that an absent signal is not due to the absence
of a suitable acoustic window. Isolated anterior or pos-
terior circulation blood flow may be demonstrated de-
spite clinical evidence of brain death. Although TCD
may be useful in patients known to have received seda-

tive drugs, its current role in the diagnosis of brain
death remains adjunctive.

CONCLUSION
The availability of high-quality, portable bedside du-
plex scanners has brought the ability to accurately di-
agnose acute DVT within the capability of every physi-
cian dealing with critically ill patients. The education
and skills required to become comfortable with the
techniques are basically extensions of the physical ex-
amination skills. And it is almost axiomatic that the
individual who is best able to interpret the findings
is the one who has daily responsibility for the care
of the patient and who can correlate the results within
the clinical context for that individual patient. A work-
ing knowledge of arterial anatomy and a basic under-
standing of arterial hemodynamics provide the bedside
sonographer a solid foundation on which to perform
and interpret the arterial duplex examination. Current
portable duplex equipment provides high-quality infor-
mation and puts this modality in the armamentarium of
every clinician willing to gain the necessary experience
with this modality.
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CHAPTER 27

Ultrasound-Guided
Transthoracic Procedures

Peter Doelken and Paul H. Mayo

INTRODUCTION
Ultrasonographic guidance of thoracic drainage and
biopsy procedures is an attractive alternative to com-
puterized tomography (CT) or fluoroscopic guidance.
While CT scanning is the standard for overall imag-
ing of the chest in all cases of malignancy and many
cases of nonmalignant conditions, ultrasound may sub-
sequently be used for procedure guidance. Ultrasound
guidance eliminates further radiation exposure and is
often less time consuming and more comfortable for
the patient. The intensivist–sonographer who engages
in thoracic interventions must possess the cognitive
and manual skills required for pleural and lung sonog-
raphy; and, in the case of anterior mediastinal biopsy,
must be familiar with the ultrasound anatomy of the
mediastinal organs. The ability to visualize inserted
hardware and to recognize and interpret reverberation
artifact associated with hardware is required for all but
thoracentesis and some simple biopsy procedures.

HARDWARE
Convex-array or sector-scanning probes with frequen-
cies between 2 and 5 MHz (typically 3.5 MHz) are
most suitable for thoracic sonography and are also
the most versatile for thoracic procedure guidance.1

Higher-frequency transducers do have better near-field
resolution at the expense of penetration depth. We
do not recommend probes with a biopsy channel for
thoracic interventions due to the common problem
of ribcage interference with imaging. Instead, an ap-
proach combining imaging with traditional bony land-
mark detection, i.e., finding the upper rib margin with
a finder needle prior to insertion of other hardware,
is generally preferred. As in general thoracic sonogra-
phy, the mark on the probe is oriented cephalad and
the corresponding mark on the screen is placed at the
upper left of the image. Thus, the orientation of stan-
dard views, which is imaging in the longitudinal axis, is

cephalad left and caudal right on the screen. However,
during procedure planning and visualization of hard-
ware, nonstandard imaging planes are routinely used.

POSITIONING FOR PROCEDURES
Proper patient positioning is essential in interventional
chest sonography. Free-flowing pleural effusions follow
the gravitational gradient and collect in the most de-
pendent part of the thoracic cavity. In the patient sit-
ting upright, an effusion will collect in the inferior and
posterior chest and is most easily accessed from a po-
sition behind the patient. The approach to positioning
the critically ill patient varies with the size of the effu-
sion, presence of obesity, number and type of support
devices, and physiologic compromise such as hemo-
dynamic instability. Large effusions may be accessed
with the patient in the supine position, which presents
few problems during access. However, lateral access
may be impossible in the very obese even with very
large effusions. Adduction of the ipsilateral arm across
the chest greatly improves lateral access and should
uniformly be attempted. Posterior access may be facil-
itated by having the patient held in a sitting position
but also by placing the patient at the very edge of the
bed or even in the full lateral decubitus position. These
positions require assistants to assure safety and pre-
vent inadvertent movement of the patient. Occasion-
ally, simply elevating the head of the bed allows lateral
access even in cases where this was not possible in
the fully supine position. Careful monitoring of endo-
tracheal tubes and vascular access devices is required
at all times during patient positioning.

Patient positioning for biopsy of lung or pleural le-
sions depends on the location of the lesion. The abil-
ity of the patient to comfortably maintain position for
the duration of the procedure is essential for success-
ful performance of the procedure and for maintaining
sterility throughout. The overall guiding principle for
positioning for sonographically guided procedures is
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the individualized approach that fully exploits the flex-
ibility of sonographic imaging.2

THORACENTESIS
The objectives of the addition of sonographic guidance
to the thoracentesis procedure are to increase the suc-
cess rate and to decrease complications. The success
rate and likely complication rate is intimately related
to diagnostic sonography of pleural effusion by elim-
inating inadvertent attempts to drain fluid when no
fluid is present. Proficiency in diagnostic sonography
of pleural effusion is therefore a prerequisite for the
successful use of sonographically guided thoracentesis
(See Chapter 21). The issues pertaining to sonographic
guidance in particular, such as patient positioning and
access site selection, are described here. The more
common complications of thoracentesis include pneu-
mothorax, pain, shortness of breath, cough, and vaso-
vagal reactions. Other complications that have been
described are reexpansion pulmonary edema, inad-
vertent liver or splenic injury, hemothorax, infection,
subcutaneous emphysema, air embolism, and chest
wall or subcutaneous hematoma. Of all the complica-
tions, sonographic guidance appears to result in lower
rates of traumatic pneumothorax; with rates between
5–18% for clinically guided vs. 1–5% for sonographically
guided thoracentesis. Obviously, the likely reduction of
traumatic pneumothorax is especially important in the
mechanically ventilated patient who is at much higher
risk for tension pneumothorax than the spontaneously
breathing patient.

In patients not receiving mechanical ventilation, the
risk of pneumothorax associated with thoracentesis
performed by a radiologist has been reported to be
2.7%3; in a surgical intensive care unit setting, the
complication rate was found to be 2.4%.4 Ultrasound
guidance for therapeutic thoracentesis appears to al-
most eliminate needle trauma as the immediate cause
of postprocedure pneumothorax in spontaneously
breathing patients. Pneumothorax in this setting
has been reported to be associated with unexpand-
able lung and not laceration of the visceral pleura in
almost all cases.5 The incidence of pneumothorax in
mechanically ventilated patients has been reported by
radiologists to be higher than in spontaneously breath-
ing patients, with an overall rate of only 2%,6 but with
a rate of 7% in intubated patients. However, Godwin
and Sahn reported a similar risk of pneumothorax in
patients receiving mechanical ventilation when com-
pared with spontaneously breathing patients.7 Other
studies have reported low pneumothorax rates in the

mechanically ventilated patient.8−10 Although no direct
comparison between thoracentesis with versus with-
out ultrasound guidance has been performed, Diacon
et al. found that use of ultrasonography for site loca-
tion for thoracentesis was more accurate than standard
physical examination.11

In addition to the apparent safety of sonographi-
cally guided thoracentesis in regard to pneumotho-
rax, physician-performed bedside ultrasound guidance
may obviate the need to transport the critically ill to
interventional radiology, thus eliminating the indirect
risks related to the transport of the critically ill.

Because the pulmonary and critical care physician
is already familiar with the basic procedure, thoracen-
tesis is ideally suited for the initial adoption of sono-
graphic guidance for thoracic interventions. While di-
agnostic sonography of pleural effusion is concerned
with the detection and characterization of pleural fluid
and the size of the effusion, sonographic guidance has
the selection of a suitable access site and avoidance of
organ puncture as the primary goals.

For ultrasound-guided thoracentesis to be per-
formed safely and successfully, particular attention
must be directed toward patient and operator posi-
tioning relative to the ultrasound machine to allow un-
encumbered use of the device without compromising
sterility. The procedure field needs to be free of moni-
toring and support devices. Determination of a suitable
access site requires demonstration of pleural fluid im-
mediately adjacent to the parietal pleura and sufficient
distance from organs throughout the respiratory cycle.
The diaphragm, liver, or spleen should be identified un-
equivocally. This is necessary so as not to confuse the
curvilinear line of Morrison’s pouch, located between
liver and kidney, with the diaphragm (Figure 27.1). On
the left, a curvilinear line may also be seen between
spleen and kidney, and this line may also be mistaken
for the diaphragm by the inexperienced sonographer.
Misidentification of these lines can result in inadver-
tent hepatic or splenic injury. After marking the access
site, position of the mark should once again be sono-
graphically verified. Sonography allows the measure-
ment of the distances between the parietal pleura and
the various underlying organs. Provided that the pa-
tient does not change position between the ultrasound
examination and needle insertion and does not cough
during the procedure, these distance measurements
are reliable and are not subject to compression artifact
as are measurements of chest wall thickness.2,12−14 As
the depth of the parietal pleural surface is indicated by
pleural fluid return when the needle is advanced under
aspiration, the measured distances between parietal
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Figure 27.1. The ultrasound image shows a
curvilinear structure lying between the liver and
kidney. The inexperienced ultrasonographer may
misidentify the hepatorenal recess as the diaphragm,
and the liver as an hyperechoic pleural effusion. This
could lead to inadvertent subdiaphragmatic device
insertion.

pleural surface and underlying organs are measures of
how much further and at which angle the needle may
be safely advanced. An important caveat is related to
possible occlusion of the needle lumen by clot or the
solid contents of a complex effusion. This pitfall may be
avoided by remembering that fluid return is expected
approximately within 5 millimeters (mm) after passing
the upper margin of the inferior rib. The needle lumen
may also be cleared by injecting small amounts of local
anesthetic if occlusion is suspected.

We do not routinely use real-time visualization of the
thoracentesis needle during insertion. Real-time visu-
alization adds complexity due to the need for a sterile
sleeve, and may interfere with maintaining the proper
needle insertion angle.15

After achieving proper local anesthesia and pleural
fluid return, the needle is withdrawn and a small in-
cision is made to allow insertion of the thoracentesis
catheter if large volume thoracentesis is performed.
Care must be taken that no air is inadvertently intro-
duced during catheter insertion and connection to the
drainage system.16 In case only a diagnostic sample is
required, we withdraw the needle into the rib inter-
space until fluid return stops. We then exchange the
syringe containing the local anesthetic with a clean
syringe and reinsert the needle to the same depth at
which pleural fluid was obtained before and begin as-
piration of the sample. Anterior lung sliding may be
documented prior to the procedure, and its continued

presence after the procedure will reliably exclude an
immediate postprocedure pneumothorax.

ULTRASOUND-GUIDED TUBE
THORACOSTOMY
Indications for sonographically guided tube thoracos-
tomy include complicated parapneumonic effusion,
empyema, malignant pleural effusion, and pneumotho-
rax. The type and size of the chest tube is dictated by
the underlying condition. Large bore tubes are typically
inserted for acute hemothorax or for pneumothorax
and bronchopleural fistula in the mechanically venti-
lated patient, whereas small-bore pigtail catheters are
the most versatile of chest tubes and are suitable for
most other conditions. For chronic outpatient manage-
ment of malignant pleural effusion, tunneled catheters
may be used. Regardless of the type of tube used,
the principles of ultrasound guidance are similar to
those of simple ultrasound-guided thoracentesis. We
routinely image a guide wire in real time, if applicable,
to ascertain proper placement prior to use of dilators
or catheter insertion. In order to image hardware, the
transducer is rotated along its long axis to bring the
wire or catheter into the sonographic image plane.
The tip of a typical J-type guide wire can easily be seen
with ultrasonography.

As the drainage devices remain in place, considera-
tion has to be given to patient comfort whenever feasi-
ble and the device preferably should be inserted more
laterally than during typical thoracentesis. However,
this is not always possible and occasionally a pigtail
catheter must be inserted posteriorly.

The use of sonography in catheter placement for
pneumothorax is limited, as the distance between pari-
etal and visceral pleura cannot be visualized in the
presence of intrapleural air. However, sonography is
useful in order to exclude underlying organs touching
the parietal pleura immediately at the intended inser-
tion site. We recommend CT guidance for pneumotho-
rax in a complex pleural space due to adhesions from
previous pleural injury or disease.

TRANSTHORACIC BIOPSY
PROCEDURES
Ultrasound-guided needle biopsy is suitable for periph-
eral lung lesions, anterior mediastinal masses, and le-
sions of the pleura itself. However, any lesion must abut
an accessible area of the parietal pleura and must be
readily visualized by sonography (Figure 27.2). Critical



314 Ultrasound Guidance for Procedures

Figure 27.2. The ultrasound image shows a
peripheral lung mass.

to the success of the biopsy is operator proficiency in
chest ultrasonography and the ability to correlate CT
images with ultrasound findings. Computerized tomog-
raphy imaging is essential for procedure planning in
order to characterize the lesion and document extent
and local topography, such as proximity of the heart
or other structures. However, sonographic guidance is
preferred to CT guidance of device insertion due to lack
of radiation exposure and better patient comfort. Ac-
cessibility of the lesion with ultrasound guidance is the
determined by imaging of the lesion and confirmation
of a clear needle path without intervening air, bone,
organs, or vasculature. Angle of needle entry and pen-
etration depth is then determined. Determination of
penetration depth is susceptible to skin compression
artifact, and this requires employment of strategies
similar to the ones described above (see Thoracente-
sis).

Although the needle may be tracked in real time
after insertion by keeping the scanning plane parallel
to the needle path, this is difficult due to the anatomy of
the chest wall especially during biopsy of a superficial
lesion. Needle guides may help keep the needle in the
scanning plane, thereby simplifying real-time visualiza-
tion. However, this benefit is outweighed by limitations
imposed on needle angulation due to the more cumber-
some device.12−14,17 We do not routinely use real-time
visualization during biopsy of superficial lesions of the
lung or pleura.

Eighteen or 20 gauge needles are appropriate for fine
needle aspiration. After local anesthesia, and once the
lesion is entered, suction is applied and the needle is
moved in a to-and-fro motion in a fanlike pattern. Suc-

tion is then released and the needle withdrawn. It is
important to release suction before the needle is with-
drawn to avoid contamination of the specimen and to
avoid aspiration of the specimen into the syringe used
to apply suction. Specimens are immediately trans-
ferred to microscopy slides and air-dried or fixed in
alcohol. Media for flow cytometry or cell block prepa-
rations should also be readily available.

Core biopsies of pleural or lung lesions require the
use of cutting needle devices. The standard coaxial cut-
ting needle technique is suitable for the purpose, and
kits are commercially available. The kits contain an in-
troducer with stylet and a spring-loaded cutting nee-
dle. Cutting needles are available with and without ad-
justable throw. We use needle sizes 16–20 G and reserve
the largest size for pleural biopsy.

After site verification by ultrasound, the introducer
assembly is advanced into the intercostal space. The
patient is asked to hold breath while the introducer as-
sembly is introduced into the target lesion. Resistance
may be encountered upon entering the lesion. Once
desired position is attained, the introducer assembly
is locked in place. Whenever the stylet or biopsy nee-
dle is removed from the introducer lumen, the patient
is asked to hold breath to prevent inadvertent air en-
try. With the introducer assembly in place, the stylet
is removed, the charged cutting needle advanced and
locked and immediately discharged. If applicable, de-
sired throw is adjusted prior to insertion of the nee-
dle. The cutting side of the needle is always oriented
caudally to help avoid injury to the intercostal vascula-
ture. Core biopsies allow histologic diagnosis. On-site
cytopathologic examination to determine specimen ad-
equacy is possible by rolling the tissue cylinder on a
microscopic slide prior to transfer into fixative.18−20

There are few absolute contraindications to biopsy.
These include an uncooperative patient, a patient who
cannot be maintained in position for the duration of the
procedure, and intractable coughing. Mechanical venti-
lation and severe pulmonary hypertension are relative
contraindications. The feasibility of biopsy has to be
considered on a case-by-case basis. Other relative con-
traindications are coagulopathies, thrombocytopenia
(platelet count <50 K), and uremic platelet dysfunction.
Some of these abnormalities can be corrected prior to
the procedure.

The risks of biopsy of lung lesions are similar to
the risks of fiberoptic transbronchial biopsy. The most
common complication is pneumothorax, with an occur-
rence rate of about 3%, and is typically associated with
pleuritic chest pain. Unfortunately, when pneumotho-
rax does occur, the ultrasound image is lost, and the
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procedure has to be aborted. This need to stop mid-
procedure is a disadvantage of using ultrasonography
when compared with CT guidance.21,22 Obviously, un-
derlying lung disease or having only a single lung in-
creases the risk for complications of pneumothorax.
In this case, a pneumothorax often requires immediate
treatment.23−27

Hemoptysis occurs in up to 10% of cases after core
biopsy but is typically self limited. Massive hemoptysis
may occur and result in poor outcome. Management
of massive hemoptysis is no different from manage-
ment of hemoptysis from transbronchial biopsy: tam-
ponade with the bronchoscope, endobronchial balloon
occlusion, and selective intubation of the contralateral
side.27 Coughing may cause tearing of the pleura and
air embolism, which can also occur without coughing.
The risk of air embolism may be lower with ultrasound-
guided than with CT-guided biopsy due to the generally
peripheral location of lesions accessible to ultrasound
guidance. Occluding the introducer cannula between
passes of the needle may prevent this complication. If
air embolism is suspected, the patient should be placed
in the left lateral decubitus position and given 100%
oxygen. Hyperbaric oxygen treatment is an option to
be considered. Other risks include inadvertent punc-
ture of other vital organs, which should be an extremely
rare occurrence with an experienced operator.28

BIOPSY OF LUNG LESIONS
A requirement for ultrasound guidance for lung biopsy
is the ability to visualize the target. Any intervening aer-
ated lung will make sonographic visualization impos-
sible and initial determination of suitability for sono-
graphic guidance may be made by careful examination
of the chest CT (Figures 27.3–27.9). One of the advan-
tages of sonographic guidance when compared with
CT guidance is the superior ability of sonography in
distinguishing solid from liquid in a partially necrotic
lesion. Using ultrasound, the biopsy needle may be
confidently directed toward solid areas.29 Cavitary le-
sions containing air need to be considered individually.
Chronic cavitating or bronchiectatic lesions are com-
monly highly vascularized and have a higher risk of
bleeding. It has been shown recently that important
staging information in primary lung cancer can be de-
rived by determination of presence or absence of move-
ment of lung lesions relative to the parietal pleura. With
higher-frequency transducers, interruption of the pleu-
ral reflection and invasion of the ribs or chest wall may
be demonstrated. Any of these findings indicates chest

Figure 27.3. The chest CT scan shows an anterior
mediastinal mass that is well situated for ultrasound-
guided biopsy. CT indicates computerized
tomography.

wall invasion and may affect staging of non-small cell
lung cancer.30

PLEURAL BIOPSY
Indications for sonographically guided pleural biopsy
include suspected pleural malignancy, especially when
pleural fluid cytology is negative; suspected malig-
nant mesothelioma; and suspected tuberculous pleu-
ral effusion. Ultrasonography may detect abnormal ar-
eas of the pleura that may be targeted for biopsy.
Yield is improved with this approach when compared
with random pleural sampling.18,31 For the diagnosis
of malignant pleural mesothelioma, a tissue sample

Figure 27.4. The ultrasound image shows the
anterior mediastinal mass seen on chest CT scan. CT
indicates computerized tomography.
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Figure 27.5. The ultrasound image of a mediastinal
mass is shown in relation to the transducer.

demonstrating invasiveness is often required and
ultrasound-guided biopsy should be considered as the
initial diagnostic procedure. We include part of the
chest wall in the biopsy. Demonstration of invasive-
ness requires inclusion of chest wall tissue with the
biopsy core. This may be achieved by partial with-
drawal of the introducer assembly into the rib inter-
space prior to discharge of the cutting apparatus. The
cutting aspect of the needle is oriented caudally, away
from the neurovascular bundle. A sensitivity of 77% and

Figure 27.6. The introducer is inserted at the site,
depth, and angle determined by ultrasonography.

Figure 27.7. The introducer is positioned for
insertion of the spring-loaded cutting needle.

a specificity of 88% may be attained with sonographi-
cally guided core biopsy in cases of malignant pleural
mesothelioma.32

ANTERIOR MEDIASTINAL BIOPSY
Anterior mediastinal masses may be accessible to
sonographically guided biopsy provided that aerated
lung is displaced sufficiently to open a sonographic
window through the anterior rib cage. It is essential
that the needle path is well clear of the mammary ves-
sels as well as the aorta, pulmonary artery, and the
heart. The procedure is performed in the supine po-
sition after careful review of the chest CT. Generally,
core biopsy is necessary for the diagnosis of anterior

Figure 27.8. A spring-loaded cutting needle is
inserted into the lung lesion.
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Figure 27.9. The cutting needle has obtained a
good-quality biopsy.

mediastinal masses, unless metastatic carcinoma is
suspected, in which case fine needle aspiration may
be sufficient.33−36

SUMMARY
The use of ultrasound for guidance in procedures in-
volving the pleural space has become routine and has
an excellent safety record. Once understanding of the
pleural anatomy as seen on ultrasonography is learned,
the techniques for intervention can be easily mastered
by the physician–operator. Ultrasound-guidance is in
many cases preferable to CT guidance, as transport
of the critically ill is avoided. Sonography does not
subject the patient to the radiation effects of CT and
comes at a lower cost. The operator must be familiar
with all the possible complications of these procedures
and their treatment. The need to understand pleural ul-
trasonography, especially its role in interventions, will
continue to grow and become important part of the
critical care and pulmonary physician’s armamentar-
ium.

PERICARDIOCENTESIS
Ultrasonography allows safe performance of pericar-
diocentesis. Seward et al. described 1127 serial peri-
cardiocenteses with a very low complication rate.37

Ultrasound-guided pericardiocentesis should com-
pletely replace fluoroscopic guidance. Flouroscopic
guidance requires subcostal needle insertion during
which the position of the liver is unknown; and the
relationship of the needle to the myocardium is un-

certain, as fluoroscopy is a two-dimensional technique.
Ultrasound-guided pericardiocentesis is so clearly su-
perior to fluoroscopic guidance, that the critical care ul-
trasonographer should develop proficiency in the pro-
cedure to improve patient safety.

Overview of Procedure
Ultrasonographic guidance of pericardiocentesis has
features in common with thoracentesis and paracen-
tesis. The operator identifies the fluid collection, and
then chooses a safe site, angle, and depth for needle
insertion. While the principles are the same, pericar-
diocentesis is different because of its intrinsic hazard.
Laceration of the myocardium or of a coronary artery is
a catastrophic complication of pericardiocentesis. The
operator needs to be highly skilled at image acquisition
and interpretation as well completely proficient with
the manual skills related to hardware insertion. Peri-
cardiocentesis is not a procedure for the entry-level
ultrasonographer. The teacher attending is advised to
supervise the fellow very closely during the procedure.

Equipment Requirements
An ultrasound machine equipped with cardiac trans-
ducer is required. Doppler capability is not required
for ultrasound guidance of pericardiocentesis. Regard-
ing equipment for the procedure itself, there are kits
that are marketed specifically for pericardiocentesis.
Another approach is to use a generic wire insertion
approach. Central venous insertion kits can be used
for pericardiocentesis, as can widely available cav-
ity drainage systems. Manufacturers also market as
stand-alone items, wire/catheter combinations. These
are supplemented with appropriate equipment of the
operator’s choice. Whatever equipment is chosen,
the clinician should choose the shortest possible nee-
dle length for the initial pericardial penetration. Some
kits provide a 20 centimeter (cm) needle. These are dif-
ficult to manipulate, and therefore dangerous to use.
Some clinicians prefer to insert an angiocath into the
space, followed by the wire. Others prefer to use a wire-
through-needle approach. Either way, a general princi-
ple always holds. The needle is inserted to the most
minimal depth possible to obtain free flow of fluid, and
for the shortest time possible time. Once the wire is
in place and the needle removed, the risk of myocar-
dial of coronary artery or myocardial laceration is no
longer present. Whatever hardware is used for the pro-
cedure, the operator must be completely proficient in
all aspects of wire placement, dilatation over the wire,
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and insertion of a catheter over the wire. This chapter
will not discuss the technical aspects of hardware use,
but will concentrate on the use of ultrasonography to
guide the procedure.

Site Selection and Preparation
With fluoroscopic guidance, the operator is limited to
the subcostal approach with liver and other vital or-
gans in close but uncertain proximity to the needle
path. Using ultrasonography, the best site is deter-
mined by where the most fluid is found. This may be
subcostal or at any point on the anterior or lateral
chest. Frequently, the best site is identified on the lat-
eral chest using the apical four-chamber view. If the
effusion is very large, a parasternal view may offer a
good approach. Frequently, the effusion will be pre-
dominately posterior in location. This being the case,
changing the patient’s body position may distribute the
fluid into a more favorable position. For example, the
semisupine position may improve the subcostal view,
while a left lateral decubitus position may move the
fluid for improved apical view.

The heart is a highly mobile organ. It changes in
size throughout the contractile cycle, it is subjected
to respiratory effects that are accentuated if the pa-
tient has respiratory distress, and cardiac “swinging”
is a common phenomena in severe tamponade. The ap-
parent thickness of the pericardial effusion may rapidly
change to major extent during cardiac movement. The
distance between the site of needle penetration into
the pericardium and the heart itself is a major determi-
nant of safety. There is no absolute rule for how much
fluid must be present to allow safe needle entry. A rea-
sonable approach is to require at least 1 cm of fluid
depth between the heart and the proposed needle en-
try point into the pericardial space, while taking into
account the change in this distance that occurs during
cardiac and respiratory cycle.

An important element in safe site selection is the
avoidance of injury to adjacent structures. The lung is
of concern. Fortunately, aerated or consolidated lung
is easy to identify and therefore to avoid (see Chapters
21 and 22). The same holds for the liver, which may be
readily identified and therefore avoided when using the
subcostal approach. If using a parasternal approach,
the internal mammary artery is an issue. Color Doppler
of the proposed needle track is mandatory when using
the parasternal approach in order to avoid the internal
mammary vessels. Pleural effusion may be identified
in association with the pericardial effusion, and may
be large enough to interfere with pericardial access.

