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FOREWORD

Acute pulmonary embolism causes dread among physicians and patients. The diagno-
sis is often difficult to establish, and the cause is often unclear. Management is contro-
versial, because advice from specialists may be based more upon bias than upon evidence.

Pulmonary embolism is receiving more attention now than ever before. The National
Quality Forum is writing guidelines to ensure “best practices” in acute care hospitals. The
Joint Commission that accredits US hospitals is planning to issue directives within the
next few years to optimize prevention and treatment of pulmonary embolism. In March
2006, the National Comprehensive Cancer Network issued guidelines on treatment of
cancer patients with pulmonary embolism. The US Surgeon General’s Office held an
unprecedented 2-day symposium in May 2006 on pulmonary embolism. New patient
advocacy and self-help groups are emerging throughout the United States. Public service
announcements are educating laypersons about pulmonary embolism with respect to risk
factors and warning signs. A new nonprofit organization, the North American Thrombo-
sis Forum (www.NATFonline.org) has been established to focus on research, clinical,
and public policy issues related to thrombosis. The topic of “clot” has become “hot.”

Pulmonary embolism as a discipline does not “belong” to any single group. It requires
collaboration among emergency medicine, internal medicine, cardiology, pulmonary,
hematology, and radiology physicians as well as interventional radiologists and cardiolo-
gists and cardiac surgeons. Websites provide useful information but are not sufficiently
detailed or nuanced to guide complex management decisions. Because of the disparate
disciplines involved in the study of pulmonary embolism, coupled with exponentially
increasing advances in our understanding of this disease, a scientifically rigorous and
contemporary textbook fills an unmet need.

Stavros Konstantinides, MD, is a leader in the field of acute pulmonary embolism. As
a cardiologist, he has carried out pioneering work in echocardiography, biomarker elu-
cidation, and thrombolysis of pulmonary embolism. Through the multicenter registries
and trials that he has organized, Professor Konstantinides has established a personal
connection to a global network of pulmonary embolism specialists. Using his consider-
able persuasive skills, he has enlisted key experts to take time from their busy schedules
to contribute to this outstanding textbook.

Management of Acute Pulmonary Embolism is not a book that will rest for long on the
bookshelf. With its recent references, clear-cut tables, and beautiful illustrations, it will
serve as a practical compendium for use in daily clinical practice. I plan to take it with
me when I am summoned to the Emergency Department, Intensive Care Unit, or when
I consult on outpatients with pulmonary embolism. Armed with this textbook, I will have
at my fingertips all of the information I need, compiled in 19 superb chapters, to manage
any aspect of this illness.

Management of Acute Pulmonary Embolism is organized in three sections: diagnosis,
treatment, and special topics. The diagnosis section has up-to-date chapters on clinical
evaluation; cardiac biomarkers, including troponin, BNP, and pro-BNP; and imaging,
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including the latest technological developments in chest CT scanning and venous ultra-
sound examination. Importantly, these timely advances are synthesized in two summary
chapters. Perrier “puts it all together” for clinically stable patients, and the Editor himself
writes a masterpiece chapter with diagnostic algorithms for hemodynamically unstable
patients.

The therapy section updates our use of heparin, low-molecular-weight heparin,
fondaparinux, warfarin, and thrombolysis, but goes far beyond the usual topics to include
novel approaches such as pulmonary embolectomy (now modified to achieve survival
rates that exceed 90%) and new devices for suction catheter embolectomy. A controver-
sial chapter in this section more or less advocates thrombolysis for pulmonary embolism
patients undergoing cardiopulmonary resuscitation. Although we need not necessarily
agree with this philosophy, the author makes his case elegantly and provides “food for
thought.”

The final section on special topics will be especially useful in the outpatient setting.
How extensive a thrombophilia workup should be undertaken? What are the special
considerations for cancer patients who have pulmonary embolism? How should pulmo-
nary embolism be managed during pregnancy? What should we do to prevent a patient
from being the 1 in 1 million who boards a long-haul air flight and collapses and dies from
pulmonary embolism upon deplaning 6—18 h later? Finally, for the 4% of patients who
develop chronic thromboembolic pulmonary hypertension after acute pulmonary embo-
lism, how can we optimize their management?

Management of Acute Pulmonary Embolism will receive magnificent reviews and
become a best-seller among specialty textbooks. For the medical student or investigator,
it is the starting point for future study. For the practicing physician, it is indispensable.
I feel privileged to know Professor Konstantinides personally. I congratulate him and
express my admiration and gratitude for the strides he has made in the field of acute
pulmonary embolism by compiling and editing this important new text.

Samuel Z. Goldhaber, mp
Professor of Medicine

Harvard Medical School

Staff Cardiologist

Brigham and Women's Hospital
Boston, MA



PREFACE

Management of venous thromboembolism has long been characterized by a high
degree of complexity and a disappointing lack of both efficacy and efficiency. The
clinical symptoms and signs of acute pulmonary embolism (PE) are notoriously
nonspecific, and ubiquitously available bedside tests such as the ECG, chest X-ray, and
clinical chemistry can offer little assistance apart from strengthening or weakening the
clinical suspicion. Thus, for almost 30 years, confirmation of the diagnosis relied on
ventilation-perfusion lung scan and/or pulmonary angiography. However, scintigraphy
frequently yields nondiagnostic findings, and pulmonary angiography is an invasive
procedure that may place the patient at risk of life-threatening complications besides
requiring local expertise and sophisticated logistics to be readily available on an around-
the-clock basis. These risks and limitations of individual tests led to the development of
complex multistep diagnostic algorithms, which were successfully tested in well-
designed management studies but have proven extremely difficult to implementin clinical
practice. As a result, the diagnosis of potentially life-threatening PE was frequently
missed in many patients who subsequently died of the disease without receiving
appropriate treatment, while other patients unnecessarily underwent a battery of
potentially hazardous, time-consuming, and costly procedures because of a vague, poorly
documented clinical suspicion.

Luckily, things are now beginning to look better for patients with PE, and for the
physicians caring for them. The recent development of structured models for assessment
of clinical pretest probability, the widespread use of p-dimer testing in the hospital and
the outpatient setting, and the enormous technical advances of multidetector-row CT
scan, are radically changing our approach to patients with suspected PE. These modalities
form the basis for contemporary diagnostic algorithms that are not only efficient and
reliable, but also simple, fast, noninvasive, and “user-friendly.” Furthermore, the
prognostic importance of right ventricular (RV) dysfunction has been recognized, and a
number of studies have demonstrated the value of echocardiography and laboratory
biomarkers for risk stratification of PE. Simplified treatment regimens using low-
molecular-weight heparins are now available for hemodynamically stable patients with
PE, while early thrombolysis and technical advances in surgical and interventional
treatment permit successful removal of thrombus in massive PE.

Pulmonary embolism is of interest (and importance) to physicians of almost all
disciplines, being encountered across the entire spectrum of clinical medicine. In
Management of Acute Pulmonary Embolism, traditional, novel, and evolving aspects
related to the diagnosis and treatment of PE are highlighted by an international team of
experts who have significantly contributed to the advances in this exciting field. The
book is divided into three parts. The first part focuses on the contemporary diagnostic
approach to the patient with suspected PE and begins with a critical review of currently
used models for assessing clinical probability, and the utility of D-dimer testing. Next,
the imaging procedures for visualizing pulmonary thromboemboli are presented, placing
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emphasis on the emerging role of spiral CT as the new diagnostic gold standard, but also
emphasizing the importance and practicability of an early noninvasive ultrasound
evaluation of the leg veins. Risk stratification of pulmonary embolism is, as mentioned
above, evolving into an important determinant of successful PE management, and three
chapters are devoted to biochemical and imaging tests allowing detection of right
ventricular dysfunction, and of a patent foramen ovale. Finally, in Chapters 7 and 8, our
current state of knowledge is summarized in up-to-date diagnostic algorithms. These are
aimed at helping the clinician walk through the individual tests and find the fastest and
most efficient pathway for confirmation or exclusion of PE both in hemodynamically
stable and in unstable patients, always considering the logistics and expertise available
on site.

The second part provides an update of the therapeutic options for patients with PE.
Contemporary regimens of anticoagulation with unfractionated and low-molecular-
weight heparins are presented and discussed, as is the intensity and optimal duration of
oral anticoagulation for secondary prophylaxis, the controversial topic of thrombolysis
in PE, and the advantages of early surgical embolectomy provided that the appropriate
setup is available. In this section, emphasis is also placed on the management of patients
with fulminant PE undergoing cardiopulmonary resuscitation, explaining the scientific
background favoring aggressive use of thrombolysis in this setting and the potential to
save lives in a seemingly desparate situation. Furthermore, the recent technical advances
ininterventional (catheter-based) thrombus aspiration are presented, a therapeutic option
that may yield impressive results at the hands of a skilled interventionalist.

The third part of the book deals with those specific aspects which make venous
thromboembolism such a unique disease requiring multidisciplinary management
strategies. A number of highly relevant and controversial topics are critically discussed,
including the need for thrombophilia screening after diagnosis of PE, the association
between PE and cancer, and the true magnitude of PE-related risk in “economy-class”
passengers. A detailed chapter is devoted to the care of pregnant patients with acute PE
and to secondary prophylaxis of PE in pregnancy, a particularly sensitive area of research
and clinical practice for which little direct evidence and no formal guidelines exist.
Finally, acomprehensive review focuses on the management of chronic thromboembolic
pulmonary hypertension, the feared long-term complication of PE that may not be as rare
and elusive as previously thought.

Writing a book on a rapidly evolving field poses a tremendous challenge, since such
an effort bears the risk of providing outdated, overhauled information if the book cannot
be completed within a relatively short period of time. I am therefore particularly thankful
to each one of the authors who took every effort not only to present and discuss their topic
in the best possible manner but also to meet the publication deadline, which makes it
possible to present a really contemporary overview of PE management. I hope that the
reader will find Management of Acute Pulmonary Embolism as informative and enjoyable
as I did throughout this exciting process.

Stavros V. Konstantinides, Mp
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SUMMARY

In order to address the well-known inadequacies in diagnostic imaging for pulmo-
nary embolism (PE), health care providers can utilize pretest probability estimates in
conjunction with the likelihood ratios of diagnostic tests. This approach helps define
more accurately the posttest probability of a disease with a given imaging result. In the
case of PE, we have the benefit of proven clinical prediction rules to help assess the pre-
test probability. Furthermore, the D-dimer test, which measures the degradation product
of a cross-linked fibrin blood clot, can also be employed in diagnostic algorithms. It is,
however, important to keep in mind that although all D-dimer tests lie on the same
receiver operating characteristic curve, some have higher sensitivity than others. Thus,
when patients are clinically classified as low-probability, moderate-sensitivity D-dimer
tests can be performed next, and a negative result will suffice to rule out PE. Because
the negative likelihood ratio with these tests is approx 0.20, the patient’s pretest proba-
bility of PE must be less than 10% to rule out PE with a negative D-dimer. If, on the
other hand, a high-sensitivity D-dimer test is used in patients who have a low or moder-
ate probability of PE, are PE-unlikely by the Wells model, or low- to moderate-probabil-
ity by the Wicki clinical model, the physician can avoid the need for diagnostic imaging
when the D-dimer is negative. In this latter case, the likelihood ratio of 0.06 with the
high-sensitivity D-dimer implies that, if patients have a pretest probability of no more
than 22%, a negative D-dimer will negate the need for diagnostic imaging. Importantly,
combining D-dimer and pretest probability not only allows selection of patients appro-
priate for diagnostic testing, but also helps interpret the imaging test result as potentially
false-negative or false-positive, and thus allows for standardization of the diagnostic
workup of PE.

From: Contemporary Cardiology: Management of Acute Pulmonary Embolism
Edited by: S. Konstantinides © Humana Press Inc., Totowa, NJ
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Key Words: Pulmonary embolism; diagnosis; pretest probability; D-dimer; clinical
prediction.

INTRODUCTION

In the past, mismanagement of pulmonary embolism (PE) used to be a frequent prob-
lem (1), but the diagnostic workup for suspected PE has now evolved to include ultra-
sound imaging, clinical pretest probability assessment, D-dimer testing, computerized
tomographic pulmonary angiography (CTPA), and magnetic resonance angiography. In
fact, we are currently observing an encouraging decrease in mortality from PE, which
may reflect both more accurate diagnosis and the use of algorithms to decrease the num-
ber of unproven cases (2,3). This chapter will focus on studies that have evaluated clinical
assessment and D-dimer testing, and describe how they can be employed in diagnostic
algorithms for the investigation of patients with suspected PE.

IMAGING PROCEDURES FOR PULMONARY EMBOLISM

Pulmonary angiography has long been regarded as the gold standard test for the diag-
nosis of PE, but pulmonary angiography is an invasive procedure requiring a skilled
radiologist and a cooperative patient. Although the procedure is usually well tolerated,
arrhythmias, hypotension, and other adverse reactions to contrast dye may be observed
(4). In many centers, pulmonary angiography is unavailable, and in others it is simply not
practical to use this procedure routinely to exclude PE. In addition, a negative pulmonary
angiogram does not exclude the future development of thromboembolic complications.
Forexample, in the PIOPED study, 1.6% of patients with normal pulmonary angiograms
developed PE over the 1-yr follow-up period. Most of these events occurred within 1 mo
of the procedure (5,6).

Ventilation-perfusion (V/Q) lung scanning has been the imaging procedure of choice
in patients with suspected PE for almost two decades. A normal perfusion lung scan
essentially excludes the diagnosis of PE, and a high-probability lung scan has an 85-90%
predictive value for PE (6,7). Unfortunately, most lung scans fit into a nondiagnostic
category (neither normal nor high-probability), in which the incidence of PE varies from
1010 30% and further investigation is necessary. Limitations with V/Q scans have recently
led to CTPA as the first imaging test in many centers for the investigation of patients with
suspected PE. However, this test also has certain limitations, many of which are not
appreciated by clinicians. CTPA is an evolving technology, with early single-slice detec-
tors unable to sufficiently visualize subsegmental arteries (8). In 2000, a pooled analysis
of comparative studies using single-slice detector CT scans compared to pulmonary
angiography as the gold standard determined that CTPA had a sensitivity between 53 and
100% and a specificity between 81 and 100% for the diagnosis of PE (9). In an earlier
meta-analysis, Forgie et al. had reported the pooled sensitivity to be 72% (95% confi-
dence interval [CI], 59-83%) and the specificity 95% (95% CI, 89-98%), except for
central PE (i.e., involving the main, lobar, or segmental pulmonary arteries), in which the
sensitivity increased to 94% (95% CI, 86-98%) whereas the specificity remained high
(94%; 95% CI, 88-98%) (10). Because pulmonary angiography studies have shown that
up to 36% of PEs may be limited to the subsegmental arteries, and small emboli may be
harbingers for subsequent thromboembolic complications, management studies includ-
ing use of CTPA were needed. As discussed below (see in “Approach to Patients With
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Suspected Pulmonary Embolisms”) and in Chapter 7, management studies have now
been performed, and the initial fears that CT would miss PE seem to be unfounded,
provided that CT is used in conjunction with ultrasound, clinical assessment, or D-dimer.
Moreover, with current multidetector-row scanners, diagnostic sensitivity is becoming
better (Chapter 2), although falsely detecting PE may still be an issue. A more recent
meta-analysis suggested that CTPA has greater discriminatory power than V/Q scanning
with regard to the normal and/or near-normal threshold for excluding PE, but CTPA and
V/Q scan with high probability threshold were similar for the diagnosis of PE. The pooled
sensitivity and the specificity of CTPA were 86% and 93.7%, respectively (11). How-
ever, a recent study suggests use of a multidetector row CTPA is likely to have a higher
sensitivity (12).

CT may also be used in conjunction with V/Q scanning. For example, Mayo et al. dem-
onstrated that patients with nondiagnostic V/Q scans who are investigated by CT will
have a definitive diagnosis in 80% of cases (/3). Furthermore, CT may identify alterna-
tive causes for symptoms in patients with suspected PE, although it needs to be kept in
mind that several parenchymal and pleural changes, including wedge-shaped pleural
opacities, are nonspecific and can be found both in patients with and without PE (14).

The following chapters in this book will elaborate more on imaging procedures in the
diagnostic workup of PE.

CLINICAL SUSPICION
AND PRETEST LIKELIHOOD OF PULMONARY EMBOLISM

Clinical Symptoms and Signs

PE is suspected in many patients with respiratory or chest complaints because of the
nonspecific nature of the presenting signs and symptoms. As such, it is worthwhile to
explore the value of these signs and symptoms when considered individually.

There are several reports on the sensitivity and specificity of individual signs and
symptoms (/5-18). Patient age is consistently a statistically significant univariate pre-
dictor of PE, a fact consistent with population-based epidemiological data demonstrating
an increased incidence of PE with age (79). On the other hand, individual presenting
symptoms generally do not reliably differentiate between patients with and without PE.
Possible exceptions include pleuritic chest pain, sudden dyspnea, and symptoms sugges-
tive of lower-extremity DVT, all of which are consistently more frequent in patients with
PE. Moreover, although hemoptysis is overall an unusual presenting symptom in sus-
pected PE, in many studies hemoptysis was consistently more common in patients with
confirmed PE than in those without the disease. Risk factors predisposing to venous
thromboembolic disease have also been well characterized in the literature (20). Inareview
of 1231 patients treated for confirmed venous thromboembolic disease, one or more risk
factors were present in more than 96% of the cases (21 ). Immobilization, recent surgery,
malignancy, and previous venous thromboembolic disease are more common in patients
with PE.

Intuitively, patients with PE would be more likely to have tachypnea and tachycardia
than patients without PE, but these differences are usually not significant (15). There
appear to be no differences in blood pressure, the presence of pleural rub on auscultation,
or body temperature between patients with confirmed and those with (only) suspected PE
(18). Furthermore, one commonly held misconception is that the presence of chest wall
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tenderness in patients with pleuritic chest pain excludes PE (23). Finally, the presence
of a fourth heart sound (S4), a loud second pulmonary heart sound (P2), and inspiratory
crackles on chest auscultation were all more common in patients with PE than patients
without in one study (76).

ECG Findings and Blood Gas Analysis

A variety of electrocardiographic (ECG) changes have been suggested to have diag-
nostic value in patients with PE (15,16,24,25). However, the majority of these investi-
gations only studied patients with confirmed PE, whereas few authors reported on the
prevalence of ECG changes in patients with suspected PE. We studied unselected patients
with suspected PE using standard outcome measures. Our findings showed that only tachy-
cardia and incomplete right bundle branch block were significantly more frequent in PE
patients (26). Finally, neither normal nor abnormal alveolar-arterial (A-a) oxygen tension
gradient assist in the diagnosis of PE, and blood gas analysis is generally of little value
in the diagnostic workup (27-30).

Overall Assessment of Clinical Probability

Despite the limitations of the individual clinical predictors previously described, the
PIOPED investigators demonstrated that the overall clinical assessment (i.e., the clini-
cians’ overall diagnostic impression) could be useful in diagnostic management. Experi-
enced clinicians were able to separate a cohort of patients with suspected PE into high-,
moderate-, and low-probability groups, using clinical assessment alone (3/). More recently,
Perrier and colleagues also were able to stratify patients into different risk categories
using clinical assessment (32). In both of these studies, patients were stratified into risk
categories using the clinical judgment of individual clinicians, which was based on the
overall diagnostic impression without using a predefined clinical decision tool. How-
ever, with such empiric assessment, the exact methods used by each clinician to estimate
pretest probably are difficult to measure or reproduce (33). In addition to considering
explicit information such as vital signs and risk factors, clinicians incorporate many impli-
cit methods to decide whether or not PE is present; including, for example, the degree of
discomfort exhibited by the patient, whether or not the patient has a convincing history
of symptoms that the particular clinician associates with PE, and whether or not another
diagnosis can explain the patient’s complaints. The problems with empiric assessment
are: (1) clinicians often disagree (even for broad categories) on the pretest probability of
PE (34); (2) the clinician’s experience level appears to influence the accuracy of his or
her pretest assessment (35); and (3) probability estimates often tend to follow a middle
road, so that fewer patients are categorized by the clinicians into the more useful low- or
high-probability groups. Thus, the empiric method has drawbacks, but it is the easiest
method to use, as there is no requirement to memorize criteria.

A few years ago, we published our experience with an explicit clinical model to deter-
mine pretest probability for PE using clinical findings, ECG, and chest X-ray (22). Another
author group questioned the usefulness of this model, but it needs to be mentioned that
(1) their study did not use the model prospectively or for clinical decisions; (2) the study
had a very high overall PE rate; (3) many patients suspected of PE did not complete the
study; and (4) physician gestalt assessments were poor, in contrast to other studies (36).

We subsequently performed a logistic regression analysis of the clinical data collected
in our earlier (22) study to derive a simplified explicit clinical model (37) (Table 1). A
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Table 1
Variables Used to Determine Patient Pretest Probability for Pulmonary Embolism (PE)
* Clinical signs and symptoms of deep vein thrombosis (DVT) [3.0 points]
(minimum of leg swelling and pain with palpation of the deep veins)

* PE as/ more likely than an alternative diagnosis [3.0 points]
* Heart rate greater than 100/min [1.5 points]
* Immobilization or surgery in the previous 4 weeks [1.5 points]
¢ Previous DVT/PE [1.5 points]
» Hemoptysis [1.0 points]
* Malignancy (on treatment, treated in the last 6 mo, or palliative) [1.0 points]

Low probability < 2.0

Moderate probability 2.0-6.0

High probability > 6.0

PE unlikely £ 4.0

PE likely > 4.0

validation study revealed that the simplified explicit clinical model was capable of sepa-
rating patients into low-, moderate-, and high-risk subgroups, although emergency physi-
cians had a lower threshold for suspecting PE, so that the overall PE rates were lower than
the original study (38,22). We currently use the same model, but prefer to classify patients
as PE-unlikely (score of 4 or less) or PE-likely (score >4). The main limitation of this
model is the need for the physician to consider an alternative diagnosis, and this may be
dependent on the physician’s experience and expertise. However, the x for interobserver
variability was reasonable (0.60; unpublished data), despite performing the repeat assess-
ment up to 18 h after the first assessment. In a further study, Wolf et al. demonstrated
moderate to substantial interrater agreement and reproducibility of the Wells et al. model
(39). Reproducibility was also demonstrated in low risk patients (40). Of note, no other pre-
diction rule has evaluated interrater agreement and reproducibility.

Selection of patients with a relatively low pretest probability comprises the single most
important factor in the derivation of a protocol to safely rule out PE. Bosson et al. recently
published their unique evaluation of more than 1500 patients with suspected PE (40).
They confirmed that the model published by our group accurately categorized patients
as having low (5.5%), moderate (26.7%), or high (49.6%) probability for PE, and they
also demonstrated that quantitative D-dimer values can further assist in the diagnostic
approach (discussed later).

Other clinical assessment/prediction rules have also been reported. Miniati and col-
leagues reported that their combination of clinical predictors (symptoms, ECG findings,
and chest X-ray findings) had a negative predictive value of 94%, and PE could be excluded
in 42% of patients in their validation set (41 ). However, this study enrolled a high-prev-
alence population, did not perform logistic regression to develop a simple rule, had ahigh
PE rate of 10% in the low-risk group, and the described criteria for the low-risk group could
apply to any patient with even minimal chest symptoms.

Wicki et al. devised a model in emergency room patients that could be performed by
nonclinicians (Table 2) (42,43). In fact, comparisons with the model developed by our
own group have demonstrated both rules to be effective (44). Potential disadvantages of
the Wicki model are that (1) it is difficult to memorize; (2) it has not been tested or derived
in hospitalized patients; (3) the PE rate in the low-probability group was 10% (which may
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Table 2
Clinical Model Described by Wicki et al.
for Assessment of Pretest Probability for Pulmonary Embolism (PE)

Criteria Points

Age 60-79 yr
Age >T79 yr
Prior deep vein thrombosis/PE
Recent surgery
Heart rate >100 min~!
PaCO,, mmHg
<36
36-39
Pa0,, mmHg
<49
49-60
>60-71
>71-82
Chest X-ray
Plate-like atelectasis |
Elevation of hemidiaphragm 1

—_W NN =

— N2

—_ N W

Score range Mean probability of PE  Patients with this score Interpretation of risk

04 10% 49% Low
5-8 38% 44% Moderate
9-12 81% 6% High

be too high for use with certain D-dimer assays; discussed later); (4) there is no consid-
eration of other diagnoses and most of the points given to a patient are nonspecific; and
(5) it has only been tested in one center.

Kline et al. have studied the issue of PE diagnosis in the emergency department, where
the need to rule out PE generally results in screening many patients with a low prevalence
of PE (45). Their strategy doubled the rate of screening for PE, had a false negative rate
of less than 1%, and did not increase the pulmonary vascular imaging rate. Their decision
rule was: “a patient aged 50 yr or older, or any (patient with) a pulse rate greater than the
systolic blood pressure, and either (1) unexplained hypoxemia (SaO, on pulse oximetry
<95% while breathing room air) or (2) unilateral leg swelling or recent surgery or hemop-
tysis” was “unsafe” and required a V/Q scan or CTPA. If the physician felt that their un-
structured estimate of PE was high regardless of the decision rule, patients underwent
imaging. In a further study, they suggested that if all the previous factors are negative and
the patient has no prior venous thromboembolic event and is not on oral hormone therapy,
the patientis at low risk for PE (46).Unfortunately, this rule has proved less useful in very
low-risk patients in the emergency room, and as such physicians must be careful not to
screen all emergency room patients with dyspnea for PE. Finally, a further rule published
by Hyers et al. has demonstrated utility in a management study (47,48).

In summary, there are several prediction rules to choose from, and not much evidence
exists to advise one over the other. But the use of these rules appears to improve the diag-
nostic process for PE, as outlined in the next section.
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D-DIMER TESTING

D-dimer is a degradation product of a cross-linked fibrin blood clot. D-dimer levels
may also be increased by a variety of nonthrombotic disorders including recent major
surgery, hemorrhage, trauma, pregnancy, cancer, sepsis, or acute arterial thrombosis. D-
dimer assays are, in general, sensitive but nonspecific markers for venous thromboem-
bolism, and therefore a positive D-dimer result is not useful to “rule in” the diagnosis of
venous thromboembolism. Rather, the potential value is for a negative test result to
exclude the diagnosis. The negative predictive value of the D-dimer depends on the sensi-
tivity of the assay and is inversely related to the prevalence of venous thromboembolism
in the population under study. On the other hand, the specificity of the particular D-dimer
assay and the particular population under study influence the utility of the assay to exclude
the diagnosis of venous thromboembolism. For instance, use of a very nonspecific assay
or the testing of very ill hospitalized patients would be predicted to be of limited value
because of the expected high number of positive results, many of which would be false
positives. D-dimer levels have also been demonstrated to increase with age, and some
advocate that D-dimer should not be performed in patients more than 80 yr old (49-51).

There are qualitative and quantitative D-dimer assays. Visual inspection is employed
with qualitative D-dimer assays and the results are interpreted as positive or negative.
The first tests developed were latex agglutination assays including the D-dimer test (Diag-
nostica Stago), the Dimertest and Dimertest II (Agen Biomedical), Minutex® (Biopool),
Nephelotex (Biopool), and Accuclot™ (Sigma Diagnostics). In one study of 600 patients,
the Accuclot had a sensitivity of 90% and specificity of 72% (52). In general, however,
although the sensitivity of the latex agglutination assays has indeed been in the previous
range, their specificity is likely to be much lower, in the order of 45%.

The second type of qualitative assays is a whole blood agglutination assay (SimpliRED ™,
Agen Biomedical). The SimpliRED is the qualitative test with the largest body of clinical
evidence to date. The sensitivity and specificity of the SimpliRED D-dimer in clinical
trials has been similar to that of the other visual inspection assays, with Stein reporting
a sensitivity ranging from 78 to 83% and specificity from 64 to 74% (53). Overall, qual-
itative D-dimer assays offer the advantage that they are simple to perform, have a rapid
turnaround time, and are inexpensive. Interobserver reliability has been questioned in at
least three studies (54-56), although a fourth study found excellent interobserver reli-
ability (57). Regardless, it is advisable that only trained observers perform and interpret
these assays. Second-generation latex assays are quantitative (IL-test, Tinaquant®, Liatest,
and so on) and are generally of higher sensitivity, consistently demonstrating sensitivity
in the low 90% range and specificity in the mid 40% range.