Figure 27.10. The ultrasound image shows a large
pericardial effusion from the apical four-chamber
view, with depth measurement for needle penetration
made in preparation for pericardiocentesis. This
defines the “no go” depth that would result in cardiac
injury.

In this case, the best approach is to drain the pleural
effusion first, followed by rescanning to determine best
approach to the pericardial effusion.

The depth of needle penetration is a critical element
to safe pericardiocentesis. The ultrasound machine al-
lows accurate measurement of the distance required
for needle penetration image (Figures 27.10 and 27.11).
However, skin compression artifact is a concern. The
transducer is pressed into the patient’s skin with some
degree of force in order to obtain good image quality. In

Figure 27.11. The ultrasound image shows a large
pericardial effusion from the apical four-chamber
view, with depth measurement for needle penetration
made in preparation for pericardiocentesis. This
defines the depth required for entry into the
pericardial space.
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the edematous or obese individual, this compression
artifact may be several centimeters in depth. This re-
sults in a significant underestimation of the distance
required to access the pericardium during the actual
procedure. The last factor in determining safe needle
trajectory for pericardiocentesis is to ascertain the
best angle of approach. This is determined by the an-
gle at which the transducer is held to obtain the best
site of access.

Site Preparation
It is advisable to scan the patient before sterile skin
preparation. The best site and angle of needle insertion
is determined and the site is marked. The skin may be
marked with ink. Alternatively, it may be indented with
a needle cap. Depth measurement includes estimate of
skin compression artifact. The depth of needle penetra-
tion is measured from a frozen image on the ultrasound
screen using the calipers function. The skin is then pre-
pared for sterile procedure. It is strongly recommended
that the patient be covered with a full body drape, and
the team use sterile coverings (mask, gown, eye protec-
tion, and caps). The transducer should be covered with
a sterile sleeve and be part of the sterile field setup.

Before the final confirmatory scan, all aspects of
equipment setup should be completed, such as needle–
syringe assembly, lidocaine draw-up, wire layout, and
tubing connections. This minimizes the time between
the final scan and needle insertion. Following full equip-
ment set-up, the operator once again confirms the site
and depth of needle penetration using the transducer
with sterile probe cover, and notes the angle of the
transducer. This angle will be carefully duplicated by
the angle of the needle–syringe assembly during device
insertion. The operator proceeds with needle–wire in-
sertion, followed by catheter insertion. Confirmation of
wire or catheter insertion may be accomplished by di-
rect visualization using 2D ultrasonography. If there is
question of position, several cc’s of agitated saline may
be injected through the catheter to document catheter
position. Malignant pericardial effusions are frequently
hemorrhagic. The team may be apprehensive about
this result, so documentation of pericardial placement
with bubble study is a reassuring result.

Similar to thoracentesis and paracentesis, pericar-
diocentesis does not require real-time guidance with
ultrasonography. The largest published study on the
subject did not use real-time guidance.1 However, it is
important to have the transducer with sterile cover in
place for immediate use throughout the procedure, in
case there is need to rescan and document successful
device insertion.

Pitfalls: Common and Uncommon
Skin compression artifact is a common problem (see
above). It causes an underestimation of the depth for
needle insertion. During needle insertion, the operator
is appropriately concerned, if there is no fluid obtained
at the depth measured from the ultrasound machine
screen. After all, coronary or ventricular laceration
may result in lethal outcome to the patient. The so-
lution to this problem is to rescan the patient, confirm
angle of insertion, and estimate compression artifact
more accurately. Another cause for difficulty is move-
ment of the mark that designates the appropriate site
for needle insertion. Skin is movable, so that the inju-
dicious force application by the operators hand may
shift the skin mark. The needle should be inserted at
the mark without any tension applied to the area that
might shift mark position. Similarly, a “dry tap” might
result from inaccurate duplication of the angle at which
the transducer was held or inaccurate skin mark. The
solution remains to rescan the patient to recheck an-
gle and site. Generally, it is easier to duplicate a per-
pendicular transducer angle than one that is acutely
angled. This favors an anterior or lateral chest wall
approach (if fluid is accessible), as the transducer is
often perpendicular to the chest wall when scanning
in these areas. This is not the case in the subcostal
approach.

An unusual cause of a “dry tap” is a blocked nee-
dle, resulting in overly deep needle insertion. Clotted
blood or skin plug may be the culprit. Overly vigor-
ous probing of the anterior costal cartilage (if using a
parasternal approach) may also block the needle with
cartilage so that the operator inserts too deeply with
potential complication to the patient.

A large anterior pericardial fat pad may be mis-
taken for a pericardial effusion by the inexperienced
ultrasonographer, with potentially catastrophic conse-
quences to the patient. Pericardial fat has some ele-
ment of echogenicity and moves in synchrony with car-
diac contraction. In addition, it is very uncommon for
a consequential pericardial effusion to occur anterior
to the heart without a significant posterior pericardial
effusion also being present.

An uncommon pitfall of pericardiocentesis occurs
when the anesthesia needle penetrates the peri-
cardium after having traversed the pleural space. The
pericardial effusion may then drain into the pleural
space through the defect in the pericardium made by
the anesthesia needle. This may occur if there is a delay
before definitive pericardial device insertion. The oper-
ator is unpleasantly surprised by the lack of pericardial
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effusion and the presence of a new pleural effusion. To
avoid this situation, device insertion should promptly
follow infiltration of the local anesthesia.

Summary
Ultrasonography permits safe pericardiocentesis. Ul-
trasonography allows the intensivist to select a safe

site, angle, and depth for needle and device insertion.
Meticulous attention to image acquisition and interpre-
tation allows the operator to avoid the serious com-
plication of myocardial or coronary artery laceration.
The critical care ultrasonographer is strongly encour-
aged to develop proficiency in ultrasound guidance of
pericardiocentesis, as it is superior to subcostal fluo-
roscopic guidance.
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CHAPTER 28

Ultrasound Guidance for Abdominal
and Soft Tissue Procedure

Sameh Aziz, William J. Brunelli, Jr., and James S. Cain

INTRODUCTION
Ultrasound technology is readily available and can
provide guidance for invasive abdominal procedures
in multiple planes without ionizing radiation. Further,
real-time guidance of the needle tip position allows
the operator to avoid inadvertent puncture of vital
structures during the performance of invasive and soft
tissue procedures of the abdominal cavity. Recently,
this technology has a demonstrated benefit in abdom-
inal procedures such as paracentesis, liver and kid-
ney biopsy, percutaneous gallbladder drainage, and ab-
scess drainage.

Transducer selection for abdominal procedures
most commonly includes a curved or phased array. A
curved array allows the user to visualize a larger field,
but the actual transducer size is larger than a phased
array. Curved array is the transducer of choice for most
abdominal procedures since a larger field can be visu-
alized during the exam. A sector array is smaller and
is most commonly used for abscesses that are close to
the diaphragm and allows for an intercostal approach.

PARACENTESIS
Ultrasound use in paracentesis improves both the ease
and efficiency of the procedure and reduces unneces-
sary abdominal punctures in patients with scant fluid.
It is particularly helpful in obese patients to assess the
depth to the peritoneum and in patients with loculated
effusions to define the largest locule for drainage. Ul-
trasound use can identify intrabdominal pathology that
may increase the risk of bowel perforation during the
procedure.1

Indications
Diagnostic paracentesis is indicated as a part of the
initial evaluation of patients with new onset ascites
and in patients with a known history of ascites sec-
ondary to liver cirrhosis who develop clinical deterio-

ration, including the signs and symptoms of fever, ab-
dominal pain, rapid worsening of renal function, wors-
ened hepatic encephalopathy, leukocytosis, acidosis,
gastrointestinal bleeding or sepsis, and to rule out un-
derlying spontaneous bacterial peritonitis.2 Paracente-
sis can also be used for the evaluation of intraabdom-
inal fluid in trauma patients. Therapeutic paracentesis
is performed in patients with tense or diuretic-resistant
ascites to alleviate difficulty with breathing or abdom-
inal pain.

Contraindications
Paracentesis is contraindicated in patients with dis-
seminated intravascular coagulation, a platelet count
<50 x 109/ liter, an international normalized ratio (INR)
>2, and a local skin infection, visible scar, hematoma,
or cutaneous vein at the site of needle entry.3 Patients
with underlying renal insufficiency who have an in-
creased tendency for bleeding should be carefully eval-
uated prior to the procedure.

Equipment and Procedure Tray
A 3.5–5 MHz broadband curved array is preferred
for the evaluation of ascites and for assistance with
ultrasound-guided paracentesis.1,4 Prepackaged para-
centesis procedure kits are commercially available and
contain all necessary equipment including an aspira-
tion catheter, catheter bag, blood collection tubing,
19-gauge introducer needle with 5 French catheter, li-
docaine for skin anesthesia, skin preparation solution,
and dressing pack with sterile draping (Figure 28.1). For
real time ultrasound guided procedures a sterile sleeve
is used to cover the ultrasound probe.

Site
The optimal site for paracentesis is where the depth
of ascitic fluid is maximal and the abdominal wall
is the thinnest.5 It is common practice to perform a
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Figure 28.1. Paracentesis tray showing equipment
including 5 French catheter.

paracentesis in the left lower quadrant (LLQ). Paracen-
tesis in the right lower quadrant is generally avoided
because of an increased risk of bowel perforation in
patients with a distended cecum. The best location for
paracentesis is 5 centimeters (cm) superior and medial
to the anterior superior iliac spine. One prospective
study of 52 patients with ascites secondary to cirrhotic
liver disease demonstrated that the LLQ was the opti-
mal location for paracentesis because it was easier and
safer than an infraumbilical, midline approach because
of a lower incidence of “dry tap” and bleeding.5 Pre-
procedure scanning with ultrasound is recommended
to avoid complicating factors like cutaneous veins, the
inferior epigastric artery, and areas with previous scars
and operations (Figure 28.2).

Procedure Description
After obtaining informed consent, the patient is asked
to empty the bladder prior to the procedure to de-

Figure 28.2. The abdomen of a patient with
malignant ascites is shown. This patient had a history
of a previous cholecystectomy, with a paraumbilical
scar. Paracentesis was performed in the left lower
quadrant, as demonstrated by the bandaid, to avoid
possible adhesions in the right lower quadrant.

Figure 28.3. Ultrasound examination of the left lower
quadrant in a patient with ascites demonstrates a
collection of ascites adjacent to a full urinary bladder.
A full bladder poses an increased risk of bladder
perforation; therefore, the patient should be asked to
empty bladder prior to the procedure.

crease the risk of urinary bladder perforation (Figure
28.3). The patient is positioned supine. Prior to start-
ing the procedure, the four abdominal quadrants are
scanned to evaluate the extent of the ascites. The liver
and spleen should also be evaluated. Scanning the en-
tire abdomen allows the identification of complicating
factors for intraabdominal paracentesis like intraperi-
toneal septation (Figure 28.4). Noncomplicated ascites
usually has a characteristic anechoic contrast on ultra-
sound (Figure 28.5). An abnormal density, loculation, or
septation may be identified on ultrasound and presents
visually as an echogenic mass.6

After screening the abdominal cavity with ultra-
sound, the optimal site is identified, cleaned, and

Figure 28.4. Right lower quadrant ultrasound
examination for the evaluation of ascites
demonstrates the presence of peritoneal fluid with
intraabdominal separation representing complicated
intraabdominal ascites.
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Figure 28.5. Ultrasound evaluation of the right lower
quadrant demonstrated clear anechoic peritoneal
fluid.

draped. The ultrasound probe is covered with a sterile
sheath and the abdomen is rescanned to confirm the
site of needle entry. Using a 25–30 gauge needle, the
skin is infiltrated with local anesthetic using 1% or 2%
lidocaine. A combination of lidocaine and sodium bicar-
bonate may be used to reduce the burning associated
with the local injection of lidocaine. Next, a 22-gauge
1.5 cm needle can be used to infiltrate the local anes-
thetic to the subcutaneous tissues and anterior abdom-
inal wall. A 19-gauge needle with an echogenic tip is
then introduced into the peritoneal cavity. To avoid pre-
cipitating a peritoneal fluid leak, a “Z-line technique,”
which introduces the needle at an angle and avoids
creating a direct tract, is recommended. A 5 French
catheter can be used for drainage of the peritoneal
fluid.

A free-hand technique, in which paracentesis is
guided by real-time ultrasound, is recommended to
avoid direct injury to the bowel for a small pocket of
peritoneal fluid (Figure 28.6). In this approach, the nee-
dle is introduced into the peritoneal cavity and fluid
collected under direct vision (Figure 28.7). A sample of
fluid is submitted to the clinical laboratory for appro-
priate diagnostic studies.

For a therapeutic tap of a large volume of ascites, a
catheter-over-the-needle assembly can be used. In this
approach, a needle is introduced into the peritoneal
cavity, and once the needle passes through the ascitic
collection, a catheter is introduced over the needle.
Follow-up imaging with ultrasound can document the
proper and safe position of the tip of the catheter. Then,
drainage tubing connected to a vacuum device can be
attached to the catheter. On occasion, the bowel will

Figure 28.6. A demonstration of the “Free Hand
Technique” during ultrasound-guided paracentesis.

obstruct the catheter; when this occurs, the drainage
tubing can be clamped with hemostats and the tub-
ing separated from the catheter. This allows the suc-
tion to be temporarily removed from the catheter. The
catheter can then be pulled back a few millimeters until
ascites again begins to escape from the catheter. The
drainage tubing is reattached and the hemostats re-
moved to continue draining the ascites.

Fluid Analysis
A number of diagnostic tests can be performed on the
ascitic fluid to assist with clinical

Interpretation.7−9 These include:

� Gram stain and culture: A gram stain and culture is
recommended to rule out infection of the peritoneal
fluid and may identify secondary peritonitis.

Figure 28.7. Ultrasound examination of the abdomen
during real-time paracentesis demonstrates the
position of the needle tip.
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� Cell count and differential: This test allows for the
diagnosis of inflammation or spontaneous bacterial
peritonitis (SBP). The sensitivity and specificity de-
pends on the polymorphonuclear (PMN) count. A
PMN count >500 cells/mm3 has a sensitivity of 70–
100% and a specificity of 86–100%.

� Glucose: Ascitic fluid glucose is low in secondary
peritonitis.

� Albumin: Albumin levels allow for a determination
of the etiology of the ascitic fluid. The serum-ascites
albumin gradient (SAAG) is the absolute difference
between the serum albumin and the ascitic albumin
level. A SAAG >1.1 grams/dl identifies ascites due
to portal hypertension. A SAAG <1.1 grams/dl indi-
cates an exudative ascites that can be due to infec-
tion or malignancy.

� Total protein: An ascitic fluid protein level >2.5
grams/dl supports a diagnosis of an exudative peri-
toneal effusion, while a protein level <2.5 grams/dl
supports a diagnosis of a transudative effusion.
The differential diagnosis associated with a tran-
sudate includes cirrhosis, congestive heart failure,
portal vein thrombosis, and myxedema, and that
associated with an exudative effusion includes peri-
toneal carcnomatosis, tuberculosis, infection, con-
nective tissue disease, bowel obstruction, and in-
farction.

� Amylase: A high amylase level in ascitic fluid >1000
indicates leakage of pancreatic enzymes into the
peritoneal cavity.

� Triglycerides: Chylous ascites with triglycerides level
>200 mg/dl is highly suggestive for intraabdominal
malignancy or infection (filariasis, tuberculosis).

� Bilirubin: High ascites bilirubin >6 mg/dl indicates
choleperitoneum (bile in the peritoneal cavity).

� Cytology: Malignant cells may be present in the peri-
toneal fluid and indicate carcinomatosis.7−9

Complications
The incidence of bleeding from diagnostic paracente-
sis is estimated at approximately 0.2%. Hemorrhage re-
lated to large volume therapeutic abdominal paracen-
tesis >4 liters is estimated at approximately 2%.10 An
inferior epigastric artery pseudoaneurysm has been re-
ported in two cases after large volume paracentesis.
These were treated by percutaneous embolization.11

This complication can be avoided by scanning of the
abdomen with ultrasound to define the optimal entry
site that is lateral to the rectus abdominis muscles and
avoids large intrabdominal veins.

Other complications may include intestinal or uri-
nary bladder perforation, secondary peritonitis, and
reaccumulation of peritoneal fluid. Large volume para-
centesis, >10 liters, is usually avoided because it may
lead to a reduction in central venous pressure and asso-
ciated hypotension. In addition, activation of the renin-
angiotensin-aldosterone system occurs, which is ex-
tremely sensitive in patients with liver cirrhosis. This
phenomenon is worse in patients who have liver cir-
rhosis with ascites but without peripheral edema, and
may precipitate hyponatremia, renal insufficiency, and
hepatorenal syndrome if the patient does not receive
simultaneous intravenous albumin.12,13 This is due to
the absence of edema, which can functionally reequili-
brate with plasma.

ABSCESS DRAINAGE
Drainage of an abscess by using puncture and aspira-
tion was described in the 1930s.14

Role of Ultrasound Guidance
Real-time sonography has the advantages of being
portable, readily available at the bedside, and a suc-
cess rate of approximately 90% for intraabdominal ab-
scesses.

Ultrasound is able to differentiate between a solid
mass and cyst in approximately 95% of cases.15 Using a
gray scale, the cyst will appear bright white, while the
adjacent organs appear gray. This is referred to as the
“light bulb” sign.16 Ultrasound provides real-time imag-
ing during catheter placement. When compared with
computerized tomography (CT), ultrasound is more
accurate in localizing and guiding the drainage of small,
deep abscesses (Figure 28.8).

Figure 28.8. Computerized tomography (CT) scan of
the abdomen demonstrating an intraabdominal
abscess.
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Indications
The drainage of abnormal fluid collections is recom-
mended for fluid that is suspicious for infection. Per-
cutaneous fluid drainage is a safe and expeditious op-
tion for critically ill patients who are too unstable for
an operative intervention or need a temporizing mea-
sure to improve their condition and reduce morbid-
ity. Percutaneous drainage provides a rapid, inexpen-
sive, and immediate treatment in elderly, unstable pa-
tients. While this procedure is usually performed in
the radiology department with the assistance of CT
or fluoroscopy, the role of bedside ultrasound is im-
portant for those patients who are too sick for trans-
portation to the radiology suite and whose transporta-
tion conveys additional risks for potential complica-
tions.

Contraindications
Percutaneous abscess drainage is contraindicated if
the catheter path is through a vital organ (lack of safe
route). If possible, consider correction of coagulopathy
prior to the procedure.1,16 Ultrasound may be limited in
differentiating between an abscess and other abdom-
inal fluid collections, such as blood. Bowel gas may
reduce image quality. Surgical dressing or drains may
limit ultrasound evaluation.

Site
The site of the abscess must be evaluated by ultra-
sound prior to the procedure by using a 5–7 MHz trans-
ducer; for very superficial abscesses a 10 MHz trans-
ducer may provide better resolution.15 One needs to
evaluate a safe path for catheter placement, the size
of the abscess, the content of the abscess (light bulb
sign), and the proximity to the skin surface.16,17 The
key to a successful procedure is a careful, well planned
needle path and an appropriate angle of entry prior to
starting.

Equipment
The catheter chosen for the procedure depends on the
indication, with smaller catheters (6–8 French) used
for aspiration of fluid collections, while larger-caliber
catheters (10–14 French) may be needed for more vis-
cous fluid collections.

Procedure Description
The procedure site is sterilized and draped. Lidocaine
1–2% is used to anesthetize the skin. A sterile sheath

is used to cover the ultrasound probe. The catheter is
introduced into the abscess under direct ultrasound
visualization.

Different techniques are available for abscess
drainage. The trocar technique is the preferred method
for a large abscess with thick fluid; however, this
method is associated with more severe complications
due the large size of the introducer needle. In the
Seldinger technique, a needle, guide wire, and dilators
are sequentially introduced prior to the introduction
of the catheter.

For a superficial abscess, a 22-gauge needle can be
used; for deeper collections, a larger bore needle is
recommended. For deeper abscesses using a Seldinger
technique, the skin is prepped and draped and the ul-
trasound probe is covered with a sterile sleeve. The
probe is held in parallel with the needle tract and the
skin is anesthetized. The 18-gauge introducer needle is
advanced along the parallel ultrasound plane (beam),
carefully observing and avoiding surrounding anatom-
ical structures. After placing the needle tip into the col-
lection, a syringe is attached to the needle and a sample
of aspirate is removed for cultures. The syringe is re-
moved and a 0.035 guide wire is placed through the
needle lumen into the collection. Direct visualization
of the wire can be achieved by carefully tugging on
the wire while observing for movement within the col-
lection. The tract is dilated to the desired size of the
catheter, most commonly a10 French, 30 cm, multipur-
pose “pigtail” catheter. Starting with a 6 French dila-
tor, sequential dilation can occur with 8 and 10 French
dilators. The drainage catheter is advanced over the
wire and into the abscess (Figure 28.9). The metal stiff-
ener (inner portion of the catheter mechanism) should
only be advanced a few millimeters passing through

Figure 28.9. Pigtail catheter drainage of an abscess.
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the border of the collection; the catheter is slightly
longer than the stiffener. After passing through the
wall of the collection, hold the stiffener while advanc-
ing the catheter over the stiffener into the collection.
Remove the stiffener from the catheter, remove the
wire, and pull the string, which causes the distal end
of the catheter to coil (pigtail). The catheter is se-
cured using either suture or an adhesive device. The
catheter is attached to the drainage bag and a dress-
ing placed over the catheter entry site. If it is diffi-
cult to visualize catheter placement, push a combina-
tion of 3 cc of sterile saline with 1 cc of air through
the catheter. Perform this technique while scanning;
you should see air bubbles floating within the colle-
ction.

Aggressive manipulation of the catheter after place-
ment is discouraged to prevent bacteremia.18 The ab-
scess contents should be aspirated as completely
as possible, followed by gentle irrigation with ster-
ile saline. Once the catheter is in place, it should be
secured and allowed to drain to gravity. Irrigation of
the catheter with normal saline is recommended ev-
ery four hours until the drainage fluid clears. A pre-
cise recording of daily output of the drainage is impor-
tant.

Once the patient becomes more stable and the con-
dition improves, a follow-up imaging study, such as
a CT, is recommend to evaluate the position of the
catheter, the extent of the abscess, and identification
of nondraining areas. After completion of antibiotics,
a trial of catheter lock for 24 hours is recommended
prior to removal of the catheter.

Complications
Risks range from minor bleeding in 9.8% of the cases
to serious complications such as perforation and bac-
teremia in 5% of the cases. Uncooperative patients in-
crease the risk of complications.18

LIVER BIOPSY
Percutaneous liver biopsy was first described at the
end of the 19th century. A second liver biopsy was de-
scribed by Menghini in the 1950s, and ultrasound guid-
ance for percutaneous biopsy was introduced in the
late 1970s.19 Ultrasound can provide a real-time eval-
uation of the liver, the lesion, and needle placement.
The addition of color Doppler improves the ability to
visualize and avoid blood vessels that may be in the
track of the needle.20 While diagnostic yield may not
be improved with ultrasound-guided liver biopsy, it of-

ten results in fewer attempts, fewer complications, less
pain, and shorter procedure times.21

Indications
The most common indications for liver biopsy are:
� Diagnosis and staging of hepatitis B or C
� Chronic alcoholism
� Diagnosis of Wilson’s disease
� Alpha 1-antitrypsin deficiency
� Hemochromatosis
� A liver mass
� A focal liver lesion
� Elevated liver enzymes after liver transplantation
� Unexplained abnormal liver biological tests.2

Contraindications
Liver biopsy is considered a safe procedure when
performed by skilled practitioners. The reported inci-
dence of bleeding ranges from 0.06% to 1.7%, with an
associated mortality rate between 0.009% and 0.33%.21

Most of the bleeding complications are caused by a
penetrating injury to a branch of the hepatic artery,
portal vein, or puncture of the gallbladder. There is
controversy about the need to withhold aspirin or non-
steroidal antiinflammatory drugs prior to the proce-
dure due to their potential affect on platelets. Rela-
tive contraindications to liver biopsy include ascites,
empyema, or infection below the right diaphgram.
Absolute contraindications include coagulopathy, an
INR >1.4, a platelet count <60,000/mm3, a prolonged
bleeding time, a liver mass with suspicion of a heman-
gioma, or an uncooperative patient.

Role of Ultrasound Guidance
in Liver Biopsy
Ultrasound-guided biopsy of the liver can be performed
either by the free-hand technique, in which the opera-
tor holds the probe in one hand and the biopsy needle
in the other, or by using a biopsy adaptor, which is a
tool that attaches to the ultrasound probe and guides
the needle to the target area.

For the diagnostic accuracy of fibrotic liver disease,
a biopsy sample of >25 mm is needed. After evaluation
of the liver lesion with B-mode, gray-scale sonography,
a color Doppler sonogram is used for evaluation to view
the anatomic course of blood vessels and biliary ducts
and to provide a precise evaluation of vasculature of
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the liver mass. Highly vascular liver lesions like heman-
giomas may be echo-poor and show heterogeneity.22

Ultrasound-guided liver biopsy improves specimen
adequacy regardless of operator experience.23 By pro-
viding guidance for needle angulation, ultrasound
helps to guide the operator with positioning the
needle.24 This is particularly helpful because selective
clinical criteria like obesity, difficult liver percussion,
or chest deformity alone are often insensitive selection
criteria for determining which patients may need an
ultrasound-guided biopsy.25−27 In children, ultrasound-
guided percutaneous liver biopsy has been more accu-
rate, has had a higher success rate and fewer complica-
tions likely due to a reduced number of passes, and has
allowed the needle to be directed away from large in-
trahepatic vessels, gallbladder, lungs, and kidneys.27−28

Ultrasound also allows the operator to detect signif-
icant postprocedure complications, such as hepatic
hematomas, following percutaneous liver biopsy.

Tense ascites often prevents adequate tissue sam-
pling because the liver may “bounce” away during
the procedure. In addition, bleeding may be difficult
to control. Ultrasound guidance positively influences
these outcomes by directly visualizing the liver; avoid-
ing intervening structures within the procedure track
such as the lung, gallbladder, a large central vessel, or
colonic loop; andreducing the incidence of bleeding.
In one study, ultrasound guidance led to a change in
procedure site in 15.1% of patients.29

Equipment and Needles
There are three types of needles that can be used in
liver biopsy: (1) suction needles (like Menghini nee-
dle), (2) cutting needles (like Tru-cut needles), and (3)
spring-loaded cutting needles.

Fine needle aspiration biopsy (FNAB) is preferred
for focal liver lesions because it has a high sensitiv-
ity and specificity for the detection of malignancy. A
Tru-cut needle has a high diagnostic yield in patients
with liver cirrhosis because of the ability to cut through
the liver, which results in better preservation of tis-
sue architecture.30,31 However, there is a higher risk of
bleeding with Tru-cut needles.

Procedure Description
Ultrasound-guided, percutaneous liver biopsy is usu-
ally performed with the patient in the supine position,
with the right arm raised above the head. The patient
is asked to take a deep breath and hold it. Percus-
sion is performed between the anterior and midaxil-

Figure 28.10. Liver biopsy of hypoechoic liver lesion.

lary lines during deep inspiration beginning under the
right breast and progressing in a caudal direction to
the point of first maximal dullness; a site for biopsy is
marked on the skin in the interspace below the per-
cussion line, usually at the midaxillary line. The liver
biopsy is performed in expiratory apnea. A transtho-
racic approach is preferred. First, a longer needle (22-
gauge) is used to administer local anesthetic along the
needle track, a small skin incision is then performed
to alleviate skin resistance. After identifying the safe
needle tract to the lesion that avoids the bowel, major
vessels, diaphragm, and gallbladder, the needle is in-
troduced adjacent to the transducer into the peritoneal
cavity and into the biopsy site while maintaining visu-
alization of the needle in the middle of the ultrasound
field using a slow, rocking motion of the transducer. A
steering attachment can be applied to the transducer
to help guide the needle into the exact location. Alter-
natively, the coaxial technique allows the lesion to be
visualized and focused in the center of the field and
the needle is introduced along the longitudinal axis of
the transducer as a straight arrow entering the biopsy
site (Figure 28.10). Postprocedure ultrasound evalua-
tion is recommended to rule out acute hematoma for-
mation. After the procedure, the patient is positioned
on the right side for at least two hours, with frequent
monitoring of vital signs. Prophylactic antibiotics are
recommended for patients with underlying heart dis-
ease who are at risk for endocarditis.

Complications
Pain, ranging from moderate to severe in intensity, is
the most frequent complication of percutaneous liver
biopsy occurring in approximately 30% of cases, and



330 Ultrasound Guidance for Procedures

is responsible for approximately 4% of postprocedure
hospital admissions.32−34 The most common source of
postprocedure pain is related to injury to the lung, ir-
ritation to the pleural, and subcapsular bleeding.

The mortality related to percutaneous liver biopsy
is 0.01–0.1%, and is mainly related to bleeding or biliary
peritonitis due to puncture of the gallbladder. The risk
of major bleeding secondary to injury to intra- or extra-
hepatic vasculature is 0.12–0.34%. Intrahepatic bleed-
ing is associated with pain due to stretching of the cap-
sule. Severe intrahepatic bleeding requires evaluation
with angiography and potentially embolization of the
bleeding artery. Resection of a portion of the liver may
be needed if bleeding is uncontrollable. One reported
case of a delayed hemorrhage after percutaneous liver
biopsy occurred 17 days postprocedure and was re-
lated to a pseudoaneurysm of a branch of the right
hepatic artery and associated with an arterioportal ve-
nous fistula.33

GALLBLADDER DRAINAGE

Indications
Acute cholecystitis is one of the main indications for
drainage of the gallbladder and achieves similar clin-
ical outcomes to percutaneous cholecystostomy.35,14

Percutaneous cholecystostomy is recommended in
critically ill patients when surgical intervention is
considered risky. Percutaneous cholecystostomy can
provide easy access for cholangiography prior to
surgery, allowing for identification of the anatomy of
the biliary duct and the pathogenesis of the underlying
disease.36 The failure to drain the gallbladder may lead
to empyema, perforation, abscess, peritonitis, and sep-
sis. There is a high positive predictive value to diagnos-
ing cholecystitis when ultrasound evaluation shows
gallstones, gallbladder wall thickening, and a positive
Murphy’s sign.14

Acute acalculous cholecystitis (AAC) is a serious dis-
ease with high mortality and morbidity in contrast to
calculous cholecysitis. Percutaneous cholecystostomy
is the best therapy for critically ill patient with AAC.37

Surgical consultation for patients that undergo percu-
taneous cholecystostomy but do not improve within 24
hours is important to ensure that early surgical inter-
vention can be provided if needed.38

Contraindications
The contraindications for the procedure include coag-
ulopathy, INR above 1.2, platelets <80.000/mm3, pro-

longed bleeding time, liver masses with suspension of
hemangioma and an uncooperative patient.39

Equipment and Procedure Tray
A 0.035 guide wire such as a 3 mm J-type, 18-gauge
needle with echogenic tip (7 cm, 10 cm, or 15 cm), 6
and 8 French dilators, 8 French multipurpose catheter,
3.5 MHz or 5.0 MHz transducer with curved array.

Procedure Description
The procedure is usually performed with the patient
in the supine position, with right arm raised above the
head. The fundus of the gallbladder is the preferred en-
try point to be used for the needle and the catheter.
The gallbladder may be drained through a transhep-
atic or direct transperitoneal approach. The transhep-
atic approach is preferred because of the lower risk
of bowel perforation, peritonitis, and loss of access af-
ter decompression of the gallbladder. In patients with
acute cholecystitis, the distended gallbladder usually
extends below the liver margin and is easier to access
for direct puncture.38

The entry point for the needle is marked, the skin is
cleaned, and appropriate drapes are placed. The skin
is anesthetized and a 3 mm incision is made with a
#11 blade. Placing the transducer parallel to the nee-
dle tract, the needle is traversed through the tissues
and into the gallbladder, assuring that the gallbladder
is entered through the fundus. About 5 milliliters (mL)
of bile is removed to partially decompress the gallblad-
der and the fluid is sent for gram stain and cultures.
Placement of a drainage catheter can be performed us-
ing a trocar device or for placement of pigtail-shaped
drainage using the Seldinger technique.

In the Seldinger technique, a guide wire is placed
through the needle into the gallbladder, with real-time
observation of the ultrasound monitor. The needle is
removed, and the tract is dilated sequentially using first
a 6 French and then an 8 French dilator. If there is resis-
tance when advancing the dilator, smaller dilators can
be used and sequential one-size increments can be at-
tempted. The catheter and stiffener are then advanced
over the wire, into the lumen of the gallbladder. Direct
visualization is necessary to ensure that the catheter
has advanced past the gallbladder wall. While holding
the stiffener, advance the catheter into the gallbladder.
It is essential to advance the catheter far enough so
that the drainage ports are inside the gallbladder. After
placing the catheter, the stiffener and wire are removed
and the distal end of the catheter is coiled by pulling
the string. The catheter is then secured and attached
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to a drainage bag. A final scan should be performed
and an image recorded. If catheter placement is not
achieved, a contrast study may be performed. Up to
90% of patients with cholecystitis show an improve-
ment in symptoms after drainage.38

Complications
The most common complications of the procedure are
bleeding, bile leakage, and catheter dislodgment. Fail-
ure to develop a mature track may occur in critically
ill patients with underlying medical problems that in-
tervene with the healing process. Other complications
such as bowel perforation and vasovagal reactions
have been reported.39

RENAL BIOPSY IN THE INTENSIVE
CARE UNIT

Indications
The renal biopsy is used to diagnose and guide the
treatment of kidney disease. In the intensive care unit
(ICU) setting, renal biopsy should be performed rarely
to determine the cause of renal dysfunction in situa-
tions where the added information will guide therapy.
The cause of acute renal failure in ventilated patients
can be determined without biopsy in most cases.40

The most likely ICU scenarios calling for a kidney
biopsy are the pulmonary renal syndromes (PRS) due
to Goodpasture syndrome, the antineutrophil cytoplas-
mic antibody (ANCA) vasculidites, or rapidly progres-
sive glomerulonephritis.41,42 The combination of respi-
ratory failure with acute renal failure can rapidly lead
to death,while the diagnostic differential of the con-
dition leads to therapeutic dilemmas (antibiotics vs.
immunusuppression). Biopsy can provide the correct
information for treating the condition. Histologic con-
firmation of diagnosis should be obtained, if possible,
prior to initiating therapy.40

Biopsy should be performed when:

1. The diagnosis cannot be obtained by other tests

2. The disease appears to be renal and diagnosable
(this presumes a high likelihood of renal disease and
pathology support to rapidly process and interpret
the biopsy)

3. The patient will benefit from the information ob-
tained
� The interpretation will be timely
� There are therapeutic choices that depend on the

result

� The patient agrees to the potential treatment
change

4. There are no contraindications to biopsy43,44

Nephrotic Syndrome
The nephrotic syndrome, edema with heavy protein-
uria, and low serum albumin could potentially require
renal biopsy in the ICU. Usually, however, the nephro-
sis of diabetes, membranous, IgA, human immunod-
eficiency virus (HIV)-associated nephropathy, heroin-
associated nephropathy (HAN), or focal and segmental
glomerulosclerosis (FGS) can await stabilization and
biopsy can be done in the routine manner.

Acute Nephritic Syndrome
Rapidly progressive glomerulonephritis (RPGN) re-
quires renal biopsy to diagnose and guide therapy.
The diseases involved are often aggressive and fatal.
The primary diagnoses to be considered are systemic
lupus erythematosus (SLE) and the vasculitides (We-
gener’s granulomatosis and their variants). In the ICU
setting, these syndromes may be confused with severe
pneumonia.41,42 Immunosuppressive treatment is indi-
cated for SLE and Wegener’s granulomatosis (with or
without plasmapheresis). It is contraindicated for an
infectious process.

Acute Renal Failure
A renal biopsy for the diagnosis of the commonly diag-
nosed acute renal failure, the result of low blood flow
or pressure in the setting of infections, nephrotoxins,
or shock does not usually require renal biopsy. The
occasional patient with unexpected failure to recover
can usually be stabilized and biopsied in a controlled
setting.43

Chronic Renal Failure (CRF)
Several chronic renal diseases have the potential to
complicate acute critical care, and renal biopsy may
be considered to guide therapy. Diabetic nephropathy
(DN) is the most common cause of chronic kidney dis-
ease (CKD) in the United States (US). Additional renal
insults can result in additional loss of renal function.
The resulting “acute on chronic” renal failure can cloud
the diagnosis and treatment of critical illness, espe-
cially when the diagnosis of RPGN must be excluded.
Renal biopsy is rarely required.

Allograft Dysfunction
Biopsy of a dysfunctional renal allograft in the ICU
is easier than the biopsy of native kidneys. The
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allograft is closer to the surface and is relatively im-
mobile. Acute rejection must be ruled out, while other
causes of acute renal failure, such as acute tubular
necrosis, cyclosporine toxicity, and recurrent primary
glomerulonephritis, are considered. Ultrasound guid-
ance is helpful in determining the depth to the organ
and the method for avoiding other structures.

Risks
The primary risk from the standard percutaneous re-
nal biopsy is bleeding. Gross hematuria is present in
low percentages of patients.44 Properly performed re-
nal biopsies can result in hematuria, both gross and
microscopic. The uncomplicated renal biopsy in the
past was admitted for at least 24 hours of observa-
tion, but recent advances in biopsy preparation and
technique have allowed this to become an outpatient
procedure in most cases. Some recommend a 24-hour
period of observation due to the late appearance of
some complications.44 These improvements apply to
the ICU setting as well, allowing much more flexibility
and safety in the procedure. The advent of ultrasonog-
raphy allows bedside real-time guidance in the ICU, as
opposed to the former practice of finding the general lo-
cation and depth of the kidney for the US-guided opera-
tor, and the use of intravenous pyelogram (IVP)-guided
or open renal biopsy in the past.

In addition, the use of the “free hand” biopsy gun
allows more flexibility in patient position, as experi-
enced user of the ultrasound machine can guide the
needle safely to the target organ. These guns have also
smaller needles, which results in less bleeding while
still obtaining adequate specimens for diagnosis. Voss
and colleagues reported no reduction in bleeding com-
pared with a Vim Silverman needle, apparently with
excellent results, but did report shorter hospital stays.

The use of a trocar to relocate the kidney for second
and third biopsy has reduced the time and number of
passes required to perform the procedure. This should
facilitate biopsy of ventilated patients.

In some institutions, the use of transvenous renal
biopsy has been advocated in the patient with bleeding
problems. These improvements allow more aggressive
diagnostic approaches to be taken without compromis-
ing patient safety.45

Other risks to consider in addition to bleeding in-
clude pain, infection, transfusion, loss of renal function,
loss of limb or organ function, and loss of life. In the ICU
setting, with PRS as a diagnosis, these are managable,
relatively less significant issues.

Contraindications
In the past,several renal conditions have been consid-
ered too risky to biopsy due to the danger in outcome,
but the low rate of complication for renal biopsy in
general coupled with recent technical advances have
allowed most of these conditions to be biopsied. The
physician is responsible for weighing the risks and ben-
efits and determining the best course of action.40,43,45,46

Solitary Kidney, Horseshoe Kidney
The risk for a solitary or horseshoe kidney is that con-
trolling bleeding could require a nephrectomy. Newer,
intraarterial techniques to occlude bleeding arteries
and avoid loss of organ can be used in most cases.44

Urinary Tract Infection (UTI)
The presence of a UTI is a relative contraindication to
renal biopsy due to the risk of bacterial spread outside
of the urinary tract. The use of antibiotics may allow a
biopsy of the patient with a UTI. In general, the biopsy
of anyone with pyelonephritis is contraindicated.43,44

Renal Tumor
The risk of spreading malignant cells to extrarenal sites
must be considered. The usual practice is to perform a
nephrectomy for suspected malignancy if the patient’s
renal function is adequate and age and condition do
not preclude it. Urologic consultation is often helpful in
these circumstances. In the setting of a PRS, pulmonary
metastasis may be the cause of the problem.44

Bleeding Disorders
Correction of a bleeding disorder from a factor defi-
ciency, anticoagulation, or platelet deficiency or dys-
function before the biopsy will allow the procedure to
proceed safely. Uremic platelet dysfunction can be con-
trolled with estrogen therapy or transfusion,47 throm-
bocytopenia with transfusion. An open biopsy would
have been the primary recommendation in the recent
past, but the advent of transjugular biopsies45 and
biopsy guns9,10 has made these the preferred ap-
proaches.

Anemia
Anemia, especially a hematocrit <30%, is associated
with prolonged postbiopsy bleeding. Transfusion and
erythropoietin therapy will often correct the problem.
The correction of ongoing losses and evaluation for the
cause of the anemia are advised.
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Hypertension
Correction of uncontrolled hypertension is advised
prior to renal biopsy due to an increased risk of hem-
orrhage. Donadio and Buxo report a higher incidence
of postbiopsy bleeding in hypertensive patients.48

Patient Unable to Cooperate with Procedure
The noncompliant patient is a contraindication to
the procedure; the patient is asked to hold breath
briefly to stop the movement of the kidney, which oc-
curs normally with respiration. The patient must be
awake and cooperative. Light sedation to relieve anxi-
ety is administered; general anesthesia is not routinely
used.

The intubated patient can be fully anesthetized. As-
sistance to provide an expiratory hold to complete the
biopsy will be needed. In both of these settings, the op-
tion of transjugular biopsy or open biopsy should be
chosen if that is in the best interest of the patient.

The original position for performing a renal biopsy
was sitting up on the edge of the bed, and the right kid-
ney was usually biopsied. The usual procedure now is
to have the patient prone, and the left organ is usually
the target of choice. There is no contraindication to cre-
ative positioning of the patient to allow for mechanical
ventilation. No other requirements are necessary, as
long as the procedure is performed by the experienced
sonographer using real-time guidance and reasonable
caution.

Procedure Description
Prebiopsy Preparation
Review of the history and physical, removal or cor-
rection of anticoagulation, control of blood pres-
sure, review for and correction of urinary tract infec-
tion. A renal ultrasound, if not previously done, may
be performed at the time of the procedure. Review
for obstruction, mass, polycystic kidney disease, or
nephrolithiasis. Gross hematuria, if present, should
be explained and other causes that may mimic PRS
ruled out. Rule out pregnancy with a beta human chori-
onic gonadotropin (beta-hCG). Proper permission must
be obtained. Appropriate laboratory testing must be
performed, including a prothrombin time, a partial
thromboplastin time, a basic metabolic panel, com-
plete blood count; type and screen two units of packed
red blood cells. Anemia should be corrected as needed
prior to the procedure. Sedation may be given 30 min-
utes prior to the procedure.

Figure 28.11. Renal biopsy showing the position of
the needle tip entering the cortex.

The Procedure
The patient is placed face down; this may be difficult for
a ventilated patient, and pulmonary or anesthesia sup-
port may be needed to ensure the patient’s safety. The
kidney is localized, and the presence of two kidneys
free of obstruction, mass, or tumor is documented.
With ultrasound guidance, the skin over the lower pole
of the kidney is marked at end inspiration. The skin is
prepped in a sterile manner and lidocaine injected su-
perficially. A nick in the skin with a small blade is made
to pass the needle through. Bleeding is controlled with
direct pressure.44

A small-gauge spinal needle is introduced to the sur-
face of the kidney and the location is verified either by
direct visualization or using ultrasound (Figures 28.11
and 28.12). The needle will move in a vigorous arc
cephalad to caudad with respiration when it is in the

Figure 28.12. Renal biopsy showing the position of
the needle tip in the cortex.
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renal parenchyma. The operator’s hands should not im-
pede movement of the needle. When renal tissue has
been reached, the surface of the kidney is anesthetized
with 1% lidocaine. The depth of the needle needs to be
marked closely and lidocaine injected as the spinal nee-
dle is withdrawn. The patient needs to be told to stop
breathing when the operator has contact with the nee-
dle and the operator needs to be mindful of the patient’s
respiratory status because discomfort and incomplete
exhalation may occur during a biopsy pass. The danger
here is that a firmly held needle could tear the renal tis-
sue when the kidney moves with respiration. The spinal
needle is withdrawn and a biopsy needle inserted to the
same depth. Once again, the location of the needle at
the surface of the organ is verified by movement with
respiration or by real-time ultrasound (Figures 28.11
and 28.12). Respirations are held and the biopsy device,
Tru-cut needle or biopsy gun, is activated. The needle
is withdrawn and the patient instructed to breathe. The
patient should be asked how he or she is doing, which
allows the operator to assess pain and also verifies
responsiveness. The tissue is removed from the nee-
dle and the presence of glomeruli verified by direct in-
spection. A magnifying lens or dissecting microscope is
helpful here. This procedure is repeated until adequate
tissue for diagnosis is obtained. The tissue is submitted
to nephropathology for light microscopy, immunoflu-
orescent microscopy, and electron microscopy. The

light microscopy specimen is placed in formaldehyde,
the electron microscopy specimen is submitted in glu-
taraldehyde, and the immunofluorescence is submit-
ted on ice for immediate frozen sections or is placed in
Michel’s fixative.44

Postbiospy Care
After the biopsy, vital signs should be closely moni-
tored for hypotension, tachycardia, and signs of inter-
nal bleeding. Urinalysis to detect hematuria and serial
hematocrit determinations is performed. Most compli-
cations are evident within 8 hours. A total of one third
of complications occur after the first 8 hours, so pa-
tients must continue to be watched closely.49 Most light
microscopy and immunofluoresence can be processed
and interpreted within 24 hours. Direct and clear com-
munication with the pathologist will be helpful.

SUMMARY
Overall, there are a number of benefits to the use of
ultrasound for abdominal and soft tissue procedures
that make it an ideal technique for the critically ill pa-
tient. The technique improves the safety and efficiency
of bedside procedures and prevents the difficult and
often dangerous transportation of the critically ill pa-
tient to the radiology suite. In trained and experienced
hands, it is a powerful diagnostic tool.
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CHAPTER 29

Peripheral and Central Neuraxial
Blocks in Critical Care Medicine

Santhanam Suresh

INTRODUCTION
The role of neuraxial blocks and peripheral nerve
blocks in the critical care setting has vastly improved
due to the use of ultrasonography. Despite the avail-
able technology, the use of these techniques in critical
care remains rare. This chapter will provide examples
of current and potential uses for the use of central and
peripheral nerve blocks using ultrasound in a critical
care setting.

EQUIPMENT
Although the physics and the use of equipment has
been described previously (Chapter 2), specific discus-
sion of the use of particular transducers for certain
procedures is important. The use of a linear probe can
help to localize nerve using ultrasonography. Sterile
precautions should always be exercised prior to the
performance of these blocks. Although the use of a
sterile sheath can be very helpful, in an acute setting,
a sterile TegadermTMcan be used to cover the probe
and effectively place nerve blocks in an intensive care
unit (ICU). Nerves can appear anechoic, hypoechoic,
or hyperechoic, depending on the particular plexus.
Unlike vascular structures, they are not always hypoe-
choic and therefore color is unable to delineate them. A
portable ultrasonography machine that can be brought
to the patient’s bedside to scan the patient and place
the blocks is most useful in the ICU. Although seda-
tion may be required in some instances, especially if
infants and children are involved, most blocks can be
performed with the superficial subcutaneous injection
of local anesthetic. The advantage of ultrasonography
is the ability to have a single pass directly to the proxim-
ity of the nerve structure and provide the block without
the need for nerve stimulation. Nerve blocks are per-
formed for a variety of reasons in the ICU, including
diagnostic reasons, pain control, and managing vascu-
lar insufficiency (Table 29.1).

LOCAL ANESTHETIC SOLUTION
Any long-acting local anesthetic solution, mostly
amides, are used for pain control using a regional
anesthetic technique.1 Although the commonly used,
long-acting, local anesthetic bupivacaine is a dextro-
enantiomer and may have greater cardiovascular
toxicity compared with the levo-enantiomer, it is still
routinely used in most clinical practices.2,3 The dose of
local anesthetic solution has to be contained within the
toxic dosage allowable. A dose of <4 mg/kg will ensure a
reasonable degree of safety, although careful aspiration
should be carried out prior to injection. Ultrasonogra-
phy has advanced our ability to identify vascular struc-
tures prior to injection. Newer levo-enantiomers, ropi-
vacaine and levobupivacaine, although safe, cannot be
considered completely immune to the cardiovascular
and neurotoxicity of local anesthetic solutions. A de-
tailed description of local anesthetics and their toxicity
can be found in many standard pharmacology and anes-
thesia textbooks. A rule of thumb is that toxicity varies
for different blocks decreasing in the progression from
intercostal block, caudal blocks, epidural blocks, to
peripheral nerve blocks. Local anesthetic toxicity in-
cludes seizures and cardiovascular collapse. A newer
modality of treating the toxicity with intravenous in-
tralipid is gaining popularity.4 In the ICU, it may be rea-
sonable to have the availability for lipid rescue in the
event there is accidental injection of local anesthetic
solution into the intravascular compartment.

CENTRAL NEURAXIAL BLOCKS
Central neuraxial blocks are performed for diagnosis
or for pain control. A common central neuraxial pro-
cedure in the ICU is a diagnostic lumbar puncture. Al-
though this can be performed with ease in most pa-
tients, the depth of the epidural space and the dura
from the skin may be difficult to ascertain both in
younger populations, such as in infants and children,5
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TABLE 29.1. Ultrasonography in critical care

Diagnostic
Lumbar puncture

Pain control
Epidural analgesia
Upper extremity blocks
Lower extremity blocks
Truncal blocks

Vascular insufficiency
Epidural analgesia
Upper extremity blocks
Lower extremity blocks

and in the obese older patient, particularly in the ob-
stetrical suite. The use of ultrasound may be a help-
ful diagnostic tool to determine the exact depth of
the epidural space and the dura in children and in
adults.6,7 Although the curvilinear probe may be help-
ful in the older adult, a transverse probe capable of
scanning deeper (7 MHz) may be helpful in children and
infants. The epidural and dural area can be scanned
for depth using a transverse axial approach and in
a saggital longitudinal plane. A cadaver-based teach-
ing model for ultrasonography has recently been de-
scribed for learning ultrasound imaging for central neu-
raxial sonoanatomy.8 It is important to understand that
the transverse axial plane can be used to discern the
sonoanatomy of the vertebral column, while the lon-
gitudinal saggital plane can be used for recognizing
the spinous, articular, and transverse processes. Real-
time use of the sonoanatomy for placement of epidu-
ral catheters can be applied in children, where there
is less calcification and an improved ability to visual-
ize structures.7 The use of epidural analgesia for pain
control has traditionally been reserved for patients in
the postoperative period. The use of this technique for
pain control in the ICU has been reported anecdotally
for vascular insufficiency by providing a sympathetic
blockade.9 Epidural analgesia can be provided for pain
control following vascular crisis in sickle cell disease
in an intensive care setting.10

The technique for epidural analgesia is presented in
Figure 29.1.

Axial Plane
1. Place the ultrasound probe between the spinous

process.

Figure 29.1. Ultrasound image of the epidural space.

2. Determine the location of the spinous and trans-
verse processes.

3. Gently slide the probe cephalad or caudad until the
dura and the epidural space can be located.

4. Use the depth indicator to measure the exact dis-
tance of the epidural space from the skin.

5. Mark the ends of the probe bilaterally and in the
midline.

6. A line intersecting these two lines will provide a
point of entry of the needle.

7. The exact distance for the needle to enter into the
epidural space to the predetermined area allows
the operator to advance the needle to the specified
depth.

8. If real-time ultrasonography is used, it is impera-
tive to use loss of resistance with saline or local
anesthetic solution for determining the depth of the
space.