Rapid, automated enzyme-linked immunosorbent assays (ELISAs) such as the VIDAS
(Biomerieux) have demonstrated the highest sensitivity, at an average of 97 to 98%. The
membrane ELISAs such as the Instant IA (Diagnostica Stago) have demonstrated a sensi-
tivity of approx 92% and a specificity of approx 50%.

In summary, the existing data suggest that most D-dimer assays lie on the same
Receiver Operating Characteristic curve, although one meta-analysis suggests that the
Dimertest, Nycocard®, and Turbiquant® were significantly worse then the other assays
(53,58,59). In other words, as sensitivity increases, specificity decreases. Overall, the data
suggest that the accuracy of specific D-dimer tests is similar regardless of whether sus-
pected DVT or PE is evaluated (53).
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APPROACH TO PATIENTS
WITH SUSPECTED PULMONARY EMBOLISM

My recommended approach to diagnosis in patients with suspected PE involves the
use of clinical probability and D-dimer to guide interpretation and need for imaging tests.
The safety of a protocol for the diagnosis of PE is primarily defined by the rate of even-
tually detected PE in patients in whom the protocol excluded the diagnosis, i.e., the false-
negative rate. Because protocols are very unlikely to result in a 0% posttest probability,
a low threshold of approx 1 to 2% is targeted. This threshold is comparable to the rate of
PE or DVT at follow-up after a normal (negative) result of pulmonary angiography as the
traditional reference standard. This threshold is also justified because a further accepted
method to rule out PE is a normal result on a V/Q scan, which has been demonstrated to
be associated with a PE rate of approx 1% during follow-up (60—63). Trying to achieve
an even lower PE rate with a negative result seems unrealistic, because the rate of PE dis-
covered in acomposite population of hospitalized patients and outpatients without recog-
nized signs or symptoms of PE but who underwent contrast-enhanced CT scanning of the
chest ranged from 1.5 to 3.4% (64,65). Finally, if a posttest probability less than 1% is
sought, this would lead to an unacceptable trade-off in increased pulmonary vascular
imaging, and increased false-positive diagnosis of PE.

The Need for D-Dimer T. esting

Several studies have evaluated V/Q scanning and CTPA without concomitant use of
the D-dimer. Our group has validated approaches combining either V/Q scanning with
clinical probability or CTPA with clinical probability (37,66). The largest prospective
CTPA study to date combined clinical probability and ultrasound imaging with CTPA
(48). Patients with a negative CTPA, negative ultrasound, and low or moderate pretest
probability had PE excluded and the follow-up event rates were 1.8%. Importantly, 15%
of patients had a negative CTPA but a positive ultrasound study. A recent meta-analysis
suggested that a negative CT rules out PE, but, as the authors pointed out, only one study
employed CT alone and all the others used various combinations of lower extremity
ultrasound imaging for DVT, clinical probability, and D-dimer (67).

The D-dimer assay can be the first objective test used in addition to clinical assessment
with the goal of determining which patients require diagnostic imaging. Clinicians must
appreciate that the choice of the D-dimer test depends both on its sensitivity and its
specificity. Although sensitivity is important, a safe protocol must also have reasonably
high specificity for two reasons: (1) if the specificity is very poor, PE will ultimately be
ruled-out without imaging tests in only a small subset of the patients, because low speci-
ficity implies that fewer patients with suspected PE will have negative D-dimer results;
and (2) a test with low specificity will lead to increased use of imaging tests in relatively
low-risk patients and may thus result in more frequent false-positive imaging tests. In
fact, if CTPA and V/Q scans were performed without the consideration of clinical prob-
ability or the D-dimer, there would be evidence of a diagnostic “positive” result in approx
5 and 10% of patients without PE, respectively (68-71). These rates are even higher in
low clinical-probability patients. Low-probability patients with a negative D-dimer car
have PE excluded, but low-probability patients with a positive D-dimer will have a PE
probability of approx 15%. Application of Bayes’ theorem to this latter group of low-
probability patients indicates that the posttest probability of PE with a positive CTPA is
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D-dimer
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PE ruled out
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i

Normal V/Q Non High V/Q  High V/Q
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PE ruled out «—— US usS
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Treat Probable PE,
but consider
other tests

Fig. 1. Strategy for diagnosis of pulmonary embolism (PE) using ventilation-perfusion in patients
who are PE-unlikely.

only in the order of 72%, and as such, one must consider that the CTPA result may be a
false positive (72).

Clinical Probability and Qualitative D-Dimer Testing

I recommend that physicians use our clinical model to categorize patients’ pretest
probabilities as low, moderate, or high. Alternatively, our model can also be used to score
patients as “PE-likely” or “PE-unlikely.” When patients are clinically classified as hav-
ing low probability for PE, the SimpliRED, IL test, or another qualitative D-dimer test can
be performed next, and a negative result will rule out PE. Because the negative likelihood
ratio with the IL test and SimpliRED is approx 0.20, the patient’s pretest probability of
PE must be less than 10% to rule out PE with a negative D-dimer. For example, if the pre-
test probability is 5% or less, the posttest probability will be approx 1%; and if the pretest
probability is 10%, the posttest probability will be just over 2% (72).

Patients who are PE-unlikely based on the clinical model but have a positive D-dimer
test, and those who are PE-likely on clinical grounds, should undergo V/Q scans or CTPA
as outlined in Figs. 1--3. Bilateral deep vein ultrasound may be performed in PE-likely
patients if the V/Q scan is nondiagnostic or the CTPA is normal (Fig. 3). On the other hand,
high-probability V/Q scans or positive results on CT should be considered diagnostic of
PE (Fig. 3), unless the pretest clinical probability is low (Figs. 1 and 2). In this latter case,
the results should be reviewed with the radiologist to exclude a false-positive result. Con-
firmatory venous ultrasound or conventional pulmonary angiography may also have to
be performed because, given the relatively high false-positive rate of imaging tests in the
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PE-Unlikely
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PE ruled out
CTPA
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Normal CTPA + CTPA
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Treat Probable PE, but
consider other tests

Fig. 2. Strategy for diagnosis of pulmonary embolism (PE) using computerized tomographic pulmo-
nary angiography in patients who are PE-unlikely.

low-probability population, many of these patients could be subjected to unnecessary
oral anticoagulation therapy with risk of major hemorrhage. Other possible consequences
of unnecessary anticoagulation due to a false-positive imaging test may include increased
expenditure on health and life insurance, lifestyle changes, and even psychological effects,
but none of these have been quantified.

In general, negative D-dimer and negative imaging results in moderate- and perhaps
high-probability patients negate the need for either serial ultrasound testing or angiog-
raphy (Fig. 3). This strategy should result in less than 1% of patients with “excluded” PE
experiencing venous thromboembolic events during 3-mo follow-up.

Clinical Probability and Quantitative (ELISA) D-Dimer Testing

The proposed algorithms may be slightly different if ELISA D-dimer assays are usec
instead of qualitative tests. Thus, if the VIDAS D-dimer is used in patients who have low
or moderate probability of PE, are PE-unlikely by our model (Table 1), or have low o
moderate probability by the Wicki clinical model (Table 2), the physician can avoid the
need for diagnostic imaging when the D-dimer is negative. The likelihood ratio of 0.0¢
with the VIDAS test implies that even if these patients can have a pretest probability o
22%, anegative D-dimer will still negate the need for diagnostic imaging. As mentioned
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PE-Likely
V/Q Normal Non High V/Q or CTPA negative High VQ / positive CT
US\
Negative Positive
D-dimer Treat
Negative Positive Positive
v l T
NoPE/DVT one week US

Fig. 3. Strategy for diagnosis of pulmonary embolism (PE) using computerized tomographic pulmo-
nary angiography or ventilation-perfusion in patients who are PE-likely.

the VIDAS is limited by its very low specificity in the elderly and hospitalized patients, and
thus imaging tests would often be required in these groups. Although Perrier et al. have
suggested that a negative VIDAS D-dimer may negate the need for diagnostic imaging
irrespective of pretest probability, I personally am reluctant to adopt this strategy (73,74).

Are Diagnostic Algorithms an Overkill?

It is possible that the use of diagnostic algorithms will increase the number of patients
in whom a diagnosis of PE is considered, as, with implementation of an algorithm,
physicians may “screen” patients for PE. Our recent study suggests this possibility, because
PE was detected in only 8% of patients in whom the diagnosis was considered (37). The
increase in the number of patients considered for possible diagnosis of PE can increase
the overall number of imaging tests performed. Goldstein et al. implemented a D-dimer-
based screening system for hospitalized patients and found a 40% increase in the rate of
V/Qscanning (75). This may create the sense that algorithms will notimprove efficiency,
but I am convinced that algorithms do have a positive effect. It can be calculated, for
example, that the implementation of the screening system makes it possible to definitely
confirm the diagnosis of PE in more patients. In fact, in the study by Goldstein et al.,
although the D-dimer protocol led to an increase in the rate of V/Q scanning of inpatients,
the percentage of V/Q scans that were ultimately read as positive for PE actually increased.
Furthermore, the number of patients in whom PE was diagnosed almost doubled in the
centers using a D-dimer algorithm. Additionally, at hospitals in which pulmonary vascu-
lar imaging is not available at night, algorithms may offer a rational method to decide
which patients should receive temporary anticoagulation until pulmonary vascular imag-
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ing is available. Emergency physicians faced with a requirement to understand so many
diseases welcome protocols that safely simplify care.

SUMMARY AND CONCLUSIONS

Recentadvances in the management of patients with suspected PE have both improved
diagnostic accuracy and made management algorithms safer and more accessible. Ongoing
clinical trials are evaluating whether these diagnostic processes can be made even simpler
and less expensive. Patients at low risk with a negative D-dimer can avoid imaging tests
and those at moderate risk with a negative quantitative D-dimer can have the diagnosis
excluded without the need for imaging tests. Diagnostic strategies should include pretest
clinical probability, D-dimer assays and noninvasive imaging tests.
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SUMMARY

The past decade has seen a shift in the imaging paradigm for acute pulmonary embo-
lism (PE) from a combination of clinical acumen, ventilation-perfusion scintigraphy,
and conventional pulmonary angiography to computed tomographic pulmonary angio-
graphy (CTPA). The ability to perform CT rapidly with direct visualization of thrombi
allows for rapid and reliable diagnosis or exclusion of PE in the vast majority of cases.
In the same setting, CT can provide information on right heart function, offer an eval-
uation of the deep venous system through indirect CT venography, as well as allow for
the detection of alternative diagnoses that may account for the patient’s symptoms. Pub-
lished experience with CTPA has established that a negative result reliably excludes
clinically significant PE in more than 98% of cases. As aresult, CT has become the pre-
ferred first-line imaging test in the evaluation of suspected acute PE.

Key Words: Computed tomography; pulmonary angiography; ventilation-perfusion
scintigraphy.

INTRODUCTION

Acute pulmonary embolism (PE) is a relatively common event with a wide spectrum
of clinical presentations that range from small asymptomatic and incidentally detected
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subsegmental PE to life-threatening central PE causing hypotension, myocardial infarc-
tion, and cardiogenic shock. The overall incidence has been estimated at approx 1 per
1000 population in the United States (), and 3-mo mortality may be higher than 15% (2).
Thus, because of the relatively high mortality of PE and the treatable nature of the disease,
the diagnosis is often sought in the evaluation of acute dyspnea and hypoxia. Imaging
studies remain a critical step for establishing the diagnosis.

CHEST X-RAY

The chest radiograph is rarely, if ever, diagnostic of PE, and thus the main role of chest
radiography is to identify important alternative diagnoses such as congestive heart fail-
ure and pneumonia. In the latter case, the diagnosis of PE can be dismissed early and the
need for further, advanced imaging studies may be obviated. On the other hand, chest
radiographs may aid in triaging patients suspected of having PE to the next imaging test.
For instance, if the chest radiograph is normal, there is a high likelihood of a diagnostic
result from ventilation-perfusion (V/Q) scintigraphy. If, however, the chest radiographs
are abnormal, V/Q scanning is likely to be nondiagnostic and cross-sectional imaging,
particularly computed tomographic pulmonary angiography (CTPA), would be the pre-
ferred strategy. This is of particular value when weighing the risks and benefits of per-
forming these tests, particularly in consideration of radiation dose and intravenous contrast.

In the setting of acute PE, chest radiographs are often normal or show minor abnormal-
ities such as subsegmental atelectasis and small pleural effusion (3). The presence of seg-
mental or lobar atelectasis as well as large pleural effusion should suggest a diagnosis other
than PE, although, unfortunately, the two coexist on occasion. Pulmonary infarcts are un-
commonly visualized on chest radiographs (Fig. 1), but, when present, are seen as wedge
shaped air-space opacities typically located at the costophrenic sulci (also known as Hamp-
ton’s hump). With extensive PEs and large central clots, regional hypoperfusion may be
evident as areas of decreased lung attenuation with an associated paucity of vascular
markings (Westermark’s sign).

IMAGING THE DEEP VENOUS SYSTEM

This diagnostic test is discussed in more detail in the following chapter (Chapter 3).
Because duplex venous ultrasound is a relatively easy study to perform and interpret, some
authors have advocated bilateral lower extremity studies early in the algorithm for the
work-up of PE. The rationale is that deep venous thrombosis (DVT) and PE are treated in
essentially the same manner and that a positive result would thus obviate the need for fur-
ther imaging. As explained in Chapter 7, this may indeed be a reasonable consideration
in many patients suspected of having PE. It should be noted, however, as a limitation of
this strategy, that failure to diagnose PE in the setting of venous thromboembolism may
result in incorrect (over)diagnosis of PE recurrence during follow-up, particularly with
the use of V/Q scintigraphy (4,5).

V/Q SCINTIGRAPHY
Validation

Prior to widespread usage of CT, V/Q scintigraphy was the test of choice to screen for
PE. The most recent source of knowledge comes from the Prospective Investigation of
Pulmonary Embolism Diagnosis (PIOPED), a large multi-institutional study to deter-
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Fig. 1. Pulmonary infarct. Frontal chest radiographreveals wedge-shaped area of air-space disease
in left costophrenic sulcus (arrow), also known as Hampton’s Hump.

mine the utility of V/Q scintigraphy with conventional angiography as the reference
standard (6). Rather than the traditional interpretation of the test as “positive” or “nega-
tive,” the results of the study were used to stratify the chance of PE based on the scinti-
graphic pattern (Table 1). As the intent of the study was to promote V/Q scintigraphy as
a screening test, the results were presented to maximize sensitivity. In order to accomplish
this task, however, all but the normal scans had to be grouped together as an abnormal
result, raising the sensitivity to 98% (6). Unfortunately, this also resulted in a very low
specificity of 10% (6). Based on the results of this study as well as the prior work by Hull
(7,8), venous ultrasound followed by conventional angiography and/or venography (if
the ultrasound was negative) was recommended to follow all but normal lung scans (9).

Using clinical suspicion as a guide (see Chapter 1), the accuracy of V/Q scintigraphy
can be improved. For instance, combining a clinical probability of less than 20% with a
low-probability scan indicated a mere 4% likelihood of PE (6). Further refinements of
the data were also used to modify low-probability studies (/0) and then create a “very
low-probability” category with the risk of PE being less than 10% (117,12). It should be
noted, however, that current evidence supports withholding anticoagulation only in the
setting of a normal V/Q scan and negative DVT evaluation (6,/3).

Despite the available data and recommendations, itis clear that the results of V/Q scin-
tigraphy are frequently misapplied (/4-16). Interpreting physicians may use their own
“gestalt” approach rather than following the established criteria (/7). Patients with low or
intermediate probability studies often do not undergo further testing despite the published
recommendations (15,16}, perhaps owing to alack of understanding of V/Q scintigraphy’s
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Table 1
Modified PIOPED Ciriteria for Pulmonary Embolism (PE) (10)
Category % Posttest probability of PE
Normal <2
- No perfusion abnormalities
Very low probability (17) <10

- Nonsegmental perfusion defect
— Perfusion defect smaller than chest X-ray finding
— Stripe sign
— Triple match mid/upper lung
— Less than three small segmental defects
Low probability <15
— Multiple matched defects
— Defect with larger chest X-ray abnormality
— Less than three small segmental defects
— Nonsegmental defects
Intermediate probability ~33
— One moderate or less than two large defects
— Corresponding lower lung zone defect and chest X-ray abnormality
— Ventilation-perfusion defects and small effusion
— Difficult to categorize as high or low probability
High probability >85
- Two large segmental perfusion defects without ventilation
or chest X-ray abnormality
— One large and two moderate perfusion defects
— Four moderate perfusion defects

role as a screening rather than a diagnostic test. Based on the rapid advances of CT tech-
nology and the limitations of V/Q scintigraphy, utilization of this test is decreasing (/8).

Interpretation

Besides the published PIOPED criteria (see Table 1), other criteria proposed earlier
by McNi:el (719), Biello (20), and Hull (8) can be used to assess the probability of PE.
Although these sets of criteria have (subtle) differences, none is clearly superior to the rest
(21). Moreover, despite the wealth of information, interpretation remains a subjective
process in clinical practice and, at the end of the analysis, the category (probability of PE)
may be assigned on a “gut feeling” rather than objective use of fixed criteria. This leads
to intraobserver variations that may not disappear even with fixed training (22,23). It
appears that the Hull criteria have the least intraobserver variability when compared with
the PIOPED criteria or the gestalt approach (/7). Despite conventional wisdom, it does
not appear that the presence of underlying disease or critical illness affects the overall
reliability of V/Q scintigraphy (24,25).

The rationale of V/Q scintigraphy lies in the fact that portions of lung subtended by
a vessel will remain ventilated when perfusion is interrupted by an embolus, resulting in
V/Q mismatch. This appears as a wedge-shaped defect in the perfusion scan with normal
ventilation. The probability is then based on the size and number of mismatched segments
and subsegments (Fig. 2). In the presence of underlying lung disease or disordered ven-
tilation, interpretation can be more difficult. A matched segment may occur as a result
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Fig. 2. Acute pulmonary embolism. Perfusion scan reveals multiple wedge-shaped perfusion defects
(arrows). High-probability scan in setting of normal ventilation.

of shunting of blood flow away from nonventilated segments, embolic disease to poorly
ventilated lung tissue, or pulmonary infarction. When a triple match (abnormal chest
radiograph, ventilation, and perfusion in the same region) occurs in the upper lobe, it is
generally considered to be due to shunting of blood, whereas a triple match occuring in
the lower lobe may be due to pulmonary infarction.

CONVENTIONAL PULMONARY ANGIOGRAPHY

Validation

The technique of conventional angiography dates back to the 1950s. It gained increas-
ing popularity over the next two decades and was validated by negative outcome studies.
Still, the early data were somewhat limited and did not necessarily reflect today’s imag-
ing patterns. In the largest original cohort of 247 patients (imaged over a 6-yr period), the
rate of definitive diagnosis, positive or negative, was 74% and subsequent development
of PE was not reported (26). In the PIOPED study, the rate of subsequent PE after 1 yr
of follow-up was 1.6% for 380 negative angiograms (27). When the results of the PIOPED
trial and the three other outcome trials performed at that time are analyzed together, 15/
733 (2.0%) subjects had subsequent PE after a negative pulmonary angiogram (7,27-29).
Primarily based on these studies and the lack of other imaging options, catheter pulmo-
nary angiography was regarded as gold standard for imaging PE.

Although relatively invasive compared to other imaging modalities (30,31), catheter
angiography is a rather safe procedure. Major complications including hematoma, renal
failure, respiratory distress, and death occur in less than 1% of the patients, and the death
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Fig. 3. Acute pulmonary embolism. Selective digital subtraction angiography in left pulmonary artery
reveals segmental branch filling defect (arrow) diagnostic of pulmonary embolism.

rate across several studies was less than 0.5% (30). Despite the safety record, many physi-
cians are reluctant to order this study, particularly in patients in whom thrombolytic treat-
ment is either planned or already being administered.

Although negative outcome studies establish the safety of withholding anticoagulation
in a negative study, they cannot per se establish accuracy. Attempts to determine the repro-
ducibility of conventional angiogram interpretations amongst different observers has
met with mixed success. In the PIOPED study, observer agreement overall was 81% (98%
for lobar, 90% for segmental, and 66% for subsegmental embolus), and the agreement on
negative results became significantly less as the quality of the study decreased (30). Clearly,
interobserver variability at the subsegmental level is a significant problem ranging from
40-66% for two observers (30,32-34). Given that the use of catheter angiography is
in decline (35,36), the overall reliability in the hands of relatively inexperienced angio-
graphers may be significant and should be considered a major limitation at this time.

Interpretation

Four basic patterns of abnormality have been described: (1) intraluminal filling defects;
(2) vascular cut-offs; (3) regional oligemia; and (4) asymmetric flow (26,37). The first two
are considered to be the most specific findings of PE. Intraluminal filling defects usually
result from incomplete occlusion of a vessel and can sometimes be difficult to detect
because of flow around the thrombus. Vascular cut-offs result from complete occlusion and
are also difficult to detect in peripheral vessels (Fig. 3). Generally, the lack of perfusion
distal to a vascular cut-off is considered secondary evidence of thrombus. Other patho-
physiologic factors may lead to regional oligemia and flow asymmetry, and thus detection
of such abnormalities requires a careful search for definitive signs of emboli. By them-
selves, oligemia and flow asymmetry are rather nonspecific findings.
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MAGNETIC RESONANCE IMAGING

MRI may become a valid tool to evaluate patients with suspected PE and absolute or
relative contraindications to computed tomography (CT) such as renal failure or preg-
nancy. Unfortunately, there are few well designed clinical trials of MRI. A recent meta-
analysis found that only 3 of 28 studies performed met stringent criteria for the evaluation
of a diagnostic imaging technique (38). This study also revealed that gadolinium-based
MRI has good diagnostic sensitivity (77-87%) and specificity (95-98%) (39—41). The
major disadvantages are long examination times, the need for a relatively long breath hold
(a crucial problem in patients with acute PE), and the inappropriateness of the method for
imaging critically ill patients. However, as technology advances and breath-hold tech-
niques are refined, MRI s likely to emerge as a viable alternative for patients with contra-
indications to contrast-enhanced CT. Anexample of this is magnetic resonance angiography
using gradient-recalled echo techniques with sensitivity encoding. In a preliminary study
(42), the breath hold for this technique was approx 36 s with a per-patient sensitivity and
specificity of 92 and 94%, respectively, when compared to conventional angiography.
Although sensitivity dropped to 70% in peripheral lung zones, the results overall com-
pared favorably to multidetector CT.

COMPUTED TOMOGRAPHY

With rapid improvements in technology, the current generation of multidetector CT
scanners allows an acquisition of the entire thorax with submillimeter resolution within
a comfortable breath hold of less than 10 s (43). Improvements in temporal resolution
with rotation times of 0.5 s and less reduce the number of nondiagnostic CT scans, par-
ticularly in patients with underlying lung disease (44). Although 1.0- to 1.25-mm slice
thickness may not be necessary to detect large PE, it clearly provides a better depiction
of subsegmental vessels and improves interobserver agreement (45,46).

To obtain a diagnostic study, a rapid contrast bolus (35 ccs per second) and accurate
bolus tracking are critical. A secure intravenous catheter is necessary, preferably 18-20
gauge in the antecubital fossa. A saline chaser helps to reduce artifacts from dense con-
trast in the superior vena cava, but is not universally available at this time.

Validation

CT has become the method of choice for imaging PE in clinical routine in most insti-
tutions. Although meta-analyses have suggested that CT has not been adequately eval-
uated compared to the “gold” standard (47—49), these reports focused on only earlier
studies. The most recent comparison of four-row multidetector CT (MDCT) and digital
subtraction angiography showed 100% sensitivity and 89% specificity for CT with three
“false-positives”, which were, however, considered as true-positive CT and false-nega-
tive conventional angiography at review (50). Direct comparison of CT to conventional
angiography may not be appropriate for other reasons as well. The interobserver repro-
ducibility for a confident diagnosis of PE with MDCT exceeds the correlation with selec-
tive pulmonary angiography (34,46,51). Because of the reluctance to perform routine
conventional angiography, and perhaps as important, a declining experience in the inter-
pretation of conventional pulmonary angiograms, the validity of conventional angio-
graphy as a diagnostic standard is no longer certain. PIOPED II, a large multicenter study
to assess the accuracy of CT, used a composite diagnostic standard rather than performing



26 Ravenel and Schoepf

Fig. 4. Acute pulmonary embolism. Contrast-enhanced axial computed tomography reveals low-
attenuation emboli in the right and left pulmonary arteries (arrows).

conventional angiography in all cases (52). The preferable means for validation of CT
is therefore the performance of negative outcome studies, the same scientific investiga-
tions used to establish conventional angiography as the reference standard.

Negative predictive value of CT has consistently been shown to surpass 96% both with
single detector (53-59) and multidetector techniques (60-68). Underlying lung disease
(59), inpatient status (54), and results of V/Q scan (56,58) did not appear to have appre-
ciable effects on the negative predictive value. Thus, if the CT study is interpreted as neg-
ative for PE with acceptable image quality, anticoagulation can possibly be safely withheld
without adversely affecting patient outcome (see also Chapter 7). It should be noted in
this regard that CT has undergone much more rigorous evaluation in far greater numbers
of patients than conventional angiography to be established as the “gold” standard in the
diagnosis of PE (69).

Interpretation

The diagnosis of PE is usually straightforward, relying on the direct observation of a
central filling defect surrounded by a rim of contrast in a pulmonary artery (Figs. 4 and 5).
Often emboli lodge at bifurcation points and continue into both branch vessels. A sharp
vessel cut-off or absence of vessel filling also provides evidence of PE, but may be more
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Fig. 5. Appearances of acute pulmonary embolism on computed tomography. (A) Filling defect sur-
rounded by rim of contrast (arrows). (B) Complete vascular cut-off (arrow) with absent distal flow.
Note also left pleural effusion (E).

difficult to perceive. Vessels that run parallel to the axial plane, particularly right middle
lobe and lingual branches, are often better evaluated with coronal, sagittal, or off-axis
oblique reformations, which can be performed rapidly at a number of advanced viewing
work stations (Figs. 6—8). Reformations allow these vessels to be viewed in cross-section
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Fig. 6. Value of reformatted images. (A) Axial image reveals apparent filling defect in anterior
segmental branch of left upper lobe (arrow). Appearance can be mistaken for volume averaging with
adjacent structures. (B) Oblique coronal reformatted image reveals typical appearance of filling defect
surrounded by rim of contrast (arrow).

similar to upper and lower lobe vessels and increase diagnostic confidence, as well as
reduce false-positive studies due to artifacts (70).

Secondary findings may also be present to suggest the diagnosis. Infarcts present as
peripheral wedge-shaped areas of ground-glass opacity or consolidation (Fig. 9), and in
one study occurred in 25% of cases with PE (71). Localized oligemia (Fig. 10) may also
be seen (CT Westermarks’s sign), although in most cases the embolus causing hypoper-
fusion is easily identifiable. Nonspecific abnormalities such as subsegmental atelectasis
and small pleural effusions are often encountered both in patients with and without PE.
Often, these findings are helpful in alerting the study interpreter to carefully evaluate the
relevant vascular supply. A clear benefit of CT is the depiction of alternative diagnoses
not otherwise suspected when PE is absent (71,72).



Chapter 2 / Imaging of Acute Pulmonary Embolism 29

Fig. 6.(C)Oblique sagittal reformatted image defines extent of embolus within the vessel (arrowheads).

Pitfalls and Artifacts

Difficulties in interpreting CT images may be the result of problems with contrast
enhancement, image reconstruction, and patient cooperation. Although usually not a
problem in clinical practice, dense opacification of the superior vena cava can occasion-
ally cause beam-hardening artifacts to obscure the pulmonary arteries in the medial right
upper lobe. On the other hand, a poor bolus is a limitation often difficult to overcome,
as contrast differences between an embolus and vessel lumen are difficult to detect. Occa-
sionally, narrowing the window and level setting will allow for more confident interpre-
tation, but in most cases either a repeat bolus of contrast or an alternative imaging technique
should be performed.

Stair-step artifacts can mimic PE by simulating filling defects on axial images. They can
usually be identified by alternating images of increased and decreased vascular attenu-
ation and confirmed by bands of low and high attenuation on multiplanar reformations
(Fig. 11).