UPPER EXTREMITY BLOCKS
The brachial plexus supplies the pain fibers to the up-
per extremity. It is derived from the cervical roots C5,
C6, C7, C8, and T1. It is important to understand the
multiple approaches to the brachial plexus for a va-
riety of surgical procedures, depending on the area
that is being operated on (Table 29.2). This technique
can also be used for pain relief in critically ill trauma
victims in the ICU.11 This block has the advantage of
increasing blood supply, thereby potentially improv-
ing perfusion to the compromised upper extremity.12

The approach to the brachial plexus is at the intersca-
lene (roots), supraclavicular (trunks), infraclavicular



Peripheral and Central Neuraxial Blocks in Critical Care Medicine 339

TABLE 29.2. Brachial plexus block

Interscalene block: For shoulder pain
Supraclavicular block: For pain relief from fractures,
vascular insufficiency
Infraclavicular: For longer duration of pain relief
with catheter
Axillary: Single shot for immediate pain relief and
vascular insufficiency

Dose: Adults: 15 mL, 0.2% ropivacaine or 0.25% bupivacaine
Children: 0.2 mL/kg, 0.2% ropivacaine or 0.25% bupivacaine

(divisions and cords), and axillary (branches) levels
of the brachial plexus in the arm (Tables 29.2 and
29.3).13,14 If an indwelling catheter is placed for trauma
or vascular insufficiency, we prefer using the infraclav-
icular approach.15,16 The supraclavicular approach is
an easier approach, especially if there is significant
trauma in the upper extremity, because this can re-
duce arm movement during performance of the block.
The ultrasound technique for each one of these ap-
proaches is well described. Often, operator preference
determines the approach used. We tend to use the
supraclavicular approach for most fractures. For larger
limb salvage procedures that require multiple days of
intense pain control, an indwelling infraclavicular ap-
proach is preferred. The volume of local anesthetic so-
lution varies, depending on the access. For most pain
control, however, a volume of 15 mL of local anesthetic
solution (0.2% ropivacaine or 0.25% bupivacaine) can
provide adequate analgesia. In children, a dose of 0.2
mL/kg of local anesthetic solution is used.

Supraclavicular Approach
Ultrasound-guided approach to the supraclavicular
plexus is an easy and rapidly achieved block in the ICU.
The ultrasound probe is placed above the clavicle, and
the nerves are seen surrounding the subclavian artery.

TABLE 29.3. Approaches and probes for
Brachial plexus blocks

Axillary block Linear probe In-plane approach
Infraclavicular Linear probe In-plane approach
Supraclavicular Linear probe In-plane or out of

plane
Interscalene Linear probe In-plane

Figure 29.2. Supraclavicular plexus. Note the arrow
pointing to the plexus surrounding the subclavian
artery.

We prefer using an in-plane approach to the nerves. Lo-
cal anesthetic solution is deposited and the spread of
local anesthetic is seen in real time as the injection pro-
ceeds. A “donut sign” of the nerves surrounded by the
local anesthetic solution denotes correct placement of
the local anesthetic solution (Figure 29.2).

Infraclavicular Approach
The infraclavicular approach is preferred for place-
ment of a catheter for pain control.17 A linear ultra-
sound probe is placed below the clavicle and medial to
the acromial process. The cords are seen surrounding
the subclavian artery; the medial, lateral, and poste-
rior cords can be easily identified (Figure 29.3). The

Figure 29.3. Infraclavicular plexus. Note the lateral,
medial, and posterior cords surrounding the
subclavian artery.
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Figure 29.4. Axillary plexus ultrasound image.

pectoralis major and minor have to be traversed prior
to access to the cords. If a catheter is placed in the area
for continuous infusion of local anesthetic, it can be
introduced using an 18-G Touhy needle with the tip of
the catheter close to the posterior cord. If a continuous
infusion is sought postoperatively, an infusion rate of
3 mL/hour is usually adequate for providing pain relief
and also a sympathetic blockade for vascular insuffi-
ciency.

Axillary Block
The axillary approach to the brachial plexus is easy
and can be performed in most ICU patients with ease
using a linear probe or a hockey-stick probe in younger
children and infants. The probe is placed with the ori-
entation of the median, radial, and ulnar nerves in
close proximity to the axillary artery (Figure 29.4). The
plexus is very superficial even in obese individuals. If
there is any doubt about the position of the nerves,
color Doppler is used to check the position of the ves-
sels. A total volume of about 15 mL of local anesthetic
solution is injected into the area providing adequate
relief of pain. The efficacy of the block is increased if
the local anesthetic solution is seen surrounding the
nerves completely.

Complications from Brachial
Plexus Blocks
Intravascular injection is an inherent problem due to
the close proximity of the great vessels. Injection into
the vertebral artery and the intrathecal space can be a
complicating factor while performing the supraclavic-
ular approach.

TABLE 29.4. Femoral nerve block

Indications: Femur fracture; vascular insufficiency
Technique: In-plane approach, linear probe
Landmarks: Vein, artery, and nerve from medial to
lateral orientation; color used to identify vascular
structures
Complication: Intraneural injection, intravascular
injection

LOWER EXTREMITY BLOCKS
The lumbar (L2, L3, L4) and sacral roots (S1, S2, S3)
supply the sensory and motor supply to the lower ex-
tremity. Although it is of academic importance to un-
derstand the regional anesthetic techniques for lower
extremity in the ICU, it is important to understand its
utility for major trauma, particularly femur fractures,
and for patients with vascular insufficiency.18

Femoral Nerve Block (Table 29.4)
The femoral nerve is located lateral to the femoral
artery as it leaves the femoral triangle. The nerve
supplies the anterior portion of the thigh and the fe-
mur and is blocked for managing pain. A nerve stim-
ulator can be used to localize the nerve, eliciting a
“patellar snap” denoting a quadriceps muscle contrac-
tion. Ultrasonography can be used for performing this
block.

Technique
A linear ultrasound probe is placed below the ilioin-
guinal ligament along the crease. The femoral artery is
identified. The femoral nerve is located lateral to the
femoral artery. It can be visualized as a hyperechoic
structure (Figure 29.5). With slight angling of the probe,
the fascicles of the nerve can be seen under ultrasound
imaging.19 A needle is then placed using an in-plane
technique to block the femoral nerve. Adequate block-
ade is noticed when the nerve is encircled with local
anesthetic solution (donut sign). A volume of 15 mL of
0.2% ropivacaine or 0.25% bupivacaine can provide ad-
equate blockade of the femoral nerve. In children and
infants, a dose of 0.2 mL/kg is used to provide block-
ade of the femoral nerve. A catheter can be left in place
for managing severe pain due to trauma in adults and
children. This may facilitate a reduction in the use of
opioids and associated adverse effects including som-
nolence, nausea, and vomiting.
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Figure 29.5. Ultrasound image of femoral nerve. Note
the vein, artery, and nerve located in a single plane.

Complications
Intravascular placement of needle and catheter, injury
to femoral nerve due to intravascular injection.

Sciatic Nerve Block
The sciatic nerve is derived from the lower lumbar
and the upper sacral roots. It supplies the sensory and
motor block to the leg and foot. Sciatic nerve block-
ade is easy to perform under ultrasound guidance,
although the need for sciatic nerve block in the ICU
is less than the femoral nerve. In our institution, we
have used ultrasound-guided sciatic nerve blocks for a
child with severe acute respiratory distress syndrome
(ARDS) and hemodynamic instability who required a
fasciotomy for compartment syndrome. The block can
be performed at the popliteal fossa or at the subgluteal
area.

Technique
Popliteal Fossa Block. The patient is kept prone or
supine depending on his or her hemodynamic stabil-
ity. A linear ultrasound probe is placed in the popliteal
fossa. The popliteal artery is identified. The common
peroneal and the tibial nerves are identified. The ultra-
sound probe is moved cephalad until the coalition of
the two peripheral branches is seen. A needle is in-
serted using the in-plane approach. A total of 15 to
20 mL of local anesthetic solution is deposited around
the nerve to completely encircle the nerve (donut sign)
(Figure 29.6).

Subgluteal Approach. The subgluteal approach to the
sciatic nerve is another approach to the nerve as it

Figure 29.6. Ultrasound image of the popliteal fossa.
Note the common peroneal (CP) and tibial nerve (T)
in the popliteal fossa distal to their bifurcation.

exits the pelvis. This is another easy approach using
ultrasonography and can be utilized for leaving an in-
dwelling catheter for pain control after major trauma.
The ultrasound probe is placed along the gluteal crease
and the biceps femoris and the semitendinosus are
identified. The sciatic nerve is seen as a hyperechoic
shadow at this level. Using an in-plane approach we
block the sciatic nerve at this site (Figure 29.7). Usu-
ally a volume of 15 to 20 mL of local anesthetic solution
is needed to block the nerve effectively (Figure 29.7).

TRUNCAL BLOCKS
Truncal blocks can be of value inpatients who may have
significant pain secondary to rib fractures. In fact, we

Figure 29.7. Subgluteal approach to sciatic nerve.
Note the biceps femoris and the semitendinosus.
Arrow points to the sciatic nerve.
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notice that the use of these blocks may enhance the
ability of these patients to take deep breaths and may
reduce the incidence of atelectasis due to decreased
efforts at breathing.

Intercostal Block
Anatomy
The intercostal nerves are derived from thoracic
nerves T1 to T12. As the nerves emerge from their re-
spective intervertebral foramina, they divide into four
branches:

1. The first branch is the paired gray-and-white ante-
rior ramii communicans, which pass anteriorly to
the sympathetic ganglion.

2. The second branch is the posterior cutaneous
branch, which supplies the skin and muscle in the
paravertebral region.

3. The third branch is the lateral cutaneous branch,
which then branches to an anterior and posterior
branch to supply the midline portion of the chest
and abdomen.

4. The ventral ramus, which is the intercostal nerve.

The intercostal nerves carry both sensory and motor
fibers and pierce the posterior intercostal membrane
distal to the intervertebral foramen to enter the sub-
costal grove and continue to run parallel to the rib. Its
course within the thorax is between the parietal pleura
and innermost intercostals muscle and the external and
internal intercostals muscles.

Indications
Intercostal nerve blocks (ICBs) can be usedfor chest
trauma associated with rib fractures,18 thoracotomy,20

and upper abdominal surgery including cholecystec-
tomy and appendectomy, and for pain control follow-
ing breast surgery. The 10th intercostal nerve (umbil-
ical nerve) can also be blocked for umbilical hernia
repair.21 Intercostal nerve blocks with the use of neu-
rolytics can be used to manage chronic pain conditions
such as postmastectomy pain, herpetic neuralgia, and
postthoracotomy pain syndromes.22

Technique
Ultrasound guidance has significantly improved the
performance of this block. Although not described in
detail in the literature, there is growing interest in using
ultrasound guidance to perform this block. We prefer
using a midaxillary approach to the intercostal nerve.
A linear ultrasound probe is placed alongside the mi-

Figure 29.8. Intercostal space. The arrow points to
innermost intercostal muscle, where the
neurovascular bundle is seen.

daxillary line overriding two ribs. The pleura can be
seen moving with every breath. The innermost inter-
costal muscle is identified. Using an off-plane approach,
a 27-gauge needle is introduced into the innermost in-
tercostal muscle; local anesthetic solution is injected
after careful aspiration to rule out intravascular place-
ment (Figure 29.8).

Complications
The major complication is pneumothorax, the rate of
which is below 1%.23 Tension pneumothorax is rare,
and the need for chest tube placement is dictated
by presence of respiratory or cardiovascular compro-
mise. Absorption of the local anesthetic from the inter-
costal space is rapid and has a higher incidence of tox-
icity when compared with other nerve blocks.24 Peak
plasma concentrations develop rapidly and toxicity is a
concern, especially with multiple or continuous inter-
costal injections. Peak arterial plasma concentration
develops rapidly and toxicity is always a concern with
multiple or continuous intercostal injections.24 The use
of more dilute local anesthetic concentrations, smaller
volumes, and incremental injection with frequent as-
piration may reduce the probability of excess vascular
absorption. The peritoneum and abdominal viscera are
at risk of penetration when the lower intercostal nerves
are blocked. A high subarachnoid blockade is possible
when a posterior approach to the intercostal space is
utilized.

CONCLUSION
The use of ultrasonograpy to provide analgesia may
provide a safe and standardized method for critically
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ill patients. The techniques are still early in their de-
velopment, but demonstrate promise in clinical care
to relieve pain outcomes of ICU patients. Prospective

randomized, controlled trials can help to determine the
efficacy of these nerve blocks in critically ill patients to
the current approaches to pain control in the ICU.
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CHAPTER 30

Ultrasound Guidance for
Vascular Access

Christian Butcher

INTRODUCTION
Vascular access procedures, such as central venous
and arterial catheterization, are commonly performed
in the critical care setting. An estimated 5 million cen-
tral venous catheters (CVCs) are placed annually in the
United States1 in a variety of settings, including critical
care units, emergency departments, operating rooms,
and even in the outpatient arena. The usual indications
for CVC placement are to assist in hemodynamic mon-
itoring, as a route for the administration of vasoactive
medications, total parenteral nutrition (TPN), or other
vascular irritants, and as a route for drawing blood. In
addition, oxymetric central line placement may play a
future role in the management of septic shock, which
could ultimately lead to increased utilization of central
venous catheters.

Arterial catheters are an important tool in the man-
agement of many intensive care unit (ICU) conditions,
including shock, severe hypertension, and other cir-
cumstances in which blood pressure monitoring is im-
portant. For a number of reasons, it seems that the
role for arterial catheterization in the ICU may also in-
crease. First, with the introduction of “minimally inva-
sive” techniques now available to help estimate car-
diac output, arterial catheter placement is becoming
increasingly important for the management of selected
patients with heart failure. Second, arterial catheteriza-
tion can be used to assess the response to therapy in
patients with pulmonary hypertension. Finally, there
has been a significant amount of attention focused
recently on respiratory variation of the peak arterial
pressure as a means to predict fluid responsiveness in
shock states.2

Peripherally inserted central venous catheters
(PICCS) and peripherally inserted catheters sited in a
midline position (midlines) have gained increased pop-
ularity as an alternative to CVCs in the care of selected
patients because of their ease of insertion, longevity,

and low rate of early complications. They are becoming
an important component of the central venous access
armamentarium.

Vascular access is associated with a relatively low
rate of serious complications.1 However, an improved
understanding of complications and why they occur
may help the provider to reduce their risk. Complica-
tions associated with vascular access procedures are
well described,1 and can be categorized as patient or
operator dependent (Table 30.1). Patient-dependent
factors include body habitus, coagulopathy, and
anatomic variation. Operator-dependent factors in-
clude the operator’s level of experience, time allotted
to perform the procedure, and human factors like
fatigue and lack of ultrasound guidance.3−5 The most
common complications of CVC placement include
accidental arterial puncture, failed placement, malpo-
sition of the catheter tip, hematoma, pneumothorax,
and hemothorax, the frequency of which vary de-
pending on the site of catheter insertion (Table 30.2).
Arterial catheter placement can be complicated by ve-
nous puncture, multiple arterial punctures, significant
hematoma, and failed placement. Peripherally inserted
central venous catheters and midline placement are
also associated with hematomas and arterial inser-
tions. A common complication of PICC line placement
is malposition of the catheter tip into the ipsilateral
internal jugular vein, or coiling in the subclavian vein
or a thoracic branch such as the thoracodorsal vein
(Figure 30.1).

Complications from these procedures are associ-
ated with excess direct costs derived from prolonged
hospital and ICU lengths of stay (LOS) and additional
procedures, such as chest tube insertion or hematoma
evacuation, to treat the complications. For example,
a single episode of iatrogenic pneumothorax has an
attributable LOS of 3–4 days.6 Indirect costs such as
additional provider time and patient suffering are also
important considerations.
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TABLE 30.1. Patient and operator-associated
risk factors for central line complications

Patient-dependent Operator-dependent
Body habitus Experience
Coagulopathy Time allotted for procedure
Vascular anatomic
variation

Fatigue

Prior surgery with
distortion of anatomy

Lack of ultrasound use

ULTRASOUND USE FOR
VASCULAR ACCESS
There are several studies that assess the impact of ul-
trasonography in improving the success of vascular
access procedures. In 1984, Legler, and colleagues pub-
lished a brief report describing the use of Doppler ul-
trasonography to locate the internal jugular vein for
cannulation.7 Since then, two metaanalyses investigat-
ing the use of ultrasound for CVC placement,8,9 several
review articles, standardized procedure guidelines,10,11

and the SOAP-3 trial12 have been published. The body
of evidence from these and other studies demonstrates
that the use of 2D ultrasound during central venous
access is associated with fewer complications, fewer
attempts before successful cannulation, shorter pro-
cedure times, and fewer failed procedures when com-
pared with a landmark-based approach. As a result, the
Agency for Healthcare Research and Quality (AHRQ)
and the British National Institute of Clinical Excel-
lence (NICE) have issued statements advocating the
use of ultrasound guidance in central venous access
procedures.13,14

Despite these evidence-based guidelines, some
providers continue to resist and use ultrasound only

TABLE 30.2. The most common complications
of central venous catheterization by site of
insertion

Internal
jugular Subclavian Femoral

Pneumothorax 0–1% 2–3% N/A
Hemothorax 0 <1% N/A
Arterial puncture 5–10% 3–5% 5–15%
Failed attempt 15–20% 5–15% 15–40%

Figure 30.1. Peripherally inserted central venous
catheter (PICC) tip malposition. The catheter tip is
visualized in the ipsilateral internal jugular vein.

in potentially “difficult to cannulate” patients, such as
the morbidly obese, or in cases of failed cannulation.15

Unfortunately, it is difficult to predict which patients
will be difficult to cannulate, and the recognition of
a failed attempt, as may arise from an occluded ves-
sel, can only be viewed retrospectively after the fail-
ure has occurred and the patient has been adversely
affected.16 Some complications from CVC are consid-
ered preventable medical errors (PME), which refers
to either mistakes or poor outcomes that could poten-
tially have been prevented or hospital-acquired condi-
tions (HAC), which is a medical problem not present on
admission.17 Ultrasound is a noninvasive tool to help
prevent these complications and assists the operator
in achieving optimal care for patients with less discom-
fort and fewer risks. Therefore, the consideration of ul-
trasound to improve safety in all central venous access
procedures is recommended.

REVIEW OF ULTRASOUND

Transducer Selection
As described above (see Chapter 2), transducers come
in a variety of frequencies, each with different proper-
ties and clinical applications. Two important concepts
are important for ultrasonography in central venous
access and need to be reviewed here. First, the rela-
tionship between ultrasound frequency and the depth
of tissue penetration is an inverse relationship. This
implies that low-frequency ultrasound (1–3 MHz) pen-
etrates more deeply than high-frequency ultrasound
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(7–10 MHz). Second, the relationship between fre-
quency and image detail, or resolution, is proportional.
This means that low-frequency ultrasound has poorer
resolution than high-frequency ultrasound. Therefore,
high-frequency ultrasound provides a very detailed im-
age of superficial structures, to a depth of approxi-
mately 5 centimeters (cm), but cannot penetrate into
deeper tissues. Alternatively, lower-frequency ultra-
sound is capable of reaching into deeper structures,
but provides a less detailed image. These relationships
form the basis for transducer selection. For percuta-
neous vascular access, which is a procedure that is
superficial, higher-frequency transducers are ideal.

Modes
A-mode ultrasound has very few clinical applications
and is not discussed further here. B mode ultrasound
creates recognizable two dimensional (2D) images. B-
mode is the most common mode currently employed
in diagnostic medical ultrasound. M-mode ultrasound
uses information obtained with B-mode to create an
image that demonstrates the movement of structures
over time (Figure 30.2). The most common application
of M-mode is to assess valve leaflet movement and wall
motion in cardiac ultrasound.

Doppler mode also has several forms. The simplest
produces no image; there is only an audible signal that
varies in intensity with the velocity of the structure

Figure 30.2. 2D image through the internal jugular
(IJ) vein transversely, with the common carotid artery
inferior and to the right (top). M-mode image through
the IJ (see vertical line in 2D image) showing changes
in vessel diameter with respiration (bottom). IJ
indicates internal jugular.

Figure 30.3. Continuous-wave Doppler “wand” seen
during evaluation of the ulnar artery.

being studied (e.g., blood) (Figure 30.3). Recently
available ultrasound equipment uses Doppler in
combination with B-mode to both create an image and
give information about velocity (Figure 30.4). Color
Doppler takes velocity information obtained by the
Doppler shift and applies color to it. The Doppler is
then superimposed on the B-mode image (Figure 30.5).
Color Doppler is very commonly used in vascular ap-
plications, such as vascular access. The strength of the
Doppler signal is related to the velocity of the target
tissue (e.g., blood) and the angle of incidence. The best
estimate of velocity occurs at an angle approaching
zero (Figure 30.6). However, if the same vessel is imaged
at 90◦, there is no perceived motion of blood either

Figure 30.4. Doppler mode showing target of sample
in the common carotid artery. Bottom image shows
typical arterial waveform.
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Figure 30.5. Transverse view through right internal
jugular vein and common carotid artery, showing
color Doppler. Vein is superior to the artery, and is
depicted as blue.

toward or away from the transducer, and the Doppler
signal fades. When the angle of incidence changes from
one “side” of the 90◦ mark to the other “side,” the color
of the blood within the target vessel changes (from red
to blue). This is very important and a potential source
of error when a beginner is becoming familiar with
orientation and selecting a vessel for cannulation.

Techniques of Ultrasound Guidance
Ultrasound is not a substitute for a thorough knowledge
of the landmark-based technique for central venous
cannulation. Frequently, the beginner may focus on the

A B

Figure 30.6. Relationship between angle of incidence
of the ultrasound beam and the strength of the
Doppler signal. As the angle approaches zero, the
signal strength is maximized; as the angle approaches
90◦, the strength is reduced.

Figure 30.7. A combination of landmark-based and
ultrasound-based techniques is optimal. Paying
particular attention to the ultrasound screen, and
ignoring the patient, can be disastrous.

image on the screen and be inattentive to anatomic
landmarks and the position of the needle (Figure 30.7).

Ultrasound-guided procedures can be categorized
as static or dynamic. Static guidance refers to the use
of ultrasound to localize and mark a site on the skin to
facilitate a subsequent percutaneous procedure, much
like a traditional landmark-based approach. B-mode or
Doppler ultrasound is used to locate the internal jugu-
lar vein, assess its patency, and mark a suitable site on
the skin for cannulation. The cannulation itself is not
performed with ultrasound. Dynamic guidance refers
to performing the procedure in “real time,” with ul-
trasound imaging viewing the needle puncturing the
vessel wall. For vascular access, static guidance ap-
pears to be inferior to dynamic, but still better than
the landmark-based technique alone.12 This is due to
the time interval between marking with static guidance
and the puncture, during which patients may move,
or marks removed during skin preparation, both of
which can lead to complications. Table 30.3 provides a
comparison between static and dynamic guidance
techniques. Dynamic guidance is more technically de-
manding because it requires significant eye–hand co-
ordination.

Planes and Views
For our purposes, there are two planes to be consid-
ered: transverse and longitudinal, which refer to the
orientation of the ultrasound transducer and the image
to the vessel axis. A transverse view is a cross-section
and provides the operator with information about
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TABLE 30.3. Differences between static and
dynamic guidance techniques for central
line placement

Dynamic guidance Static guidance
Ultrasonic localization
and image-guided
cannulation

Ultrasonic localization and
marking of landmarks only

More precise and
“real-time”

Cannulation is not image
guided

More difficult to maintain
sterility

Time delay between
marking and cannulation

Requires significant
hand–eye coordination

Less difficult to maintain
sterility
Less technically
demanding

structures that lay adjacent to the vessel of interest. For
example, a cross-sectional view of the internal jugular
vein will enable visualization of the adjacent common
carotid artery and, perhaps, the vagus nerve, thyroid
gland, and trachea (Figure 30.8).

A longitudinal view will depict structures anterior
and posterior to the vessel of interest and may allow
for visualization of the entire needle during cannula-
tion, but does not allow simultaneous visualization of
structures lateral to the vessel (Figure 30.9). All com-
monly utilized central venous and peripheral arterial

Figure 30.8. Transverse (short axis) view at the level
of the internal jugular vein (to the left of the carotid
artery and not shown). The right carotid artery and
right thyroid lobe can be seen. The lateral wall of the
trachea can be seen to the far right of the picture.

Figure 30.9. Longitudinal view through the internal
jugular vein. Information regarding the location of
surrounding structures is limited when compared
with the transverse view.

sites can be visualized in either orientation. As a gen-
eral rule, transverse views tend to be easier for the
novice to learn ultrasound-guided cannulation.

Methods of Orientation
Orientation is probably the most important step to a
successful procedure. Most transducers have an iden-
tifiable mark, known as a “notch,” on one side. This
corresponds to a mark displayed on one side of the
image, and allows right–left, or lateral, orientation (Fig-
ure 30.10). In rare instances, where the orientation is

Figure 30.10. To gain orientation, the “notch” on the
transducer (just distal to fingertip) should be
matched to the “dot” on the screen (blue circle, upper
left side).
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Figure 30.11. During a procedure, the probe surface
can be rubbed with a finger or instrument to
determine orientation; in this case, the scissors are
placed on the left side of the probe and are seen on the
screen as an artifact on the left side. This can also be
easily accomplished while the probe is on the patient.

uncertain, a finger can be rubbed on one side of the
transducer surface to produce an image and confirm
the orientation (Figure 30.11).

Problems with orientation can largely be prevented
by ensuring proper patient, transducer, and ultrasound
console positioning adjacent to each other. The oper-
ator, transducer, and console should be arranged in a
straight line (Figure 30.12). In this way, the vessel to be
cannulated and the image screen will be in the direct

Figure 30.12. To optimize comfort, the patient, the
target vessel/probe, and the screen should be in the
line of vision of the operator; this minimizes operator
movement during the procedure.

line of sight of the operator. When accessing the inter-
nal jugular vein, the console should be on the same side
as the vessel to be cannulated, usually at the level of
the patient’s, to ensure that transducer orientation—
the right side of the transducer, the right side of the
patient, and the right side of the image—are all aligned.
When cannulating the subclavian or axillary vein, the
console should be on the opposite side of the patient,
directly across from the operator, again, in the direct
line of vision of the operator. In this example, the right
side of the transducer corresponds to the inferior as-
pect of the patient, but everything else is the same.