Despite scan times approaching 5-10 s, dyspneic patients still may not be able to ade-
quately suspend respiration. The motion from respiration can blur vessels making it impos-
sible to detect emboli. Respiratory motion is best confirmed by viewing at lung window
settings. Motion artifacts due to transmitted cardiac pulsation particularly affect the right
middle lobe and the lingual and medial lower lobes. Electrocardiogram-gating of chest
CT scans reduces artifacts caused by cardiac pulsation and improves the evaluation of
adherent thoracic structures {73,74); however, this technique also lengthens the breath



30 Ravenel and Schoepf

‘E

Fig. 7. Using three-dimensional images to define the extent of disease. (A) Coronal thick-slab
volume rendered image reveals saddle embolus extending into bothright and left pulmonary arteries
(arrow). (B) Sagittal thick-slab volume rendered image allows for better analysis of the degree of
occlusion by saddle embolus (arrow).

hold (potentially substituting breathing artifact for pulsation artifact) and increases the
radiation dose.

Subsegmental Emboli

Subsegmental emboli are a vexing imaging and clinical problem (Fig. 12). One of the
leading criticisms of CT is the inconsistent depiction of subsegmental vessels in earlier
studies. This is a flawed argument, as V/Q scans would most likely be interpreted as low-
or very low-probability in the setting of isolated subsegmental emboli. Such findings
generally do not lead to further testing (75,76), and the interobserver variability of con-
ventional angiography is also poor at the subsegmental level (30,34). Thus, there is no
good standard for assessment of subsegmental emboli. Perhaps the greatest advantage of
multidetector CT is the improved and more consistent visualization of subsegmental pul-
monary arteries up to sixth and seventh order branches (77). At 1-mm collimation, optimal
analysis of subsegmental vessels is possible and there is a higher detection rate of small
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Fig. 8. Using three-dimensional images to define the extent of disease. Frontal projection of three-
dimensional volume rendering reveals markedly diminished flow toright lung evidenced by asym-
metry of pulmonary vessels.

emboli than with thicker collimation (46,78). However, although there may be no doubt
among the interpreting radiologists as to the absence or presence of small isolated emboli
based on a good-quality MDCT scan, such findings may be difficult to “prove” in corre-
lation studies.

It has also been suggested that CT may be too sensitive. In one study, 37% of subjects
with a CT diagnosis of isolated subsegmental PE did not receive anticoagulation and had
no adverse outcome (79). It may be that, in the absence of DVT as indicated by compression
ultrasound or indirect CT venography, patients with adequate cardiopulmonary reserve
who are otherwise at low risk may not need treatment (80). Unfortunately, there is no good
evidence to suggest when it is safe or advantageous to withhold anticoagulation.

CT Assessment of Severity and Right Ventricular Dysfunction

Right heart failure remains a major cause of mortality in patients with acute PE (87).
Because of increased pulmonary vascular resistance and hypoxic vasoconstriction, the
pressure in the right ventricle rises and, in massive PE, may result in dilation and hypokine-
sis of the right ventricular myocardium. Traditionally, echocardiography has been utilized
to make this determination (82) (see Chapter 4). However, information about right ven-
tricular dysfunction can also be gleaned from CT. In response to major PE, there is relative
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Fig.9. Pulmonary infarct on computed tomography. Axial image reveals wedge-shaped area of mixed
ground glass opacity and consolidation (arrowheads) with associated pleural effusion (E).

enlargement of the right ventricle compared to the left ventricle, although evidence
suggests that this may be more a function of left ventricular collapse thanright ventricular
dilation (83). Nonetheless, the right ventricular/left ventricular ratio (RVp/LVp) corre-
lates relatively well with clinical severity, and a ratio greater than 1.5 appears to be suf-
ficiently diagnostic of “massive” PE (84,85 ). Indeed, in patients with a (RVp/LVp) greater
than 0.9, significantly more adverse events were observed. Increases in RVp/LVy, and
bowing of the intraventricular septum (Fig. 13) to the left have been associated with the
need for admission to an intensive care unit. The major limitation of CT in severity assess-
ment, particularly compared to echocardiography, is the inability to obtain dynamic infor-
mation including wall motion abnormalities and tricuspid valve regurgitation (86).

A second means of assessing severity can be derived from the degree of vascular
obstruction noted at CT. Scoring systems based on conventional angiography such as the
Miller index (87) have been adapted for use in CT. The most commonly used system
assigns a value of 0, 1, or 2 to each segmental artery indicating no obstruction, partial
obstruction, or complete occlusion (88). More proximal emboli are scored based on the
total of segmental vessels in the affected vascular territory. This results in a maximum score
of 40 and the degree of obstruction is presented as a percentage. An obstruction index of
40% or greater has been correlated with right ventricular dilation at echocardiography
(88) and, in one small study, five of six subjects who died of PE had an obstruction index
of greater than 60% (89). Still, as evidenced by retrospective studies, there is clearly overlap
between “severe” and “nonsevere” PE when relying on the obstruction index (83). From
a variety of studies, it appears that at an obstruction index threshold greater than 40% cor-
relates with severity and need for aggressive therapy, but does not act as an independent
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Fig. 10. Computed tomography Westermark sign. Thin-slab axial minimum intensity projection
imagereveals wedge-shaped region of hypoperfusion (large arrowheads) relative to normal paren-
chyma due to central pulmonary embolism (small arrowheads).

predictor of mortality (83,86,90). In clinical practice, using this form of severity assess-
ment is more cumbersome than RVp/LVp ratio.

RADIATION DOSE CONSIDERATIONS

The effective dose for the typical CT for PE ranges from 3-6 mSv and the absorbed
dose in breast tissue is approx 21 mGy, depending on the tube current (97). By way of
comparison, screening mammography has an approximate breast dose of 2.5 mGy (91).
In the vast majority of cases, the risk-benefit ratio for imaging clearly favors performing
the examination, two clinical scenarios warranting particular attention. In young women
with normal chest radiographs, there is a high likelihood of a diagnostic V/Q scan and
a lower breast-absorbed dose. In pregnant patients (see Chapter 17), because of the
excretion of radiopharmaceutical via the urinary bladder, the absorbed radiation dose to
the developing embryo is higher, 1-2 mGy, for V/Q scan vs 0.1-0.2 mGy for chest CT,
and thus CT is favored (92,93), although the radiation dosage in both imaging procedures
is well below the fetal threshold of 50 mSv.

With V/Q scanning, radiation dose can be lowered in two ways. Under certain circum-
stances itis possible to perform the exam without ventilation images, e.g., in an otherwise
healthy young patient with normal chest radiograph. Similarly, the radio-labeled macro-
aggregated albumin particles can be reduced to half for perfusion imaging. For CT, new
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Fig. 11. Stair-step artifact. (A) Axial image shows relative decrease in attenuation in basilar segmen-
tal vessel (arrow), an appearance that may be mistaken for pulmonary embolism. (B) Coronal refor-
mattedimage reveals typical stair step appearance at multiple levels (arrows). Embolus would appear
as extending along the long axis of the vessel.

techniques such as tube current modulation (available on all new multidetector scanners)
as well as manually lowering tube current mA and tube rotation time will decrease radia-
tion dose (94). If these parameters are lowered too much, however, the result can be
excessive quantum mottle and a nondiagnostic CT exam. Thus, CT exams require a care-
ful balancing of dose and image quality. The specific effect of low-dose techniques on
the detection of PE has not been scientifically evaluated to date.
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Fig. 12. Subsegmental embolus. (A) Axial image reveals tiny filling defect in small basilar pulmo-
nary artery (arrow). (B) Oblique coronal reformatted image along vessels long axis confirms pres-
ence and documents extent of embolus (arrows).

COST-EFFECTIVE IMAGING

Because of the wide array of studies available for the diagnosis of PE, cost-efficacy
analysis becomes a complex undertaking and depends on the sensitivity assigned to CT
compared to the other competing strategies, and the pretest clinical probability. Several
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Fig. 12.(C)Coronal thick slab volume rendered image shows embolus (arrows) inrelationship to adja-
cent normal arteries. The defect that would be produced at ventilation-perfusion scan would be
expected to be read as very low probability for pulmonary embolism.

Fig. 13. Assessment of right ventricular dysfunction. (A) Curved reformatted image created to dis-
play main and lower lobe arteries reveals extensive emboli with extensive vascular occlusion. LN,
subcarinal lymph node related to known primary lung malignancy.

analyses have been performed, based primarily on data from single-detector CT (95-97).
Assuming an 85% diagnostic sensitivity, CT strategies become more cost-effective than
V/Q strategies (95,96), although it should be emphasized that these strategies also require
the use of ultrasound and D-dimer testing (see Chapter 7). Unfortunately, these analyses
omit an important factor for the use of CT, i.e., the ability to rapidly indicate alternative
diagnoses that would also favor CT over any one of the competing strategies (98). When
the clinical probability of DVT is high, strategies that include lower extremity ultrasound
followed by CT appear to be the most efficacious use of imaging, with a cost-effective-
ness ratio below $20,000 (US dollars) per life saved (99). Whether indirect CT venog-
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Fig. 13. (B) Axial image through heart reveals bowing of the interventricular septum to left and
RVp/LVp = 1.9, both signs of right ventricular strain.

raphy in the setting of CT for PE will result in lower costs through the elimination of
ultrasound studies is not clear.

CONCLUSION

Although many options remain for the diagnosis of PE, the preferred strategy is to use
CT as a first-line diagnostic test in the vast majority of circumstances.
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SUMMARY

Deep vein thrombosis (DVT) and pulmonary embolism (PE) represent two clinical
manifestations of the same disease. Therefore, the search for DVT is an integral part
of the diagnostic workup of PE. However, out of the wide range of possible tests for
diagnosing DVT, only few show acceptable sensitivity and specificity, which also may
vary depending on the diagnostic setting in which these tests are performed. This chap-
ter describes the diagnostic procedures for DVT testing, namely clinical examination,
pretest probability scores, D-dimers, compression ultrasound, and venography, includ-
ing computed tomographic and magnetic resonance venography. Advantages and limita-
tions, and the interpretation of test results, are discussed. Because compression ultrasound
(CUS) has become the method of choice in suspected DVT, different protocols (2-CUS,
E-CUS, and C-CUS) and the validity of their results are described in more detail. Notably,
even though the available data suggest that venous ultrasound applied as a single test
has low diagnostic sensitivity in suspected PE, it should be an integral part of the diag-
nostic workup of PE. For example, because lung scans often show indeterminate results,
the confirmation of DVT by ultrasound may establish the diagnosis of PE in these patients
without further tests. The second domain of venous ultrasound is to reduce the number
of direct PE-imaging procedures in patients with high pretest probability and/or posi-
tive D-dimer, in whom CUS should be applied first, whenever possible. Venous ultra-
sound can also be particularly useful if PE is suspected in hemodynamically unstable
patients, in whom a fast and reliable diagnosis at the bedside is necessary. The confirma-
tion of DVT by ultrasound establishes the diagnosis of PE in these patients and treat-
ment can be initiated without delay.
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INTRODUCTION

Deep vein thrombosis (DVT) and pulmonary embolism (PE) represent two clinical
manifestations of the same disease. Because venous thromboembolism (VTE) is poten-
tially dangerous, an immediate diagnosis is necessary. The approach to the diagnosis or
reliable exclusion of DVT is often not standardized and sometimes lacks effectiveness
and accuracy owing to the large number of possible diagnostic modalities, the heteroge-
neity of the tests available in individual institutions, and the differences in experience and
expertise among physicians requesting or performing these procedures. This chapter is
focused on the diagnostic strategies for DVT, which may vary but principally need to
adapt to one of the following typical clinical situations: (1) first episode of suspected
DVT in asymptomatic lower extremity; (2) suspicion of recurrent DVT in a symptomatic
lower extremity; (3) screening of asymptomatic high-risk patients; and (4) examination
of asymptomatic lower extremities in patients with suspected PE.

EVALUATION OF DIAGNOSTIC PROCEDURES FOR DVT

A variety of diagnostic tools are available to confirm or exclude the diagnosis of DVT.
The following procedures are those most widely used:

History, Signs, and Symptoms

Although some patients with DVT show typical symptoms, approx 30% of DVT are
asymptomatic (/,2). Furthermore, a number of different conditions can present with
DVT-like symptoms, which is why the clinical diagnosis of DVT is discarded in approx
one-half of the cases after objective testing (3). Therefore, physical examination alone
is insufficient and should be followed by more sensitive and specific testing.

Pretest Probability Scores

The easiest way to categorize patients with suspected VTE is to add up basic clinical
information on the presence of acquired or inherited risk factors and on clinical symptoms
and signs into a semiquantitative assessment of probability for DVT (see also Chapter 1).
For symptomatic patients, score systems reflecting the combination of these data are use-
ful tools to categorize patients accurately into groups of low, moderate, or high probabil-
ity for VTE (Table 1, left column) (4-6). Whereas DVT is diagnosed in only 3% of
patients considered to have low pretest probability, positive findings in objective testing
are much more frequent in the moderate- (17%) and particularly in the high-probability
(75%) patient group. In the initial score system published by Wells in 1997, previously
documented DVT did not alter the overall score. A slightly modified score was published
in 2003 by the same group (Table 1, right column), which included previously docu-
mented DVT and divided patients in only two groups, DVT-likely (score >2) and DVT-
unlikely (score < 2) (7). The score accurately reflected the true prevalence of DVT: 54%
of the patients were categorized as unlikely to have DVT, and, of these, only 5.5% had
DVT diagnosed by objective testing, compared to the 28% frequency of positive findings
in patients considered DVT-likely using the Wells score.

D-Dimer Test

D-dimer is a degradation product of cross-linked fibrin, and elevated levels indicate
fibrinolysis (8). Because thrombosis is always accompanied by fibrinolysis, increased D-
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Table 1
Pretest Probability Scores for Suspected DVT, Evaluated by Wells et al. (5,7)

DVT- Pretest probability score (Wells 1997) DVT- Pretest probability score (Wells 2003)

Score Score

— Active cancer (treatment ongoing or 1  — Active cancer (patient receiving 1
within previous 6 month or palliative) treatment for previous 6 month

or currently receiving palliative
treatment)

— Paralysis, paresis, or recent plaster 1 —Paralysis, paresis, or recent plaster 1
immobilization of the lower immobilization of the lower
extremities extremities

— Recently bedridden for more than I —Recently bedridden for 3 days 1
3 days or major surgery within or more, or major surgery within
4 weeks the previous 12 weeks requiring

general or regional anethesia

— Localized tenderness along the 1 —Localized tenderness along the 1
distribution of the deep venous distribution of the deep venous
system system

— Entire leg swollen 1  —Entire leg swollen 1

— Calf swelling by more than 3 cm 1  —Calf swelling at least 3 cm larger 1
when compared with the asymptomatic than on the asymptomatic side
leg (measured 10 cm below tibial (measured 10 cm below tibial
tuberosity) tuberosity)

— Pitting oedema (greater in the 1 — Pitting oedema confined to the
symptomatic leg) symptomatic leg 1

— Collateral superficial vein 1 — Collateral superficial vein 1
(nonvaricose) (nonvaricose)

— Alternative diagnosis as likely n. — Previously documented deep-vein 1
or greater than that of deep-vein thrombosis
thrombosis — Alternative diagnosis at least as n.

likely as deep-vein thrombosis

Score 0 or less  low probability Score less than 2 DVT unlikely
Score 1 or 2 intermediate probability Score 2 or more DVT likely
Score 3 or more high probability

dimers in the circulation are an extremely sensitive marker of thromboembolic events (9).
However, because fibrin degradation is also common in nonthromboembolic diseases,
false-positive results are common and specifity is low. Thus, the importance of D-dimer
testing lies in its negative predictive value. Normal D-dimer levels in combination with
low or intermediate pretest probability effectively rule out DVT and PE (7,10).

The value of pretest probability scores combined with D-dimer testing is discussed in
more detail in Chapter 1.

Compression Ultrasound (CUS)

Today, real-time venous ultrasound has become the most widely used tool in the diag-
nostic process of DVT and has replaced continuous-wave Doppler ultrasound. However,
the nonstandardized use of various ultrasound modalities such as B-mode, pulsed-wave
Doppler, and color Doppler limits the accuracy of this technique. Thus, whereas a high
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Fig. 1. Comparison of three compression ultrasound protocols (15). 2-CUS, two-point compression
ultrasound of the common femoral and popliteal vein; E-CUS, extended compression ultrasound
examining the complete thigh veins, popliteal vein and trifurcation; C-CUS, complete compression
ultrasound examining the complete deep venous system of thigh and calf. CFV, common femoral
vein; GSV, greater saphenous vein; PFV, profound femoral vein; SFV, superficial femoral vein;
PopV, popliteal vein; PC, peroneal confluence branch; PTC, posterior tibial confluence branch; PV,
peroneal veins; PTV, posterior tibial veins; ATV, anterior tibial veins.

sensitivity and specificity could be shown for diagnosis of proximal DVT (i.e., at the
level of the popliteal or femoral vein), a meta-analysis revealed a lack of sensitivity and
specificity when examining the calf veins. This was more frequently the case in asymp-
tomatic than in symptomatic patients (//—14).

Because of the limitations of venous ultrasound, simplified or standardized protocols
of venous CUS in suspected DVT were developed. These can be categorized into three
approaches (Fig. 1): (1) segmental CUS of only two characteristic venous segments, the
common femoral vein and the popliteal vein (2-CUS); (2) extended CUS of the complete
deep thigh veins and the popliteal vein down to the trifurcation (E-CUS); and (3) com-
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Compression

SFV-DVT

Fig.2.DVT of superficial femoral vein (SFV), without compression (left), and under compression
(right).

plete CUS of all segments of the deep thigh and calf veins (C-CUS) (15). All of these
protocols use the noncompressibility of a venous segment as the criterion to diagnose
DVT (Fig. 2).

2-CUS

Cogo et al. suggested ultrasound scanning of only the common femoral and popliteal
vein (2-point-ultrasound), because most patients with symptomatic DVT present with
occlusive proximal thrombosis (/6). For this segmental (or rapid) CUS (Fig. 3), Lensing
et al. reported a high sensitivity and specifity for proximal symptomatic DVT. On the
other hand, diagnosis of distal DVT was shown to be associated with a low sensitivity
of only 36% (17).

Using this protocol and a follow-up examination of the groin and popliteal region after
1 week (repeated or serial CUS) has been reported to be a safe strategy in patients with
suspected DVT (/8). Ascending proximal DVT can be ruled out with the first examina-
tion, but this approach will miss segmental proximal thrombi or calf vein thrombosis
initially. These thrombi may be found in the follow-up exam should they ascend to the next
proximal segment. However, when this protocol is used, all patients with suspected DVT
and a normal initial test require a second test, but only about 1-3% of them will ultimately
have a positive finding of proximal DVT (18). Because of this, this may not be a cost-
effective approach (19).

E-CUS

E-CUS examines all segments of the thigh veins and popliteal vein including the calf
vein trifurcation (20). Therefore, segmental thigh thrombi or calf vein thrombosis extend-
ing into the trifurcation (or confluence) region are detected, but, again, isolated calf vein
thrombosis is missed.
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Fig. 3. Compression ultrasound of common femoral and popliteal vein (2-CUS) (/6). Abbreviations
asin Fig. 1.

C-CUS

The concept of C-CUS uses a standardized protocol (27) in which only B-mode
ultrasound is applied to cross sections of all venous segments. In exactly defined postures
of the patient and venous segments, compression of the entire deep venous system is per-
formed, beginning in the groin and ending at the distal calf veins (Fig. 4). The venous lumen
is compressed using the ultrasound probe, following release of compression. Then the
transducer is moved further distally for approx 1-2 cm, and again compression is performed.
Using this protocol, DVT is diagnosed if a venous segment is not fully compressible (Fig.
2). Thigh veins are examined with the patient in the supine position. For examination of
popliteal and calf veins, the patient has to sit up with the legs hanging down. The popliteal
vein, all segments of the paired deep calf veins, and the muscle veins are examined sequen-
tially by exerting pressure with the ultrasound probe to every venous segment under inves-
tigation. Exclusion of DVT using such a standardized C-CUS protocol was a safe procedure
both in retrospective (22) and in prospective studies (21,23,24).

We prospectively assessed the safety of a single C-CUS in 1646 consecutive patients
with a first episode of suspected DVT. During the 3 months of follow-up, 3 of 1023 patients
(0.3%) with negative C-CUS findings experienced a symptomatic VTE event (95% con-
fidence interval [CI], 0.1-0.8%) (21). With comparable study designs, similar results were
demonstrated by Elias and Stevens (23,24) in 623 and 445 consecutive patients, respec-
tively. In these studies, the incidence of VTE during 3-month follow-up was 0.5% (95%
CL 0.1-1.8%) (23) and 0.8% (95% CI, 0.16-2.33%), respectively. The interobserver vari-
ability of C-CUS was shown to be low and the duration of the examination as short as
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Fig. 4. Complete compression ultrasound (21). Add.C, adductor canal. Other abbreviations as in Fig. 1.
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COMPR

Fig. 5. Acute soleal muscle vein thrombosis (MVT), without compression (left), and under compres-
sion (right).

6 minutes per leg (25). Furthermore, with C-CUS, assessment of calf muscle veins is easy,
and thrombi in these small veins can be detected even before the deep venous system
becomes involved (26) (Fig. 5).

Venous Ultrasound in Suspected Recurrent Thrombosis

Reliable diagnosis of recurrent thrombosis is one of the most difficult clinical tasks,
because no objective test can safely differentiate between residual and fresh thrombi if
no information about the primary DVT episode is available. This is a clinically relevant
problem, because residual thrombi can be found in up to 50% of patients 1 year after the
first diagnosis of DVT (27,28). Therefore, a systematic approach is even more critical in
this setting.

The most reliable differentiation between fresh and residual thrombosis can be made
if DVT is detected in previously unaffected venous segments. If the same venous segments
are affected, comparison with residual thrombus may still be possible provided that resid-
ual thfombus mass was accurately documented in previous sonograms. Therefore, care-
ful assessment and exact documentation of residual thrombus in clearly defined venous
segments such as the common femoral vein, the proximal end of the superficial femoral
vein, the popliteal vein, and the confluence branches of the popliteal vein is recommended.
A compression maneuver of these venous cross-sections is performed and the residual
diameter (i.e., residual thrombus thickness under compression) is measured (Fig. 5). An
increase of residual thrombus thickness by more than 2 mm at follow-up examination has
been proposed to indicate recurrence of DVT (28). If this information is not available, sono-
graphic assessment of recurrence is highly subjective and should therefore also take into
account the pretest probability, history, and clinical examination. D-dimer testing could
also be a valuable tool, although no data exist on its accuracy in this particular setting.
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Because D-dimer concentrations usually return to normal levels within the first 3 months
of anticoagulant therapy for thrombembolic disease (29), the recurrence of DVT is less
likely in patients with a negative D-dimer test than in D-dimer-positive patients. In case
of doubt, we recommend an exact documentation of thrombus mass as described previ-
ously and serial testing after 1 week, as suggested by Prandoni et al. (30).

Venography

Venography (or phlebography) is still the gold standard for diagnosis of DVT. Two
different methods, the “classic” Rabinov-Paulin venography and the long-leg venogra-
phy, are used, but it is only for the long-leg venography that a low rate of nondiagnostic
results and a high interobserver agreement could be shown (37). DVT is diagnosed when
intraluminal filling defects are detectable in more than one projection. However, radia-
tion exposure, nephrotoxic contrast media, and the painful injection into pedal veins are
limiting factors leading to primary failure in a significant number of patients (32).

Computed Tomography (CT)

Spiral CT venography has been shown to have similar sensitivity and specificity com-
pared with conventional venography (33), butits high cost and radiation burden preclude
routine use (34,35). On the other hand, the possibility of examination of the pulmonary
arteries (to confirm or exclude PE) and detection of caval or iliac vein thrombosis in the
same session represents a major advantage of CT (see Chapter 2).

Magnetic Resonance Venography (MRV)

A high sensitivity and specificity of MRV could be shown in recent studies using dif-
ferent techniques with and without contrast media (35-37), but the high costs and limited
availability exclude MRV from routine use. It may prove to be a valuable tool in the diag-
nosis of recurrent DVT, because the ability to assess the inflammatory reaction in the
surrounding tissue may help differentiate between old and fresh thrombi. Furthermore,
when caval or iliac vein thrombosis is suspected, MRV may be a safe noninvasive alterna-
tive to conventional venography (38).

VALUE OF CUS IN SUSPECTED PE

Although CUS is a safe and reliable method in symptomatic DVT, sensitivity and spe-
cificity are low in asymptomatic patients (71,12, 14). Because patients with suspicion of
PE are usually asymptomatic with regard to the leg veins, the disappointing inaccuracy
of CUS seems to apply to this patient group as well. However, the accuracy data on CUS
in the examination of asymptomatic legs are derived from screening studies in postop-
erative patients and do not necessarily reflect the situation of patients with suspected
symptomatic PE, in whom the distribution pattern of DVT may be entirely different from
“typical” postoperative DVT. For example, although in screening examinations after
high-risk surgery most findings are small segmental proximal thrombi, isolated and
segmental deep calf-vein thrombi, or muscle vein thrombosis, the source of PE is often
proximal ascending DVT. Therefore, the low sensitivity for distal DVT may not necessar-
ily impair the value of CUS in the diagnostic approach to PE. Nevertheless, the available
data suggest that 2-CUS and E-CUS have a low diagnostic sensitivity in suspected PE
(39). In a prospective multicenter study of 479 patients with suspected PE, a sensitivity
of 23% (95% CI, 19-26%) for 2-CUS and 25% (95%, CI 20-28%) for E-CUS could be
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shown. Thus, including the examination of the trifurcation into the 2-CUS protocol did not
improve the sensitivity for PE. To date, no data exist for a standardized C-CUS protocol.

In general, three possible indications exist for CUS in the diagnostic workup of sus-
pected PE: (1) CUS may help in situations of nonconclusive results of PE-imaging pro-
cedures such as single-row detector spiral CT or ventilation-perfusion (V/Q) scan; (2)
CUS may help reduce the number of patients requiring these tests; and (3) in cases of
hemodynamic instability, CUS, used as a bedside test in the intensive care unit, may
contribute to rapid diagnosis of PE, thus avoiding patient transport for further imaging
techniques.

CUS in Case of Nonconclusive Results of PE-Imaging Studies

If lung scan is the first diagnostic step, a frequent problem is the number of indeter-
minate test results, i.e., results that do not allow an unequivocal diagnosis. For V/Q scans,
the frequency of indeterminate test results may be as high as 50% (40). In these situations,
a positive result of venous ultrasound confirms the diagnosis of PE, whereas the inter-
pretation of negative results requires further stratification taking the patient’s pretest
probability into account. In cases of low or intermediate clinical probability, DVT can
safely be ruled out, whereas, in patients with high probability, further diagnostic tests are
necessary (41-43). The diagnostic strategy is different when CT is used, especially since
the introduction of multi-row detectors. Whereas a study by Van Strijen (44) showed a
lack of sensitivity of single-row detector in the diagnosis of PE, a meta-analysis including
15 studies with different CT modalities showed a good sensitivity for both single-row and
multidetector-row CT (45). Therefore, the need for adjunctive diagnostic procedures to
increase CT sensitivity for PE diagnosis is questionable. However, the combination of
negative venous ultrasound and a negative spiral CT has been shown to safely rule out PE
(46—48). Overall, the combination of D-dimer and venous ultrasound with either V/Q scan
or spiral CT has been shown to be a cost-effective strategy for diagnosis of PE (42,43) (see
also Chapter 7).

Use of CUS to Reduce the Number of CT or V/Q Scans

The combination of clinical pretest probability scores, D-dimer-testing, and C-CUS
has been shown toresultin a significant reduction of CT scans (49). In a prospective study
of 965 patients with suspected PE, normal D-dimers ruled out PE in 29%, and positive
ultrasound established the diagnosis of PE in 9.5%. Altogether, a CT scan was necessary
only in 61% of the patients and showed PE in 12.8%. For patients considered as not hav-
ing PE, the 3-month thrombembolic risk was 1.5% (95% CI, 0.5-2.1%) (46). Similar
results were obtained in another prospective study of 274 patients with suspected PE (47).
The combination of pretest probability, D-dimer testing, and venous ultrasound of thigh
and calf veins was able to reduce the number of CT scans to 42% of cases. Ultrasound
established diagnosis by detection of thigh DVT in 23.7% of patients and of calf DVT
in 13.1%. During 3-month follow-up, only one VTE event occurred, yielding an overall
incidence of 0.6% (95% CI, 0.1-3.4%). Therefore, if pretest probability scores and D-
dimer levels do not rule out PE and imaging techniques are necessary, the diagnostic
workup algorithm should include, wherever possible, venous CUS as the first step. Only
patients with a negative CUS will require a lung scan or spiral CT.

Reduction of radiation exposure is of particular interest in pregnant women with sus-
pected DVT or PE (see also Chapter 17). In pregnancy, diagnosis is complicated because
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of swelling of the legs unrelated to DVT. Moreover, D-dimer levels may be elevated in
pregnancy and are therefore of limited diagnostic value. On the other hand, isolated iliac
vein DVT is not uncommon in this setting. Therefore, the ultrasound protocol needs to
include pulsed-wave Doppler of the common femoral vein if CUS of the infrainguinal
vein is negative. If the flow pattern is normal, isolated iliac vein thrombosis is ruled out.
However, owing to increased intraabdominal pressure in pregnancy, venous flow is often
impaired and further testing is necessary. An attempt should be made to visualize the iliac
veins using color Doppler. If this fails, magnetic resonance imaging (MRI) may be
indicated, because data suggest that MRI can safely exclude isolated iliac vein thrombo-
sis in this situation (50).

CUS As a Bedside Test
in Hemodynamically Unstable Patients With Suspected PE

For hemodynamically unstable patients with suspected DVT, a fast and reliable approach
at the bedside is necessary (see also Chapter 8). Data derived from hemodynamically
stable patients showed that clinical signs, D-dimer levels, and the findings of CUS could
be used as predictors of large PE (57). This could be particularly true for hemodynami-
cally unstable patients. Therefore, if history and clinical signs are consistent with (massive)
PE, the detection of DVT is sufficient to establish the cause of hemodynamical impair-
ment. No further examinations are necessary, because procedure-associated time loss
and the need for transportation will only endanger the patient and prevent prompt insti-
tution of therapy.

CONCLUSION

CUS is increasingly becoming established as the procedure of choice for diagnosis of
DVT. Different protocols exist with a variable quality of results. Serial ultrasound for prox-
imal veins is a safe means for excluding DVT, but a large number of patients need a follow-
up examination, and only 1-3% of them will ultimately have a positive finding indicating
proximal DVT, making this protocol less cost-effective. For symptomatic patients, C-CUS
using a standardized protocol is feasible and has a high sensitivity and specificity. In most
cases, one examination will suffice for exact diagnosis.

In suspected PE, venous ultrasound is capable of reducing the number of patients who
need spiral CT or V/Q lung scan, leading to a reduction in radiation burden and, in some
cases, faster diagnosis of VTE. Furthermore, venous ultrasound is able to confirm or to
exclude PE if the lung scan or spiral CT yields inconclusive results.
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SUMMARY

The appropriate management of patients with acute pulmonary embolism (PE) who
present with right ventricular (RV) dysfunction but normal arterial blood pressure (i.e.,
those with submassive PE) continues to be highly controversial. Recently, a number of
studies have improved our understanding of subclinical RV dysfunction in PE. Despite
the limitations of echocardiographic criteria for diagnosing the enlargement and/or dys-
function of the right ventricle, ample evidence supports the notion that RV dysfunction
diagnosed by echocardiography (echo) is an independent predictor of early mortality and
complications in normotensive patients with PE. Retrospective studies showed that simi-
lar prognostic data can be obtained using multidetector-row chest computed tomogra-
phy (CT). Moreover, very recent reports indicate that biomarker, particularly troponin,
testing followed by echocardiographic or CT imaging of the right ventricle may be an
efficient and reliable strategy both for excluding (ruling out) and for predicting (ruling
in) a poor outcome in patients with PE. Thus, novel risk stratification algorithms help
identify possible candidates for early thrombolytic treatment in PE and thus provide the
background for a large controlled trial that will hopefully resolve the 30-year-old debate
on the benefits of thrombolysis in normotensive patients with PE and RV dysfunction.
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INTRODUCTION

Asearly as 35 yr ago, Mclntyre and Sasahara demonstrated that right ventricular (RV)
pressure overload and dysfunction are critical events in the pathophysiology of pulmo-
nary embolism (PE), and that they may be important determinants of the patients’ outcome
in the acute phase (/,2). At present, it is widely acknowledged that RV dilation and hypo-
kinesis resulting from acute pressure overload is capable of initiating a vicious cycle of
increased myocardial oxygen demand, myocardial ischemia (or infarction), left ventric-
ular preload reduction, and, ultimately, inability to maintain the cardiac index and arterial
pressure (3). If left untreated, this sequence of events will lead to cardiogenic shock, and,
in fact, most PE-related deaths are due to refractory cardiac (rather than respiratory) failure.

Overt RV failure with hemodynamic instability and shock due to massive, fulminant
PE does not pose diagnostic problems, and its detection certainly does not require sophisti-
cated imaging procedures or biochemical tests (see Chapter 8). This condition is asso-
ciated with a very poor prognosis and mortality rates of up to 65% in the acute phase (4).
As a result, there is consensus (5—7}, even in the absence of large randomized trials (8),
that hemodynamically unstable patients with PE should undergo emergency pulmonary
artery recanalization using thrombolytic agents (see Chapters 10 and 11), or by means
of surgical (see Chapter 12) or interventional (see Chapter 13) procedures. On the other
hand, it remains highly controversial whether the diagnosis of RV dysfunction in normo-
tensive patients with acute PE (so-called submassive PE) should also alert clinicians and
prompt them to administer thrombolytic treatment in order to prevent (rather than treat)
cardiogenic shock (9-12). In fact, the results of meta-analyses of the randomized trials
that tested thrombolysis in PE appear to contradict its (presumed) clinical benefits in this
setting (13,14).

This and the following chapter will focus on recent studies that improved our under-
standing of subclinical RV dysfunction in PE. The data obtained in these trials provide the
background for emerging risk stratification algorithms, which will hopefully succeed in
identifying high-risk normotensive patients and thus help resolve the ongoing debate on
the possible indications for thrombolysis in submassive PE.

CAN THE ELECTROCARDIOGRAM
SUGGEST RV DYSFUNCTION?

Although the electrocardiogram (ECG) on admission can, by itself, neither confirm
nor exclude the diagnosis of acute PE in a given patient, a number of earlier reports sug-
gested that specific ECG changes may correlate with the severity of PE (15-17). More
recently, Geibel et al. provided data to support the notion that simple ECG parameters could
serve as a noncostly, ubiquitously available tool for initial triage of patients with PE, i.e.,
for raising the suspicion of RV dysfunction and for prompting further risk stratification
of PE (18). The authors performed multivariate analysis in 508 patients with acute massive
or submassive PE derived from the 1001-patient Management Strategies and Prognosis
in Pulmonary Embolism (MAPPET) registry (/9). The presence of at least one of prespe-
cified ECG abnormalities (atrial arrhythmias, complete right bundle branch block, periph-
eral low voltage, pseudoinfarction pattern in leads III and aVF, or ST segment changes
over the left precordial leads) on admission was associated with an elevated in-hospital
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death risk (odds ratio [OR], 2.56; 95% confidence interval [CI], 1.49-4.57; p < 0.001)
after adjustment for clinical baseline parameters. These results appear encouraging, and
it has indeed been a long-standing hypothesis that the ECG changes frequently observed
in acute PE may reflect acute myocardial ischemia and/or RV wall stress. However, studies
using scintigraphic and enzymatic assessment were unable to consistently confirm the
presence of ischemia in patients with T-wave changes over the anterior precordial leads
(20). Moreover, not all investigators agree that ECG abnormalities can reliably predict
severe PE (21), and it is often impossible for the clinician in the emergency room or
intensive care unit to find out whether the ECG changes present on admission are preex-
isting or of new onset. Thus, although the ECG findings can be used in combination with
other parameters to assess the clinical pretest probability of PE (see Chapter 1), the avail-
able evidence is not sufficient to support a clinically relevant role for the ECG as an inde-
pendent baseline risk stratification test.

THE VALUE OF ECHOCARDIOGRAPHY:
STRENGTHS AND LIMITATIONS

As early as two decades ago, it was reported that echocardiography (echo) is capable
of visualizing the enlargement of the right ventricle that results from acute submassive
and massive PE, and that it may even detect thrombi of venous origin appearing in the
right heart cavities in transit to the pulmonary circulation (22-24). Since that time, a
number of echocardiographic findings, including RV enlargement and/or hypokinesis of
the free wall (Fig. 1A), leftward septal shift (Fig. 1 A and B), and evidence of pulmonary
hypertension, have been proposed for noninvasive diagnosis of RV dysfunction at the
bedside. These criteria were recently reviewed by Goldhaber (25,26). Currently, echo is
established in many (particularly European) institutions as the method of choice for iden-
tifying high-risk patients with acute PE, because a number of studies could demonstrate
an association between abnormal echocardiographic findings and an adverse in-hospital
outcome in terms of PE-related death and complications (27-30). Notwithstanding, the
prognostic value of cardiac ultrasound in normotensive patients with confirmed PE has not
been unequivocally demonstrated and is therefore not universally accepted. For exam-
ple, inarecent systematic review of the literature (31 ), ten Wolde et al. found seven studies
that assessed the impact of RV dysfunction diagnosed by ultrasound on the outcome of
patients with PE. They pointed out some important methodological limitations of these
studies, including lack of confirmation of PE in some of the cases, the inclusion of both
hemodynamically stable and unstable patients (i.e., a mixed population of submassive
and massive PE), and the possible confounding effects of early (thrombolytic) treatment.
Overall, a twofold elevation in the risk of PE-related mortality (4—18% increase in abso-
lute terms) was found in patients with RV dysfunction, the prevalence of which ranged from
40-70%. However, focusing on those studies that excluded patients with overt hemody-
namic instability at presentation revealed a much less pronounced difference, which did
not exceed 4-5% in absolute terms. These findings led ten Wolde et al. to question the
value of echo for risk stratification of PE and its therapeutic implications in the absence
of cardiogenic shock (317). Similarly, a retrospective cohort study suggested that echocar-
diographic detection of RV dysfunction does not suffice to set the indication for throm-
bolysis in hemodynamically stable patients with PE (32), although an earlier analysis of
the MAPPET registry had found that the relative risk of in-hospital death might be reduced
by as much as 70% in this patient group (33).
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How should these controversial data be interpreted? Should echo still be used in the dif-
ferential diagnosis of cardiogenic shock in order to confirm (or exclude) massive PE (see
Chapter 8) but otherwise be omitted in patients who are normotensive at presentation?
Although no definite answer can be given to this question at present, a very recent report
provided further evidence to support the prognostic importance of echo (even) in appar-
ently stable patients with PE (34). The authors evaluated 1035 patients included in the
International Cooperative Pulmonary Embolism Registry (ICOPER) (35). The patients
analyzed were those who presented with systemic blood pressure of 90 mmHg or higher
and underwent echo within 24 h of diagnosis. The prevalence of RV dysfunction was
39%, and, on multivariate analysis, RV hypokinesis remained an independent predictor
of 30-d mortality (hazard ratio, 1.94; 95% Cl, 1.23-3.06) after adjusting for a number of
clinical baseline parameters and the administration of thrombolytic agents.

Personally, I am convinced that transthoracic echo is a valuable nonexpensive bedside
test that often yields prognostically relevant findings and may guide therapeutic decisions
in many patients with acute PE, particularly in those who are not (yet) in cardiogenic shock
at presentation. In fact, a recent randomized trial showed that early thrombolytic treatment
of patients with submassive PE may prevent hemodynamic deterioration and obviate the
need for emergency esacalation of treatment during the in-hospital period (36). On the
other hand, it is indeed appropriate and necessary to point out the limitations of this tech-
nique and the studies that were performed to validate it. These limitations include: (1) the
diversity and lack of standardization of echocardiographic criteria (notonly among various
institutions, but also among examiners in the same hospital) for assessing the function of
the right ventricle; (2) the need for an experienced echocardiographer on a round-the-
clock basis; (3) the poor quality of transthoracic imaging in certain individuals, incon-
clusive findings in some individuals, particularly in those who are obese, on mechanical
ventilation, or have severe pulmonary emphysema; and (4) the fact that transesophageal
echo, which offers superior image resolution and the potential to visualize proximally
located pulmonary artery thrombi, is poorly tolerated by most patients with acute PE.
Finally, differential diagnosis between acute PE and chronic thromboembolic pulmonary
hypertension may be particularly difficult, although some echocardiographic criteria
have been proposed to distinguish between acute and chronic cor pulmonale (37). There-
fore, risk stratification strategies need to assess the value of further imaging and nonimag-
ing procedures, which can either be used as an alternative to echo or in combination with
ultrasound imaging to reliably confirm (or exclude) dysfunction of and/or injury to the
right ventricle in submassive PE.

THE EMERGING ROLE OF CHEST COMPUTED TOMOGRAPHY (CT)
AS AN ALTERNATIVE TO ECHOCARDIOGRAPHY

Four-chamber views of the heart on chest CT may, according to recent preliminary data,
reliably detect right ventricular enlargement due to PE (Fig. 1C) and predict early death
(see also Chapter 2). In a large retrospective series of 431 patients, Schoepf et al. found
that 30-d mortality was 15.6% in patients with RV enlargement (reconstructed four-cham-
ber views), defined as right/left ventricular dimension ratio greater than 0.9 (calculated
by receiver operating characteristic analysis), on multidetector-row chest CT, compared
to 7.7% in those without this finding (38). Multivariate analysis revealed that RV enlarge-
ment independently predicted 30-d mortality (hazard ratio, 5.17;95% CI, 1.63-16.35; p =
0.005). Thus, by analyzing a sufficiently large patient population, this study confirmed and
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extended the resuits of a previous retrospective analysis by the same group (39). Another
retrospective study on 120 patients evaluated the prognostic value of a predefined right/
left ventricular short-axis diameter ratio of 1.0 during 3-mo follow-up (40). The negative
predictive value of a small right ventricle on helical CT was excellent, reaching 100%,
whereas the positive predictive value of a right/left ventricular ratio greater than 1.0 for
PE-related mortality was rather low (10.1%) and appeared to be inferior to a pulmonary
artery obstruction index of 40% or higher. Of course, some important limitations of CT
also need to be kept in mind. They include, besides the exposure to radiation and contrast
medium, the inability to assess RV function inreal time and thus the need touse RV enlarge-
ment as a surrogate parameter. Nevertheless, if these encouraging data are confirmed by
further, prospective studies, multidetector-row chest CT may become areasonable alterna-
tive to echo for diagnosing RV dysfunction in many institutions. This is particularly impor-
tant, because this imaging technique does not share the limitations and uncertainties of
echo (mentioned in the previous section) and is currently evolving into the gold standard
in the diagnostic workup of patients with suspected PE (41 ) (see Chapter 7). Therefore, CT
has the potential to become the link between diagnostic and risk stratification strategies in
this setting.

BEYOND RV IMAGING: CARDIAC BIOMARKERS
Cardiac Troponins I and T

A number of studies published between 2000 and 2003 (42—45) and comprehensively
summarized by Kucher and Goldhaber (46) demonstrated that elevated cardiac troponin
I (Tnl) or T (TnT) levels, which are sensitive indicators of myocardial cell damage and
microscopic myocardial necrosis, are found in 11 to 50% of patients with acute PE. Car-
diac troponin elevation correlated with the presence of RV dysfunction on echo and exhib-
ited a very high (97-100%) negative predictive value with regard to death or complication
risk in the acute phase. This implies that normal troponin levels on admission may suffice
to rule out an adverse outcome in patients with PE (46). Subsequent studies (47—49)
added further evidence to support the prognostic importance of cardiac troponins in PE.

Because the critical (and controversial) issue is, as previously emphasized, early risk
stratification of normotensive patients and thus prevention (rather than treatment) of car-
diogenic shock, a recent study by Douketis et al. focused on the subpopulation of hemo-
dynamically stable patients with nonmassive PE (50). The study population (458 patients)
was derived from a large randomized trial that investigated the benefits of fondaparinux
treatment in patients with acute symptomatic PE (5/). The authors found that 14% of the
study patients without clinical evidence of RV dysfunction had Tnl levels greater than
0.5 ng/ml. within 24 h of presentation. Importantly, this elevation was associated with an
increased risk of all-cause death during the 3-mo follow-up period (OR, 3.5; 5% CI, 1.0-
11.9), although it did not appear to affect the risk of recurrent venous thromboembolism.
Thus, in view of the available data, there can be little doubt that cardiac troponin levels are
auseful laboratory parameter and should be integrated into a risk stratification algorithm
for patients presenting with acute PE.

The limitations of troponin testing also need to be kept in mind. For example, despite
some reports presenting cardiac troponins as independent predictors of mortality (48),
the overall positive predictive value of these biomarkers is low, ranging between 12 and
44% (46). Therefore, troponin elevation alone may not be sufficient to predict (rule inj early
death or major complications in patients with acute PE, and it cannot, by itself, identify
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hemodynamically stable patients who may benefit from thrombolytic treatment. More-
over, and importantly, it has been shown both in patients with acute coronary syndromes
(52)andinthose with acute PE (53,54 that cardiac troponin elevation may not occur until
612 h after the onset of symptoms. Consequently, the troponin levels measured on admis-
sion may not suffice for assessment of prognosis and guidance of early therapeutic deci-
sions. Instead, repeated troponin measurements over the first 24 h of hospitalization may
be necessary for reliable risk assessment (44,53).

Natriuretic Peptides

Natriuretic peptides are released as a result of cardiomyocyte stretch and are very sen-
sitive indicators of neurohormonal activation due to ventricular dysfunction (see Chapter
5). Both the biologically active C-terminal peptide 77-108 (BNP) and the inactive N-ter-
minal fragment 1-76 (NT-proBNP) are detectable in human plasma, and their levels have
been determined and evaluated in patients presenting with acute PE (55-58). NT-proBNP
exhibits more pronounced increments and a wider spectrum of plasma concentrations
compared to BNP, thus offering the theoretical advantage of more precise assessment of
the severity of heart failure (59). However, the clinical relevance of this difference is prob-
ably negligible. In general, both BNP and NT-proBNP are characterized by extreme prog-
nostic sensitivity and a negative prognostic value that is probably even higher than that
of the cardiac troponins and approaches or equals 100% (46). This fact makes natriuretic
petides, at least theoretically, a valuable tool for the initial triage of hemodynamically
stable patients with acute PE, and particularly for ruling out a high death or complication
risk during the in-hospital phase. On the other hand, their high sensitivity goes at the cost
of a very low specificity and a disappointingly low positive prognostic value in the range
of 1210 25%. In fact, two recent trials reported that BNP elevation alone does not indepen-
dently predict (rule in) mortality or in-hospital complications in PE (53,60). Furthermore,
the appropriate cut-off levels for distinguishing between a “positive” and a “negative”
BNP or NT-proBNP test remain rather arbitrary, as they have not yet been prospectively
validated (61).

Other Biomarkers

Fatty acid-binding proteins (FABPs) are relatively small cytoplasmic proteins (12—-15
kDa) that are abundant in tissues with active fatty acid metabolism, including the heart
(62).Infact, heart-type FABP (H-FABP) is particularly important for myocardial homeo-
stasis, because 50-80% of the heart’s energy is provided by lipid oxidation, and H-FABP
ensures intracellular transport of insoluble fatty acids (63). Following myocardial cell
damage, this small protein diffuses much more rapidly than troponins through the intersti-
tial space and appears in the circulation as early as 90 min after symptom onset, reaching
its peak within 6 h (63). These features make H-FABP an excellent candidate marker of
myocardial injury (64), and very recent data suggested that it may indeed provide prog-
nostic information superior to that of cardiac troponins in the early hours of acute coro-
nary syndromes (65,66). In 107 consecutive patients with proven PE, we compared the
prognostic value of H-FABP to that of cardiac TnT and NT-proBNP (Puls et al., unpub-
lished data). The end points were major PE-related complications and overall in-hospital
mortality. Overall, 29 patients (27%) had abnormal (>6 ng/mL) H-FABP levels at pre-
sentation. Of those, 12 (41%) had a complicated course, whereas none of the patients with
normal baseline H-FABP experienced PE-related complications (mean OR, 71.45; p <
0.0001). On multivariate analvsic H-FARP(OR 36 74' n< 0 0001 hintnot e TnTi(n=0 13\
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or NT-proBNP (p = 0.36) remained an independent predictor of overall mortality or PE-
related complications. Thus, H-FABP is a promising and, importantly, a very early indi-
cator of RV injury and dysfunction in acute PE.

EMERGING ALGORITHMS
FOR IMPROVING THE DIAGNOSIS OF RV DYSFUNCTION

Cardiac Biomarkers Followed by Imaging Procedures

In a recently published study (53), our group hypothesized that combination of bio-
marker testing with ECG might improve the prognostic specificity of either method alone
and help identify not only the low-risk but also the high-risk patients with PE. In this study
of 124 patients, it was confirmed that a negative TnT test or “low” (<1,000 pg/mL) NT-
proBNP levels over the first 24 h after admission virtually excluded an adverse outcome.
Importantly, the risk of an adverse outcome increased 10-fold in patients with both an
elevation of TnT levels and RV dysfunction on echo (15% of the total study population;
p =0.004). Similarly, patients with both an elevation of circulating NT-proBNP and an
abnormal echocardiogram had a more than 12-fold increase of in-hospital death or com-
plication risk (p = 0.002). These results are in agreement with those reported by Scridon
et al. in a retrospective study that examined the prognostic significance of combined Tnl
testing and echo in 141 patients (67). In this latter report, the combination of elevated tro-
ponin and RV enlargement predicted a high mortality risk in normotensive patients with
PE (hazard ratio in this group, 5.6; 95% CI, 1.2-25.9).

Beyond the established biomarkers, i.e., the cardiac troponins and natriuretic peptides
discussed in detail previously, our recent data (Puls et al. 2006; submitted) suggest that
heart-type fatty acid-binding protein may be particularly suitable for combination with
ECG as part of a risk stratification algorithm. In this study, cardiac ultrasound offered no
additional prognostic information and was thus “unnecessary” in the presence of a nega-
tive H-FABP test, because all of these patients had an excellent short-term outcome. On
the other hand, in patients with high H-FABP levels (>6 ng/mL) on admission (27% of the
entire study population), complication rates doubled and the relative risk of an adverse
outcome was four times higher in the presence of RV dysfunction on echo.

CONCLUSIONS

Despite the accumulating evidence that RV dysfunction may identify a high-risk group
among hemodynamically stable, i.e., normotensive patients with PE, the therapeutic impli-
cations of this finding remain uncertain (/1,12). To date, only one prospective randomized
trial tested the hypothesis that early thrombolytic treatment could improve the in-hospital
outcome of patients with RV dysfunction (36). In that study, the incidence of in-hospital
mortality or need for escalation of treatment was significantly lower in patients treated with
heparin plus alteplase compared to those who received heparin plus placebo. However,
mortality was low in both treatment groups, and the reduction in the need for treatment esca-
lation (mostly secondary thrombolysis) has not been widely accepted as definitive evi-
dence favoring early thrombolytic treatment in this setting. The recent data summarized
in this chapter indicate that we now have much more accurate and reliable parameters for
detecting and assessing RV dysfunction in acute PE. In particular, a new concept is emerg-
ing that supports combination of biomarker testing with RV imaging procedures as a part
of risk stratification algorithms (46) (Fig. 2). Thus, it appears that the time has come for a
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PE confirmed
Patient hemodynamically stable

I
' '

Troponin-negative Troponin-positive
(or low BNP / NT-proBNP) (or high BNP / NT-proBNP)
Echocardiography
v L
No RV dysfunction RV dysfunction
v

Non-massive PE Submassive PE

Low risk Elevated risk

Fig. 2. Currently available data support a risk stratification algorithm for hemodynamically stable
patients with proved pulmonary embolism (PE). Natriuretic peptide (BNP or NT-proBNP) or, prefer-
ably, troponin I or T testing should be followed by echocardiography only if the cardiac biomarker
isabnormally elevated. Patients with anegative biomarker test can be classified as having alow risk
of PE-related in-hospital complications and mortality, and they can safely be treated with anticoag-
ulation alone. On the other hand, it remains unclear whether higher-risk patients with an abnormal
biomarker test and a positive echocardiogram (submassive PE) necessitate thrombolytic treatment.
(Modified from ref. 43).

large international multicenter study that will use a contemporary inclusion algorithm and
assess prognostically relevant end points (e.g., death or hemodynamic collapse) in order
to resolve the long-standing debate on the (possible) benefits of thrombolysis in normo-
tensive patients with PE and RV dysfunction (see Chapter 10). This trial is planned to
begin in 2006 and is expected to enroll up to 1000 patients in North America and Europe.
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SUMMARY

Confirmation of pulmonary embolism (PE) must be followed by risk stratification
in order to obtain information on short-term prognosis and determine the need for more
aggressive therapy such as thrombolysis or surgical/interventional embolectomy. The
cardiospecific troponins, I and T, and the brain-type natriuretic peptide (BNP) or its
biologically inactive N-terminal fragment, NT-pro BNP, are frequently elevated in PE.
Although the exact mechanisms are still unknown, there is a link between the presence
of cardiac troponins, BNP, or NT-pro BNP in blood and the presence and severity of
right ventricular dysfunction resulting from PE. Thus, absence of cardiac troponin or
natriuretic peptide elevation is associated with a benign clinical course that justifies
conservative treatment, i.e., heparin anticoagulation followed by oral vitamin K antag-
onists. On the other hand, the presence of elevated cardiac troponins, BNP, or NT-pro
BNP does not necessarily predict an adverse outcome when biomarker tests are used
alone for risk stratification of PE. The following chapter presents an overview of the
pathophysiology and prevalence of elevated biomarkers in PE and summarizes the evi-
dence supporting a novel risk stratification algorithm based on biomarker testing and
echocardiography or other imaging modalities.
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INTRODUCTION

Traditionally, cardiac biomarkers have been used for classification and risk stratifica-
tion of suspected acute coronary syndromes, and for retrospective confirmation of acute
myocardial infarction. More recently however, cardiac troponins and the natriuretic pep-
tides BNP and NT-pro BNP were also shown to be useful for risk stratification of patients
with confirmed pulmonary embolism (PE). The following chapter will summarize the
results of contemporary clinical trials on cardiac troponins and natriuretic peptides with
regard to risk assessment in the setting of acute PE, and discuss how these biomarker results
might be integrated into the management strategy of patients with PE.

PATHOMECHANISM OF BIOMARKER RELEASE IN ACUTE PE

Cardiac Troponins

Asexplained in the previous chapter, embolization of thrombotic material into the pul-
monary artery leads to an acute increase of pulmonary vascular resistance, which, in turn,
increases right-ventricular afterload and causes right-ventricular dysfunction. Reduced
right-ventricular output and shift of the interventricular septum may impair left-ventric-
ular performance, resulting in systemic hypotension. Impaired coronary perfusion and
reduced oxygen supply ultimately cause myocardial ischemia, which is amplified in a
vicious cycle (7). As a consequence of myocardial damage, the cardiac troponins T (cTnT)
and I (cTnl) are released into the circulation.

Whether troponin release is due to irreversible myocardial damage or, rather, to mem-
brane leakage following severe but reversible myocardial ischemia remains speculative
at present. In principle, cTnT and cTnl are structurally bound to the myofilaments. Only
a small cytosolic fraction of approx 6 and 3%, respectively, is unbound, and it is released
prior to the degradation of the structurally bound troponin after ischemic injury (2). Thus,
in patients with large acute myocardial infarction, cTnT and cTnl appear in the blood as
soon as 2 h after the onset of ischemia and persist for at least 10d (2,3). In PE, however,
the release pattern of troponins is distinct from that seen in patients with large non-ST
segment elevation (NSTEMI) or ST-segment elevation myocardial infarction (STEMI).
Forexample, in an observational study, cTnT levels were measured consecutively in nine
patients who survived confirmed moderate or severe PE. In these patients, cTnT was detect-
able only for 1 to 3 d after the index event (4). The peak concentrations were quantita-
tively lower than typically observed in STEMI (Fig. 1). These findings have generated
the hypothesis that only the structurally unbound troponin pool is being released in PE
unless true right-ventricular infarction complicates the thromboembolic event (5). Regard-
less of the exact pathomechanism of troponin release, the narrow diagnostic window
must be kept in mind when using this biomarker for risk stratification of patients with sus-
pected or confirmed PE (4,6,7). Finally, although the prognostic value of cTnl is superior
to that of ¢TnT in particular settings such as chronic renal failure (8), there appear to be
no appreciable clinical differences between cTnT and ¢Tnl with regard to evaluation of
the severity of PE (6).