Once the proper orientation is assured, the area of
interest is scanned and the operator needs to be able to
differentiate an artery from vein, which can be done in
several ways. The first and easiest method is to assess
vessel compressibility by applying downward pressure
with the transducer while visualizing the vessel on the
monitor. Veins will typically compress at a lower ap-
plied pressure than arteries, unless a clot is present
(Figure 30.13). The second technique is to assess for
the influence of respiratory variation on vessel diam-
eter. Veins usually have easily identifiable respiratory
variation as compared with arteries. The third tech-
nique is to apply standard Doppler or color Doppler to
the vessel and listen to the audible signal or observe
the character of the color “pulsation,” both of which
give an estimation of blood velocity inside the target
vessel. Remember, as previously discussed, the color
(red versus blue) of the blood in the vessel is depen-
dent on transducer position. It is useful to compare

Figure 30.13. Longitudinal view through the internal
jugular vein (top) and carotid artery (bottom)
showing thrombus in the internal jugular vein.
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color Doppler signals of all vessels in the area of in-
terest, paying close attention to the angle of incidence;
with a little practice, arterial flow is easily differentiated
from venous flow. Large, rapid fluctuations in intratho-
racic pressure can create very high venous blood flow
velocities that can mimic arterial flow, which may re-
quire the use of the other two methods of respiratory
variation and compressibility to help differentiate the
vessel type.

Occasionally, the vein cannot be visualized. The
most common reason for this is hypovolemia with as-
sociated venous collapse, which can be remedied by
placing the patient in the Trendelenburg position or
applying a valsalva maneuver or fluid administration.
Other less common causes are agenesis, chronic oc-
clusion or scarring of the vessel, and clot that is com-
pletely occluding the lumen. Clot may be difficult to
distinguish from the surrounding tissue, and appears
similar to that of an absent vessel. In this case, a thor-
ough examination of the proximal and distal parts of
the vessel should be performed and a formal venous
Doppler should be performed to evaluate for deep ve-
nous thrombosis prior to any attempted central venous
cannulation. If access is critical and vessel presence or
patency cannot be assured, a different vessel should
be cannulated.

HOW TO PERFORM
ULTRASOUND-GUIDED
CANNULATION

Internal Jugular Vein
The first step in successfully cannulating the internal
jugular vein is proper positioning of the patient. The
head should be rotated slightly contralaterally, with
the neck extended. Severe rotation of the neck and
head should be avoided because this may lead to sig-
nificant distortion of the anatomy, and may increase
the amount of overlap of the carotid artery and jugular
vein. The bed should be placed in Trendelenburg posi-
tion and the ultrasound machine should be placed by
the ipsilateral side of the bed, at about the level of the
patients’ waist.

An initial examination of the landmarks, without ul-
trasound, should be performed, followed by selection
of an insertion site. The site should then be confirmed
with ultrasound. There are two reasons for this. Not
only does it provide the operator with immediate feed-
back regarding landmark-based positions, but it also
facilitates teaching both the landmark-based approach

and ultrasound-guided approach. During this process,
proper orientation, both transverse and longitudinal,
should be ensured. The target vessel and surrounding
structures should be identified and the patency of the
vessel should be confirmed.

The patient’s skin can now be prepped in the usual
manner, and full barrier precautions should be used to
maintain sterility and reduce the incidence of catheter-
related infections.18 Ultrasound use introduces another
piece of equipment onto the sterile field, making the
maintenance of sterility more difficult. While learning,
special attention should be paid to this issue in order
to develop good habits. A sterile ultrasound sheath
should be placed on the sterile field for when an as-
sistant hands you the ultrasound transducer.

After the patient is prepped and draped, the catheter
is set up as per normal routine. All ports should be
flushed with bacteriostatic saline to remove air and
to test for occlusion caused by manufacturing defects.
The components needed for catheter insertion, includ-
ing needles, wire, dilator, scalpel, and catheter, should
be arranged in an orderly fashion and placed within
easy reach. The assistant holds the transducer, with
ultrasound gel applied (can be nonsterile gel), in a posi-
tion such that the operator can both acquire the trans-
ducer and place it in the sterile sheath in one motion
(Figure 30.14). Note that instead of utilizing an assis-
tant, the transducer can be “picked up” by the operator,

Figure 30.14. Retrieving the probe using the
single-hand technique to maintain sterility. Once
covered, the probe is placed on the sterile field.
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whose hand is inside the sterile sheath. The sheath is
then extended to cover the transducer cord, and sterile
rubber bands are applied to secure the sheath in place.

A second ultrasound examination should be per-
formed to ensure that the original insertion site is still
viable. Remember that proper orientation every time
the probe is applied to the patient is essential for as-
suring an appropriate procedure.

When cannulating the vessel, use the same inser-
tion site and needle trajectory that you would if you
were using the landmark-based approach (lateral, me-
dial, etc.). If using the transverse plane for ultrasound
guidance, which is especially good for novices, be sure
to center the vessel lumen on the screen; remember
that if the vessel is centered on the screen, it is directly
underneath the middle of the transducer head. Some-

Figure 30.15. Technique of performing a “mock
poke”; the needle is placed on the skin surface, and
then imaged with ultrasound (top). The needle will
cast an acoustic shadow on underlying structures. If
the needle directly overlies the vein, the acoustic
shadow will bisect the vein (bottom).

times, it is useful to perform a “mock poke” to confirm
your proposed insertion site relative to the underlying
vessel (Figure 30.15). This is done by laying the needle
on the skin surface, then placing transducer over it. The
acoustic shadow produced by the needle should be vi-
sualized directly over, or superimposed on, the target
vessel (Figure 30.15). The skin puncture should be ap-
proximately 1 cm proximal to the transducer, which in
most cases will result in visualization of the needle tip
entering the vessel without having to move the probe
much. If the needle tip cannot be visualized indenting
either the subcutaneous tissue overlying the vessel or
the vessel itself, move the probe along the axis of the
vessel while slightly “agitating” the needle; this will ac-
centuate the image of the needle and tip. The point of
the “V” caused by indenting the subcutaneous tissue
above the vein with the needle tip should be directly
over the vessel (Figure 30.16). Be sure to visualize the
tip of the needle at all times; it is very easy to misinter-
pret the shaft of the needle as the tip; be sure to move
the probe axially along the vessel frequently to main-
tain imaging of the tip. If done properly, the needle tip
should be seen entering the lumen at about the same
time as the flash of blood is obtained in the syringe.

Once the vessel has been successfully cannulated,
the transducer can be set aside and the procedure can

Figure 30.16. Transverse view of the internal jugular
vein during cannulation. The needle tip (bright white)
is seen penetrating the internal jugular vein at about
11 o’clock. Note that the probe is typically placed
approximately 1–2 cm distal to the needlestick to
ensure that the tip will remain in the ultrasound view.
The probe can be moved proximally or distally to
keep the needle tip in view.
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proceed normally with wire placement. Intravascular
position of the wire can be confirmed with ultrasound,
which can be saved for documentation in the medical
record. Advance the wire slowly; there should be little
to no resistance. Based on practical experience, the dis-
tance from the insertion site to the distal superior vena
cava (SVC) in the average person is no more than 17–
18 cm, so the wire should not be advanced farther than
this. Once the wire is in place, the needle is removed,
and a “stab” incision is made through the dermis at the
point where the wire enters the skin. The tract is then
dilated. Care should be taken not to insert the dilator
too far, as this can potentially cause vessel perfora-
tion. After removal of the dilator, the catheter is then
advanced to the desired distance, which is usually no
more than 17–18 cm. Once the line is in place, flushed,
secured, and dressed, a quick ultrasound examination
of the anterior chest wall can be performed to evaluate
for a pneumothorax (see Chapters 21 and 22).19

The use of ultrasound should be documented in the
medical record. Typically, a statement regarding the
use of ultrasound to assess the location and patency
of the vessel and an image of the wire or catheter in
the vessel lumen is sufficient for documentation and
often provide sufficient documentation for reimburse-
ment. Additionally, a statement about the presence or
absence of sliding pleura should be included.

Subclavian Vein
Typically, the subclavian vein is more difficult to vi-
sualize ultrasonographically than the internal jugular,
axillary, or femoral veins. This is due to its position un-
der the clavicle, which requires significant angulation
and manipulation of the transducer to acquire a useful
image (Figure 30.17). Two additional challenges are the
difficulty of visualizing the vein in obese patients using
an infraclavicular view and the inability to externally
compress the vein, making it difficult to adequately as-
sess the vein for clot.

In our experience, it is usually easier to visualize the
subclavian with a longitudinal, supraclavicular view be-
cause an adequate transverse view is often technically
challenging. Considering the ease with which the inter-
nal jugular and axillary veins are visualized, we have
largely abandoned the subclavian vein in our practice,
except for specific clinical situations, such as for long-
term TPN administration or for emergency central ve-
nous access.

Figure 30.17 shows the typical transducer placement
for imaging the subclavian vein and Figure 30.18 pro-
vides the ultrasound image. Note that the patient is

Figure 30.17. Probe position required to image the
subclavian vein longitudinally. Note the cephalad
angulation that is necessary to obtain a good view,
which can become cumbersome during image-guided
cannulation.

relatively thin, so an infraclavicular window is used.
Except for the relative difficulty in cannulating the sub-
clavian under dynamic guidance and the longer “learn-
ing curve” associated with it, the procedure itself is

Figure 30.18. Longitudinal view of the subclavian
vein (dark, round structure just left of center) and
subclavian artery (bottom toward the right).
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largely the same as that outlined above under “Inter-
nal Jugular Vein” cannulation, except for the use of the
longitudinal view as described.

Axillary Vein
Using the axillary vein for central venous access has
many unique advantages over other sites.20−23 Al-
though not well studied, because the insertion site
is on the anterior chest, axillary catheterization likely
shares a lower incidence of catheter-related infections
than the subclavian approach. Unlike the subclavian
vein, using the axillary vein may be associated with
fewer complications, such as pneumothorax, hemotho-
rax, and chylothorax. The axillary vein is usually easier
to compress than the subclavian vein and allows for an
easier recognition of clots. There is, however, the ad-
ditional potential complication of causing a brachial
plexus injury, particularly if a far lateral approach is
used.22 One distinct disadvantage of the axillary ap-
proach is the unique dependence on ultrasound to
ensure localization and subsequent cannulation; land-
mark techniques are not as effective as with the other
common sites used to access the central venous sys-
tem. Figure 30.19 shows proper transducer placement
for viewing the axillary vein transversely. As with in-
ternal jugular (IJ) and subclavian access approaches, a
quick postprocedure scan of the chest should be per-
formed to ensure sliding pleura, which essentially elim-
inates the possibility of pneumothorax.19

Femoral Vein
Femoral cannulation remains a popular approach due
to its relatively low incidence of life-threatening com-

Figure 30.19. Probe position during visualization of
the axillary vein.

plications. However, several clinically important com-
plications may occur that lead to significant morbid-
ity. Accidental (or intentional) femoral arterial can-
nulation, especially in coagulopathic patients, may
cause life-threatening retroperitoneal hemorrhage and
hematoma. Inadvertent stimulation of the femoral
nerve with the cannulation needle can cause intense
pain. A puncture site that is too proximal can also re-
sult in inadvertent puncture of intraperitoneal struc-
tures. Ultrasound can help avoid some of these impor-
tant complications.

As with IJ, subclavian, and axillary cannulation, the
first step in successful femoral access is achieving
proper orientation. The ultrasound machine should be
placed on the contralateral side of the patient, directly
across from the operator. The entire area should be
scanned, with identification of all vascular structures,
including the femoral artery, common femoral vein,
and saphenous or profunda femoris vessels if possi-
ble. Once the vein is identified, it should be evaluated
for the presence of clot. Additionally, a longitudinal
view of the vein should be obtained as it dives under
the inguinal ligament, and the ligament itself should be
marked on the skin (Figure 30.20). This ensures that an
intraperitoneal puncture will not occur.

ARTERIAL CATHETER PLACEMENT
WITH ULTRASOUND GUIDANCE
The principles and techniques of ultrasound guidance
for central venous catheter insertion can be easily
adapted to the placement of arterial cannulae. From
an ultrasound guidance perspective, the procedures
are very similar. There are, however, some factors as-
sociated with arterial catheter placement that deserve
special consideration.

The most commonly cannulated arteries include the
radial, axillary, and femoral approaches. The radial ap-
proach significantly exceeds the others in terms of pop-
ularity. The reasons for this are easy accessibility of the
wrist, the presence of a dual circulation of the hand (in
most patients), and the fact that the wrist is a relatively
clean site. It is important to understand, however, that
radial artery catheterization is not risk-free.

In 1929, Dr. Edgar van Nuys Allen described a maneu-
ver in which the dual palmar circulation could be tested
by obstructing both radial and ulnar arterial flow, then
releasing either ulnar or radial to see if palmar circula-
tion was restored. The test was repeated to assess flow
in the other of the two arteries. The importance of this
test is to ascertain the duality of the circulation, so that
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Figure 30.20. Longitudinal view of the femoral vein
as it dives posteriorly under the inguinal ligament.
The artery is superior to the vein in this example. The
inguinal ligament is seen as a bright area to the left.

if one of the arteries was obstructed (from thrombus
or spasm after puncture), the palmar circulation would
not be compromised. Although there is some debate as
to the value of Allen’s test in predicting who is at risk
of hand ischemia, the test continues to be performed
on a routine basis, especially in the setting of radial
artery harvesting for coronary bypass grafting. Ultra-
sound use may improve the accuracy of Allen’s test,
first reported in 1973.24 This test requires ultrasonic
localization of the palmar arteries with Doppler, fol-
lowed by occlusion of the radial artery; if flow is main-
tained, there is adequate dual circulation, suggesting
that radial artery cannulation or harvesting is safe (Fig-
ure 30.21).

Unsuccessful attempts at radial artery catheteri-
zation can be associated with hematoma formation.
While this is usually insignificant and without clinical
consequence, hematomas can seriously impair further
attempts at cannulation by obscuring the arterial pul-

sation during palpation. As a result, procedure times
are prolonged, pain is increased, and procedures fail.
Using either static guidance to mark a suitable site for
cannulation or cannulation under dynamic guidance
reduces the number of unsuccessful attempts (Figure
30.22).25−27 If a hematoma occurs while using ultra-
sound, arterial flow is still readily apparent with ap-
plication of Doppler or color Doppler to the 2D image,
enabling subsequent attempts.

Interestingly, Yokoyama and colleagues demonstra-
ted anatomic variations using ultrasound in 11 of 115
(2.6%) patients scheduled to undergo percutaneous
coronary intervention via a radial artery approach. Of
these, only three were inaccessible for cannulation.
These findings confirm that although anatomic varia-
tions exist, ultrasound guidance can identify many of
these in anticipation of the procedure.28

PICC LINES/MIDLINES
Peripherally inserted central venous catheter lines
have gained significant popularity in recent years, pre-
sumably because of a low incidence of complications
from insertion, improved patient comfort as compared
with standard central venous catheters, safety and ease
of care in the outpatient setting, and a relatively low
incidence of catheter-related infections.29,30 First de-
scribed as an alternative to central venous catheters
placed in the IJ, subclavian, or femoral veins, PICCs
are placed in peripheral veins of the upper extremities
and “threaded” into the central venous system (Figure
30.23).

There are a fair amount of data on long-term com-
plications of these catheters. The most common com-
plications include thrombosis, catheter-related infec-
tion, catheter tip malposition or migration, vessel or
heart chamber perforation, deep venous thrombosis,
and malfunction.29−32 Factors associated with a higher
risk of thrombosis include larger catheter size, cephalic
vein placement, “peripheral” placement (outside of the
vena cava), duration of catheterization, and presence
of underlying solid-tumor malignancy or hypercoagu-
lation disorders. Note that the best catheter tip po-
sition is the distal third of the superior vena cava at
the superior vena cava–right atrial junction. This posi-
tion causes the catheter tip to “float” within the lumen,
which is associated with a lower incidence of thrombus
formation.31 Also, the superior vena cava has a higher
flow rate compared with the axillary, subclavian, or bra-
chiocephalic veins, which has implications for throm-
bus formation and damage to the vessel from infusion
of caustic substances.31
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Figure 30.21. (A) Color Doppler image of the palmar
arch. (B) occlusion of the radial artery while imaging
the palmar arch. (C) reversal of flow in the palmar
arch after occlusion, which indicates flow is
maintained by the ulnar artery.

The risk of catheter-related infection with PICCs
is substantially lower than that with central venous
catheters, but is still a significant problem.27 Factors
associated with higher infection rates are use of any
skin prep other than 2% chlorhexidine, lack of full bar-
rier precautions (cap, mask, gown, gloves, and large
drape), and use of catheters with more than a single
lumen (the more lumens, the higher the risk). Antimic
robial PICC lines may reduce this risk, but the evidence
at this point is inconclusive.

There are several PICC line kits on the market. It is im-
portant to review the needs of your particular patient
when selecting a catheter. A “power PICC,” which is ca-
pable of handling high-pressure infusions, such as may
be used with intravenous contrast agents, may be indi-
cated. Peripherally inserted central venous catheters
also come with one, two, or three lumen, which should
be selected depending on the patient’s needs.

Figure 30.22. Cannulation of the radial artery under
dynamic guidance.
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Figure 30.23. Typical PICC line kit. Note the catheter at the bottom center of
the photo. This is an example of a guide wire–based introducer system
(peel-away introducer is to the bottom right). PICC indicates peripherally
inserted central venous catheter.

Establish Need for IV access

1. MIVF
2. Abx< 3 days
3. All other cases until

definitive access is
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IV Antibiotics

>3 days to <14 days >/=14 days
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Inpatient* Outpatient*

PowerPICC Standard PICC

1. Urgent Vasopressors
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4. TPN (also consider PICC)

CVC
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(In IJ or SC
only)
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Urgent?
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Non-urgent

Porta-cath

* Anticipated prolonged inpatient stay vs. imminent discharge to o/p setting

Figure 30.24. An example of an IV access algorithm. IV indicates intravenous.
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There are two basic methods of PICC placement.
First, the Seldinger technique, where the vessel is can-
nulated with a needle, a wire is threaded through
the needle followed by needle withdrawal, and a
dilator/tear-away introducer is then inserted. The dila-
tor is removed from the introducer, and the PICC is in-
serted to the appropriate position, followed by removal
of the introducer. The second method requires cannu-
lation with a device similar to an angiocath, where the
vessel is cannulated by a needle/catheter combination,
and then the catheter is advanced over the needle into
the vessel. The PICC is advanced through this catheter,
which is then “torn away.” This method tends to be
more cumbersome.

An institutional algorithm that governs intravenous
(IV) access taking into consideration indications, pa-
tient factors, and alternatives when deciding on the
type of vascular access device may avoid excessive and
inappropriate PICC line use. One approach is shown in
Figure 30.24.

For PICC line insertion, 2D and color Doppler ultra-
sound is used to “map” the extremity of interest. All
superficial vascular structures of the distal brachium
are identified, paying particular attention to differenti-
ating artery from vein, and assessing vein size. Figure
30.25 shows the typical venous anatomy of the upper

Deep palmar
arch

Ulnar artery

Radial artery

Brachial
artery

Cephalic vein

Basilic vein

Median cubital
vein

Figure 30.25. Typical venous anatomy of the upper
extremity.

Figure 30.26. Optimal arm position during PICC line
insertion. Shoulder abducted and externally rotated,
arm flexed 90◦. This maneuver exposes the basilic
vein.

extremity. After mapping is complete, a candidate vein
is selected for insertion and marked. Patency should
be assessed, by ensuring compressibility, as well as ve-
nous flow.

Once all the necessary equipment is ready, the pa-
tient is positioned and sterilely prepped and draped.
The ideal position for successful catheter insertion is
depicted in Figure 30.26. The right arm is preferable
due to the higher incidence of catheter-tip malposition
when inserted in the left arm. Note that the extremity is
abducted, slightly externally rotated, and secured; this
allows easy access to the basilic vein, and may help re-
duce catheter tip malposition by forming a straight line
from the insertion site to central venous system. If the
arm is left at the patient’s side, the catheter tip must
negotiate a turn when entering the subclavian; this in-
creases the risk of the catheter either entering the ipsi-
lateral internal jugular vein or coiling in the subclavian.
There are no data on the risk of air embolization with
PICC or midline placement; the risk is likely to be neg-
ligible and roughly the same as that with peripheral IV
insertion. The Trendelenburg position, therefore, is not
necessary.

Next, the desired PICC kit is opened and the line it-
self is prepared. Usually, these catheters have a long
metallic obturator that provides stiffness during inser-
tion; this should be partially withdrawn to allow for
catheter trimming. The desired catheter length is es-
timated by measuring the distance from the proposed
insertion site to the glenohumoral joint, adding the dis-
tance from the glenohumoral joint to the sternal notch,
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then adding about 6 cm to allow for proper positioning
in the distal superior vena cava. Once this distance is
determined, the catheter should be trimmed to length.
The obturator should not be cut because this will produce
a sharp point capable of puncturing the vessel.

Rescan the area and confirm the position of the tar-
get vein. Cannulate the vessel under dynamic guidance
as described above in the central venous catheter sec-
tion. When access to the vein is obtained, remove any
dilators that may be present with the introducer, and
advance the catheter slowly to the hub. Quickly ad-
vancing the catheter increases the risk of catheter tip
malposition. By slowing the rate of advancement, the
catheter becomes more “flow directed” and follows
the flow into the correct position. Remember that the
catheter was trimmed to an appropriate length already,
so advancing the hub will ensure correct tip position.
When the catheter is fully advanced, remove the in-
ner stylette or obturator, attach a syringe, and aspirate
blood to confirm an intravascular position. Ultrasound
can also be used to evaluate for catheter tip malposi-
tion by scanning the ipsilateral internal jugular vein and
contralateral subclavian, if possible. The line can then
be secured by a suture or one of several commercially

available adhesive devices and dressed appropriately.
Of course, a portable chest radiograph should be ob-
tained to confirm correct placement.

Peripheral IV Access
One of the most common reasons cited for placing PICC
and midline devices is difficulty obtaining adequate pe-
ripheral access. This can, in part, be avoided by pro-
viding nursing and support personnel with ultrasound
guidance principles for peripheral IV access.

SUMMARY
Vascular access can be made safer and easier with ul-
trasound guidance. The basic technique is the same re-
gardless of the procedure being performed. Once the
technique of dynamic guidance is mastered, it can be
applied to almost any procedure. Ultrasound should
not be used as a substitute for a proper understanding
of the landmark-based technique. Rather, it should be
used to augment the knowledge of the venous system
and vascular access procedures. Remember to appro-
priately document the use of ultrasound in the medical
record.
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APPENDIX A

Glossary

Absorption: Conversion of ultrasound energy into
heat.

Active element: Integral part of all ultrasound trans-
ducers. Also called a crystal, it is made of piezoelectric
material (lead zirconate titanate or PZT) that converts
electrical energy into ultrasound and vice versa.

Acoustic variables: Parameters that define a sound
wave, such as pressure and density that change rhyth-
mically.

AIUM: American Institute of Ultrasound in Medicine.

AIUM 100 mm test object: Standard phantom used for
quality assurance.

Akinetic: Organ or its part that should be moving, but
is not.

ALARA As Low As Reasonably Achievable: AIUM prin-
ciple, limiting possible bioeffects of acoustic radiation.

Aliasing: Sampling error characteristic of the inability
of pulsed-wave Doppler to accurately measure high-
flow velocities.

Ambiguity (range): Characteristic of continuous-wave
Doppler describing its inability to define the position of
the sample. Caused by an overlap between transmitting
and receiving beams.

A-mode ultrasound: Antiquated mode of ultrasound
used to depict the position of a reflector as well as the
strength of the returning echo by its amplitude. Seldom
used in modern practice.

Amplification (receiver gain): Increases signal stren-
gth in the receiver of the ultrasound system and there-
fore overall brightness of the image.

Amplitude: The difference between the average value
of the acoustic variable and its maximum value through
the duration of the sound wave; the “loudness” of the
ultrasound.

Analog image: Image on the screen of the cathode-ray
tube (TV screen) prior to any computer processing.

Anechoic: Area producing no-echo reflections and ap-
pearing black on the ultrasound image.

Archiving: Storage of images.

Array transducer: Transducer with multiple active el-
ements, arranged in a certain order.

Artifact: Image errors or any image that differs from
true anatomy of the reflector. Can be caused by mal-
function of the ultrasound system, physical limitations
of ultrasound, or operator error.

Attenuation: Reduction of amplitude of an ultrasound
wave, as it propagates through the medium.

Attenuation coefficient: Attenuation in negative deci-
bels per one centimeter (cm) travel. In soft tissues,
0.5 dB/cm/MHz.

Augmentation: Increase in venous flow with distal com-
pression; a sign of venous patency.

Axial resolution: The minimal distance between two
objects positioned along a line parallel to the ultra-
sound beam where both can be distinguished as sep-
arate objects. Defines longitudinal or depth resolution
or the distance between two reflectors, measured in
millimeters (mm), at which the reflectors are still im-
aged as separate. It is measured as a half of the ultra-
sound pulse length, with typical values in diagnostic
ultrasound of 0.05–0.5 mm.

Backing material: Backing also known as damping ma-
terial consists of the layer of epoxy resin impregnated
with tungsten and placed behind the active element of
the ultrasound transducer. It improves axial resolution
by decreasing pulse duration (after-ringing), much like
a hand placed on a guitar string.

Banding: Hyperechoic artifact within the focal zone.
Appears as a bright, horizontal stripe.

Beam (Ultrasound beam): Bundle of acoustic radiation
transmitted by the transducer, caused by wavelet inter-
actions, and shaped like an hourglass.

Bernoulli equation (simplified): Converts maximal
flow velocity into a pressure gradient: used to assess
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the severity of either valvular or vascular stenosis.
Pressure gradient (mm Hg) = 4 × [(Max flow velocity
(m/sec)]2.

Bioeffects: All patient-related effects of acoustic radia-
tion.

Bistable image: Black-and-white image characterized
by excessively high contrast and a narrow dynamic
range (see Dynamic range).

B-mode ultrasound: Imaging mode where echoes are
represented by dots with the brightness corresponding
to the strength of the signal. Though two-dimentional
ultrasound is often called B-mode, this use of the ter-
minology is technically incorrect.

Case: The outer shell of the transducer that prevents
electrical injury to the patient and the operator.

Cavitation: Biological effect of the ultrasound on the
tissues, caused by expansion and bursting of air bub-
bles in tissue.

Color Doppler: Pulsed Doppler technique that con-
verts flow velocity information into color. Colored
Doppler measures the “mean” velocity of the moving
reflector.

Color map: Depicts the direction and velocity (some-
times also the variance) of the flow with relationship
to the transducer. It is presented as a colored stripe
in the corner of the image. The upper color represents
maximal flow velocity toward the transducer; the lower
color represents maximal flow velocity away from the
transducer.

Compensation (also known as TGC or DGC (time
or distance gain compensation): Image processing
technique that is used to selectively amplify distant
(deeper), and therefore weaker, echoes, making all sim-
ilar reflectors look the same irrespective of the depth.

Compression: Image-processing technique that dimin-
ishes the difference between the strongest and the
weakest echo signal (the brightest and the darkest
parts of the image) by reducing the dynamic range.

Constructive interference: Summation of two in phase
sound waves to form a wave with greater amplitude.

Continuous-wave Doppler (CW): Nonimaging ultra-
sound modality measuring flow velocity by Doppler
shift. One active element continuously emits and the
other receives ultrasound signals. CW measures maxi-
mal (peak) flow velocity, but cannot measure velocity

at a selected point of flow due to signal overlap (range
ambiguity).

Convex (curved)-array transducer: Transducer with
active elements arranged in an arc and activated in the
same manner, as in a linear-array transducer. Curved-
array transducers tend to be lower-frequency abdomi-
nal transducers characterized by a large image both in
the near and far field with a blunted or trapezoid sector
image.

Crosstalk: Doppler mirror-image artifact.

Crystal: Active element of the ultrasound transducer.

Curie point (temperature): The temperature (360 C◦)
at which the active element irreversibly loses its piezo-
electric properties. As a result, the transducer should
never be exposed to heat sterilization.

Decibel dB (0.1 Bell): Unit of amplitude or intensity. In
audible sound, it is perceived as loudness. The deci-
bel scale is logarithmic and relative such that a 3 dB
difference indicates a 2-fold change in the intensity or
loudness of a sound, while a 10 dB difference indicates
a 10-fold change in the intensity or loudness of a sound.

Demodulation: Image-processing technique that
makes echo signals suitable for screen display.

Destructive interference: Summation of two counter-
phase sound waves to form a wave with lesser ampli-
tude.

Diffraction: The ability of sound to spread in more
or less concentric circles in all directions. Higher-
frequency sounds (ultrasound) diverge less than lower
frequency sounds. Diffraction allows a listener to hear
sound around corners.

Digital converter: Converts images into digital format
for archiving and display.

Diskinetic: Organ or its part moving in the direction op-
posite to what is expected (e.g., aneurysmal dilatation
during systole).

Display (screen, glass): That part of the ultrasound sys-
tem where the image is observed.

Divergence: Spreading out of the ultrasound beam
beyond the focal point. Higher-frequency transducers
produce less divergence.

Doppler effect: Change in frequency of the emitted or
reflected sound produced by the moving object. If the
object is moving toward the receiver, the frequency in-
creases (positive Doppler shift); if it is moving away,
the frequency decreases (negative Doppler shift).
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Doppler packets (ensembles): Series of multiple pulses
in colored Doppler.

Doppler transducer: Utilizes Doppler effect (frequency
difference between emitted and reflected ultrasound)
to measure the velocity of the moving reflector.

Dosimetry: Study of the biological effects of acoustic
radiation.

Duplex imaging: Modality providing an anatomical im-
age and Doppler flow information simultaneously.

Duty factor (DF): Percentage of time when the trans-
ducer emits sound (usually 0.1–1% in imaging and
pulsed Doppler transducers). If DF is 0%, the system
is off; if it is 100%, continuous-wave Doppler is on.

dV/dP: Compliance.

Dynamic frequency tuning: An imaging technique uti-
lizing higher-frequency signals to visualize superficial
structures and lower -requency signals to image deeper
structures.

Dynamic range: The ratio of the strongest to the weak-
est signal in the ultrasound system (image gray scale).
The narrower the dynamic range, the higher the image
contrast.

Echo: Any reflected sound.

Echocardiography (Echo): Ultrasound study of the
heart, so named by cardiologists to differentiate the
cardiac examination from other applications of ultra-
sonography.

Echoencephalography: Archaic A-mode technique
used to detect the position of midline brain structures
in head trauma.

Energy (acoustic): Amount of energy delivered by the
sound beam into the tissue; proportional to the bioef-
fects of the ultrasound radiation.

Enhancement: Low-attenuation artifact resulting in a
hyperechoic (bright) image distal to a hypoechoic
structure.

Five-chamber view: Apical echocardiographic view
that visualizes both atria, ventricles, and the aorta. Use-
ful for measurement of stroke volume and aortic flow
velocity.

Focus or focal zone: Narrowest area (waist) of the
hourglass-shaped ultrasound beam. Technically, the
focus is a single point in the middle of the focal zone.
The narrower the focus, the better the lateral resolu-
tion of the image.

Focusing: Techniques diminishing the size of the
focus (acoustic lenses in single-crystal transducers
[fixed focus] or electronic focusing in phased-array
probes [adjustable focus]). Focusing improves lateral
resolution.

Footprint (acoustic footprint): Area of the direct con-
tact between the transducer and the surface of the
skin. Curved-array probes, used in the abdominal ul-
trasound, have the largest footprint.

Fourier transform: Form of spectral analysis of
Doppler signal.

Frame: One complete sweep of the mechanical or the
phased-array 2D transducer. The frame is a basic ele-
ment of the movie of the mobile reflector.

Frame rate: Number of frames produced by the ultra-
sound system per unit of time. Measured in Hz, it should
not be confused with the frequency of the ultrasound
wave. The higher the frame rate, the more fluid the
motion and the more “real time” the 2D image. Higher
frame rates result in better temporal resolution.

Fraunhofer or far zone: The area of the ultrasound
beam distal to the focus where there is beam diver-
gence.

Frequency: The number of sound oscillations (peri-
ods) occurring per unit of time (1 second). It is mea-
sured in Hertz (one period per second). This parameter
is reciprocal to period (frequency × period = 1). Any
sound with frequency of >20,000 Hz is an ultrasound;
diagnostic ultrasound frequency is between 2,000,000
Hz and 20,000,000 Hz (2–20 MHz). Sound with frequency
<20 Hz is an infrasound. Neither ultrasound nor infra-
sound is audible.

Fresnel or near zone: The area of the beam between
the transducer and the focus (where the beam is con-
verging).

Gain (receiver gain): A knob controlling amplification.
Higher gain increases screen brightness (see Amplifi-
cation).

Ghosting: Doppler artifact caused by registering the
movements of adjacent structures rather than the flow
of blood.

Harmonic imaging (tissue harmonics, THI): Tech-
nique utilizing echoes with frequencies that are mul-
tiples of that of the emitted signal for image formation.
The frequency of the emitted sound is known as funda-
mental (Ff); therefore, harmonic frequency will be the
fundamental frequency × 2, × 4, etc. (i.e., if Ff = 2 MHz,
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then with THI the image will be formed from the echoes
with the frequency of 4 MHz). THI signals are gener-
ated in the tissues, eliminating some artifacts and very
often (but not always) improving overall quality of the
image.

Heterogeneous: Displaying multiple echo characteris-
tics throughout the image or area of an image.

Homogeneous: Displaying the same echo characteris-
tics throughout the image or area of an image.

Huygens’ principle: Explains the formation of the hour-
glass shape of the ultrasound beam by the algebraic
sum of the constructive and destructive interference
of the individual wavelets within the beam.

Hyperechoic: Containing more echoes than usual or
expected resulting in a brighter image.

Hyperkinetic: Moving more than expected.

Hypoechoic: Containing fewer echoes than usual or ex-
pected resulting in a darker image.

Hypokinetic: Moving less than expected.

Impedance: Calculated by multiplying density and
propagation speed, and measured in rayls. Impedance
describes the sound-transmitting and sound-reflecting
properties of the medium. The boundary between two
mediums with different impedance will produce reflec-
tion, but the boundary between two mediums with
identical impedence will produce no reflection. The
greater the difference in impedance, the greater the
reflective property of the boundary. Impedances of
1,200,000–1,800,000 rayls are usual at human tissue
boundaries.

Intensity: Power over area (measured in watts/cm2).
Power correlates with bioeffects. Multiple ways of mea-
suring intensity exist, but spatial peak, temporal aver-
age (SPTA) best predicts thermal energy transfer, and
therefore thermal bioeffects.

Jellyfish sign: Chest ultrasound term that describes
compressed lung visualized floating in pleural fluid, un-
dulating with the respiratory cycle.

Jet: High-velocity Doppler flow signal (high pitch and
amplitude) due to valvular or vascular (arterial) steno-
sis.

Knobology: Knowledge of the particular controls of the
ultrasound. Controls differ greatly from one ultrasound
system to another, and require specific training that is
unique to each device.

Laminar (parabolic) flow: Bullet-shaped, orderly flow
of blood through a vessel, where the blood at the cen-
ter of the vessel moves faster than that at the periph-
ery, but the movement is in parallel lines. Associated
with a spectral Doppler envelope with a thin outer line
that delineates a clear space or spectral window. Dis-
tinguished from disturbed or turbulent flow associated
with an obstructive lesion.

Lateral resolution (angular or transverse resolution):
The minimal distance between two objects positioned
along a line perpendicular to the ultrasound beam
where both can be distinguished as separate objects.

Line density: The number of ultrasound beams (lines)
per unit of surface forming two dimensional images. In-
creased line density improves spatial but reduces tem-
poral resolution.

Linear array: Common transducer design that uses a
series of piezoelectric elements arrayed in a straight
line. Neighboring elements are excited simultaneously,
resulting in individual scan lines parallel to one an-
other. Often used in vascular transducers, linear arrays
are usually high-frequency probes designed to visual-
ize relatively shallow structures. They are character-
ized by a square image.

Lobes (side and grating): Artifacts caused by the
echoes of ultrasound beams transmitted in a sec-
ondary direction (other than that of the main axis).

Long-axis plane: In echocardiography, the ultrasound
plane parallel to the long axis of the left ventricle (LV).
This is defined by a line that goes through the LV apex
and the center of the base of the LV intersecting with
the center of the aortic valve (AoV). In vascular and
general ultrasound, the plane that parallels the longest
dimension of the anatomical structure.

Lung flapping: Chest ultrasound term that describes
compressed lung visualized floating in pleural fluid, un-
dulating with the respiratory cycle.

McConnell sign: Diffuse hypokinesis of the right ven-
triculatr (RV) free wall sparing the apex. It is an
echocardiographic finding suggestive of pulmonary
embolism.

Mirror-image artifact: In 2D imaging, where an object
adjacent to a curved-tissue plane is duplicated on the
other side of the curved surface in mirror orientation;
most commonly seen adjacent to the diaphragm or
other highly reflective boundary (mirror). In Doppler
imaging, a symmetric spectral image on the opposite
side of the baseline from the true signal (cross talk).
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M-mode: An early application of diagnostic ultrasound,
utilizes a single line of ultrasound interrogation with
the signal-plotting reflector position against the time.
Useful for high temporal resolution of rapidly moving
cardiac structures (i.e., valves).

Moderator band: A normal right ventricular (RV) struc-
ture housing the right bundle that can be confused with
a mural RV thrombus.

Nyquist frequency limit: Pulsed-wave Doppler fre-
quency at which aliasing occurs. Nyquist frequency
limit (kHz) = PRF/2.

Oscillation: A rhythmic change in a parameter that may
produce a wave.

PACS: Picture Archiving and Communication System;
digital archiving.

Period: Time needed to complete one wave cycle. This
parameter is reciprocal to frequency (frequency × pe-
riod = 1). A typical value in diagnostic ultrasound is
1–5 × 10−7 sec.

Phased-array transducers: Transducer design where
the image sector is triangular and both focusing and
steering is achieved electronically. Relatively high-
frequency phased-array transducers offer good real-
time images of moving structures. This transducer type
has a small acoustic footprint, so it is useful for imaging
through the intercostal spaces as in echocardiography.

Pixel: The smallest distinct element of the digital pic-
ture or movie. Increased pixel density of the image im-
proves image quality (spatial resolution).

Power Doppler: Colored Doppler modality detecting
presence of flow regardless of direction or velocity
(used to detect presence or absence of flow in ischemic
organs). The only colored Doppler modality not sus-
ceptible to aliasing.

Processing (signal processing): Conversion of the ul-
trasound signal into the image.

Pulse repetition frequency (PRF): The number of
pulses emitted by imaging or pulsed-wave (PW) trans-
ducer per unit of time (usually one second); measured
in Hz. Not to be confused with the frequency of the
ultrasound waves.

Pulsed-wave Doppler (PW): Single crystal Doppler
modality offering range resolution but subject to alias-
ing.

Range equation: Distance to the boundary (mm) =
time of flight (μsec) × 0.77 (mm/μsec); used by the

ultrasound system to position the object on the screen
(13 μsec flight = 1 cm depth).

Range resolution: Ability to identify the location of the
pulsed-wave Doppler sample.

Rayleigh scattering: Equal reflection in all directions
occurring when the reflector is significantly smaller
than the wavelength of the ultrasound.

Reflection: Return of ultrasound beam (energy) from
the reflective boundary to the source in a form of an
echo.

Refraction: Change in the direction of the ultrasound
beam when it encounters a boundary with different
propagation speed at an angle. Governed by Snell’s law.

Refraction artifact: Side-by-side copy of the anatomical
structure.

Regional wall motion abnormalities (RWMA): Echo-
cardiographic term indicating segmental ventricular
wall contractile dysfunction; often associated with
coronary artery disease.

Reverberation artifact: Multiple, equally spaced hy-
perechoic horizontal lines (“Venetian Blinds”) perpen-
dicular to the direction of the ultrasound beam. Caused
by the presence of two strong adjacent reflectors (i.e.,
parietal and visceral pleura).

Ring-down (comet-tail) artifact: Solid hyperechoic ver-
tical line (form of reverberations).

Ringing: Internal vibrations of the active element that
continue after the echo signal has been received. Ring-
ing deteriorates the image quality. Ringing is reduced
by backing of “damping” material in the transducer.

Saggital view: Long axis.

SAM: Systolic Anterior Motion of the mitral leaflet (sign
of hypertrophic cardiomyopathy).

Scattering: Reflection of sound in all directions.

Sector: Imaging area in two-dimensional studies. Limit-
ing sector size improves temporal resolution.

Segmental Doppler, Doppler segmental pressures
(DSP) analysis: Flow velocity detection in specific
places usually utilized in arterial studies to detect the
location of a stenotic area.

Snell’s Law: Governs refraction (see Refraction). Sine
(transmission angle): Sine (incident angle) = Propaga-
tion speed A: propagation speed B, where A and B are
two layers at the boundary.
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Spatial resolution: Ability to show image in more detail
(see Pixel).

Spectral waveform analysis: Graphic display of flow
velocity against time.

Speed of sound: Propagation speed (in soft tissue =
1540 m/sec).

Shadowing: Hypoechoic vertical linear artifact caused
by the ultrasound beam encountering a high-
attenuation reflector (i.e., gallstone).

Short-axis plane: Plane perpendicular to the long axis
also referred to as the tranverse or cross-section plane.
In echocardiography and vascular ultrasound, the im-
aged organ appears round.

Transcranial Doppler (TCD): Doppler study designed
to detect the flow velocity of intracranial arteries
(can be used to diagnose vasospasm after intracranial
trauma or to document brain death).

Transmission: Onward propagation of the unreflected
portion of the ultrasound beam at the reflective bound-
ary.

Transverse view: Short-axis plane.

Turbulent flow: Chaotic disorganized flow pattern in-
dicative of vascular stenosis or valvular heart disease.
In colored Doppler echocardiography, turbulent flow is
also called mosaic flow pattern.

Two-dimensional imaging (2D): Two-dimensional im-
ages offering gray-scale “slices” of anatomic structures
in the plane of the steered or serially activated ultra-
sound beam. Sometimes called B-mode imaging, which
is technically incorrect.

Two-dimensional phased-array transducers: Are used
to form three and three-dimensional real-time (four-
dimensional) images.

Velocity: Directional speed.

Vortex shed: Area distal to the jet where laminar flow
becomes disturbed.

VTI: Velocity time integral. Used in calculation of the
stroke volume and CO.

Wave: Rhythmical transmission of energy (measured
as an oscillating parameter) through the medium.

Wavelength: Length of the single cycle within the wave,
measured in the units of distance (mm). Wavelength
(mm) = 1.54 (mm)/frequency (MHz) in human tissues
(0.1 − 1 mm is typical).

Window (acoustic window): The part of the body sur-
face through which the ultrasound image is obtained.

Z transform: Algorithm for spectral analysis.

Zone: Ultrasound image for fixed-focus transducers
(near = from the transducer to the focus, far = be-
neath or deeper then the focus). For multifocus trans-
ducers, the zone division is not as well defined. In most
portable ICU systems, there are two separate knobs
that control near-field and far-field gain. These gain ar-
eas correspond to the near and far zones.

Zoom: The ability to enlarge the image of the structure
for close-up view. Preprocessing zoom increases the
number of pixels per cm2 and does not deteriorate the
spatial resolution; postprocessing zoom increases
the size of the individual pixels and worsens the res-
olution.



APPENDIX B

Draft Ultrasound Reports
by Body Region

The technical and interpretive skills of the physician–
sonographer will be judged by peers, including radiolo-
gists and cardiologists, and potentially in a court of law
if misinterpretations occur and adverse events result.
The ultrasound report is an important tool for assur-
ing that physicians document their findings on the data
gathered, the interpretation of those data, their deci-
sion about what, if anything to do with the acquired
information, and the actions, if any, that were taken for
the patient’s benefit.

Reports should be constructed in such a manner as
to provide the necessary information to those inter-
ested in understanding the procedure within the con-
text of the patient’s condition. The report serves not
only for documentation, but as a communication tool
from one provider or group of providers to another.

This Appendix includes several report templates
that can be useful in assuring that the reports of in-
tensive care unit (ICU) ultrasound procedures for dif-
ferent body regions contain the relevant information.
Ultimately, each physician–sonographer will find his
or her own method of relating findings in the chart to
the patient’s family and to other medical professionals;
however, the following examples provide a reasonable
starting point.

I. Ultrasound of the neck or larynx
A. General information

� State the indication for the examination (e.g.,
neck mapping prior to percutaneous tra-
cheostomy or evaluation of endotracheal
tube placement)

� Provide patient identifying information
(name, age, and medical record number)

� Time the beginning and the end of the exam-
ination

B. Specific information
� Report your findings:

� Begin with an overall assessment of the
technical quality of the study. For exam-
ple, were all views obtained? Can all the

appropriate structures be visualized? Is
the study adequate to answer the clinical
question?

� The physician should pay particular atten-
tion to the stated reason for the exami-
nation. The examination details should be
described including the anatomic or phys-
iologic findings. For example, the neck
was mapped prior to percutaneous tra-
cheostomy. There was a bridging anterior
jugular vein at the level of the second
tracheal cartilage, and a midline inferior
thyroid artery, visualized in transverse
and longitudinal views, with 2D and color
Doppler. A suitable window for the punc-
ture was located in between the second
and third tracheal ring, and the site was
marked on the skin.

� For neck mapping prior to tracheostomy,
make note of the tracheal anatomy itself,
such as the number of tracheal rings visible
superior to the sternal notch, the width of
the trachea at the proposed insertion site,
which may impact the size of the inserted
tube, and the angle that the trachea makes
with the skin surface (e.g., parallel vs. “div-
ing”).

� Examine the entire trachea for overlying vas-
cular structures, paying particular attention
to any aberrant thyroid vessels or bridging
jugular vessels. Note the depth of the trachea
from the skin.

� For endotracheal tube (ETT) placement, as-
sure that the tip is in the trachea and not
the esophagus. If the tip is seen, note its dis-
tance from the cricoid cartilage and the ster-
nal notch. Perform a bilateral pleural exami-
nation to evaluate for sliding pleura.

� If anything else is seen during the examina-
tion, note it. For example, “the neck was ex-
amined for ETT placement. The visualized
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portions of the thyroid gland, carotid arter-
ies, and jugular veins were unremarkable.
There were no clots present in the jugular
veins.”

� Summarize the findings in a report and place
the report on the chart.

II. Ultrasound examination of the chest
A. General information

� State the indication for the examination (e.g.,
to determine the presence, size, and charac-
teristics of a pneumothorax or pleural effu-
sion)

� Provide patient identifying information
(name, age, and medical record number)

� Time the beginning and the end of the exam-
ination

B. Specific information
� Report your findings:

� Begin with an overall assessment of the
technical quality of the study. For exam-
ple, were all views obtained? Can all the
appropriate structures be visualized? Is
the study adequate to answer the clinical
question?)

� The examination details should be descri-
bed next including the anatomic or physi-
ologic findings. The physician should pay
particular attention to the stated reason
for the examination. For example, “The pa-
tient underwent ultrasonography of the
chest. Interrogation along the midclavic-
ular and anterior axillary lines in a supine
position along X to X intercostal spaces
demonstrated presence (absence) of the
lung sliding consistent with absence (pres-
ence) of pneumothorax.” The operator
should state when the sliding was noted
(lung point). There was an anechoic (state
ultrasound description) area consistent
with the presence of pleural fluid (de-
fine anatomical borders of fluid collection,
i.e., diaphragm, atelectatic lung, chest
wall)

� State the condition of the lung parenchyma
(i.e., local or global increased echogenicity
consistent with consolidation, alveolar fill-
ing)

� Describe other important findings (e.g.,
lymph nodes, vascular abnormalities)

� Summarize you findings in final report
� Define the plan (e.g., proceed with thoracen-

tesis or chest tube placement)

III. Focused transthoracic echocardiography report
A. General information

� State the indication for the examination (e.g.,
volume status assessment, differential diag-
nosis of shock)

� Provide patient identifying information
(name, age, and medical record number)

� Time the beginning and the end of the exam-
ination

� Type of examination: 2D, Doppler, color flow,
M-mode

B. Specific information
� Report your findings:

� Begin with an overall assessment of the
technical quality of the study. For exam-
ple, were all views obtained? Can all the
appropriate structures be visualized? Is
the study adequate to answer the clinical
question?

� The examination details should be descri-
bed next including the anatomic or physi-
ologic findings. The physician should pay
particular attention to the stated reason
for the examination describing the find-
ings in a systematic fashion. For example,
the patient underwent a two-dimensional,
Doppler, and M-mode examination (state
only the examinations actually performed
and recorded). The technical quality of the
study was (e.g., optimal, suboptimal, tech-
nically limited, uninterpretable)

� If M-mode was used to measure chamber
dimensions and wall thicknesses, present
the numbers and state any abnormalities
(“the left atrium was enlarged to 5 centime-
ters”)

� Proceed with the description of the
two-dimensional examination. A two-
dimensional study was performed in para-
sternal, apical, subcostal and supraster-
nal views (assess technical quality of each
view and state which views could be ana-
lyzed and interpreted (e.g., “only the sub-
costal views could be analyzed due to
technical limitations”) (Figure B.1)

� Begin with the left ventricle: State if re-
gional wall motion abnormalities (RWMA)
were encountered and in which seg-
ments; correlate the abnormalities to the
coronary artery anatomy and distribu-
tion/territory of blood flow (Figure B.2).
For example: “RWMAs consistent with
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Figure B.1. Standard transthoracic echocardiographic views and regional wall motion
abnormalities chart. Reproduced with permission from Yale University Echocardiography
laboratory educational website http://www.med.yale.edu/intmed/cardio/echo atlas/
contents/index.html.

http://www.med.yale.edu/intmed/cardio/echo_atlas/contents/index.html
http://www.med.yale.edu/intmed/cardio/echo_atlas/contents/index.html
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Figure B.2. Standard transesophageal
echocardiographic views.

segmental disease were present, involving
the mid and apical segments of the ante-
rior free wall of the left ventricle (LV) and
adjacent apical segments of intraventricu-
lar septum.” Describe the overall left ven-
tricular function and, if necessary, link it
to the previous paragraph (“stated RWMA
resulted in a reduction of overall left ven-
tricular performance”). Absence of RWMA
may be an important negative (“there were
no RWMAs, but overall LV function was de-
creased”). Define left ventricular ejection
fraction (LVEF) and clearly state how the
number was estimated (shortening frac-
tion, bi-plane Simpson). Link it to the prior
paragraph (“Left ventricular function was
reduced with estimated LVEF of 45%”)

� Characterize hydration status by describ-
ing left ventricular diastolic dimensions
and, if possible, left ventricular compli-
ance. For example, “LV diastolic diameter
is normal (decreased, increased), and di-
astolic dysfunction with decreased dias-
tolic compliance was noted”

� Describe the visual condition of the mitral
and aortic valves, including the number of
aortic cusps. “The mitral valve apparatus
appears normal (calcified) with good (de-
creased) leaflet separation. If prolapsed,
identify which leaflet and give possible
explanations. Are abnormal echo densi-
ties present or absent? Remember that the
presence of any vegetation is a pathologic
diagnosis

� Describe the right ventricle (RV) in the
same systematic manner. Address RV
function and condition of the ventricular
septum with regard to right ventricular
pressure (flatten, paradoxical septal mo-
tion). If secondary RV failure is likely, a
follow-up venous study to define the pos-
sible source of pulmonary embolism may
be necessary

� Characterize the condition of great vessels
including the inferior and superior vena
cava and aorta

� Pericardium: Is a pericardial effusion
present? Assure that you define the rea-
sons why it is pericardial and not pleural.
Are there findings of pericardial tampon-
ade (e.g., diastolic collapse of RV)? If a
pleural effusion is present, some consider-
ation should be given to proceeding with
chest ultrasound and thoracentesis.