Natriuretic Peptides

The principal stimulus for brain natriuretic peptide (BNP) synthesis and secretion is
cardiomyocyte stress (9). After de novo synthesis, the prohormone is cleaved within the
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Fig. 1. Upper panel displays the release of cTnT over time in nine patients surviving acute PE. The

lower panel displays the time release of cTnT relative to peak levels over time (values are given as
percentage of peak).

cardiomyocyte, and equal amounts of the biologically active neuropeptide, BNP, and the
inactive signal peptide, N-terminal (NT)-pro BNP, are secreted into the blood. Abnormal
natriuretic peptide levels are not specific for acute PE and are also increased in other
conditions associated with right ventricular pressure overload including primary pulmo-
nary hypertension, chronic thromboembolic pulmonary hypertension, and chronic lung
disease (10-12).

There are considerable differences between NT-pro BNP and BNP with respect to
biological activity, plasma clearance and half-life times, as well as preanalytical and ana-
lytical properties (13). Nevertheless, head-to-head comparison of BNP and NT-pro BNP
demonstrates that both peptides are principally suitable for evaluation of the severity of
PE without appreciable differences in clinical practice (14,15).
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Fig. 2. Prevalence of cardiac troponin-positive individuals according to the cut-off applied.

FREQUENCY OF DETECTABLE BIOMARKER LEVELS IN PE
AND CORRELATION WITH RIGHT VENTRICULAR FUNCTION

Cardiac Troponins

The proportion of patients with PE who have increased cardiac troponin levels is strongly
related to the diagnostic cutoff levels chosen. In a series by our own group, 16 of 56
patients (32%) were classified as cTnT-positive using a diagnostic cut-off of 0.1 pug/L (16).
Subsequently, the use of more sensitive assays allowed application of lower diagnostic
cut-off levels. Accordingly, the prevalence of troponin-positive individuals increased to
values between 37 and 50%, even among normotensive patients (6,16—18) (Fig. 2).

cTnT or cTnl offers several advantages compared to creatine kinase (CK) or CK-MB,
including cardiospecificity (increases exclusively resulting from myocardial damage)
and superior diagnostic sensitivity. Accordingly, less than half of the patients with detect-
able cardiac troponin levels have CK or CK-MB levels greater than the upper reference
limit (6,16,17).

As proof of concept, several studies established that increased cardiac troponin levels
were closely associated with the presence of right ventricular dysfunction in PE (6,16, 19,
20). We examined 56 consecutive patients with PE and found that all patients with ele-
vated ¢TnT had echocardiographic (echo) evidence for right ventricular dysfunction,
whereas only 66% of the patients without cTnT elevation had right ventricular dysfunc-
tion on transthoracic echo (16). Moreover, right ventricular dimensions were larger (36
vs 33 mm, p = 0.05) in patients with troponin elevation than in those without detectable
biomarker in the circulation (Fig. 3). In agreement with these findings, Meyer et al.
studied 36 patients with acute PE and reported that 63% of those with right ventricular
dilation had increased cTnl levels. From a different perspective, only 29% of cTnl-
positive patients had normal right ventricular dimensions (/9). Moreover, patients with
positive ¢Tnl tests had a significantly larger number of segmental defects on ventilation/
perfusion scan than patients with normal serum troponin I. In another study, Konstantinides
et al. enrolled 106 consecutive patients with acute PE and confirmed that cTnT or ¢Tnl
were closely associated with right ventricular dysfunction on echo (6). Thus, a substantial
body of evidence has established beyond doubt that elevation of ¢cTnT or c¢Tnl is fre-
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Fig. 4. Prevalence of BNP or NT-proBNP-positive individuals according to the cut-off applied.

quently present in submassive PE and may be regarded as a surrogate for right ventricular
dysfunction or right ventricular enlargement.

BNP/NT-pro BNP

As with cardiac troponins, the proportion of patients with abnormal NT-pro BNP
levels is inversely related to the diagnostic cut-off levels used. Hence, the frequency of
apositive BNP or NT-pro BNP test result varies between 33 and 66% in patients with PE
(Fig. 4). BNP concentrations indicating right ventricular strain are seemingly lower than
cut-off levels used in the setting of congestive left heart failure. Applying a BNP concen-
tration threshold of 50 or 90 ng/mL allows identification of right ventricular dysfunction
(64 vs 6%) or enlargement with high sensitivity (15,21). Likewise, a receiver operating
curve (ROC)-determined NT-pro BNP level greater than 500 pg/mL was associated with
higher rates of right ventricular dysfunction (76 vs 3%, p < 0.001) and greater dimensions
(45 vs 38 mm, p < 0.001) of the right ventricle ( /4). Thus, like cardiac troponins, elevated
levels of BNP or NT-pro BNP can serve as surrogates of right ventricular dysfunction.
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Table 1
Overview of Cardiac Troponin Studies in PE
Reference Marker n Cut-off Tested + NPV PPV
Giannitsis ¢TnT 56 0.1 32 97 44
Konstantinides c¢TnT 106 0.04 37 97 12
Janata c¢TnT 106 0.09 11 99 34
Pruszczyk cTnT 64 0.01 50 100 25
Konstantinides c¢TnT 106 0.07 41 98 14

The table displays numbers of patients, cut-off levels, prevalence, and positive and negative predictive
values. NPV, negative predictive value; PPV, positive predictive value.

PROGNOSTIC IMPLICATIONS

Cardiac Troponins

Numerous studies and registries have shown that the presence of right ventricular dys-
function is associated with an adverse prognosis, even in initially normotensive patients
with PE (22-25). Despite the fact that, as mentioned previously, a strong correlation
exists between the presence of right ventricular dysfunction (as confirmed by echo) and
the release of cardiac troponins in the circulation, several studies have suggested that
elevation of cTnT or ¢cTnl may confer additive and independent prognostic information
with respect to in-hospital complications and death (6,16). Detectable troponin levels
were associated with higher rates of in-hospital death and complications, and the risk of
an adverse outcome increased in proportion to the magnitude of troponin release (6).
However, the overall specificity is rather low, and the positive predictive value of cardiac
troponins for identification of a high-risk patient is only 12 to 44% (6,16,17,20) (Table 1).
Notably, recent data suggest that combining the troponin test with echo imaging of the
right ventricle may increase the positive predictive value of the biomarker (26). Scridon
et al. examined 141 patients with PE and found that patients with both elevated troponin
and right ventricular dysfunction were at higher risk of death at 30-d follow-up compared
to those with only one or none of these findings (27). More recently, Binder et al. found
that right ventricular dysfunction combined with a positive biomarker test was associated
with a 10-fold higher risk of suffering in-hospital complications related to PE (28). In
contrast, neither the presence of right ventricular dysfunction on echo nor elevation of
¢TnT alone showed a significant excess risk. Thus, such a combined approach may prove
useful for choosing the appropriate candidates for thrombolytic therapy.

In contrast to the difficulties arising from low specificity, a large body of evidence indi-
cates that troponin testing is particularly helpful for identification of low-risk patients
with PE, because absence of cardiac troponin elevation predicts a favorable in-hospital
outcome with high sensitivity. The negative predictive values for ruling out life-threaten-
ing PE range between 97 and 100% (6,16,17,20) (Table 1).

The timing of blood collection for troponin testing appears crucial for proper risk strat-
ification. Miiller-Bardorff et al. reported on time-release curves of ¢TnT in nine patients
surviving submassive PE and could show that cTnT was detectable only for a median dur-
ation of 30 h (4). Although there is currently no recommendation for the exact timing of
blood collection, repeated blood sampling for cardiac troponin testing appears necessary
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Table 2
Overview of BNP/NT-pro BNP Studies in PE
Reference Marker n Cut-off Tested + NPV PPV
Kucher NT-pro BNP 73 500 58 100 12
Kucher BNP 73 50 58 100 12
ten Wolde BNP 110 21.7* 33 99 17
Pruszczyk NT-pro BNP 79 153-334 66 100 23

The table displays number of patients, cut-off levels, prevalence, positive and negative predictive values.
NPV, negative predictive value; PPV, positive predictive value.
All values given as pg/mL, except for “pmol/L.

during the early hospital course to avoid underestimation of risk from too early sampling.
In addition, some underestimation may be expected in patients presenting late after the
onset of symptoms.

BNP/NT-pro BNP

Acute right ventricular strain stimulates the secretion of BNP or NT-pro BNP. Several
studies support the notion that “abnormal” increase of natriuretic peptide levels is asso-
ciated with poor prognosis and higher in-hospital complication rates (/4,15,29,30). For
example, Kucher et al. measured NT-pro BNP in 73 patients with acute PE (14). Patients
with an adverse outcome had higher NT-pro BNP levels than patients with an uneventful
clinical course (4250 vs 121 pg/mL; p < 0.0001). A ROC-optimized cut-off level of 500
pg/mL remained independently predictive for adverse outcome after adjustment for
cardiac troponin concentrations. However, the positive predictive value was only 45%.
Likewise, increased BNP levels were higher in patients with adverse events compared to
those with a favorable clinical course. The positive predictive value of BNP greater than
50 pg/mL was 57% (15). In another study, ten Wolde et al. reported on the role of BNP
in 110 consecutive patients with PE (29). Rates of PE-related death increased with BNP
concentrations; mortality rates were 16.7% in the highest BNP tertile (>21.7 pmol/L) and
2.7% in the intermediate tertile (2.5 to 21.7 pmol/L), whereas no deaths occurred in the
lowest tertile (<2.5 pmol/L). Again, the positive predictive value of BNP was low (17%).
Along with increased in-hospital mortality, abnormally high NT-pro BNP and BNP
levels predict a more frequent need for inotropic drug support, mechanical ventilation,
rescue thrombolytic therapy, or cardiopulmonary resuscitation (14,15,29).

Although (and as with troponin testing) the positive predictive value of abnormal
natriuretic peptide levels alone appears to be disappointingly low (Table 2), it is tempting
to speculate that the combination with transthoracic or transesophageal echo will improve
the predictive power of BNP testing substantially (37). Very recent data from Binder et
al. have nicely supported this hypothesis (28). Among 124 patients with proven PE, those
with a combination of right ventricular dysfunction on echo and an elevation of NT-pro
BNP greater than 1000 pg/mL had a more than 12-fold higher risk for a complicated in-
hospital course. On the other hand, several recent studies have consistently shown that
the negative predictive values of NT-pro BNP and BNP approach 100% (Table 2). Thus,
the absence of natriuretic peptide elevation has appeared particularly helpful for ruling
out life-threatening PE, and may be helpful for the identification of low-risk patients in
whom conservative therapy is warranted.
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Fig. 5. Causes of cTnT elevation in patients with acute chest pain triaged in the emergency room
(n=127). Data from ref. 35.

CAN BIOMARKER TESTING BE USED TO DIAGNOSE PE?

Elevation of cardiac troponins or natriuretic peptide levels is not restricted to patients
with PE (8). Although troponins are highly specific markers for cardiomyocyte damage,
multiple clinical conditions, including, of course, acute coronary syndromes, are asso-
ciated with elevation of their concentrations in blood. The diagnosis of acute myocardial
infarction requires the presence of ischemic signs or symptoms in addition to a cardiac
troponin concentration exceeding the 99th percentile of a healthy reference population
(32). In patients in whom an acute coronary syndrome can be ruled out, other causes of
an abnormal troponin result should be considered.

The clinical presentation of acute PE is highly variable and sometimes oligosympto-
matic. Therefore, the diagnosis of mild to moderate PE may be missed unless the diagno-
sisis actively persued. For this purpose, the use of clinical scoring systems like the Wells
score or the Geneva score are considered helpful (33,34). The number of patients with
retrospectively confirmed PE that will be identified by chance from an abnormal troponin
result has not been assessed systematically. According to the Bayes theorem, screening
with cardiac troponins for PE is not very useful in patients admitted to an emergency
department or chest pain unit with suspected acute coronary syndrome (Fig. 5). In con-
trast, screening for PE with cardiac troponins after, for instance, orthopedic surgery, may
be useful given the high prevalence of venous thrombembolism in this setting. However,
whether troponin testing might be helpful as part of a screening strategy in the postop-
erative setting has not been addressed by prospective studies. The possible role of natri-
uretic peptides for diagnosis of acute PE is even less clear than that of cardiac troponins,
because BNP and NT-pro BNP lack cardiospecificity.

CONCLUSION

Cardiac troponins and the natriuretic peptides BNP and NT-pro BNP were consistently
shown to be useful for risk stratification in acute PE. Both biomarkers allow identification
of patients at higher risk for in-hospital death or a complicated clinical course. However,
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the low positive predictive value precludes the active selection of these patients for throm-
bolytic therapy. Combination of biomarker testing with ECG findings could be more use-
ful for guiding therapeutic decisions, and this important issue will be addressed by a forth-
coming international multicenter trial. On the other hand, both biomarkers, particularly
BNP or NT-pro BNP, are characterized by a very high negative predictive value in the range
0f 97 to 100%. Thus, a negative result can be used to identify patients who are at low risk
for death or clinical deterioration and should be treated conservatively. Finally, the use-
fulness of cardiac biomarker testing as part of a screening panel for diagnosis of PE is
still unsettled. Theoretically, the measurement of cardiac troponin could be helpful in a
clinical setting with a high prevalence of PE as, for example, after hip or knee surgery.
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SUMMARY

Patent foramen ovale (PFO) is a relatively frequent remnant of the fetal circulation,
causing transient right-to-left shunt. Its potential consequences include arterial hypox-
emia and paradoxical embolism. Echocardiographic contrast imaging techniques make
the detection of PFO possible during life. Over the past 20 yr, clinical research focused
on the association between PFO and cryptogenic stroke, peripheral embolism, decom-
pression sickness, platypnea-orthodeoxia, and fat embolism. However, although right-
to-left shunt through a PFO can occur in the presence of normal right-side hemodynam-
ics, patients with pulmonary embolism (PE) and elevated pressures in the right ventricle
and atrium may be at particularly high risk to suffer hypoxemia and paradoxical embo-
lism. In a study performed by our group, PFO was diagnosed in 35% of the patients with
PE. These patients had an in-hospital death rate of 33% as opposed to 14% in patients
without a PFO. Logistic regression analysis demonstrated that the only independent pre-
dictors of mortality were a PFO and arterial hypotension at presentation. Patients with
a PFO also had a higher incidence of ischemic stroke and peripheral embolism. More-
over, significant differences were observed in arterial oxygen tension depending on the
presence or absence of a PFO. Overall, the risk of a complicated in-hospital course was
5.2 times higher in patients with a PFO. Thus, in patients with PE and right ventricular
dysfunction, PFO indicates a particularly high risk of death and arterial thromboembo-
lic complications, and it is, in fact, one of the independent predictors of an adverse clin-
ical outcome.

Key Words: Patent foramen ovale; echocardiography; paradoxical embolism; prog-
nosis.
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INTRODUCTION

The clinical relevance of patent foramen ovale (PFO), a relatively frequent remnant of
fetal circulation (7, has remained obscure for many decades. In fact, before the develop-
ment of echocardiographic (echo) imaging techniques, detection of a PFO during life and
clinical diagnosis of paradoxical embolism were rarely possible (2,3). This was due to the
fact that, since the first description of paradoxical embolism by Cohnheim in 1877 (4), con-
firmation of the diagnosis essentially required the detection of a right atrial thrombus cross-
ing the foramen ovale (5). In fact, even with recent advances in noninvasive visualization
of the cardiac cavities, direct observation of this phenomenon during life remains con-
fined to isolated echo reports (6,7). Thus, in clinical practice, the diagnosis of paradoxical
embolism is almost always presumptive and relies on indirect signs such as the presence
of a PFO and the diagnosis of arterial embolism (5,8,9). During the past 20 yr, initial
studies reporting noninvasive detection of right-to-left-shunt by contrast echo (10,11)
were followed by extensive clinical research on the association between PFO and several
pathological processes including cryptogenic stroke (/2—15), peripheral embolism (74,
16), brain abscesses (17), decompression sickness (18-20), platypnea-orthodeoxia (217),
and fatembolism syndrome (22). In these studies, PFO was suggested as a source of para-
doxical embolism caused by air, thromboemboli, and fat emboli.

Transient right-to-left shunt through a PFO can occur in the presence of normal right-
side hemodynamics (10,23,24). However, patients with submassive and massive pul-
monary embolism (PE), i.e., those with pulmonary hypertension and right-ventricular
dysfunction, may be at particularly high risk of paradoxical embolism if they happen to
have a PFO, with a substantial impact on their in-hospital morbiditiy and mortality (25, 16).
In fact, our own group could demonstrate in a large series of patients with submassive
and massive PE that PFO was an important independent predictor of an adverse clinical
outcome (26).

EMBRYOLOGY AND INCIDENCE

PFO is aremnant of fetal circulation. Oxygenated placental blood enters the right atrium
viathe inferior vena cava and crosses the foramen ovale to enter the systemic arterial sys-
tem. At birth, pulmonary vascular resistance and right-sided cardiac pressures drop with
areversal of the right-to-left atrial pressure gradient. The flap of the foramen ovale closes
against the atrial septum with fusion usually occurring within the first 2 yr of life. This ana-
tomic configuration determines the properties of a PFO as a potential one-way passage
for blood from the right to the left atrial cavity (Fig. 1). The extent of the shunt is deter-
mined by the size of the PFO and the pressure differences between the right and the left
atrium. A right-to-left shunt through a PFO may occur under certain physiological cir-
cumstances such as coughing and the Valsalva maneuver (10,23,24).

The prevalence of a PFO in adults ranged from 25 to 35% in autopsy series (/,27), and
from 5 to 31% in healthy volunteers (//-13,15). In a series of 965 autopsy specimens from
the Mayo Clinic, the size of the foramen ovale in normal hearts varied between 1 and 19
mm with a mean of 4.9 mm (7). Neither the prevalence of PFO nor its size differed signifi-
cantly between the two genders, but there was a correlation with age. Thus, the overall
frequency was 27.3%, declining from 34.3% in the first three decades of life to 25% in the
fourth to the eighth decades. In patients older than 80 yr, it decreased to 20.2%. The reasons
for these differences remain speculative and include age-dependent closure of the PFO
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Table 1
Ultrasound Techniques for PFO Diagnosis: Diagnostic Accuracy
in Comparison to Transesophageal Contrast Echocardiography

Sensitivity Specificity PPV NPV
Contrast TTE 37-54% 92-100% 68-82% 72-84%
Color flow TEE 79% 75% 78% 76%
Color flow TTE 7% 85-100% 50% 65%
TDC 68-100% 92-100% 91-100% 87-100%

NPV, negative predictive value; PPV, positive predictive value; TDC, transcranial
Doppler; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.

Fig. 2. Echo examination without (left panel) and with echo contrast injection (right panel) in a
patient with a PFO.

as well as possible selection bias, if adults with a PFO were, in fact, more likely to die
earlier.

DIAGNOSIS OF PFO

The presence of a PFO generally does not affect the patient’s history, clinical findings,
ECG, or chestradiograph. Either invasive or noninvasive methods can be used for detec-
tion of an intracardiac shunt. Routine right- and left-side cardiac catheterization is generally
inadequate for definite diagnosis of a PFO, and specialized techniques are required for
shunt diagnosis (3).

Ultrasound techniques have emerged as the principal method for diagnosis and assess-
ment of PFO in clinical practice. Transthoracic and transesophageal echocardiography,
color flow Doppler and transcranial Doppler are commonly used (Table 1) (15,28-32).
During visualization of the interatrial septum from the transthoracic apical four-chamber
view, or from a transesophageal window, echo-contrast opacification of the right atrium
canbe achieved by rapidly injecting, forexample, 10 mL of agitated 5.5% oxypolygelatine
solution or 10 mL of agitated saline through an antecubital vein (11-14,16,33). The detec-
tion of five or more microbubbles in the left heart cavities within three cardiac cycles after
their appearance in the right atrium is considered an indication of a PFO (23) (Fig. 2). The
Valsalva maneuver enhances contrast detection of the right-to-left shunt.
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Transesophageal echocardiography is currently considered the reference standard for
PFO diagnosis, allowing direct imaging of the interatrial septum and visualization of the
right-to-left shunt. However, false-negative transesophageal echocardiograms are pos-
sible and may result from (1) inadequate visualization of the septum; (2) elevated left
atrial pressures preventing right-to-left passage of contrast (34,35); (3) blood flow directed
from the inferior vena cava along (i.e., in parallel to) the interatrial septum, thus preventing
impingement of the anticubital bubbles against the interatrial septum; or (4) an improperly
performed Valsalva maneuver. On the other hand, a false-positive transesophageal con-
trast study may be caused by a pulmonary arteriovenous shunt (36).

Transcranial Doppler ultrasound is also used for PFO diagnosis and it is based on the
detection of air microbubbles in the right or left middle cerebral artery after peripheral
application of agitated saline. This method is established in clinical routine and provides
direct evidence of paradoxical cerebral echo contrast embolization (37).

CLINICAL AND PROGNOSTIC RELEVANCE OF PFO IN ACUTE PE
Hypoxemia

The cause of hypoxemia is often multifactorial and the contribution of a right-to-left
shunt through a PFO may be overlooked when more obvious pulmonary or cardiac causes
of hypoxemia are present. PFO-related hypoxemia may complicate the course of right
ventricular infarction (38—41), tricuspid valve disease (42—44), or right ventricular hyper-
tension (45—47), with increased right atrial pressure predisposing to a right-to-left shunt
through the PFO. Similarly, positive-pressure ventilation and positive end expiratory
pressure may exacerbate hypoxemia by enhancing right-to-left shunt (48).

Although the pathophysiological mechanisms leading to arterial hypoxemia in patients
with acute PE are incompletely understood (49-51 ), pulmonary hypertension with an ele-
vated right atrial pressure as a result of submassive or massive PE may exacerbate right-
to-left shunt through a PFO, thus causing a further decrease of arterial oxygenation (52,53)
beyond that caused by PE itself.

In a prospective study published in 1992, we investigated the clinical relevance of
right-to-left shunt through a PFO in 85 patients with acute PE (/6). Significant differ-
ences were observed in the arterial oxygen tension depending on the presence or absence
of a PFO. Under room air, patients with echocardiographically-diagnosed PFO had sig-
nificantly lower arterial oxygen tension compared to those without a PFO (16) (Fig. 3).
On the other hand, no differences were observed regarding the arterial carbon dioxide
tension. The presence of an intracardiac right-to-left shunt should therefore always be
taken into account when encountering a dramatic drop in partial arterial oxygen pressure
in patients with PE (51).

Paradoxical Embolism

As explained above, definite confirmation of paradoxical embolism requires direct
visualization of aright atrial thrombus crossing the foramen ovale, but observation of this
phenomenon during life is very rare (54-56 ) (Fig. 4). Therefore, the diagnosis of paradoxi-
cal embolism is presumptive in the vast majority of cases and relies on (1) the occurrence
of an arterial thromboembolic event in the absence of atrial fibrillation, disease of the left
side of the heart, or severe artherosclerosis of the thoracic aorta; (2) the detection of right-
to-left shunt, usually through a PFO or an atrial septal defect; and (3) the presence of
venous thrombosis or PE (5,9).
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Fig. 3. Influence of a PFO on arterial hypoxemiain patients with PE and right ventricular dysfunction.

Several clinical studies, most of them performed in young patients with stroke, yielded
data to support the clinical relevance of a PFO (13-15,57). Patients with PFO were at risk
for recurrent arterial thromboembolic events, with a combined stroke and transient ische-
mic attack rate of 3.4 to 3.8% per year (58,59). A large PFO size (60-62) and presence
of an atrial septal aneurysm (63,64) were identified as morphological characteristics
portending a high risk for paradoxical embolism. At present, percutaneous PFO closure
appears to be a promising technique for secondary prevention of recurrent systemic
thromboembolism (65).

The clinical relevance of a PFO in patients with acute PE and right ventricular dysfunc-
tion (elevated right-sided cardiac pressures) was investigated in a prospective study by
our own group. The end points of the study were overall mortality and complicated clin-
ical course during the hospital stay defined as death, cerebral or peripheral arterial throm-
boembolism, major bleeding, or need for endotracheal intubation or cardiopulmonary
resuscitation (26). The results provided a clear confirmation of the hypothesis that patients
with PE and PFO may frequently suffer paradoxical embolism, which in turn has a sub-
stantial impact on their in-hospital morbidity and mortality. Right-to-left shunt through
a PFO was diagnosed in 48 patients (35%), and patients with a PFO had significantly
higher incidence of ischemic stroke (13 vs 2.2%; p = 0.02) and peripheral arterial embo-
lism (15 vs 0%; p < 0.001; Table 2). Overall, the risk of a complicated in-hospital course
was 5.2 times higher in patients with a PFO.

In-Hospital Mortality and Complications

Accurate risk stratification remains a major challenge in patients with acute PE (see
Chapters 4 and 5). Two large prospective registries demonstrated that beside clinical
and hemodynamic instability, at present, acute right ventricular dysfunction is a major
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Table 2
In-Hospital Clinical Events in Patients
With Acute Massive or Submassive PE Depending on the Presence of PFO

Patients with PFO Patients without PFO

(n=48) (n=291) P
Event

Ischemic stroke 6 (13%) 2 (2.2%) 0.02
Peripheral arterial embolism 7 (15%) 0 <0.001
Cerebral bleeding 2 (4.2%) 1(1.1%) 0.27
Other major bleeding 8 (17%) 19 (21%) 0.66
Endotracheal intubation 17 (35%) 15 (16%) 0.02
Cardiopulmonary resuscitation 9 (19%) 10 (11%) 0.30
Death 16 (33%) 13 (14%) 0.015

PFOQ, patent foramen ovale. From Konstantinides et al. (26).

determinant of outcome during the in-hospital course (66,67). By detecting right ven-
tricular enlargement and hypokinesis, echocardiography can identify high-risk patients
with overt or impending right ventricular failure (68,69) and possibly those who may bene-
fit from thrombolytic treatment (70,71). Furthermore, ECG abnormalities, or elevation
of cardiac biomarkers such as troponin I, troponin T, or natriuretic peptides, are useful
tools for risk stratification and the optimization of management in patients with acute PE
(72-75). In addition to these predictors of an adverse outcome, we tested the hypothesis
that PFO is an important prognostic indicator regarding mortality and the occurrence of
cardiovascular complications in patients with acute PE and RV dysfunction. Patients
with a PFO detected by contrast echocardiography had a death rate of 33%, as opposed
to 14% in those with anegative echo-contrast examination (26). In fact, PFO was associated
with more than a 10-fold increase in death risk. Logistic regression analysis demonstrated
that the only independent predictors of mortality were a PFO and arterial hypotension at
presentation. Similarly, the frequency of serious in-hospital complications such as arte-
rial thromboembolism, major bleeding, need for endotracheal intubation, or cardiopul-
monary resuscitation was very high in patients with a PFO. These results strongly support
the prognostic impact of a PFO as an independent prognostic predictor of adverse outcome
in patients with acute PE.
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SUMMARY

No single diagnostic test has sufficient accuracy when used alone to confirm or rule
out pulmonary embolism (PE). This even applies to pulmonary angiography, the his-
torical gold standard in PE diagnosis. Therefore, modern diagnostic strategies for PE
rely on combinations of noninvasive tests such as plasma D-dimer measurement, lower
limb venous compression ultrasonography, ventilation-perfusion lung scan, and/or hel-
ical computed tomography, the results of which should be interpreted in the context of
the clinical likelihood of PE. Pulmonary angiography is rarely necessary. Clinical prob-
ability of PE can be assessed with fair accuracy, either implicitly or by clinical prediction
rules. Management studies, in which patients deemed not to have PE are left untreated
and followed up to assess their 3-mo thromboembolic risk, have become the benchmark
for validation of diagnostic algorithms. Cost-effectiveness analysis allows the evaluation
and comparison of the various diagnostic sequences. The existing evidence shows that
implementation of evidence-based diagnostic algorithms is feasible and may increase
quality of care.
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INTRODUCTION

Over the past 15 yr, an increasing number of tests have become available to diagnose pul-
monary embolism (PE). For example, the North American Prospective Investigation On
Pulmonary Embolism Diagnosis (PIOPED) study definitively established the criteria for
interpreting the results of ventilation-perfusion (V/Q) scintigraphy (/). Plasma D-dimer
measurement is now a validated and widely accepted first-line test for ruling out PE, pro-
vided it is used in combination with clinical probability and in the appropriate clinical
setting (2—4). Lower limb venous compression ultrasonography is a useful adjunct because
of its high specificity for proximal deep venous thrombosis (DVT), the most frequent
source of PE (5). Finally, the development of helical computed tomography (CT) repre-
sents, without question, a revolution in our diagnostic armamentarium (6,7).

The recent technical advances in imaging of the pulmonary vasculature probably per-
mit correct diagnosis of PE in numerous centers not equipped with nuclear medicine
facilities, because these institutions no longer need to transfer patients with clinically
suspected PE for further diagnostic evaluation. In addition, thoracic imaging itself may
be less frequently required owing to preselection of patients by means of clinical prob-
ability and D-dimer testing (see Chapter 1). On the other hand, a less favorable conse-
quence is the increasing number and complexity of proposed diagnostic algorithms for
PE, which make it very difficult for the clinician to understand and adopt a clear manage-
ment strategy. In fact, this confusion may even result in the use of inappropriate criteria
for diagnosing or ruling out PE (3,8-10), therefore entailing the risk of unnecessarily
submitting some patients to the risks of anticoagulant treatment or others to the mortality
of untreated PE. Moreover, the diagnostic tests themselves are in constant change and
evolution. For example, the large number of D-dimer assays currently available may lead
some clinicians to believe that all tests possess similar diagnostic sensitivity and specific-
ity, which s clearly not the case (/7). Helical CT has evolved from 3- to 5-mm-thick slices,
using first-generation single-row detectors (/2), to 1-mm-thin slices with contemporary
multirow CT scanners (13), and the diagnostic performance of CT keeps improving at
a rapid pace, generating the need for frequent updating of the clinical algorithms based
on this procedure.

The characteristics of the individual diagnostic tests for PE are reviewed in Chapters
1,2, and 3 of this book. The aim of the present chapter is to provide a guide for combining
those tests in a rational and cost-effective manner, reviewing validated diagnostic strat-
egies. Importantly, suspected PE in patients with shock or hemodynamic instability is a
distinct clinical situation, and it warrants a specific diagnostic approach, which will be dis-
cussed in the following chapter. The strategies discussed in this chapter are thus restricted
to the hemodynamically stable patient.

ARE DIAGNOSTIC STRATEGIES FOR PE NECESSARY?

Characteristics of Noninvasive Tests

The individual characteristics of diagnostic tests for PE are summarized in Table 1.
Pulmonary angiography has been considered to have almost ideal sensitivity and speci-
ficity for PE. Therefore, it was, until recently, the only test capable of both ruling in and
ruling out PE as a single procedure. However, itis invasive (/4), costly (/5), and, because
it is rarely performed, the expertise for interpreting angiographic findings is rapidly
decreasing except in specialized centers. Moreover, it cannot even be considered a true
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Table 1
Performance of Diagnostic Tests in Suspected Nonmassive PE

Test Sensitivity, % Specificity, %
Pulmonary angiogram (7,50) 97 98
Ventilation-perfusion lung scan

Normal (7,30,35,51) 99 -

Nondiagnostic (/) - -

High-probability (/) - 91
D-dimer testing

Rapid ELISA assay (17,24,45,52) 99 41

Immunoturbidimetric assays (53,54) 98 40

Whole blood agglutination assay (/8,55) 85 68
Lower limb venous compression ultrasonography (5,30,56,57) 50 97
Helical CT

Single-detector row (26,27) 70 90

Multidetector-row (58) 90 95

ELISA, enzyme-linked immunosorbent assay.

“gold standard”, because animal (/6) and clinical studies showed that certain pulmonary
clots visible on CT are not visualized by angiography. On the other hand, no single non-
invasive test allows reaching a definite diagnosis in all patients suspected of having PE,
and it is therefore necessary to combine them. Multidetector-row CT (/3) may serve that
purpose, but even if this is established by further studies, it will still be more cost-effec-
tive to combine D-dimer to CT in order to spare unnecessary imaging studies.

Prevalence of PE

The prevalence of PE is decreasing among patients presenting with symptoms compati-
ble with this disorder. Indeed, in the early 1990s, the prevalence of PE was approx 35%
in most series (/). In other words, a clinician suspecting PE would confirm the disease
in one of every three patients. In recent European series, the prevalence of PE remained
stable at approx 20to 25% (17). In contrast, in certain North American series, that figure
has dropped to approx 10% (18). Clearly, the threshold of clinical suspicion has become
lower, but there is no proof that this has increased the absolute number of PEs detected
annually. Instead, it is more likely that a number of patients are unnecessarily submitted
to acascade of potentially costly tests, again highlighting the need for cost-effective diag-
nostic strategies.

Diagnostic Algorithms for PE and Quality of Care

Recent utilization reviews have shown that the adherence to accepted diagnostic stan-
dards for PE is extremely poor (19,20). Importantly, a recent French multicenter utiliza-
tion review (21) provided evidence that using inappropriate criteria for ruling out PE has
unfavorable clinical consequences. In that series, diagnostic management was inappro-
priate in 43% of the 1529 patients, and the majority of erroneous diagnoses were in those
patients in whom PE was ruled out (626/1100, 57%). A thromboembolic event occurred
during follow-up in 1.2% of patients who were appropriately managed compared with
7.7% of those in whom PE was (erroneously) ruled out based on inappropriate diagnostic
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criteria (absolute risk difference, 6.5%; 95% confidence interval [CI], 4.0 to 9.1) (21).
On the other hand, actively implementing a validated diagnostic algorithm undoubtedly
improves the management of suspected PE. In arecent Dutch study, only 11% of patients
with a nondiagnostic V/Q scan underwent further testing and 55% of patients were treated
despite an uncertain diagnosis, but these figures improved significantly after implemen-
tation of an algorithm (/9). That experience demonstrates that implementing a diagnostic
strategy can significantly reduce the proportion of patients inappropriately treated with
anticoagulants and potentially submitted to bleeding complications. Diagnostic algorithms
are therefore a distinct necessity and may help increase quality of care.

Is There a Single Valid Diagnostic Algorithm for PE?

There are several (and not just one) valid diagnostic algorithms for suspected PE. Each
center has its particular logistics, and not all tests are available in every hospital, except
perhaps in large teaching hospitals. In general, in smaller centers, access to D-dimer testing
and helical CT is more widespread compared to venous ultrasound and V/Q scintigraphy.
One center may be using a highly sensitive enzyme-linked immunosorbent (ELISA) D-
dimer assay, whereas another selects a less sensitive bedside test. Therefore, it is impor-
tant to adapt management algorithms to local logistics.

VALIDATION OF DIAGNOSTIC STRATEGIES FOR PE

There is no ideal reference procedure for diagnosing PE. The invasive character of
pulmonary angiography is not its only limitation; interobserver agreement is poor, espe-
cially at the subsegmental arterial level. In the PIOPED study (/), expert readers agreed
in 92% of cases for ruling in PE, and in only 83% of cases for ruling it out. At the sub-
segmental level, concordance fell to 60%. A recent systematic review of series in which
patients with an angiogram negative for PE did not receive anticoagulation treatment and
were followed over a 3-mo period demonstrated that 1 to 2% of these patients had DVT
or PE during that period (22). Given the high recurrence risk of untreated PE, this finding
is generally interpreted as indirect but strong evidence that PE was missed by the initial
diagnostic procedure.

Further evidence against the use of pulmonary angiography as the sole reference stan-
dard in diagnostic algorithms for PE comes from a number of observations that suggest
that not all angiographically detected PEs may need to be treated. For instance, in series
including clinical follow-up, the 3-mo thromboembolic risk in patients left untreated
based on the negative result of a highly sensitive negative D-dimer assay was below 1%
(17,23,24). This is in apparent contradiction with the results of another study, in which
all patients underwent both a highly sensitive D-dimer test and pulmonary angiography.
In that study, 50% of patients with subsegmental PE (20% of the cohort) had a falsely
negative D-dimer result (25). A plausible explanation is that small emboli that are associ-
ated with negative D-dimer results may be clinically unimportant. Data based on single-
detector CT point to the same conclusion. In two studies that adhered to strict methodolog-
ical criteria, the sensitivity of CT was only 70% (26,27). Combining lower limb venous
ultrasonography with CT increased the overall diagnostic yield to 80%, which implies that
such a combination would still miss 20% of all PE (26). Nevertheless, outcome studies
established that patients left untreated based on a negative CT and lower limb venous ultra-
sound had a 3-mo thromboembolic risk below 2%, similar to that of those with negative
pulmonary angiograms (17,28,29). This implies that the small clots missed by the combina-
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Table 2
Three-Month Thromboembolic Risk
Associated With Ruling Out PE by Various Diagnostic Criteria

Patients Thromboembolic

Diagnostic criterion tested, n risk, % (95% CI)
Normal pulmonary angiogram (22) 1050 1.7 (1.0 to 2.7)
Normal perfusion lung scan (34-36) 1031 0.7(0.3t01.4)
D-dimer
Negative highly sensitive D-dimer and low or moderate 671 0 (0 to 0.6)

clinical probability of PE (17,24,45)
Less sensitive negative D-dimer and low clinical probability 437 0.2 (0to 1.3)

of PE (18)
Nondiagnostic lung scintigraphy 864 23 (1.5t03.5)

and absence of proximal DVT
and low clinical probability of PE (46,47)

Negative single-detector CT scan 975 1.7 (1.2 to 2.6)
and absence of proximal DVT
and low or moderate clinical probability of PE (17,48)

Negative multidetector-row CT scan 318 1.7 (0.7 t0 3.9)
and low-moderate clinical probability of PE (45)

PE, pulmonary embolism; DVT, deep vein thrombosis.

tion of CT and ultrasound may be left untreated without entailing unfavorable conse-
quences for patients. Therefore, the reference standard for judging the safety of a proce-
dure (or strategy) used to exclude PE is no longer the comparison with the results of pul-
monary angiography, but the results of clinical follow-up. The clinical outcome should
be at least as good as that associated with a negative pulmonary angiogram, i.e.,a 1 to
2%, 3-mo thromboembolic risk in patients left untreated, with an upper limit of the 95%
CI below 4%. A rule-out criterion (whether a single test or a combination of tests) satis-
fying that condition does not exclude a small PE, but it ensures a safe outcome of the patient
despite withholding anticoagulant treatment. Such studies are called “outcome” or “man-
agement” trials. Exclusion criteria validated in outcome studies performed to date are
summarized in Table 2.

In contrast to the validation of rule-out strategies, outcome (management) studies are
not appropriate for verifying the accuracy of “rule-in” diagnostic criteria for PE, because
patients with a positive criterion are usually treated with anticoagulants without perform-
ing a pulmonary angiogram. This raises the question of the posttest probability threshold
above which the diagnosis of PE should be considered satisfactorily established. For
instance, the prevalence of angiographically proven PE in patients with high clinical prob-
ability and a high-probability V/Q scan was 96% in the PIOPED study ( /), but it dropped
to 88% in patients with intermediate clinical probability, and further down to 56% in
patients with low clinical probability. For clinical purposes, current recommendations
accept a high probability scan as sufficient proof of PE regardless of clinical probability,
although the Canadian algorithm requires confirmation by angiography in low-clinical-
probability patients (30). Arguably, the only technique that allows a rational definition
of decision thresholds is decision analysis, because decision models incorporate all the
significant elements: the characteristics of the diagnostic tests, the risks associated with
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invasive testing, the risks due to anticoagulant treatment (for both true and false positives)
and treatment efficacy. In addition to the posttest probability value, it also takes into
account the risk of untreated PE, the effectiveness and the risks of anticoagulant treat-
ment, and the risk of invasive diagnostic testing. Using standard decision models (3/),
it can be demonstrated that the posttest probability of PE (after a single test or a sequence
of tests), above which the outcome (so-called expected utility) associated with perform-
ing an angiogram is poorer than treating the patient, is approx 60%.

Finally, management studies do not address the question of cost-effectiveness of diag-
nostic algorithms. Two equally safe management strategies may have vastly different cost-
effectiveness ratios. For instance, V/Q scintigraphy followed, if nondiagnostic, by pulmo-
nary angiography is highly effective, but this strategy is 30% more costly than performing
D-dimer and, if positive, lower limb venous ultrasound (15,37,32). Thus, it becomes evi-
dent that management studies are only a step in the process of validating a new diagnostic
test, or sequence of tests. Randomized trials are also appropriate for comparing two diag-
nostic strategies. A recent example is provided by a Canadian study comparing two algo-
rithms for diagnosing DVT (33), and similar studies are underway for suspected PE.

VALIDATED DIAGNOSTIC STRATEGIES IN PE
V/Q Scintigraphy Followed by Angiography

This earliestrational diagnostic strategy for PE was based on the results of the PIOPED
study (7). That series which established the performance of V/Q scintigraphy in compari-
son with pulmonary angiography showed that a normal perfusion lung scan had an almost
100% negative predictive value for PE. The safety of this rule-out criterion was subse-
quently verified by several outcome studies (34-36). At the other end of the spectrum,
a so-called “high-probability” scintigraphic pattern has a high specificity and positive pre-
dictive value for PE (Table 1) and is generally considered as an adequate rule-in criterion.
On the other hand, other scintigraphic results, such as a low- or intermediate-probability
scan according to the PIOPED interpretation criteria, do not allow a definitive conclusion
and should be reported as nondiagnostic. Therefore, starting the diagnostic workup with
a V/Q lung scan and performing an angiogram in patients with a nondiagnostic result is a
reasonable strategy. However, although well validated, this approach is no longer widely
used because of the high proportion (50 to 70%) of nondiagnostic scintigraphic results.
Nevertheless, it is still the benchmark to which the costs and effectiveness of newer
diagnostic algorithms have to be compared (15,31,32,37-40).

Clinical Probability Assessment Prior to Imaging Studies

Despite the fact that the “scintigraphy-angiography” strategy has been endorsed by
numerous consensus conferences in the past, empirical observations have shown that only
a minority of patients with a nondiagnostic V/Q scan underwent pulmonary angiography
(41,42).Indeed, most clinicians were reluctant to demand this invasive procedure, partic-
ularly in patients with a low clinical probability. Although clinical assessment was made
mostly on implicit grounds at the time of the PIOPED study (7), its usefulness and validity
was confirmed by the results of diagnostic tests. Thus, in a patient with alow clinical (pretest)
probability, the posttest probability of PE after a nondiagnostic V/Q scan is only approx
4%. This is probably acceptable for ruling out PE. In contrast, the posttest probability of
PE is higher in patients with intermediate or high clinical probability and a similar scinti-
graphic result, which makes it an unreliable rule-out criterion. Interestingly, physicians
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Table 3
Appropriateness of Diagnostic Criteria for PE According to Clinical Probability

Clinical probability of PE

Diagnostic criterion Low  Moderate High
PE absent
Pulmonary angiogram negative + + +
Normal perfusion lung scan + + +
Negative D-dimer
ELISA or other highly sensitive assay + + -
Less-sensitive assay or whole blood agglutination assay + - -
Nondiagnostic lung scintigram and absence of proximal DVT + - -
Negative single- or multidetector-row CT and absence of + + -
proximal DVT
Negative single-detector CT + - -
Negative multidetector-row CT¢ + + -
PE present
Pulmonary angiogram positive + + +
High-probability ventilation-perfusion lung scan + + +
Proximal DVT (and symptoms of PE) + + +
Positive single- or multidetector-row CT + + +

PE, pulmonary embolism; ELISA, enzyme-linked immunosorbent assay; DVT, deep vein thrombosis.
+, valid diagnostic criterion; —, invalid criterion. preliminary evidence.

in the PIOPED study assigned each patient to one of three clinical probability categories
(low, intermediate, or high), allowing the determination of the true prevalence of PE in
each of these subgroups. The results showed that for each scintigraphic result category
(low, intermediate, and high scintigraphic probability), the prevalence of PE increased
according to the clinical probability of the disease. This is one of the rare empiric demon-
strations of Bayes’ rule (43). Taken together, these data demonstrate that clinical prob-
ability is essential for interpreting the results of lung scintigraphy. However, clinical
probability assessment is also necessary to interpret D-dimer results. Less sensitive (sen-
sitivity approx 85 to 90%) bedside assays allow ruling out PE only in patients with a low
clinical probability, because the negative predictive value approaches 100% only in that
subgroup. On the other hand, highly sensitive ELISA assays (sensitivity greater than
95%) may also be applied to patients with a moderate clinical probability. The safety of
highly sensitive D-dimer assays for ruling out PE even in patients with a high clinical prob-
ability is not established, but the prevalence of PE could be as high as 10 to 15% in such
patients according to Bayes’ rule. The efficacy of various diagnostic criteria for ruling out
PE according to clinical probability is shown in Table 3. Clinical probability can be validly
assessed either implicitly or by prediction rules (see Chapter 1) (18,44).

D-Dimer Testing Combined With Clinical Probability

Plasma D-dimer is a product of the degradation of cross-linked fibrin and its measure-
ment by a biological test is inexpensive. Acute venous thromboembolism results in an
elevation of plasma D-dimer concentrations in almost all patients because of the activa-
tion of coagulation and fibrinolysis. Therefore, this parameter carries a high diagnostic



98 Perrier

sensitivity and is a good rule-out instrument. On the other hand, its specificity is poor,
and an elevated D-dimer level does not rule in PE. Because most patients with suspected
PE will not eventually have the disease, it is reasonable to use D-dimer as a first-line test
after having assessed the clinical probability of PE. As explained previously and as shown
by several outcome studies, a negative result allows safely ruling out PE in patients with
low or moderate clinical probability when using a highly sensitive ELISA assay (17,24,
45). Less sensitive assays should be restricted to patients with low clinical probability
(Table 3). Of note, D-dimer rules out PE in approximately one out of three patients sus-
pected of having the disease in the emergency department. Thus, whatever the diagnostic
tests and sequence selected in patients with an elevated D-dimer, its use is highly cost-effec-
tive, reducing costs by approx 20% (15).

Lower Limb Venous Compression Ultrasonography

Most PEs originate from clots located in the deep veins of the lower limbs, especially
the proximal veins. Therefore, finding DV T in a patient admitted because of thoracic symp-
toms suggestive of PE may be considered diagnostic of acute venous thromboembolism
and warrants anticoagulant treatment. Whether thoracic imaging is still necessary in these
patients is the subject of debate. On one hand, it needs to be considered that, if the diag-
nosis is established exclusively by the clinical symptoms of PE and the detection of DVT,
no baseline thoracic imaging will be available for comparison in the event of suspected
PE recurrence. However, this limitation is theoretical and rarely poses clinical problems
inour experience. Because 40 to 50% of patients with PE are found to have proximal DVT
on ultrasound, performing ultrasonography before thoracic imaging allows a definite diag-
nosis in approx 1 patient out of 10 (given an overall prevalence of PE of 20%).

Dutch and North American groups reserve compression ultrasonography for patients
with a negative CT or nondiagnostic V/Q scintigraphy (8). The diagnostic yield of ultra-
sonography in such patients is much lower. However, lower limb ultrasonography must be
performed in patients with a negative single-detector CT because of the low (70%) sensi-
tivity of first-generation CT scans. In fact, the only well-validated rule-out criterion in
well-designed outcome studies using single-detector CT is the combination of negative
ultrasound and a negative CT scan in a patient with a low or moderate clinical probability
of PE. Ultrasonography is probably no longer necessary in patients with a negative multi-
detector row CT because of the high sensitivity of the latter test (see Diagnostic Strategy
Based On Helical CT). However, even in centers equipped with multidetector row CT,
ultrasound may still be useful to reduce costs and avoid unnecessary irradiation in patients
with suspected PE and DVT (15).

DIAGNOSTIC STRATEGY BASED ON V/Q LUNG SCAN

The diagnostic algorithm illustrated in Fig. 1 is derived from the “scintigraphy-angio-
graphy” strategy described in the previous section. Measuring D-dimer as the initial test
allows ruling out PE in approx 30% of patients in the emergency department. In an out-
come study by the Geneva group (24), D-dimer was measured regardless of the clinical
probability, and it was negative in only 10% of patients with a high clinical probability.
As only 10% of all patients had a high clinical likelihood of PE, the overall diagnostic
yield of measuring D-dimer in such patients was negligible (approx 1%), and the absolute
number of patients with that combination was too low to establish the safety of this rule-
out criterion. Therefore, D-dimer measurement is not recommended in patients with a
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Clinical probability of PE assessment

Low or intermediate High
ELISA D-dimer
I l v
< 500 pg/L > 500 pg/L Venous US
No Rx Venous US
! ! | )
No DVT DVT No DVT DVT
V/Q scan Rx V/Q scan Rx
I I
! | i |
Normal Non diagnostic High prob. Normal Non diagnostic High prob.
No Rx Consider Rx No Rx Angiography Rx
clinical probability
' l
low Intermediate
No Rx Angiography

Fig. 1. Validated diagnostic algorithm for suspected PE including V/Q scan. Note that ELISA
D-dimer is notuseful in high-probability patients. Also, venous ultrasound must be performed either
before or after scintigraphy when the V/Q scan is nondiagnostic. Rx, treatment.

high clinical probability. A negative D-dimer is an adequate rule-out criterion in patients
with a low or moderate clinical probability when using a highly sensitive assay, and in
patients with a low clinical probability with a less sensitive assay.

Lower limb venous compression ultrasonography is the second-line test in patients
with an elevated D-dimer level and the initial test in patients with a high clinical probabil-
ity. It detects DVT in approx 10% of patients, and thus V/Q scan needs to be performed
in only 50 to 60% of the patients with suspected PE, establishing a definite diagnosis in
approx 15% of the entire cohort. The 3-mo thromboembolic risk is less than 2% in patients
with a low clinical probability, a nondiagnostic V/Q scan, and absence of proximal DVT
on ultrasound (46,47). This combination is found in approx 20% of patients and is con-
sidered an adequate rule-out criterion. In an outcome study evaluating this algorithm,
pulmonary angiography was required in only 10% of patients and the 3-mo thromboem-
bolic risk in patients left untreated based on the rule-out criteria of the strategy was approx
1% (24). Depending on test availability, D-dimer measurement may be forfeited without
compromising patient safety, although global costs and the number of necessary angio-
grams will be increased. In contrast, lower limb venous ultrasound is required to rule out
PE in case of a nondiagnostic V/Q scan and a low clinical probability. Despite the grow-
ing utilization of CT, this algorithm remains practicable in centers with easier access to
scintigraphy than to CT, and, possibly, in patients with contraindications to CT (mainly
renal failure and allergy to contrast dye).

DIAGNOSTIC STRATEGY BASED ON HELICAL CT

This algorithm is illustrated in Fig. 2. The initial steps are the same as those of the algo-
rithm based on V/Q scan (Fig. 1), but CT is performed instead in patients with an elevated
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Clinical probability of PE assessment
Implicit or prediction rule

l

! }
Low or intermediate High
|
ELISA D-dimer
|
v W '
<500 ug/L > 500 pg/L Venous ultrasound
No Rx Venous ultrasound
v I , -l
No DVT DVT No DVT DVT
Helical CT Rx Helical CT Rx
l
! | I 1
No PE PE No PE PE
No Rx Rx VI/Q scan or Rx
angiography
|
! -
No PE PE
No Rx Rx

Fig.2. Validated diagnostic algorithm for suspected pulmonary embolism (PE) including helical CT.
Note that ELISA D-dimer is not useful in high-probability patients. Venous ultrasound needs to be
performed when using single-detector helical CT, but it can be done either before or after the CT
ifthe latteris negative. Venous ultrasound is probably unnecessary when using multidetector CT. Rx,
trcatment.

D-dimer level and a negative lower limb venous ultrasound. CT is required in 50 to 60%
of patients. Because of its relatively low sensitivity, a negative single-detector CT does
not allow ruling out PE, whereas the combination of a negative CT, a negative lower limb
ultrasound, and low or moderate clinical probability safely rules out PE, as shown by
recent outcome studies (17,29,48). For high clinical probability patients who have a neg-
ative CT and negative ultrasound, further testing by V/Q scan and/or pulmonary angio-
graphy may still be recommended. However, this combination is rare: in the French multi-
center “Evaluation du Scanner Spiralé dans I’Embolie Pulmonaire” (ESSEP) study, only
76 of the 1041 patients (7%) had this constellation of findings, and 4 of them had PE (48).
In the CTEP2 study, a three-center outcome study by the Geneva group validating the
algorithm shown in Fig. 2, an angiogram was required in only 2% of patients (/7). Data
on multidetector row CT are still scarce and well-designed prospective outcome studies
are lacking. In the latest study from the Geneva group, all patients with elevated D-dimer
levels or a high clinical probability underwent both multidetector row CT and lower limb
ultrasonography (45). The main study hypothesis was that if multidetector row CT has
nearly ideal sensitivity, (1) the proportion of patients with a negative CT in the presence
of proximal DVT on ultrasound and (2) the 3-mo thromboembolic risk in all patients with
anegative CT, should be very low. CT and ultrasonography were negative in 318 patients,
3 of whom had a definite thromboembolic event and 2 died of possible PE during follow-
up (3-mo risk of thromboembolism, 1.7%; 95% CI, 0.7 to 3.9). Only two patients had prox-
imal DVT and a negative CT scan (0.6%; 95% CI, 0.2 to 2.2). Therefore, the overall 3-mo
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risk of thromboembolism in patients with “exclusion” of PE would have been1.5% (95%
CI, 0.8 t0 3.0), if D-dimer and multidetector row CT had been the only tests used to rule out
PE and ultrasonography had not been performed. However, this was not a true outcome
study because all patients had both a CT scan and a lower limb venous ultrasound. The
CHRISTOPHER study investigators (49) have just published a large-scale outcome study
in a cohort of 3306 patients (including 18% inpatients) that evaluated a simple scheme
based on clinical assessment, D-dimer, and multidetector row CT. Patients in whom PE
was considered unlikely and in whom D-dimer was negative (n = 1057, 32%) were not
treated and had a low 0.5% 3-mo thromboembolic risk. Patients in whom PE was likely
or with an abnormal D-dimer result had a CT scan and were managed according to the
CT resuit. PE was ruled out by CT in 1505 patients and the 3-mo thromboembolic risk
was similarly low in patients left untreated (1.3%, 95% CI: 0.7 to 2.0%). Taken together,
the CTEP2 and the CHRISTOPHER study provide strong support for a simple algorithm
including clinical assessment, D-dimer, and multidetector row CT for suspected PE.

CONCLUSIONS

Numerous algorithms now exist for suspected nonmassive PE. Clinical probability
assessment has become an undisputable first step, generally followed by plasma D-dimer
measurement. Venous ultrasound may precede or follow thoracic imaging, which may con-
sist of V/Q scintigraphy or helical CT. Inboth cases, a negative venous ultrasound is required
torule out PE in patients with a nondiagnostic lung scan or a negative single-detector CT.
Pulmonary angiography is now rarely, if ever, necessary.
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SUMMARY

Massive pulmonary embolism (PE) with overt hemodynamic compromise and car-
diogenic shock is a life-threatening situation with an extremely poor prognosis. Man-
agement of the unstable, hypotensive patient with suspected massive PE poses a great
challenge to the skills of the clinician in the intensive care unit or the emergency room,
and it should direct the focus on rapid institution of treatment rather than absolute
diagnostic certainty. Although not directly validated in large prospective management
studies, a fast, simple diagnostic algorithm is recommended, based on confirmation of
right ventricular dysfunction and, possibly, detection of large intracardiac or proximal
pulmonary thrombi by transthoracic bedside echocardiography (echo). This approach
minimizes time loss, helps avoid unnecessary patient transportation, and permits rapid
therapeutic aspiration. Helical computed tomography may, alternatively, be used if echo
is not immediately available or yields nondiagnostic findings.

Key Words: Massive pulmonary embolism; cardiogenic shock; right ventricular
dysfunction; echocardiography; helical computed tomography.

INTRODUCTION

The previous chapter (Chapter 7) discussed the diagnostic workup of the hemodynam-

ically stable patient with suspected pulmonary embolism (PE) and presented contempo-
rary algorithms that have been validated in prospective management studies. In contrast,
in the patient presenting with hemodynamic compromise and shock, the management
strategy is based on the individual physician’s experience and clinical judgement rather

than on a solid body of evidence and/or widely accepted guidelines.
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Fig. 1. Escalation of in-hospital mortality withincreasing severity of hemodynamic instability at pres-
entation. Data from the Management Strategies and Prognosis in Pulmonary Embolism Registry (7).
RVD, right ventricular dysfunction.