� Use Doppler studies to corroborate the
findings and link them to previous find-
ings. For example, a Doppler study demon-
strated moderate mitral regurgitation
consistent with previously described ab-
normal appearance of mitral valve. You
may allow a hypothetical diagnosis here.
(The presence of mitral regurgitation and
an abnormal echo density on the flow side
of the posterior leaflet of the mitral valve
makes the diagnosis of mitral valve endo-
carditis likely)

� Summarize you findings in a final report.
Start by answering the initial reason for
the examination in the most direct man-
ner (e.g., decreased RV and LV diastolic
dimensions with good preservation of
systolic function consistent with hypov-
olemic shock or right ventricular dilata-
tion, increase in right ventricular systolic
pressure with decrease of RV systolic func-
tion in all but apical segments, makes the
diagnosis of pulmonary embolism a likely
explanation for the patient’s hypotension)

� Define the future plan. Remember that you
are not attempting to perform a defini-
tive diagnostic study but rather incorpo-
rating the examination into an overall care
plan (e.g., will reassess cardiac function
and hydration status after an attempt at
fluid resuscitation using 30 cc/kg isotonic
fluids or will proceed with anticoagula-
tion and computerized tomography (CT)
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angiogram of the chest). May have to link
to a procedure or other bedside exami-
nation as stated previously (e.g., will use
ultrasonic guidance for pericardiocente-
sis or, because sepsis with an abdominal
source is highly suspected, will follow with
bedside examination of the abdomen.

IV. Transesophageal echocardiography (TEE) report
A. General information

� State the indication for the examination (e.g.,
volume status assessment, differential diag-
nosis of shock)

� Provide patient identifying information
(name, age, and medical record number)

� Time the beginning and the end of the exam-
ination

� Personnel: Physician performing study
� Medication used to facilitate the procedure

(sedatives, analgesics)
� Equipment and modalities used including

which TEE probe and system, 2D imaging,
color flow, spectral Doppler

� Complications: Clearly state if none were en-
countered

B. Specific information
� Report your findings:

� Begin with an overall assessment of the
technical quality of the study. For exam-
ple, were all views obtained (esophageal,
transgastric)? Can all the appropriate
structures be visualized (great vessels,
cardiac chambers, valves)? Is the study
adequate to answer the clinical question?

� The examination details should be de-
scribed next, including the anatomic
or physiologic findings. The physician
should pay particular attention to the
stated reason for the examination, de-
scribing the findings in a systematic fash-
ion. For example, the patient underwent
a two-dimensional, Doppler, and M-mode
examination (state only the examinations
actually performed and recorded). The
technical quality of the study was (e.g., op-
timal, suboptimal, technically limited, un-
interpretable)

� Procedural information should begin with
the left ventricle and comment on:
� Size: (normal, reduced, mildly dilated,

moderately dilated, severely dilated)
� Global systolic function: (normal, hy-

perdynamic, mildly reduced moder-
ately reduced, severely reduced)

� Regional wall motion abnormalities:
(present or absent, and characterize)

� Doppler findings may be included here
including:
� Color-flow Doppler: Valvular regurgi-

tation may be qualitatively described
as well as semiquantitated based
upon visualization (absent/none,
mild regurgitation, moderate regur-
gitation, severe regurgitation)

� Spectral Doppler: Report pertinent
findings of a focused examination
(e.g., pulmonary vein flow)

� Summarize the pertinent findings
and specifically state how the find-
ings relate to the primary indication
for the study. Include a statement
about chamber sizes, the left ven-
tricle, and the presence or absence
of significant valvular disease. Other
categories, such as great vessels and
pericardium, may be included if pos-
itive findings are noted

V. Ultrasound examination of the abdomen and
retroperitoneal space
A. General information

� State the indication for the examination (e.g.,
differential diagnosis of pain, including loca-
tion or abnormal laboratory values or other
test results)

� Provide patient identifying information
(name, age, and medical record number)

� Time the beginning and the end of the exam-
ination

� Personnel: Physician performing study
� Medication used to facilitate the procedure

(sedatives, analgesics)
� Equipment used: Scan performed using ul-

trasound instrument and a ( ) MHz curved
transducer

B. Specific information
� Report your findings:

� Begin with an overall assessment of the
technical quality of the study. For exam-
ple, were all views obtained? Can all the
appropriate structures be visualized? Is
the study adequate to answer the clinical
question?

� The examination details should be de-
scribed next, including the anatomic or
physiologic findings. Table B.1 provides an
opportunity to present the findings in a
tabular rather than descriptive form. This
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TABLE B.1. An example of a templated report for detailing an abdominal and pelvic ultrasound in the
intensive care unit

Structure Normal Abnormal Not seen Comments

Liver
Gallbladder ❒ stones, ❒ sludge, ❒ wall thickness mm

❒ CBD dilated mm, Other:

Spleen
Left kidney
Left adrenal
Left ovary
Bladder
Pelvic region
Right kidney
Right adrenal
Right ovary
IVC/aorta
Pancreas
Duodenum
Ascites ❒ Absent ❒ Present
Pericardium
Left costophrenic angle
Right costophrenic angle
Other

CBD indicates common bile ducts; IVC, inferior vena cava.

approach adds the value of assuring that
all elements of the examination are ad-
dressed in the template and that appro-
priate descriptors are used between dif-
ferent physicians in a given department.
The physician should pay particular atten-
tion to the stated reason for the examina-
tion describing the findings in a systematic
fashion. The technical quality of the study
was (e.g., optimal, suboptimal, technically
limited, uninterpretable)

� Summarize you findings in a final report
and suggest repeat examinations if neces-
sary

VI. Venous duplex examination of the extremities
A. General information

� State the indication for the examination (e.g.,
assess for presence of deep venous throm-
bosis in a patient with significant oxygen
requirement and possible pulmonary em-
bolism)

� Provide patient identifying information
(name, age, and medical record number)

� Time the beginning and the end of the exam-
ination

� Personnel: Physician performing study
� Equipment used: Scan performed using ul-

trasound instrument and a ( ) MHz curved
transducer

B. Specific information
� Report your findings:

� Begin with an overall assessment of the
technical quality of the study. For exam-
ple, were all views obtained? Can all the
appropriate structures be visualized? Is
the study adequate to answer the clinical
question?

� The examination details should be de-
scribed next, including the anatomic or
physiologic findings
� Venous Duplex examination of the ve-

nous system of the (right, left, both)



Draft Ultrasound Reports by Body Region 373

lower (upper) extremity (extremities)
was/were performed using the Du-
plex ultrasound instrument and a
( ) MHz (linear/curved) phased-array
transducer

� Gray-scale imaging demonstrated
(good) incomplete compressibility of
the (name the abnormal vessels) veins.
Intraluminal echogenic material was
seen in the (location) veins. The proxi-
mal tip of the intraluminal material was
(mobile/stable)

� Doppler waveform analysis demon-
streated (did not demonstrate) loss of
phasicity with respiration/no flow sig-
nal) suggesting outflow obstruction

� Color-flow imaging demonstrated (did
not demonstrate) abnormal/absent
flow

� Summarize your findings in final report
and suggest repeat examinations if nece-
ssary (e.g., duplex ultrasound findings
consistent with deep venous thrombosis
involving (name the veins) of the (right/
left/both) lower extremity(extremities)
or no evidence of deep venous throm-
bosis)

VII. Procedures
A. Vascular access procedures:

i. General information
� State the indication for the examination

(e.g., ultrasound-guided vascular access
for shock)

� Provide patient identifying information
(name, age, and medical record number)

� Time the beginning and the end of the ex-
amination

� Personnel: Physician performing study
� Equipment used: Scan performed using ul-

trasound instrument and a ( ) MHz curved
transducer

� Complications: Clearly state if none were
encountered

ii. Specific information
� Preprocedure ultrasound assessment: Pa-

tient’s (state vein location, e.g., internal
jugular, common femoral, deep veins of
upper extremities) were assessed with ul-
trasound for patency and position, and
marked
� If static guidance was used, that is all

that should be reported, and represen-

tative image should be retained for the
chart

� If dynamic guidance was used, the fol-
lowing report may be helpful: The pa-
tient was placed in (state position),
prepped in the usual manner, and placed
under sterile drapes. An ultrasound
probe was placed into the sterile sheath
and sterile ultrasound gel was applied
to the site of the procedure. (Name vein)
was adequately (or not) visualized. Un-
der direct ultrasound visualization, the
needle was positioned into the vein,
good blood return assured. A J-wire eas-
ily passed, with the position of the wire
in the vein, was (was not) confirmed
ultrasonographically. Proceed with the
remaining description of the modified
Seldinger technique.

� Remember that this may link with
an ultrasound of the chest if axillary,
subclavian, or internal jugular veins
were cannulated to rule out procedure-
related complications (i.e., pneumotho-
rax), particularly if immediate use of the
line is highly desirable

B. Thoracentesis, paracentesis, pericardiocente-
sis
i. General information

� State the indication for the examination
(e.g., suspected empyema or spontaneous
peritonitis)

� Provide patient identifying informa-
tion (name, age, and medical record
number)

� Time the beginning and the end of the ex-
amination

� Personnel: Physician performing study
� Equipment used: Scan erformed using ul-

trasound instrument and a ( ) MHz curved
transducer

� Complications: Clearly state if none were
encountered

ii. Specific information
� Preprocedure ultrasound assessment:

Patient was placed in (state position). A
collection of pleural (peritoneal) fluid was
visualized via ultrasound (state anatomical
boundaries and ultrasound characteristics
of the fluid and its estimated volume) and
marked. For pericardiocentesis, state which
echo view was used.
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� If static guidance was used, that is all that
should be reported, and representative
image should be retained for the chart

� If dynamic guidance was used, the follow-
ing report may be helpful: The patient
was placed in (state position), prepped
in the usual manner, and placed under
sterile drapes. An ultrasound probe was
placed into the sterile sheath and sterile

ultrasound gel was applied to the site of
the procedure. A fluid collection was ad-
equately (or not) visualized. Under direct
ultrasound visualization, the needle was
positioned into the collection and good
fluid return assured. Proceed with describ-
ing procedure. If a pigtail catheter or other
device is retained, remember to state if its
position was confirmed by the ultrasound.
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Abdominal procedures
fluid analysis, 325–326
invasive, guidance for, 323
paracentesis. See Paracentesis
transducer selection for, 323

Abdominal trauma, patients with
blunt, 219

Abdominal ultrasound. See also
Abdominal vasculature
ultrasound

AIUM indications for, 260
anatomic correlation, 261
biliary ultrasound, 266–268
components of focused, 260
equipment and transducer selection

for, 259–261
FAST protocol for

left upper quadrant view, 262–263
pneumoperitoneum identification,

264
right upper quadrant view, 262

gastrointestinal tract ultrasound,
268–269

image orientation, 261
liver ultrasound, 265–266
overview, 259
of retroperitoneum, 271
splenic ultrasound, 266
urinary tract ultrasound, 269–271

Abdominal vasculature ultrasound, 271
Abscess drainage

catheter for, 327–328
complications associated with, 328
indications and contraindications

for, 327
pigtail catheter drainage of, 327–328
site of, 327
ultrasound guidance role in, 326–327

Acoustic impedance, 16
Acoustic parameters, 12
Acoustic shadowing, 39, 41
Acute acalculous cholecystitis (AAC),

330
Acute cor pulmonale (ACP), 226

causes of, 126
ARDS, 131
pulmonary embolism, 130–131
recruitment maneuvers, 131
right ventricular infarction,

131–132
sepsis, 131

chronic vs., 129
clinical features of, 125
recruitment maneuvers during, 131

Acute myocardial infarction (MI)
cardiogenic shock in, 148
color-flow Doppler of, 143–145
diagnosis of, 148, 151
late-presentation, 149–150
left ventricular thrombi after, 151
point-of-care echocardiography of,

143–144
symptoms, 143

atypical presentations, 145–146
chest discomfort, 145
left bundle branch block, 146
segmental wall motion

abnormality, 145–146
ST-segment elevations, 145

treatment of, 143, 151
Acute nephritic syndrome, 331
Acute renal failure

cause of, 277
diagnosis of, 269–270
respiratory failure with, 331

Acute respiratory distress syndrome
(ARDS), 131

baby lung concept in, 230
echocardiography, 228, 230–231

Acute respiratory failure, lung
ultrasonography in, 256–257

Acute right heart failure. See Acute cor
pulmonale (ACP)

Adjunctive medical therapy, 141
Adult respiratory distress syndrome

(ARDS), 253
Airway ultrasound, 63
Aliasing

example of, 22–23
methods of controlling, 23
Nyquist limit and, 23
in pulsed-wave Doppler

measurements, 22
A lines, lung ultrasonography, 254
Allograft dysfunction, 331–332
A-mode ultrasound, 29, 347
Amyloidosis, 167
Anatomic correlation, in abdominal

ultrasound, 261
Anemia, 332
Anterior mediastinal biopsy, 316–317
Aorta, ultrasound showing, 270
Aortic regurgitation (AR), 184
Aortic root motion, 157

Aortic stenosis (AS), 183–184
Aortic transection, 217
Aortic valve (AV)

long-axis view of, 93–94
opening and closing in dilated

CMP, 157
parasternal long-axis view of, 81
parasternal short-axis view of, 82
regurgitation, 184
short axis view of, 93
stenosis, 183–184

Apical five-chamber view, 84
Apical four-chamber view

clinical utility of, 84
pitfalls of, 84
transducer position for, 83

Apical hypertrophic CMP, 165–166
Apical three-chamber view

clinical utility, 85
transducer position for, 84

Apical two-chamber view, 84
Array transducer

components of, 29
2D images of, 29
electrical impulses

amplitude of, 35
demodulation of, 36–37
production of, 34–35

Arrhythmogenic right ventricular
dysplasia (ARVD), 169

Arterial catheters
for managing ICU conditions, 345
placement

factors associated with, 354
radial approach, 354–355

Arterial injuries, 302
Arterial occlusion, 302
Arterial stenosis

carotid duplex examination of
equipments for, 302–303
examination protocol, 303

critical degrees of, 302
diagnosis of, 304

Artifacts
and clinical significance, 39–40
and image alterations, 43
mirror image, 42

Ascites evaluation, 324
Atrial septal defect (ASD)

anatomic location of, 195
echocardiography of, 196–198
follow-up, 198
incidence of, 194

375
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Atrial septal defect (ASD) (Contd.)
pathophysiology of, 195–196
presentation of, 194

Autosomal-dominant polycystic kidney
disease, 280

Axial resolution, 20
Axillary plexus ultrasound image, 340
Axillary vein

for central venous access, 354
ultrasound-guided cannulation

of, 354

B

Baby lung concept, in ARDS, 230
Backing material, 27
Bedside echocardiography

indications for, 60
of late-presentation MI patients,

149–150
for preload sensitivity assessment,

174–175
wall motion abnormality, 145,

150–151
Bedside ultrasound

for cardiac trauma assessment,
213–216

hemopericardium detection,
limitations, 215

right-sided volume/pressure, 216
sensitivity and specificity, 221

indications for, 59–60
use in ICU, 5, 8

Bicuspid aortic valve
anatomy of, 199
echocardiography, 199–200
follow up, 200
presentation of, 198
transesophageal echocardiographic

views of patient with, 199
Biliary ultrasound, 266–268
Biopsy of lung

contraindications to, 314
patient positioning for, 311
ultrasound guidance for, 315

Bladder
shape and appearance of, 273–274
ultrasound of, 282

bladder volume, 285
color Doppler, 276
diverticuli, 285
Foley catheter localization, 284–285
transabdominal, 275–276

Bleeding disorders, 332
B lines, lung ultrasonography, 254–255
Blunt abdominal trauma, 219
Blunt cardiac injury, 217–219
Blunt cardiac trauma

aortic transection, 217
cardiac injury, 217–219
cardiac rupture, 219
intracardiac injuries, 219

B-mode ultrasound, 347
Brachial plexus block

approaches and probes for, 338–339
from cervical roots, 338
complications from, 340
pain control

axillary approach for, 340
infraclavicular approach for,

339–340
supraclavicular approach for, 339

Broken heart syndrome. See Transient
left ventricular apical ballooning
syndrome

C

Cannulation of trachea, 243
Cardiac chamber collapse, 138
Cardiac contusion. See Blunt cardiac

injury
Cardiac index, 118
Cardiac injury

anatomic site of, 220
blunt, 217–219
cardiac rupture, 219
penetrating, 220
sensitive test for detection of occult,

221–222
Cardiac output, 105
Cardiac tamponade

chest radiography and
electrocardiography in, 137

clinical features of, 135, 137
epidemiology of, 136
goal-directed cardiac ultrasound to

diagnose
pleural effusions, 138
tranducer placement for, 138–139

ICU patients at increased risk for,
137

pathology of, 135–136
symptoms and signs of, 136–137
treatment of

adjunctive medical therapy, 141
ultrasound-guided

pericardiocentesis, 140–141
Cardiac trauma

bedside ultrasound for assessment
of

FAST examination, 213–214
hemopericardium detection,

limitations, 215
right-sided volume/pressure, 216

blunt, 216–219
penetrating, 220–222

Cardiac ultrasound machines, 74
Cardiogenic shock, 148
Cardiomyopathy (CMP)

definition of, 153
dilated. See Dilated CMP
endocardial fibroelastosis, 170
etiologies of, 154

hypertrophic. See Hypertrophic CMP
left ventricular noncompaction, 170
restrictive. See Restrictive CMP
systolic and diastolic performance

assessment in, 158
transient left ventricular apical

ballooning syndrome, 170–171
WHO classification of, 154

Cardiopulmonary interactions
echocardiography for

clinical implications of, 228–231
pulmonary artery pressure, 227

indirect consequences of, 226
pulmonary circulation, 225
respiratory variations in blood

pressure, 225–226
Carotid duplex examination, 302–303
Catheter

long-term complications of, 355–356
placement

for abscess drainage, 327–328
arterial, 345, 354–355
for pain control, 340–341
for paracentesis, 325
in prostatic urethra, 284–285
in right atrium, 222
safe path for, 327
sonography use for, 313
for trauma/vascular insufficiency,

339
tip malposition, 358–359

Catheter-associated thrombosis, 295,
300

Central neuraxial blocks, 337–338
Central venous cannulation,

ultrasound-guided procedures
for, 348

Central venous catheterization
complications, 346
CVL placement, 59–60

Central venous catheters (CVCs)
insertion, ultrasound guidance for,

354
placement, complications of, 345

Chronic cor pulmonale, 129
Chronic renal failure (CRF), 277, 331
Chronic right heart failure, 129
Cleaning transabdominal transducers,

260–261
Coaxial cutting needle technique, 314
Color-flow Doppler

blood flow, 170
functionality of, 24
of palmar arch, 356
recording in patient with

hypertrophic cardiomyopathy,
165

of right ventricle in patient with
pulmonary embolism, 25

of urinary bladder, 276
in vascular applications, 347
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Color M-mode flow propagation
velocity (Vp), 110

Common bile duct (CBD)
dilation of, 268
PV and HA, relationship between,

265–266
Common carotid arteries

carotid duplex examination of
equipments for, 302–303
examination protocol, 303

in cervical region, 301
Congenital cardiac lesions,

classification criteria for, 191
Congenital heart disease (CHD)

atrial septal defect (ASD), 194–198
bicuspid aortic valve, 198–200
definition of, 191
Eisenmenger’s syndrome, 200–202
patent foramen ovale (PFA), 192–194
tetralogy of Fallot (TOF), 207–210
ventricular septal defect (VSD),

202–207
Continuous-wave (CW) Doppler

pros and cons of, 21
transducer of, 20
transmitter and receiver elements,

22
Continuous-wave Doppler transducers,

32
Contractility index. See Systolic index

of contractility (dP/dt)
Convex sequential-array probes

abdomen image produced by, 31
components of, 30
for thoracic sonography, 311

Coronary arterial distribution, 102–103
Critical care echocardiography (CCE)

advanced, 79, 123
basic, 79

apical four-chamber view, 84
inferior vena cava view, 86
intensivist with competence in,

175
parasternal long-axis view, 80–81
parasternal short-axis view, 83
subcostal long-axis view, 85
subcostal short-axis view, 85–86

intensivists with proficiency in,
122–123

operating environment, 79–80
Critical care physicians, 3
Critical care ultrasonography

for pain control, 48
epidural analgesia, 338
lower extremity blocks, 340–341
truncal blocks, 341–342
upper extremity blocks, 338–340

training in
for attending-level clinician, 48
competence, 47
documentation of, 48–49

image acquisition and
interpretation, 48

Japan, Germany, and France, 46–47
knowledge and skill requirements

for, 49–55
during subspecialty fellowship

training, 47–48
United States, 45–46

D

Deep venous thrombosis (DVT)
diagnosis of, 295
diagnostic criteria for, 298
risk factors associated with

development of, 295
sequelae of, 295
venous duplex examination of

equipment requirements for,
298–300

flow characteristics, 299–300
patient positioning, 299
transverse compressions, 299–300

Depth-gain (DGC) compensation, 36
Diagnostic ultrasound

AIUM safety statement for using, 26
periods and frequencies for, 12
wavelengths for, 15

Dilated CMP
Doppler assessment of, 158

diasystolic function, 159, 161–162
myocardial performance index,

162
systolic function, 159

echocardiographic examination of
M-mode features for, 157
wall motion abnormalities,

155–156
etiologies of, 153–154
LV dilatation, 153–154
mitral regurgitation in, 157
right heart–related findings in

patients with, 158
two-dimensional imaging of

left ventricular thrombus, 157–158
systolic and diastolic dysfunction,

162–163
wall motion, 155

wall motion abnormalities in,
154–155

Dilated small bowel, 268
Doppler artifacts, 40
Doppler interrogation of patients with

dilated CMP, 158
diasystolic dysfunction

IVRT and DT, 162
mitral inflow pattern, 159–160,

159–161
pulmonary venous flow patterns,

162
using TDI, 161–162

systolic dysfunction, 159

Doppler phantoms, 25
Doppler phenomenon, 20
Doppler shift, 23
Doppler tissue imaging (DTI), 109
Doppler ultrasound

applications of, 23–24
color-flow Doppler. See Color-flow

Doppler
of hypertrophic CMP, 164–165
of patients with dilated CMP. See

Doppler interrogation of
patients with dilated CMP

pulsed Doppler transducer. See
Pulsed Doppler transducer

of restrictive CMP, 168
of RVOT, 126

Duplex scanners, 295, 305
Dynamic indices of ventricular preload

aortic blood flow, 121
passive leg raising, 121–122
preload/stroke volume relationship,

118
respiratory changes of LV stroke

volume, 118–119
RV afterload, 120

E

Echocardiography, 101
of ARVD, 169
bedside application of, 122–123
of dilated CMP, 153
of patient with hemodynamic failure,

122
training requirements for, 49
volume responsiveness

determination
limitations of, 119–120
respiratory changes of LV stroke

volume, 118–119
volume resuscitation, 122

Ectopic pregnancy
blood flow in heart of, 290
fluid in endometrial canal, 289
with IUPs, 289–290
TAS and EV ultrasound of, 290

Eisenmenger’s syndrome, 200–202
echocardiography, 200–201
follow up, 201–202
incidence, 200
management of patients with, 202
pathophysiology, 200

Ejection fraction assessment, 104–105
Embolic events, in infective

endocarditis, 188
Emergency medicine (EM)

physicians, 67, 101
residency training in, 45

Emphysematous pyelonephritis,
282

Endocardial excursion, 104
Endocardial fibroelastosis, 170
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Endocarditis
false-positive findings for, 188
TEE evaluation of infective, 187–188

Endotracheal intubation, 237–240
Endotracheal tube (ETT) position,

237–240
algorithm for determining

satisfactory, 240
pleural ultrasound, 239–240
translaryngeal 2D ultrasound for

visualization of, 239
Endotracheal tube malposition, 238
Endovaginal (EV) ultrasound

approach, 287–290
Epidural analgesia for pain control,

338
Esophageal four-chamber window, GD

TEE, 70

F

Fascial dehiscence, ultrasound image
of, 265

Femoral artery
and compressed common femoral

vein, 298
pseudoaneurysm, 302

Femoral nerve blockage, 340–341
Femoral vein

acute deep venous thrombosis,
297

and artery, relationship between,
296

color-flow image of, 299
and common femoral artery, 298
free-floating thrombus in, 298
longitudinal view of, 355
ultrasound-guided cannulation

of, 354
Femoral vessels

superficial and deep, 297
transverse view of, 296–297

Fluid analysis, 325–326
Fluid resuscitation

adverse effects of, 115–116
benefits of, 115, 173

Focused abdominal sonography in
trauma (FAST), 281

for abdominal ultrasound
left upper quadrant view, 262–263
pneumoperitoneum identification,

264
right upper quadrant view, 262

for hemoperitoneum detection, 281
in pericardial window view, 213–214

Focused echocardiography, 61–62
Focused transthoracic

echocardiography report,
368–371

Foley catheter
in collapsed bladder, 275

critically ill patients with draining
indwelling, 276

distended bladder with obstructed,
284–285

Fractional area change method
between diastole and systole,

162–163
of end-diastole frame of LV, 108
expression for, 106

Fractional shortening method
across LV, 108
expression for, 106

Frank-Starling curve, 115–116

G

Gallbladder
drainage of

complications associated with,
331

indications and contraindications
for, 330

procedure, 330–331
sludge, ultrasound showing, 267
wall thickening, ultrasound showing,

267
Gastric short axis view, 96
Gastrointestinal tract ultrasound,

268–269
Goal-directed echocardiography (GDE)

cognitive and technical skills to
perform, 67–68

equipment considerations for
documentation, 75
TEE probes, 74
TTE probes, 75
ultrasound devices, 74

indications for, 68
performance assessment of

contractility of right ventricle, 73
GD TEE, 69–70
GD TTE, 70–72
left ventricular outflow tract,

72–73
LV contractility, 72
pericardial effusion, 73
preload, 72–73
valvular pathology, 73–74

rationale for intensivist-performed,
67

training objectives for
cognitive skills, 75
technical skills, 76

training recommendations for, 77
Goal-directed transesophageal

echocardiography (GD TEE)
in ICU environment, 97–98
probe selection for, 74
training recommendations for, 77
views necessary to perform

basal short-axis window, 70

esophageal four-chamber window,
70

transgastric short-axis window,
69–70

Goal-directed transthoracic
echocardiography (GD TTE)

probe selection for, 75
training recommendations for, 77
views necessary to perform, 70–71

Guitar string vibration, 12
Guyton’s representation, of systemic

venous return (SVR), 226

H

Health care quality, 3
effectiveness, efficiency, and equity, 5
patient-centeredness, 5, 7
safety, 4–5
timeliness, 5

Heart
M-mode examination of, 29
pericardium of, 73

Heart–lung interactions. See
Cardiopulmonary interactions

Hemodynamic instability
in critically ill patients, 101
echocardiography for patients

with, 218
with positive FAST, 262

Hemoptysis, 315
Hemorrhage

in nonpregnant patient, 290
from pregnancy, 289–290

Hemorrhagic ascites in ECMO patient,
63

Hemorrhagic cysts, 290
Hernia with bowel, ultrasound

showing, 265
High-frequency ultrasound, 15

axial and lateral resolutions, 18
for percutaneous vascular access,

347
High-grade stenosis, ultrasound

manifestation of, 301
Horseshoe kidney, risk for, 332
Hydronephrosis

categorization of, 277
mild/moderate, 278
in patients with ARF, 279

Hypertrophic CMP
apical, 165–166
of elderly, 166
hemodynamics of, 166
imaging views, 164
primary, 163
secondary, 163
with/without obstruction

Doppler assessment, 164–165
M-mode assessment, 164

Hypovolemia, 115
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I

Iatrogenic cardiac trauma, 222
Image orientation, in abdominal

ultrasound, 261
Imaging ultrasound transducers

components of
matching layer, 27
PZT crystal, 27

duty factor in, 19
testing of, 25

Inferior vena cava (IVC)
diameter assessment, 62
M-mode view of, 271
ultrasound image, 270
view in basic CCE, 86

Infraclavicular plexus, 339
Institute of Medicine (IOM) domains

effectiveness, efficiency, and equity,
5

patient-centeredness, 5, 7
safety, 4–5
timeliness, 5

Intensive care unit (ICU)
physician-specific quality

components, 6
clinical processes, 7–8
outcome measures, 8
role within health care team, 7

ultrasound use in. See Ultrasound
use in ICU

Intensivists in critical care ultrasound.
See Critical care
ultrasonography

Intercostal nerve blocks (ICBs), 342
Intercostal nerves, branches of, 342
Internal jugular (IJ) vein

2D image through, 347
with intraluminal guidewire, 60
longitudinal view through, 350
transverse view through right, 348
ultrasound-guided cannulation of,

351–353
Internal medicine subspecialty training

programs, 45–46
Interventional chest sonography,

patient positioning for, 311
Interventricular septum damage

in blunt cardiac trauma, 219
in MI, 147

Intraarterial (carotid) embolus, 304
Intracardiac injuries, 219
Intrauterine pregnancy (IUP), 289–290
Invasive hemodynamic monitoring, 295
Isovolumic relaxation time (IVRT), 162
IV access algorithm, 357

K

Kidney
anatomy of, 273–274

hyperechoic (white) calcifications,
283

transplanted, ultrasound evaluation
of

AR and ATN, 280
Color Doppler, 281
hydronephrosis, 280
peritransplant fluid collections,

281
ultrasound examination of

conditions affecting, 274
hydronephrosis, 276, 278–279
longitudinal diameter and

transverse plane, 275
renal failure, 277–280
renal obstruction, 278
ureteral obstruction, 279

L

Labmbl’s excresences, 188
Latrogenic femoral artery

pseudoaneurysm, 302
Left atrial appendage (LAA) view, 94
Left atrial (LA) view, 94
Left bundle branch block (LBBB), 146
Left internal jugular vein with

juxtaposed carotid artery, 60
Left ventricle (LV)

circumferential view of, 96
contractility and preload

assessment, 72
dilatation of, 153–154
four-chamber view of, 95–96
function assessment

3D approach for, 111–112
diasystolic. See Left ventricular

(LV) diasystolic function
assessment

systolic. See Left ventricular (LV)
systolic function assessment

global and focal wall motion,
methods to assess, 101

long-axis plane, 80
parasternal short-axis view of, 83
subcostal view of, 86
two-chamber view of, 95
volume assessment, 111, 163

Left ventricular end diastolic area
(LVEDA), 111

Left ventricular end-diastolic volume
(LVEDV), 111

Left ventricular hypertrophy (LVH)
American society of

echocardiography criteria for
grading, 166

in athletes, 166–167
Left ventricular (LV) diasystolic

function assessment, 109
color M-mode flow propagation

velocity, 110–111

pulmonary venous PWD, 110
in septic shock, 174
transmitral filling, 110

Left ventricular (LV) systolic function
assessment

with echocardiography
cardiac output, 105–106
stroke volume, 106

left ventricular mass, 109
P-V loops, 109
semiquantitative methods for

contractility index, 107–108
fractional area change, 106, 108
fractional shortening, 106, 108
tissue doppler imaging, 107–109

in septic shock, 174
speckle-tracking imaging (STI) for,

109
with standard 17-segment model

basal, midcavity, and apical
segments, 102

coronary arterial distribution,
102–103

wall thickening, 103–104
stroke volume measurement,

104–105
wall stress, 109

Left ventricular noncompaction
(LVNC), 170

Left ventricular outflow tract (LVOT)
area, expression for, 105–106
assessment of, 72–73
measurement in aortic stenosis,

183–184
Left ventricular thrombus

after acute MI, 151
in dilated CMP, 157–158

Linear sequential-array probes
components of, 30
vascular image produced by, 31

Liver biopsy
complication of, 329–330
contraindications for, 328–329
of hypoechoic liver lesion, 326
indications for, 328
mortality related to, 330
needles used in, 329
percutaneous, 328
ultrasound-guided

free-hand technique for, 329
specimen adequacy, 329
transthoracic approach, 329

Liver ultrasound, 265–266
Local anesthetic bupivacaine,

337
Local anesthetic solution, 337
Loculated effusions, pleural

ultrasound, 248
Lower extremity

arterial anatomy of, 301
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Lower extremity (Contd.)
arterial duplex examination of,

303–304
blockage of

femoral nerve, 340–341
sciatic nerve, 341

venous examination, 299
venous systems of, 296

Low-frequency ultrasound, 347
Lung lesions

risks of biopsy of
hemoptysis, 315
pneumothorax, 314

ultrasound guidance for biopsy
of, 315

Lung ultrasonography
advanced applications of, 257
basic principles of, 251
clinical applications of, 255–257
key findings of, 252–255

B lines, 254–255
consolidated lung, 255
A lines, 254
lung point, 254
lung sliding, 252–254
pleural effusion, 255

limitations of, 257
machine requirements, 251–252
performance of, 252

M

Mechanically ventilated patients
pulsed Doppler transthoracic

echocardiography in
aortic blood flow, 119
respiratory vena cava variations,

120
reverse pulsus paradoxus in,

225–226
TEE probe insertion in, 90
traumatic pneumothorax in, 312

Medical errors, classification of, 4
Medical residency training, 45–46
Middle cerebral artery (MCA)

waveforms, 306–307
Mitral regurgitation (MR), 185–186
Mitral stenosis (MS), 184–185
Mitral valve (MV)

Doppler flow across, 140
E point of, 157
inflow Doppler pattern, 168
parasternal long-axis view of, 81
parasternal short-axis view of, 83
regurgitation, 185–186
stenosis, 184

M-mode imaging
aortic valve opening and closing, 157
B-mode and, 347
wall motion abnormalities, 155–156

Morrison’s pouch, 261–262
Multidimensional transducers, 32

Myocardial contractile dysfunction,
173

Myocardial infarction
acute. See Acute myocardial

infarction (MI)
myocardial rupture following,

146–147
non–ST-segment elevation, 150
true posterior, 150–151

Myocardial performance index (MPI),
109, 162

N

Nasogastric tube (NGT), 268
Nephrotic syndrome, 331
Nonbacterial thrombotic endocarditis,

188
Non-imaging continuous-wave (CW)

Doppler transducers, 27
Nonpenetrating cardiac trauma.

See Blunt cardiac trauma

O

Obstructive uropathy. See
Hydronephrosis

Ovarian cysts
blood loss from, 290
pain due to, 291–292
thrombus and free fluid, 291

P

Pain control, 337
epidural analgesia, 338
lower extremity blocks, 340–341
truncal blocks, 341–342
upper extremity blocks, 338–340

Paracentesis
complications associated with, 326
equipment and procedure tray for,

323
indications and contraindications

for, 323
optimal site for, 323–324
procedure

abdominal cavity screening,
324

free-hand technique, 325
needle tip position, 325

Paranasal sinuses, ultrasound
evaluation of

anatomy of, 236
technique for, 235–237

Parasternal longitudinal-axis window,
GD TTE, 71

Parasternal short-axis window, GD
TTE, 71

Parenchymal homogeneity, 273
Passive leg raising (PLR) test, 121–123
Patent foramen ovale (PFA), 192–194
Patient with shock

hypokinetic RV in, 132

intensivist echocardiographer role
in treating, 122

Pediatric intensive care unit (PICU)
assessment of volume status in, 61
differential diagnoses encountered

in, 59
focused echocardiography, 61–62
lung ultrasound in, 62–63
physicians of, 61
ultrasound in

artificial barriers to using, 64
CVL placement, 59–60
endotracheal intubation, 63
equipments used for, 59
indications for, 59–60

Pelvic inflammatory disease (PID), 291
Pelvis

anatomy of, 287
infection source from, 291
ultrasound examination of

EV approach, 287–288
transabdominal. See

Transabdominal (TAS) pelvic
ultrasound examination

Penetrating cardiac trauma, 220–222
Percutaneous cholecystostomy, 330
Percutaneous dilatational

tracheostomy (PDT), 240–243
cannulation of trachea, 243
examination of anterior neck prior to

surgical, 241
hypercarbia, 241
malposition in, 241
selection of insertion site, 242
ultrasound techniques for, 241–243

Pericardial effusion, 73
with cardiac tamponade, 148
epidemiology and prevalence of,

136
pathology of, 135
symptoms and signs of, 136–137

Pericardial sac
as echo-free space, 138
physiology of, 135

Pericardial tamponade. See Cardiac
tamponade

Pericardiocentesis
complication of, 317
for penetrating cardiac trauma,

221–222
pitfall of, 319
ultrasound-guided. See

Ultrasound-guided
pericardiocentesis

Pericholecystic fluid, ultrasound
showing, 267

Peripheral arterial hemodynamics, 301
Peripheral IV access, 359
Peripherally inserted central venous

catheter (PICC), 345
complications associated with
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infection risk, 356
thrombosis, 355

insertion of, 358
line kits, 356–357
placement methods, 358
tip malposition scanning, 346, 359

Peripheral vascular disease, baseline
assessment of, 300

Perirenal hematoma, 282
Peritoneal fluid, with loculations, 264
Peritonitis, FAST for, 264
Phased-array probes

components of, 31
echocardiographic image produced

by, 31
Physician–sonographer

knowledge, training, and skill
requirements for, 49–55

technical and interpretive skills of,
367

Pleural effusion, 62
biopsy of, 315–316
diagnostic sonography of, 312
lung ultrasonography, 255
patient positioning for, 311
pleural ultrasound for, 246–249

complex septated, 248
large pleural effusion, 247
small pleural effusion, 247

Pleural sliding, 63
Pleural ultrasound

ETT position, 239–240
general considerations in, 245
key concepts and findings in, 249
machine requirements and machine

control for, 245
normal pleural examination, 245–246
pleural effusion in, 246–249

Pneumoperitoneum, FAST
identification, 264

Pneumothorax
assessment of, 62–63
associated with thoracentesis, 312
due to biopsy of lung lesions, 314
due to ICB, 342
lung ultrasonography for, 255–256

Point-of-care ultrasonography
for acute MI setting, 143
device operator and image

interpreter in, 49
Popliteal fossa block, 341
Portable ultrasonography machine

for critical care, 338
neuraxial blocks scanning by, 337

Posteromedial papillary muscle
rupture, 147

Postrenal ARF, 277
Postural maneuvers, 237
Pressure-volume (P-V) loops, 109
Pretracheal soft tissue (PST) swelling,

238

Preventable medical errors (PME), 346
Procedural ultrasound

role in critical care procedures,
63–64

in vascular access, 59–60
Propagation speed errors, 39
Pulmonary arterial pressure (PAP)

mean, 130
measurement of, 129–130

Pulmonary arterial systolic pressure
(PASP), 182

Pulmonary artery
diameter measurements, 106
parasternal short-axis view of, 83

Pulmonary artery diastolic pressure
(PAPd) measurement, 130

Pulmonary artery pressure,
echocardiography evaluation
of, 227

Pulmonary embolism (PE)
associated with right ventricular

dysfunction, 130
indirect echocardiographic signs

of, 130–131
Pulmonary hypertension, 129
Pulmonary vascular resistance and

transpulmonary pressure, 227
Pulmonary veins (PV) view, 94
Pulmonary venous flow patterns, 162
Pulmonary venous flow PWD, 110
Pulmonic valve (PV) function, 182–183
Pulsed Doppler transducer, 32

aliasing in, 22–23
CW vs., 21
Doppler frequency shift in, 23
sample volume and reflector

position, 22
Pulse duration (PD), 19
Pulsed wave parameters, 19
Pulse repetition frequency (PRF), 19–20
Pulse repetition period (PRP), 19–20
Pulse ultrasound, 19–20
Pulsus paradoxus, 137
Pulsus paradoxus, 225
Pyonephrosis, 282–283
PZT crystal

backing material and, 27–28
piezoelectric effect of, 27
vibration of, 37

R

Radial artery catheterization, 354–355
Rapidly progressive

glomerulonephritis (RPGN), 331
Receiver/processor of transducer, 33

functions of, 34
output pulses, 36

Refraction artifacts, 40, 43
Relative hypovolemia, 173
Renal arterial inflow, spectral analysis

of, 269

Renal biopsy
complications associated with, 334
contraindications for, 332–333
indications for, 331–332
procedure

laboratory testing, 333
postbiospy care, 334
spinal needle movement, 333–334

risk from, 332
transvenous, 332

Renal collecting system, dilatation
of, 277

Renal cysts, 279–280
Renal failure

categorization of, 277
end-stage, 280
hydronephrosis, 276, 278
renal cysts, 279–280
ureteral obstruction, Doppler

interrogation of, 279
Renal intraparenchymal abscess, 282
Renal parenchymal damage, 277
Renal pelvis

acute obstruction of, 269
chronic obstruction of, 269

Renal trauma, ultrasound of, 281–282
Restrictive CMP

causes of, 167
characterization of, 167
Doppler assessment of, 168
two-dimensional and M-mode

assessment of, 167–168
Reverberation artifacts

on lung ultrasound, 41
and ring-down, 39

Reverse pulsus paradoxus, 225
Right atrial collapse, 138
Right atrial pressure (RAP), 130
Right atrium bicaval view, 95
Right bundle branch block (RBBB), 194
Right ventricle (RV)

anatomy of, 125
circumferential view of, 96
contraction of, 125
diasystolic overload,

echocardiographic features of
RV dilation, 127–128
RV size, 128

echocardiography for assessing,
132

four-chamber view of, 95–96
preload and contractility of, 73
preload and volume responsiveness

of, 132
systolic overload,

echocardiographic features of
pathological measurements, RVOT

spectral Doppler signal, 127
septal dyskinesia, 126

Right ventricular collapse, 138
Right ventricular infarction, 131–132
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Right ventricular outflow tract (RVOT)
in patient woth TOF, 208–210
view, 97, 210

Right ventricular (RV) dysfunction, 125

S

Sciatic nerve
blockade, 341
subgluteal approach to, 341

Seashore sign, M-mode ultrasound
image of, 253

Seldinger technique, 327, 330, 358
Sepsis-induced cardiomyopathy, 61
Septic shock

bedside echocardiography for
managing

hemodynamic management,
177–178

LV contractile function, 175–176
mitral valve inflow, 176
preload sensitivity, 174–175
pulmonary capillary occlusion

pressure, 176–177
right ventricular function, 177
transmitral diastolic flow velocity,

176
in children, 61
definition of, 173
hypovolemia and, 173
LV diasystolic dysfunction and, 174
LV systolic dysfunction and, 173–174
pathophysiological consequences

of, 173
right ventricular dysfunction and,

174
Sequential-array probes

linear, 30
PZT crystals arrangement in, 29–30

Severe pulmonary hypertension, 207
Single-crystal transducers, 28–29
Sinusogram, 236
Skin compression artifact, 319
Solid pleural abnormalities, 249
Solitary kidney, risk for, 332
Sonographically guided pleural biopsy,

315–316
Sonographic imaging, 296
Sound wave

amplitude of, 13–14
audible, 12
definition of, 11
echo signal, 16
frequency and period of, 11
nature of, 12
power delivered by, 14
propagation speed of, 14–15
reflection from boundary, 16
wave interactions, 18

Spatial pulse length (SPL), 20
Speckle-tracking imaging (STI), 109
Splenic ultrasound, 266

Splenomegaly, ultrasound showing, 266
Spontaneously breathing patients

IVC and CVP, relationship between,
117

PAOP and crystalloid infusion,
correlation between, 118

pneumothorax incidence in, 312
pulsus paradoxus in, 225
stroke volume measurements, 121
vena cava collapsibility in, 120

Static indices of ventricular preload
PAOP and CVP, 117
right and left ventricular

enddiastolic volume size,
117–118

Stress-induced CMP. See Transient left
ventricular apical ballooning
syndrome

Stroke volume measurement
LVOT, 105
transmitral, 106

Subclavian vein, ultrasound-guided
cannulation of, 353–354

Subcostal four-chamber view, 85
Subcostal short-axis view, 85–86
Superior vena cava (SVC) view, 95
Supraclavicular plexus, 339
SVC collapsibility index, 228
Systemic venous return (SVR),

Guyton’s representation of, 226
Systolic blood pressure variation, 137,

220
Systolic index of contractility (dP/dt)

across mitral valve, 108
expression for, 107

T

Temporal resolution, 32
Tetralogy of Fallot (TOF)

echocardiography, 208–210
follow-up, 210
incidence, 207–208
pathophysiology, 208
presentation, 208
transthoracic echocardiogram of

patient with, 209
Thoracentesis

complications of, 312
patient and operator positioning

for, 312
real-time visualization of, 313

Thoracic ultrasound
convex-array/sector-scanning

probes for, 311
endotracheal intubation, 63
patient positioning for, 311–312
pneumothorax assessment, 62–63

Time-gain (TGC) compensation, 36
Tissue doppler imaging of mitral

annulus, 107–108, 111
Tissue harmonics, 16, 27

Transabdominal (TAS) pelvic
ultrasound examination

for embryonic structures, 290
using curved linear array, 287

Transcranial Doppler (TCD)
acoustic windows of

transforaminal and transorbital,
306

transtemporal, 305–306
applications of, 305
circle of Willis, 306
functionality of, 304
middle cerebral artery (MCA)

waveforms, 306–307
parameters, 306
vs. duplex vascular examination, 305

Transducer
arrays. See Array transducer
classification of

phased-array probes, 31
sequential-array probes, 29–30

definition of, 27
imaging. See Imaging ultrasound

transducers
longitudinal view of, 349
orientation of, 349

problems with, 350
vein visualization and, 351

position of, 237
selection, 346–347
selection in abdominal ultrasound,

260
single-crystal. See Single-crystal

transducers
transverse view of, 348–349
two-dimensional, 33

Transesophageal echocardiogram
of patient with bicuspid aortic valve,

199
of patient with ostium secundum

ASD, 196
of 50-year-old man with sinus

venosus ASD, 197
Transesophageal echocardiography

(TEE), 229–231
aortic rupture detection after blunt

cardiac trauma, 217–218
for detection of PFO, 194
equipment used for, 90–91
examination, 93
goal-directed. See Goal-directed

transesophageal
echocardiography (GD TEE)

in ICU patients
factors influencing uses of, 89
patient selection, 89–90

image acquisition squences
aorta, 96–97
aortic valve, 93–94
LA and LV, 95–96
LA, LAA, and PV, 94–95
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MV and TV, 95
pulmonary artery, 97
SVC and atrial septum, 95

for infective endocarditis, 187–188
LVEDA and LVESA measurement

with, 117
performance of, 69
for prosthetic valve function,

186–187
report, 371
role in evaluation of valve function,

186
training guidelines for, 49
views of heart

basic principle of, 92–93
cross-sectional views, 92
transducer orientation, 91–92

vs. TTE, 68–69, 101–102
Transgastric short-axis window, GD

TEE
methods of obtaining, 69
midpapillary muscle level, 69–70

Transient left ventricular apical
ballooning syndrome, 170–171

Transmitral LV filling, 110
Transmitral stroke volume

measurement, 106
Transthoracic biopsy procedures

coaxial cutting needle technique,
314

contraindications to, 314
disadvantage of, 315
ultrasound-guided needle biopsy,

313–314
Transthoracic echocardiogram (TTE)

focused assessment of, 49–51
of patient with tetralogy of Fallot, 209
of 40-year-old woman with large

membranous VSD, 206
Transthoracic echocardiography

(TTE)
goal-directed. See Goal-directed

transthoracic echocardiography
(GD TTE)

heart examination by, 80
image quality in postoperative

patients, 101
performance of, 70, 79
subcostal examination, 79
tomographic planes of, 80
transducer position for heart

examination
apical five-chamber view, 84
apical four-chamber view, 83–84
apical three-chamber view, 84–85
apical two-chamber view, 84
IVC view, 86
parasternal long-axis view, 80–81
parasternal short-axis view, 82–83
right ventricular inflow and

outflow views, 82

subcostal four-chamber view, 85
subcostal short-axis view, 85–86
suprasternal/supraclavicular

views, 86
vs. TEE, 68–69, 101–102

Tricuspid regurgitant (TR) jets, PAP
measurement by, 129–130

Tricuspid regurgitation (TR), 182
Tricuspid valve (TV)

function of, 182
inflow, parasternal long-axis view

of, 82
Truncal blocks, 341–342
Tubo-ovarian abscess (TOA), 291
Tubo-ovarian complex (TOC), 291
Two-dimensional imaging

of array transducers, 28–29
of linear sequential arrays, 30
patient with dilated cardiomyopathy

left ventricular thrombus, 157–158
LV dilatation, 155
mitral regurgitation, 157

patient with eccentric hypertrophic
cardiomyopathy, 166

quality of
line density, 31
temporal resolution, 32

of restrictive CMP, 167
of single-crystal transducers, 28
two-dimensional array for, 32–33
wall motion abnormalities

assessment, 155

U

Ultrasound artifacts. See Artifacts
Ultrasound-guided needle biopsy,

313–314
Ultrasound-guided pericardiocentesis

equipment requirements for, 317
pericardial effusion, 319–320
site selection for, 317–318
skin compression artifact in, 319
sterile skin preparation for, 319
using subxiphoid approach, 140
vs. fluoroscopic guidance, 317

Ultrasound-guided procedures
classification of, 348
pericardiocentesis. See Ultrasound-

guided pericardiocentesis
Ultrasound-guided tube thoracostomy,

313
Ultrasound imaging

of abdomen, 56, 371–372
assumptions for, 37
of axillary plexus, 340
of chest, 56, 368
curvilinear structure between liver

and kidney, 313
of femoral nerve, 341
future of, 56
in ICU. See Ultrasound use in ICU

image formation, 32
jugular vein and subclavian vein

cannulation, 49
of lumbar spine, 56
methods to obtain best, 38
of neck/larynx, 56, 367–368
of pericardial effusion, 318
of peripheral lung mass, 314
of popliteal fossa, 341
quality of

factors affecting, 18
overcompensation, 35

of retroperitoneal space, 56, 371–372
static and kinetic, 40
terminology to describe, 38

Ultrasound machine
artifacts in. See Artifacts
components of, 33–34
digital archiving, 41–42
image formation, 17
sensitivity of, 25
signal compression in, 36–37
signal rejection in, 37, 41
testing on phantoms, 25
transducer output, 35

Ultrasound use in ICU, 3
base unit, 259–260
characteristics associated with

effectiveness of, 5, 9
efficiency with, 5, 10
medical errors and safety

associated with, 4–5, 9
patient-centeredness, 5, 7, 10

indications for, 45
three-dimensional–image

capabilities, 32
Ultrasound waves

beam formation and interference, 19
bioeffects of

cavitation, 26
tissue-heating, 25

continuous-wave, 19
high and low frequency, 17
image formation by, 17
interaction with medium

attenuation, 15–16
reflection, 16–17
refraction, 17

periods and frequencies for, 12
pulsatile nature of, 19–20
reflection from boundary, 16–17

Upper extremity
arterial anatomy of, 300
blockage, 338–340
venous anatomy of, 296–297, 358
venous examination, patient

position for, 299
Ureteral obstruction, 279
Urinary system, ultrasound evaluation

of, 273
Urinary tract infection (UTI), 282, 332
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Urinary tract ultrasound, 269–271
Urosepsis, 282–283
Uterus

anatomy of, 287
transabdominal longitudinal image

of, 291
ultrasound of, 288

V

Valsalva maneuver, 298
Valve function

Doppler analysis of, 181–186
evaluation for infective endocarditis,

187–188
TEE role in evaluation of, 186

prosthetic, 186–187
Vascular access procedures

complications associated with,
345–346

CVC placement, 59, 345
ultrasonography impact on, 346

Vascular occlusion, 304
Vascular ultrasound, knowledge,

training, and skill requirements
for, 51–52

Venous duplex examination of DVT
equipment requirements for, 298–300
flow characteristics, 299–300
patient positioning, 299
transverse compressions, 299–300

Venous duplex examination of
extremities, 372–374

Venous systems
of lower extremity, 296
of upper extremity, 296–297

Ventricular septal defect (VSD),
202–207

anatomical locations of, 203
echocardiography, 204–207
follow up, 207
incidence, 202
pathophysiology, 202–204
presentation in adults, 202
schematic diagram of location of

various types, 205
types of, 203

Visceral-parietal pleural interface
(VPPI), 238

Volume-nonresponsive patients,
116

Volume-responsive patients with
hemodynamic failure

dynamic parameter measurements
intrathoracic pressure, 118
PLR maneuver, 121–122
preload/stroke volume

relationship, 118
respiratory changes of LV stroke

volume, 118–119
resuscitating

fluid challenge method for,
116

volume responsiveness method
for, 116

static parameter measurements
during mechanical ventilation,

117
spontaneous breathing, 117–118

Volume resuscitation. See Fluid
resuscitation

W

Wall-motion score index, 103–104
Wall stress, 109
Wave interactions, 18