Massive PE is undoubtedly a life-threatening situation with an extremely poor prog-
nosis. In the 1,001-patient Management Strategies and Prognosis of Pulmonary Embo-
lism (MAPPET) registry, in-hospital mortality was 8% in initially normotensive patients
who exhibited signs of right ventricular dysfunction on echocardiography, but it doubled
(15%) in patients who presented with persistent arterial hypotension, defined as systolic
arterial pressure of less than 90 mmHg or a drop in systolic pressure by at least 40 mmHg
for at least 15 min (/). Mortality rose to 25% in patients with cardiogenic shock (clinical
signs of tissue hypoperfusion and hypoxia) at presentation, and it was as high as 65% in
those who underwent cardiopulmonary resuscitation before or shortly after admission
(Fig. 1). These results on a large population of patients with PE confirmed the findings
of earlier series, which had reported a 32% mortality rate in patients with massive PE and
cardiogenic shock (2). More recently, a retrospective analysis of the International Coop-
erative Pulmonary Embolism Registry (ICOPER) showed that, among 2392 patients with
acute PE and known systolic arterial blood pressure at presentation, massive PE was
diagnosed in 108 (4.5%) and was associated with a 52.4% 90-d mortality rate as opposed
to the 14.7% mortality rate of patients with nonmassive PE (3).

Clinical suspicion of acute massive PE in a hemodynamically unstable patientis based
on the symptoms, signs, and predisposing factors discussed in Chapter 1, but, clearly,
there is no rationale for performing a D-dimer test in this emergency situation. No further
time should be lost, and a bedside echocardiogram should be performed immediately,
because it is the fastest and thus most appropriate initial test for confirming the presence
of acute right ventricular failure (Fig. 2). The echocardiographic criteria for the diagnosis
of right ventricular dysfunction were reviewed in Chapter 4. Although their limitations
always need to be kept in mind, these criteria are relatively easy to learn and apply, and
this fact explains the popularity of echocardiography among physicians involved in emer-
gency medicine and intensive care. Additional valuable information that can be obtained
from ultrasound imaging includes the presence of large floating worm-like intracardiac
thrombi (4-6), which signify an imminent threat of recurrent massive PE and should
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Fig. 2. Proposed algorithm for the management of the hemodynamically stable patient with sus-
pected massive PE.

promipt emergency surgical embolectomy (Chapter 12) or, alternatively, thrombolysis,
if surgery is not immediately available. ‘

Despite the lack (and nonfeasibility) of a “formal” validation of cardiac ultrasound in
the diagnosis of massive PE, arecent review of the available studies confirmed its useful-
ness in the presence of hemodynamic instability (7). Moreover, contemporary guidelines
recommend echocardiography for the diagnostic workup of every patient with acute right
or left ventricular cardiac failure (8), because it is not only capable of diagnosing (or
excluding) massive PE, but may also provide alternative explanations for the patient’s
hypotension and shock, such as cardiomyopathy, large myocardial infarction, valvular
or congenital disease, pericardial tamponade, or aortic dissection.

Patients with massive PE who present with refractory hypoxemia and/or neurological
abnormalities may have right-to-left shunt or paradoxical thromboembolism through a
patent foramen ovale (6,9, 10); this condition is promptly detected by echocardiography,
with or without echo contrast injection, and is associated with a particularly poor prognosis
(see Chapter 6).

Finally, in mechanically ventilated patients, transesophageal echocardiography is
a valuable alternative to transthoracic imaging, permitting not only assessment of car-
diac function but also direct visualization of possible thrombi in the right atrium, fora-
men ovale, right ventricle, or the proximal segments of the common and right pulmonary
artery (/1).

As indicated in the proposed algorithm displayed in Fig. 2, the presence of right ven-
tricular failure on echocardiography, with or without evidence of intracardiac or intrapul-
monary thrombi, should prompt immediate treatment of massive PE without seeking
confirmation of the diagnosis by further imaging procedures. As discussed in Chapters
10 and 11, there is, at present, consensus that thrombolysis is the treatment of choice for
the majority of these hemodynamically unstable patients (/2,13), despite the absence
(and, perhaps, nonfeasibility) of large randomized trials to prove its efficacy and support
this recommendation (/4). Surgical embolectomy, if immediately available on site, is a
reasonable alternative to thrombolysis (15, 16), particularly in case of contraindications
to the use of thrombolytic agents (see Chapter 12).
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If echocardiography fails to confirm the clinical suspicion of massive PE or suggest
an alternative diagnosis, spiral computed tomography (see Chapter 3) is the next fastest
and the most reliable diagnostic method, although it does require transportation of the
unstable patient to the radiology department. Alternatively, pulmonary angiography can
be considered, especially if catheter-based aspiration of thrombus is a treatment option
in the particular institution (see Chapter 13).

CONCLUSION

Management of the unstable patient with suspected massive PE poses a great challenge
to the skills of the clinician in the intensive care unit or the emergency room, and it should
direct the focus on rapid institution of treatment rather than absolute diagnostic certainty.
Although not directly validated in large prospective management studies, the two-step
algorithm presented in Fig. 2 is based on the well-documented and widely accepted value
of echocardiography in this setting. This approach minimizes time loss and permits rapid
therapeutic measures including thrombolysis, surgical embolectomy, or catheter-based
thrombus aspiration.
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SUMMARY

In the initial treatment of patients presenting with acute pulmonary embolism (PE),
anticoagulation is based either on unfractionated heparin (UFH) by continuous intra-
venous infusion and activated partial thromboplastin time monitoring, or on low-mo-
lecular-weight heparin (LMWH) given by once- or twice-datly subcutaneous injections.
There have been several studies comparing the use of UFH and LMWH for the treatment
of deep vein thrombosis (DVT), all demonstrating that LMWH is at least as effective
and safe as UFH by continuous intravenous infusion. Fewer studies have compared the
use of UFH and LMWH for the treatment of acute PE, but the evidence is that, as in
DVT, LMWH is equally effective and safe compared to UFH. Furthermore, LMWH
offers the convenience of out-of-hospital treatment for hemodynamically stable patients
with nonmassive PE without the need for laboratory monitoring. Therefore, in the
recent guidelines of the American College of Chest Physicians, either LMWH or UFH
is recommended for the initial treatment of venous thromboembolism. In patients with
advanced renal insufficiency, the recommendation is to use UFH rather the LMWH.

Key Words: Venous thromboembolism; heparin; low-molecular-weight heparin;
fondaparinux.
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INTRODUCTION

Deep venous thrombosis (DVT) and pulmonary embolism (PE) can be considered as
manifestations of a single disease entity that is commonly referred to as venous thrombo-
embolism (VTE). There is some evidence that patients who present with symptomatic
PE have a worse prognosis in terms of recurrent VTE and death than do those who present
with symptomatic DVT alone (/). Furthermore, patients who present with symptomatic
PE may have a higher risk of suffering recurrent PE rather than recurrent DVT in the
future (2,3). Nonetheless, the initial and long-term treatment of patients with either DVT
or PE is essentially the same, as recommended in the Evidence-Based Guidelines recently
released at the American College of Chest Physicians VII Conference on Antithrombotic
and Thrombolytic Therapy (4).

The objectives of the treatment of patients with VTE are: (1) to prevent death from acute
PE; (2) to prevent recurrent PE or DVT; and (3) to prevent the postthrombotic syndrome.
Withregard to the latter goal, the use of graduated compression stockings has been shown
to significantly decrease the incidence of the postthrombotic syndrome (5). On the other
hand, treatment and secondary prevention of PE is based on effective anticoagulation,
which initially consists of either intravenous unfractionated heparin (UFH) or subcuta-
neous low-molecular-weight heparin (LMWH). Long-term oral anticoagulation with a
Vitamin K antagonist (discussed in Chapter 14) commences in conjunction with these
therapies. This chapter will review the current state of the art in the initial anticoagulation
of patients presenting with DVT and PE, focusing on the use of UFH and LMWH.

UFH FOR THE INITIAL TREATMENT OF VTE AND PE

The anticoagulant activity of UFH depends on a unique pentasaccharide that binds to
antithrombin (AT) and potentiates its inhibiting effects on thrombin and activated factor
X (Xa)(6). Approximately one-third of all heparin molecules contain this pentasaccharide
sequence, regardless of whether they are low- or high-molecular-weight fractions (6-8).
Itis the pentasaccharide sequence that confers the molecular high affinity of heparins for
AT (6-8). Heparin also catalyzes the inactivation of thrombin by another plasma cofactor
(cofactor II), which acts independently of AT (8). Moreover, heparin exerts a number of
thrombin-unrelated effects that include the release of tissue factor pathway inhibitor, the
binding to numerous plasma and platelet proteins, endothelial cells, and leukocytes (6),
the suppression of platelet function, and an increase in vascular permeability (8).

An established approach to anticoagulant therapy for VTE is the combination of con-
tinuous intravenous infusion of UFH with oral warfarin. The length of the recommended
initial intravenous heparin therapy has gradually been reduced to 5 d, thus shortening the
hospital stay and leading to significant cost saving (9,/0). The early start (e.g., on the
second hospital day) of warfarin treatment overlapping with heparin administration has
become standard practice for the majority of patients with VTE who are hemodynamically
stable. Exceptions include patients who require immediate medical or surgical interven-
tion, such as thrombolysis or insertion of a vena cava filter, or patients at very high risk
of bleeding. Heparin is continued until the international normalized ratio has been within
the therapeutic range (2.0-3.0) for two consecutive days (4).

Heparin is cleared by a rapid saturable mechanism involving its binding to endothelial
cell receptors and macrophages, and also by a slower clearance that occurs primarily through
the renal tract. Heparin clearance is dose-dependent, becoming slower with increasing
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doses of intravenously administered heparin. Clearance following subcutaneous injec-
tion is even longer. Therefore, the anticoagulant response to a standard dose of heparin
varies widely among patients, and thus individual anticoagulant monitoring with the use
of the activated partial thromboplastin time (APTT), or of heparin levels, is mandatory,
so that the heparin dosage can be titrated to the individual patient (8). There is wide vari-
ability in the APTT and heparin blood levels with different reagents and even with differ-
ent batches of the same reagent. It is, therefore, vital for each laboratory to establish the
minimal therapeutic level of heparin, as measured by the APTT, that will provide a hepa-
rin blood level of 0.3 to 0.7 IU/mL, as assessed by factor Xa inhibition, for each batch
of thromboplastin reagent being used, particularly if the reagents are provided by differ-
ent manufacturers (8).

It has been established from experimental studies and clinical trials that the efficacy
of heparin therapy depends on achieving a critical therapeutic level of anticoagulation
within the first 24 h of treatment (/0-12). In fact, data from rigorous clinical trials indi-
cate that failure to achieve the therapeutic APTT threshold by 24 h is associated with an
unacceptable frequency of recurrent VTE in the long-term (71,13-16). For example, a
recently published study compared subcutaneous adjusted-dose UFH with fixed-dose
LMWH for the initial treatment of VTE, including those patients (16% of the study pop-
ulation) who presented with symptomatic PE. The investigators reported that, in the UFH
therapeutic arm, recurrent VTE occurred in 2.7% of the patients who reached an APTT
therapeutic threshold within 24 h as compared to 8.2% of those who failed to do so (p =
0.02) (13}. The recurrences occurred throughout the 3-mo follow-up period and could not
be attributed to inadequate oral anticoagulant therapy (/3). These data strongly support
the need for meticulous monitoring of the APTT in patients receiving UFH. On the other
hand, for patients with apparent heparin resistance, that is those who require very high
doses of intravenous UFH to achieve therapeutic levels of APTT, measurement of hep-
arin blood levels has been used for more effective and reliable monitoring (8). Another
alternative is the use of LMWH, discussed later.

Although a strong correlation exists between subtherapeutic APTT values and recur-
rent VTE, the relationship between supratherapeutic APTT (i.e., an APTT ratio of 2.5 or
higher) and bleeding is less clear (/7). Indeed, bleeding during heparin therapy appears
to be more closely related to underlying clinical risk factors than to APTT elevation above
the therapeutic range (/7). Recent studies confirm that excess body weight and age greater
than 65 yr are independent risk factors for heparin-related bleeding (8).

Numerous audits of heparin therapy indicate that administration of intravenous hepa-
rin is fraught with difficulty, and that the clinical practice of using an ad hoc approach
to heparin dose-titration frequently results in inadequate therapy. Consequently, the use
of a prescriptive approach or protocol for administering intravenous heparin therapy has
been evaluated in prospective studies of patients with VTE (11,14,17).

In one clinical trial that focused on the treatment of DVT, patients were given either
intravenous heparin alone followed by warfarin, or intravenous heparin and simultaneous
warfarin (heparin/warfarin) (/0). The heparin nomogram used is summarized in Tables 1
and 2. Only 1 and 2% of the patients in the heparin-only and the heparin/warfarin group,
respectively, were undertreated for more than 24 h. Recurrent VTE (objectively docu-
mented) occurred rather infrequently in both groups (7%). Thus, subtherapeutic levels
could be avoided in most patients, and the proposed heparin nomogram resulted in effec-
tive administration of heparin therapy in both treatment groups.
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Table 1
Suggested Protocol for Continuous Intravenous Heparin Infusion

1. Administer initial intravenous heparin bolus: 5000 U.
2. Administer continuous intravenous heparin infusion: commence at 1680 U/h (24-h heparin
dose of 40,320 U), except in the following patients, in whom heparin infusion is commenced
at a rate of 1240 U/h (24-h dose of 29,760 U):
a) patients who have undergone surgery within the previous 2 wk;
b) patients with a previous history of peptic ulcer disease or gastrointestinal or genitourinary
bleeding;
c) patients with recent (ischemic) stroke within the previous 2 wk;
d) patients with a platelet count >150 x 10%/L;
¢) patients with miscellaneous reasons for a high risk of bleeding (e.g., hepatic failure,
renal failure, or vitamin K deficiency).
3. Adjust heparin dose by use of the APTT. The APTT test is performed in all patients as
follows:
a) 4-6 h after commencing heparin; the heparin dose is then adjusted;
b) 4-6 h after the first dosage adjustment;
c¢) then, as indicated by the nomogram for the first 24 h of therapy;
d) thereafter once daily, unless the APTT is subtherapeutic?, in which case the test is
repeated 4-6 h after the heparin dose has been increased.

APTT, activated partial thromboplastin time.
2Subtherapeutic implies that APTT is less than 1.5 times the mean normal control value for the thrombo-
plastin reagent being used.

Table 2
Intravenous Heparin Dose Titration Nomogram According to the APTT

Rate change  Dose change

APTT (s) (mL/h) (1U/24 h)“ Additional action

<45 +6 +5760 Repeated APTT? in 4-6 h

46-54 +3 +2880 Repeated APTT in 4-6 h

55-85 0 0 None*

86-110 -3 -2880 Stop heparin treatment for 1 h; repeat APTT
4-6 h after restarting heparin treatment

>110 -6 -5760 Stop heparin treatment for 1 h; repeat APTT

4-6 h after restarting heparin treatment

4Heparin sodium concentration 20,000 IU in 500 mL = 40 IU/mL.

bWwith the use of Actin-FS thromboplastin reagent (Dade, Mississauga, Ontario, Canada).

¢During the first 24 h, repeat APTT in 4-6 h. Thereafter, the APTT will be determined once daily, unless
subtherapeutic.

Adapted from ref. /7 with permission.

In another clinical trial, a weight-based heparin dosage nomogram (Table 3) was
compared with a standard-care nomogram (/4). Patients on the weight-adjusted heparin
nomogram received a starting dose of 80 U/kg as a bolus and 18 U/(kg / h) as an infusion.
The heparin dose was adjusted to maintain an APTT of 1.5 to 2.3 times control. In the
weight-adjusted group, 97% of patients achieved the therapeutic range within 24 h com-
pared with 77% in the standard-care group. Recurrent VTE was more frequent in the stan-
dard-care group, supporting the previous observation that subtherapeutic heparin during
the initial 24 h is associated with a higher incidence of recurrences. This study included
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Table 3
Weight-Based Nomogram for Initial Intravenous Heparin Therapy
(Numbers in Parentheses Show Comparison with Control)

Dosage (in 1U/kg)
Initial dose 80 as bolus, then 18 U/h
APTT <35 s (<1.2 times) 80 as bolus, then 4 U/h
APTT 35-45s (1.2 1.5 times) 40 as bolus, then 2 U/h
APTT 46-70 s (1.5-2.3 times) No change
APTT 71-90 s (2.3-3.0 times) Decrease infusion rate by 2 U/h
APTT >90 s (>3.0 times) Hold infusion 1 h, then decrease infusion rate by 3 U/h

APTT, activated partial thromboplastin time. (Adapted from ref. /4, with permission.)

patients with unstable angina and arterial thromboembolism in addition to VTE, which
suggests that the principles applied to a heparin nomogram for the treatment of VTE may
be extrapolated to other clinical conditions. Continued use of the weight-based nomo-
gram has been similarly effective (17).

Adjusted-dose subcutaneous UFH has also been tested in the initial treatment of VTE.
In an early study, patients presenting with proximal DVT were randomized to receive either
15,000 U of heparin every 12 h by subcutaneous injection or 30,000 units of heparin by
continuous 1V infusion following an initial bolus of 5000 U (/6). Therapeutic heparin
levels and APTT levels were achieved at 24 h in 37% of the patients who received sub-
cutaneous heparin compared with 71% of those receiving intravenous heparin. These find-
ings were disappointing in view of the fact that, as emphasized previously, recurrent VTE
occurs more frequently in patients who fail to achieve therapeutic heparin levels in terms
of APTT values within the first 24 to 48 h of therapy as compared to those who achieve ther-
apeutic levels quickly (/2). Nonetheless, there has been some interest in the use of UFH
by the subcutaneous route for the initial treatment of VTE. A meta-analysis comparing sub-
cutaneous with intravenous UFH in the setting of the initial treatment of DVT suggested
that twice-daily subcutaneous heparin might be more effective in terms of recurrent
DVT, and it was at least as safe (/8). The authors proposed that subcutaneous UFH could
simplify treatment and permit out-of-hospital management for many of these patients.
Efforts have been made to develop treatment nomograms for the optimal dosing of sub-
cutaneous heparin (719,20), and four randomized clinical trials compared the efficacy of
subcutaneous UFH with subcutaneous LMWH in patients with proven VTE (13,21-23).
The largest of these trials, which was recently published, demonstrated that subcutaneous
dose-adjusted UFH using a weight-based algorithm and APTT monitoring was as effec-
tive and safe as fixed-dose LMWH for the initial treatment of patients with VTE, of whom
approx 16% presented with PE. The authors concluded that, for patients in whom UFH is
chosen as initial treatment of PE, the use of the subcutaneous route might be a viable option
that would permit out-of-hospital treatment (73).

At present, UFH given by continuous intravenous infusion is, at least in the United
States, the treatment of choice for the majority of patients presenting with acute PE. In other
countries, including Canada, these patients are frequently treated with LMWH, unless
they are hemodynamically unstable, thus necessitating emergency thrombolysis or sur-
gical/interventional recanalization procedures (see Chapters 10—13), or at high risk for
bleeding. In the latter case, correction of the anticoagulant effect of UFH by stopping the
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intravenous infusion and/or giving protamine sulfate is more effective when heparin is
given by the intravenous route, as compared to the use of subcutaneous LMWH, which
exhibits a longer half-life and can only be incompletely antagonized by protamine sulfate.

COMPLICATIONS OF HEPARIN THERAPY

The main adverse effects of heparin therapy include bleeding, thrombocytopenia, and
osteoporosis. Osteoporosis has been reported in patients receiving UFH in dosages of
20,000 U/d (or more) for more than 6 mo. Demineralization can progress to the fracture
of vertebral bodies or long bones, and the defect may not be entirely reversible (8).

Patients at particular risk of bleeding while on heparin treatment are those who have
had recent surgery or trauma, or who have other clinical factors predisposing to bleeding
such as peptic ulcer, occult malignancy, liver disease, hemostatic defects, excess body
weight, and age greater than 65 yr. Female gender also apears to predispose to bleeding
(8). The management of heparin-related bleeding depends on the location and severity
of bleeding, the risk of recurrent VTE, and the APTT levels. Heparin should be discontin-
ued temporarily or permanently. Patients with recent VTE may be candidates for insertion
of an inferior vena cava filter. If urgent reversal of the heparin effect is required, protamine
sulphate can be administered (§).

Heparin-induced thrombocytopenia is a well-recognized complication of heparin ther-
apy, usually occurring within 5 to 10 d after heparin treatment has started (24-28). Approx-
imately 1 to 2% of patients receiving UFH experience a fall in platelet count to less than
the normal range or a 50% fall in the platelet count within the normal range. In the major-
ity of these cases, mild to moderate thrombocytopenia appears to be a direct effect of hep-
arin on platelets and is of no consequence. However, approx 0.1 to 0.2% of the patients
receiving heparin will develop an immune thrombocytopenia mediated by immunoglo-
bulin G antibody directed against acomplex of platelet factor 4 (PF4) and heparin (25). The
development of heparin-induced thrombocytopenia may be accompanied by arterial or
venous thrombosis, which may lead to serious consequences such as death or limb ampu-
tation (27,28). Importantly, the diagnosis of heparin-induced thrombocytopenia, with or
without thrombosis, must be made on clinical grounds, because the assays with the high-
est sensitivity and specificity are not readily available and have a slow turn-around time.

When the diagnosis of heparin-induced thrombocytopenia is made, heparin in all forms
must be stopped immediately. Because continuation of anticoagulation will be required
in most cases, alternative agents need to be considered (26-28). The agents most exten-
sively tested include lepirudin (26-28), danaparoid sodium (27,28) and, more recently,
the specific thrombin inhibitor argatroban (28). Danaparoid is available for limited use
on compassionate grounds, whereas hirudin and argatroban have been approved for use
in the United States and Canada. Warfarin should not be started until one of the previously
mentioned agents has been used for 3 or 4 d to suppress thrombin generation. Insertion
of an inferior vena cava filter is rarely indicated.

LMWH FOR THE INITIAL
AND LONG-TERM TREATMENT OF VTE

The UFH currently in use clinically is polydispersed unmodified heparin with a mean
molecular weight ranging from 10to 16 kDa. In recent years, low-molecular-weight deriv-
atives of commercial heparin have been prepared that have a mean molecular weight of
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4-6 kDa (29,30). The LMWHs commercially available are made by different processes
(such as nitrous acid, alkaline, or enzymatic depolymerization) and they differ chemi-
cally and pharmacokinetically (29,30). The clinical significance of these differences, how-
ever, remains unclear, and there have been very few studies directly comparing different
LMWHs with respect to clinical outcomes (30). Of note, the doses of the different LMWHs
have been established empirically and these agents are not necessarily interchangeable.
Therefore, at this time, the effectiveness and safety of each of the LMWHs must be tested
separately (30).

The LMWHs differ from UFH in numerous ways. Of particular importance are the
following properties: (1) increased bioavailability (>90% after subcutaneous injection);
(2) prolonged half-life; (3) predictable clearance, enabling once- or twice-daily injection;
and (4) predictable AT response based on body weight, permitting treatment without
laboratory monitoring (8,29,30). Other possible advantages are their ability to inactivate
platelet-bound factor Xa, resistance to inhibition by PF4, and their decreased effect on
platelet function and vascular permeability, possibly accounting for less hemorrhagic
effects than UFH at comparable AT doses (§).

There has been hope that the LMWHSs could have fewer serious complications such
as bleeding (29,30), heparin-induced thrombocytopenia (25,27), and osteoporosis (31)
when compared with UFH. Evidence is accumulating that these complications are indeed
less frequent with the use of LMWH. Moreover, although LMWH has not been approved
for the prevention and treatment of VTE in pregnancy, these drugs do not cross the pla-
centa and case series indicate they are both effective and safe in this setting (see Chapter
17). On the other hand, all LMWHs cross-react with UFH and therefore cannot be used
as alternative therapy in patients who develop heparin-induced thrombocytopenia.

Several LMWHs are available for the prevention and treatment of VTE in various
countries. Four LMWHs have been approved for clinical use in Canada and two LMWHs
have been approved for use in the United States.

In a number of early clinical trials (some of which were dose-finding), LMWH given
by subcutaneous or intravenous injection was compared with continuous intravenous
UFH, with repeat venography atd 7-10 being the primary end point. These studies demon-
strated that LMWH was at least as effective as UFH in preventing extension or increasing
resolution of thrombi on repeat venography. Subsequently, subcutaneous unmonitored
LMWH was compared with continuous intravenous heparin in a number of clinical trials
for the treatment of proximal DVT using long-term follow-up as an outcome measure
(32-39) (Table 4). These studies showed that LMWH was at least as effective and safe as
UFH in the treatment of proximal DVT. Three of these studies indicated that LMWH used
predominantly out-of-hospital was as effective and safe as intravenous UFH given in-hos-
pital (37-39). Pooling of the most methodologically sound studies indicates a significant
advantage for LMWH in the reduction of major bleeding and mortality (40). Moreover,
economic analysis of treatment with LMWH vs intravenous heparin demonstrated that
LMWH was cost-effective for treatment in-hospital as well as out-of-hospital (47).

Long-term LMWH has been compared with oral anticoagulant (warfarin) therapy in
patients presenting with proximal DVT (42). Although these studies differ in their design
and the dosage of LMWH, they do indicate that LMWH is a useful alternative to warfarin
therapy. Long-term LMWH treatment has been used in patients who have recurrence of
VTE while on therapeutic doses of warfarin. More recently, long-term LMWH was com-
pared with long-term warfarin for the treatment of a broad spectrum of patients and in
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Table 4

LMWH vs UFH for the Treatment of Proximal DVT: Study Overview

Mortality Recurrent VTE ~ Major bleeding
Reference Treatment [no.(%)] [no.(%)] [no.(%)]
Hull et al. (32) Tinzaparin 10/213 (4.7)¢ 6/213 (2.8) 17213 (0.5)¢
Heparin 21/219 (9.6) 15/219 (6.8) 11/219 (5.0)
Prandoni et al. (33) Nadroparin 6/85 (7.1) 6/85 (7.1) 1/85 (1.2)
Heparin 12/85 (14.1) 12/85 (14.1) 3/85 (3.8)
Lopaciuk et al. (34)® Nadroparin 0/74 0/74 (0) 0/74
Heparin 1/72 (1.4) 3/72 (4.2) 1/72 (1.4)
Simonneau et al. (35) Enoxaparin 3/67 (4.5) 0/67 0/67
Heparin 2/67 (3.0) 0/67 0/67
Lindmarker et al. (36)¢  Dalteparin 2/101 (2.0) 5/101 (5.0) 1/101 (1.0)
Heparin 3/103 (2.9) 3/103 (2.9) 0/103
Koopman et al. (37) Nadroparin 14/202 (6.9) 14/202 (6.9) 1/202 (0.5)
Heparin 16/198 (8.1) 17/198 (8.6) 4/198 (2.0)
Levine et al. (38) Enoxaparin 11/247 (4.5) 13/247 (5.3) 51247 (2.0)
Heparin 17/253 (6.7) 17/253 (6.7) 3/253 (1.2)
Columbus Clivarin 36/510 (7.1) 27/510 (5.3) 16/510 (3.1)
Investigators (39) Heparin 39/511 (7.6) 25/511 (4.9) 12/511 (2.3)

4p < 0.05 vs heparin (mortality and major bleeding).

b19.5% had calf vein DVT and/or involvement of the popliteal.

€42.6% distal DVT only,

LMWH, low-molecular-weight heparin; UFH, unfractionated heparin; DVT, deep vein thrombosis.

patients with cancer presenting with proximal DVT (43,44). Based on these results, long-
term LMWH has been recommended for a period of at least 6 mo for patients presenting
with DVT or PE and cancer (4).

LMWH TREATMENT FOR PATIENTS PRESENTING WITH PE

Evidence is accumulating that LMWH can be safely used to treat acute nonmassive PE.
Inadose-finding study, three doses of nadroparin were compared with continuous intrave-
nous UFH for the initial treatment of patients presenting with PE (45). Afterd 8, improve-
ment in pulmonary vascular obstruction and major bleeding rates were similar in the
UFH and the LMWH group receiving the lowest dose of nadroparin. In an open randomized
clinical trial, the LMWH dalteparin, given at the dosage of 120 anti-Xa U/kg twice daily
for 10 d, was compared with UFH, given by continuous intravenous infusion for 10 d, in
patients with nonmassive PE (46). There were no episodes of recurrent PE and no major
bleeding in either group during the treatment period, and the decrease in pulmonary vas-
cular obstruction on perfusion lung scans between d 0 and d 10 was similar in the two
groups.

The Columbus study compared the use of the LMWH reviparin given according to a
fixed weight-based schedule twice daily, compared with UFH given by intravenous infu-
sion, for approx 5 d prior to starting warfarin in patients presenting with DVT or PE (27%
of the patients presented with PE) (39). Patients were stratified according to whether they
presented with DVT or PE. During both the initial hospitalization and the follow-up
period, no difference was observed between the two treatment groups with regard to the
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Table 5
Heparin Anticoagulation for PE:
Outcome Events in the LMWH vs UFH Treatment Group

Heparin LMWH p Value

Recurrent VTE 7/103 (6.8%) 0/97 (0.0%) 0.014¢4

0.009°
Major bleeding (initial therapy) 2/103 (1.9%) 1/97 (1.0%)
Minor bleeding 3/103 (2.9%) 1/97 (1.0%)
Death 9/103 (8.7%) 6/97 (6.2%)

“Fisher’s exact test.

b1 og rank analysis.

PE, pulmonary embolism; LMWH, low-molecular-weight heparin; UFH, unfractionated
heparin; VTE, venous thromboembolism.

Adapted from ref. 48 with permission.

incidence of recurrent VTE or death, or in the occurrence of major bleeding. Overall, the
therapeutic efficacy of LMWH in patients with PE was similar to that in patients present-
ing with DVT only. It was concluded that fixed-dose subcutaneous LMWH was as effec-
tive and safe as adjusted-dose intravenous UFH for the initial management of patients pre-
senting with PE.

In the only randomized clinical trial focusing on patients with PE to date (47), 612
patients with symptomatic PE, who were considered not to require thrombolytic therapy
or embolectomy, received either the LMWH tinzaparin, given by once-daily, weight-
adjusted subcutaneous injection, or UFH given by APTT-adjusted continuous intravenous
infusion. Patients in the tinzaparin arm received 175 anti-Xa U/Kg per day for an average
of 7 d, with warfarin starting on d 1-3 and continued for 3 mo. The remaining patients
received UFH for an average of 7 d, with warfarin also starting on d 1-3 and continued
for 3 mo. Of the 1482 consecutive patients who met the entry criteria, 766 (52%) were
excluded. Of these, 177 (23.1%) required thrombolytic therapy and 55 (7.2%) had inter-
ruption of the inferior vena cava. Neither the incidence of recurrent VTE or death over
the initial and follow-up period nor the incidence of major bleeding differed between the
two treatment groups. The authors concluded that LMWH was as effective and as safe
as intravenous UFH in the treatment of acute PE. They pointed out, however, that their
selection criteria excluded a number of patients at high risk of death, recurrent thrombo-
sis, or bleeding. In these high-risk groups, the efficacy and safety of LMWH remains to
be determined.

Data from an earlier randomized clinical trial also support the use of LMWH in the
treatment of patients with PE (32). In a double-blind prospective trial of patients present-
ing with proximal DVT, the LMWH tinzaparin, given at the dosage of 175 anti-Xa U/kg
per day for 6 d, was compared with UFH given by continuous intravenous infusion and
monitored by a heparin-APTT nomogram for at least 6 d. Warfarin was started in both
arms on d 2 and continued for 3 mos. Within 48 h of entry into the study, all patients had
a ventilation-perfusion lung scan and chest X-ray performed. Of the 219 patients receiv-
ing UFH, 103 (47.0%) had high probability for PE, whereas of the 213 LMWH patients,
97 (45.5%) had high-probability perfusion lung scan findings (48) (Table 5). Patients
with PE were well-matched in terms of clinical characteristics. Recurrent VTE occurred
in 7 (6.8%) of 103 patients receiving intravenous heparin as opposed to none of the 97
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patients who received LMWH. Major bleeding associated with initial therapy occurred
in one patient (1%) who was given LMWH and in two patients (1.9%) given intravenous
heparin. Death occurred during the 3-mo interval of the trial in 6 (6.2%) of patients on
LMWH and 9 (8.7%) of patients on UFH. One patient in the UFH died of acute PE on
d148).

The data from the previously described studies (47,48), which used the same LMWH
(tinzaparin) at the same dosage, were pooled for patients who had both documented
proximal DVT and PE. Recurrent VTE occurred in 2 of 254 (0.8 %) patients who received
LMWH vs 10 (3.9%) of 255 patients who received UFH (odds ratio, 0.20; 95% confi-
dence interval [CI], 0.042-0.92; p = 0.022) (49). Major bleeding occurred in 3 (1.2%)
patients on LMWH compared to 5 (1.96%) patients on UFH. The mortality rate for patients
on LMWH was 12 (4.7%) vs 17 (6.7%) for those on UFH. Thus, this analysis suggests
a decrease in the incidence of recurrent VTE in patients receiving LMWH as compared
with UFH, with a similar risk for major bleeding.

In many centers, patients presenting with PE who are hemodynamically stable and
have no other indications for hospital admission are increasingly being treated out of
hospital. This practice is supported by several cohort studies (50,51 ), including one small
randomized trial that compared LMWH for 90 d with UFH and warfarin according to the
usual regimen (52). Outcomes in terms of recurrent VTE and bleeding were similar in
both groups, but the median hospital length of stay was shorter in the enoxaparin group
(4vs 6 d; p=0.001).

SPECIAL CONSIDERATIONS
FOR THE USE OF LMWH IN THE TREATMENT OF VTE

The LMWHs differ in their pharmacological properties and are therefore considered to
be distinct entities by the regulatory bodies (8). There are, for example, differences regard-
ing the effect of severe renal impairment on the metabolism and clearance of some of the
LMWHs such as enoxaparin and nadroparin (53,54). Furthermore, there is some evidence
that the LMWH tinzaparin may not accumulate in patients with renal insufficiency down
to a glomerular filtration rate of 25 mL/min, suggesting that, in elderly patients with renal
insufficiency, excessive factor Xa inhibition could be less likely with this substance (55,
56). Moreover, there are differences in the degree to which protamine sulfate can inhibit
the anticoagulant effect of various LMWHs, with the reduction in Xa levels varying
between 55 and 85% (57). The activity by protamine sulfate is directly related to the num-
ber of sulfate radicals on the site chains of the LMWH (57).

There has been concern that, in patients who are obese or morbidly obese, using LMWH
atdosages based on weightadjustment may lead to excessively high anti-factor Xalevels.
Regulatory agencies have, therefore, imposed a cap on the daily dose of LMWH at 18,000
U, corresponding to a maximal body weight of 108 kg. There is, however, recent evidence
that anti-factor Xa levels remain in the therapeutic range when the LMWHs tinzaparin
and dalteparin continue to be given at a weight-adjusted dosage in obese patients weigh-
ing more than 108 kg, even if this results in exceeding the proposed upper limit of 18,000
U/d (58,59). In fact, there is concern that limiting the LMWH dosage in these patients may
pose them at a higher risk of recurrent thrombosis.

There has been considerable debate about the need for measurement of factor Xa levels
as a means of monitoring therapy with LMWH. Such levels are justified in the treatment
of VTE in pregnancy or in childhood, but there is little justification for measurement of



Chapter 9 / Heparin Anticoagulation 121

Xa levels in other settings (8). Furthermore, little correlation seems to exist between fac-
tor Xa levels and severe bleeding or thrombosis (60). Most of the LMWHs are given by
twice-daily injection, but there is no evidence that this is either more effective or safer than
once-daily injection (67). Finally, concern has been raised regarding the use of subcuta-
neous LMWH in patients who are on pressor agents as, for example, in intensive care units.
These reservations appear to be justified, since anti-Xa levels were lower following sub-
cutaneous injection of LMWH in patients who were on pressor agents as compared to
age-matched controls (62).

SUBCUTANEOUS FONDAPARINUX
FOR THE INITIAL TREATMENT OF PE

The pentasaccharide fondaparinux, given by subcutaneous injection at three different
dosages depending on body weight, was compared with continuous intravenous UFH mon-
itored by APTT measurements in patients presenting with symptomatic PE (63). Recurrent
VTE was observed in 1.3% of patients on fondaparinux vs 1.7% on UFH. Major bleeding
was seen in 1.3% of patients on fondaparinux compared to 1.1% on UFH. Mortality rates
at 3 mo were similar in the two groups. In the fondaparinux group, 14.5% of the patients
received the drug in part on an outpatients basis. It was concluded that once-daily subcu-
taneous fondaparinux without laboratory monitoring was as effective and safe as adjusted-
dose intravenous UFH for the initial treatment of hemodynamically stable patients with
PE (63).

CONCLUSIONS

For the initial treatment of patients presenting with PE, UFH by continuous intrave-
nous infusion, or LMWH by once- or twice-daily subcutaneous injection, are the recom-
mended treatment choices at present. The meta-analyses of numerous studies comparing
LMWH by subcutaneous injection to intravenous UFH for patients presenting with DVT
have shown a comparable incidence of recurrent VTE and bleeding, and a decreased
incidence of mortality in favor of LMWH. Although fewer studies have compared LMWH
and UFH for the initial treatment of patients with PE, the existing evidence suggests that
LMWH is equally effective and safe and offers the convenience of out-of-hospital treat-
ment without laboratory monitoring apart from measurement of platelet counts. There-
fore, the recently updated ACCP guidelines endorse both LMWH and UFH for the initial
treatment of VTE, but it is recommended to prefer LMWH to UFH in patients with DVT
who can be treated on an outpatient basis, and in hemodynamically stable patients with non-
massive PE. On the other hand, in patients with advanced renal failure (glomerular filtration
rate less than 25 ml./min), it appears to be safer to use UFH.
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SUMMARY

Clinically stable patients without major comorbidity, who receive anticoagulant
treatment for pulmonary embolism (PE), have a low in-hospital mortality rate ranging
between 1 and 2%. In contrast, more than 25% of patients with massive PE, defined by
persistently low blood pressure or shock at presentation, die during the first 2 wk after
diagnosis. Available evidence indicates that thrombolytic treatment reduces the mor-
tality risk in these patients, who, however, represent only 4.5% of all patients admitted
to the hospital for PE. Further data support the notion that normotensive patients with
submassive PE, defined by the presence of right ventricular dysfunction detected on
echocardiography or indicated by elevated cardiac biomarkers, may also have a higher
mortality risk than patients with normal right ventricular function. These patients may
represent more than 20% of all patients admitted to the hospital for acute PE. Indirect
evidence suggests that thrombolytic treatment may reduce the mortality rate in these
patients, but the available controlled studies were not powerful enough to confirm or
refute this hypothesis. A large randomized controlled trial is urgently needed to resolve
this issue. Recombinant tissue-type plasminogen activator, given as a 100-mg dose over
2 h, is the most systematically studied thrombolytic regimen for patients with acute PE.
It acts faster than regimens using urokinase or streptokinase, and should be considered
as the reference thrombolytic treatment for patients with PE.

Key Words: Thrombolysis; massive pulmonary embolism; submassive pulmonary
embolism; tissue-type plasminogen activator.
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INTRODUCTION

The overall hospital mortality rate of unselected patients with pulmonary embolism
(PE) has been estimated at 9%, and it depends primarily on the hemodynamic status of the
patient and the underlying disease (/). Recent studies have shown that, for clinically stable
patients without major comorbidity, the in-hospital mortality rate under effective anti-
coagulant treatment is between 1 and 2% (2,3). In contrast, more than 25% of patients
presenting with low blood pressure die during the first 2 wk after diagnosis (1,4,5). How-
ever, anumber of studies also showed that a subgroup of patients with normal blood pres-
sure who have right ventricular failure on admission as detected by echocardiography
may have anincreased mortality rate compared to patients with normal echocardiographic
findings (6). Recent data further suggest that cardiac biomarkers such as troponin and
brain natriuretic peptide (BNP) can also help identify patients with an adverse outcome
among those with normal blood pressure (7,8) (see Chapters 4 and 5). Accordingly, PE
can be classified into the following categories: (1) massive PE defined by a systolic blood
pressure no higher than 90 mmHg, or a pressure drop of at least 40 mmHg for at least 15
min; and (2) nonmassive PE (9). In addition submassive PE is considered as a subcate-
gory of nonmassive PE with evidence of right ventricular dysfunction (9).

Thrombolytic treatment is generally recommended for unstable patients with massive
PE, who, however, represent no more than 4.5% of all patients admitted to hospital for PE
(1). On the other hand, the use of thrombolytic treatment in patients with submassive PE
remains controversial. Some indirect evidence supports the use of thrombolysis in these
patients, but controlled studies could neither confirm nor exclude a significant reduction
in mortality.

HEMODYNAMIC BENEFITS
OF THROMBOLYTIC TREATMENT IN PE

Thrombolytic treatment induces a rapid decline of pulmonary artery resistance in patients
with acute PE and pulmonary hypertension. In the plasminogen activator Italian multi-
center study 2 (PAIMS 2) study, alteplase given as a 100-mg dose over 2 hours reduced
mean pulmonary artery pressure from 30.2 + 7.8 mmHg to 21.0 £ 6.7 mmHg after 2 h,
whereas no significant change was observed with heparin alone (10). In the same study,
the cardiac index increased from 2.1 + 0.5 L/(min/m?) to 2.4 + 0.5 L/(min/m?) in the
alteplase group, whereas no change was observed in the heparin group. In the urokinase
pulmonary embolism trial (UPET) study, no significant change in hemodynamic param-
eters was observed after 24 h of heparin infusion, whereas a significant 23% reduction
in pulmonary artery mean pressure was observed in the patients who received urokinase
(11). Early reversal of right ventricular dysfunction has also been documented by serial
ECG in patients receiving alteplase compared to those receiving heparin alone (12).

REDUCTION OF PULMONARY VASCULAR OBSTRUCTION

Thrombolytic treatment produces a faster decrease in vascular obstruction compared
to treatment with heparin. In the PAIMS 2 study, the severity of pulmonary vascular ob-
struction as assessed by the Miller index (an angiographic score of pulmonary vascular
obstruction with a maximum value of 34) decreased significantly from 28.3 +2.9t024.8
+5.2 at the end of the alteplase infusion, whereas no significant difference was observed
in patients who received heparin alone (/0). Using serial lung scanning, Goldhaber et al.
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observed a greater reduction of vascular obstruction 24 h after the start of treatment with
alteplase (12). Importantly, however, studies also showed that the differences between the
thrombolysis and the heparin group disappeared after 7 d of follow-up (10). Thus, thrombo-
lytic therapy restores pulmonary vascular patency and reduces pressure overload of the
right ventricle more rapidly than heparin alone, but both types of treatment result in a
similar extent of improvement after 1 wk.

HEMORRHAGIC COMPLICATIONS OF THROMBOLYSIS

A recent meta-analysis of controlled studies compared thrombolytic treatment with
heparin in patients with PE (/3). The overall rate of major bleeding was 9.1% in the
patients who were allocated to thrombolytic treatment compared to 6.1 % in those who
received heparin. The relative risk for major bleeding associated with thrombolysis was
1.42 (95% confidence interval [CI], 0.81-2.46). Most of the bleeding events occurred in
studies that used central venous access for angiography and hemodynamic monitoring.
Notably, such invasive diagnostic procedures are rarely used in current clinical practice,
and, accordingly, recent studies have shown that major bleeding rates are now much lower
under either treatment. However, intracranial bleeding remains a major concern in patients
receiving thrombolytic treatment. In thrombolysis studies focusing on patients with PE,
the incidence of intracranial bleeding was estimated at 1.9% (95% CI, 0.7-4.1%), and thus
appeared to be higher than in patients with myocardial infarction (/4). Risk factors include
older age and invasive diagnostic procedures (/5).

EFFECTS OF THROMBOLYSIS
ON PE-RELATED MORTALITY AND PROGNOSIS

Patients With Massive PE

The definition of massive PE has long been based on the severity of angiographically
detected pulmonary vascular obstruction. In fact, when vascular obstruction exceeds 50
to 60%, pulmonary vascular resistance increases sharply. Thus, this level of pulmonary
vascular obstruction has been used to define massive PE (/6). However, recent data strongly
suggest that PE-related mortality is not directly related to the degree of vascular obstruction
itself, but rather to clinical findings at the time of diagnosis. For example, in the [ICOPER
registry, mortality was 58% in patients with hemodynamic instability compared to 15% in
clinically stable patients (/). In the same study, a systolic blood pressure less than 90 mmHg
was independently associated with increased mortality (odds ratio [OR], 2.9; 95% CI,
1.7-5.0). Another large multicenter registry included 1001 patients with major PE, defined
asright heart failure or pulmonary hypertension (5). Four patient groups were prospectively
defined: (1) patients with evidence of right ventricular pressure overload or pulmonary
hypertension, but with normal blood pressure; (2) patients with arterial hypotension (sys-
tolic blood pressure less than 90 mmHg or a drop of at least 40 mmHg for more than 15
min), but without cardiogenic shock or need for catecholamine support (except for dopa-
mine infusion at the rate of less than 5 ug/[kg/min]); (3) patients with arterial hypotension
and cardiogenic shock and/or need for catecholamine administration to maintain adequate
tissue perfusion; (4) patients with circulatory collapse who underwent cardiopulmonary
resuscitation. Hospital mortality was 8.1% in group 1, 15.2% in group 2, 25% in group 3,
and 62.5% in group 4 (5). In view of these data, the diagnosis of massive PE is now based
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on clinical rather than angiographic parameters, and more specifically on the presence
of hemodynamic instability (persistent arterial hypotension and/or cardiogenic shock) at
presentation (9).

One small randomized trial has compared streptokinase with heparin in patients with
massive PE. Although 40 patients with massive or submassive PE were expected to be
recruited, the trial was terminated early after only 8 patients were included. All patients had
massive PE; four were allocated to streptokinase and survived, whereas four were allocated
to heparin and died from cardiogenic shock during the 72 h following randomization (/7).
These results prompted the ethics committee to stop the trial. In a recent meta-analysis
of the controlled studies comparing thrombolytic therapy with heparin in patients with PE,
asubgroup analysis was performed for the studies that included patients with massive PE
and shock (73). The mortality rate in these studies was 6.2% for the patients allocated to
thrombolytic treatment and 12.7% for those allocated to heparin (OR, 0.47;95% CI, 0.20-
1.10). When recurrent PE and deaths were considered, the difference was significant, with
a 9.4% event rate for patients allocated to thrombolytic treatment compared to 19% for
those allocated to heparin treatment (OR, 0.45; 95% CI, 0.22-0.92) (13). Importantly how-
ever, only a minority of the patients included in the prospective thrombolysis trials per-
formed to date had massive PE with cardiogenic shock.

In contrast to the aforementioned (limited) data from prospective trials, the results of a
retrospective case series covering a 10-yr period in a single center suggested that thrombo-
lytic treatment might not reduce the mortality rate in unstable patients with severe shock.
Either heparin alone or heparin plus thrombolytic therapy was given to 34 patients with
massive PE and metabolic acidosis, according to the opinion of the physician in charge
(18). Of 20 patients who received heparin treatment, 60% died. Similarly, of 14 patients
who received thrombolytic treatment, 57% died during the hospital stay. However, this
retrospective study defined the presence of metabolic acidosis as one of its inclusion
criteria. It may thus have selected patients with irreversible right ventricular myocardial
damage who were possibly too sick to benefit from any effective recanalization therapy.
In fact, the MAPPET study also suggested that delayed thrombolytic therapy of patients
with PE may be associated with a worse clinical outcome (5).

In conclusion, the body of evidence currently available largely supports the notion that
thrombolytic therapy reduces mortality in patients with massive PE. In particular, the high
mortality rate seen in patients with massive PE who receive heparin alone, the early hemo-
dynamic improvement observed with thrombolytic therapy, the results of the small ran-
domized study by Jerjes-Sanchez et al., and the recent meta-analysis all strongly suggest
that thrombolytic therapy should be instituted as early as possible in patients with massive
PE. Thus, most authorities recommend the use of thrombolytic therapy for patients with
massive PE (9,19).

Patients With Submassive PE

Patients who presentin a stable hemodynamic condition and have no major underlying
disease have aremarkably low death rate when receiving anticoagulant treatment for PE.
For example, a recent meta-analysis comparing unfractionated heparin with low-molec-
ular-weight heparin (LMWH) for the initial treatment of PE reported an in-hospital mor-
tality rate of 1.4% for the former and 1.2% for the latter treatment group (20). Several studies
have tried to identify a subgroup of patients with (possibly) higher mortality rates among
those with normal blood pressure. Some studies used echocardiography to select these
patients. For example, Ribeiro et al. first showed that mortality rate was higher in patients
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Table 1
Mortality of Patients Receiving Heparin for Submassive PE,
i.e., With Normal Blood Pressure and Right Ventricular Dysfunction on Echocardiography

Study Criteria for RV failure n  Mortality
Konstaninides (23} RV dilatation 290 11.1%
Grifoni (22) RV dysfunction 65 5%
Hamel (24) RV/LV end diastolic diameter > 0.6 64 0

Vielliard-Baron (18) RV/LV end diastolic surface > 0.6 and paradoxal 32 3%
septal motion

Giannitsis (271) Paradoxal septal motion, or RV end diastolic 26 7.7%
diameter > 30 mm, or RV hypokinesis,
or tricuspid regurgitation > 2.5 m/s

Pruszczyk (7) RV/LV end diastolic diameter > 0.6 and RV 64 12.5%
hypokinesis or tricuspid gradient > 30 mmHg

Kucher (25) RV hypokinesis 19 10.5%

Pruszczyk (8) RV/LV end diastolic diameter > 0.5 51 19.6%

Kucher (26) RV hypokinesis 405 16.3%

PE, pulmonary embolism; RV, right ventricle; LV, left ventricle.

with right ventricular dysfunction (10 deaths among 70 patients; 14%) compared to those
with normal findings on echocardiography (no death among 56 patients; p = 0.002),
although patients with hemodynamic instability were not separately assessed (6). In the
International Cooperative Pulmonary Embolism Registry (ICOPER) study, the in-hospital
death rate of patients with right ventricular failure was 18%, although, again, the patients
with shock were not separately analyzed (/). More recently, several studies assessed the
outcome of patients with normal blood pressure and right ventricular dysfunction on echo-
cardiography (7,8,18,21-26). The mortality rate in these studies varied between 0 and 20%
(Table 1). When the results of all the previously described studies are critically reviewed,
it needs to be considered that the exact definition of right ventricular dysfunction on echo-
cardiography varied from one study to another (see Chapter 4), and that some investigators
did not stratify the patients according to their clinical status, including both stable and un-
stable patients. Also, treatment was not controlled, and some patients had already received
thrombolytic treatment prior to ultrasound imaging. These limitations may account for
the discrepancies observed.

In recent years, cardiac biomarkers were evaluated to select patients with submassive
PE. BNP, pro-BNP, and cardiac troponins T and I all were associated with an increased
risk of death in patients with PE. However, most studies did not carry out separate analy-
ses of patients in a stable hemodynamic condition and patients with shock (Table 2). In
one series, the in-hospital mortality of patients with normal blood pressure, high troponin
levels, and an enlarged right ventricle was 25% (7). Another study from the same group
showed that clinically stable patients with high pro-BNP levels had a 17% mortality rate
(8). Scridon et al. observed an overall 30-d mortality rate of 19.9% in a retrospective series
of 141 patients with PE. Troponin I values were elevated in 52% of the patients and the
combination of right ventricular enlargement and elevated troponin I, which was present
in 32% of the subjects, was associated with a 38% mortality rate (27). These findings were
obtained in small numbers of patients recruited in a single center and need to be confirmed
on a larger scale. In the meantime, it has to be admitted that the exact definition of sub-
massive PE remains unclear. The outcome of patients with normal blood pressure, ele-
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Table 2
In-Hospital Mortality of Patients With PE and Elevated Cardiac Biomarkers
Frequency Mortality
Study n Biomarker Threshold of positive tests (%) (%)%
Kucher (43) 91 cTnl 0.06 pg/mL 31 14
Giannitsis (21) 56 ¢TnT 0.10 ng/mL 32 44
Janata (44) 106 c¢TnT 0.09 ng/mL 12 34
Pruszczyk (7) 64 cTnT 0.01 ng/mL 50 25
ten Wolde (45) 110 BNP 21.7 pmol/mL 33 17
Kucher (25) 73 BNP 50 pg/mL S5 12
Pruszczyk (8) 79 Pro-BNP 153-334 pg/mL 83 22

Studies included both stable and unstable patients (i.e., massive and submassive PE).

PE, pulmonary embolism; cTnl, cardiac troponinI; cTnT, cardiac troponin T; BNP, brain natriuretic pep-
tide; pro-BNP, pro brain natriuretic peptide; PPV, positive predictive value.

“Mortality in patients with elevated cardiac biomarker.

vated cardiac biomarkers, and/or an enlarged (dysfunctional) right ventricle needs further
studies.

To date, the largest randomized study assessing thrombolytic treatment for submassive
PE included 256 patients with PE and normal blood pressure who were allocated to receive
either heparin alone or both alteplase and heparin (28). The primary end point consisted
of the combination of in-hospital death or clinical deterioration requiring escalation of
treatment. This was reached in 11% of the patients in the alteplase/heparin group compared
to 24.6% in the heparin group (p = 0.006). The difference was mainly due to secondary
open-label thrombolytic therapy, which was more frequent in the patients assigned to
receive heparin (23.2%) than in those receiving alteplase (7.6%; p = 0.001). Death rate
was 3.4% for the alteplase group and 2.2% for the heparin group. The unexpected low
mortality rate in patients receiving heparin may be related to the low (30%) proportion
of patients with right ventricular dilatation on echocardiography, or to the early use of
rescue thrombolytic treatment for those patients who did not improve with heparin. Of
the 10 other controlled studies that were conducted to compare thrombolytic therapy with
heparin in patients with PE, none focused on submassive PE. These and the previous study
were included in a meta-analysis that analyzed the outcome of 748 patients (13). The
overall death rate was 4.3% for the patients allocated to thrombolytic therapy compared
t0 5.9% for those assigned toreceive heparin (OR, 0.70; 95% CI, 0.37-1.30). In the subset
of studies that included only clinically stable patients, death rate was 3.3% for those receiv-
ing thrombolytic therapy compared to 2.4% for those allocated to heparin (OR, 1.16;95%
CI, 0.44-3.05). Major bleeding was reported in 2.4% of patients in the thrombolysis
group and 3.2% of patients in the heparin-only group (OR, 0.67; 95% CI, 0.24-1.86). As
mentioned previously, however, most of these latter studies included patients both with
submassive and nonmassive PE. Thus, the current evidence from controlled studies does
not appear to indicate that patients with submassive PE receiving thrombolytic treatment
may have a lower in-hospital mortality risk.

Despite negative results from controlled studies, some indirect evidence does suggest
that thrombolytic therapy may favorably affect the outcome of patients with submassive
PE. Goldhaber et al. analyzed retrospectively a subgroup of 36 patients with right ventric-
ular hypokinesis who were included in a controlled study comparing thrombolytic therapy
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Table 3
Thrombolytic Regimens
for PE Evaluated in Prospective Controlled Studies

Streptokinase 250,000 IU over 15 min + 100,000 IU/h over 12-24 h
1.5 million IU over 2 h

Urokinase 4400 1U/kg over 30 min + 4400 IU/(kg/h) over 12-24 h
3 million IU over 2 h
rtPA 100 mg over 2 h

0.6 mg/kg over 15 min

PE, pulmonary embolism; rtPA, recombinant tissue type plasminogen activator.

and heparin. They observed 5 PE recurrences (two of them fatal) among 18 patients who
were treated with heparin. In contrast, no deaths or recurrent PE occurred among 18
patients who received thrombolytic treatment (/2). In the MAPETT study, the death rate
was higher for patients receiving heparin only, and thrombolytic treatment was the only
independent predictor of a favorable outcome (23). However, this was an observational
study and treatments were not randomly allocated.

In conclusion, the current evidence does not directly support the thesis that throm-
bolytic therapy decreases the mortality rate of patients with submassive PE. On the other
hand, a recent meta-analysis of the randomized thrombolysis trials performed to date
suggested that a clinically relevant reduction in death rate might exist. As aresult, experts
have expressed contradicting opinions and recommendations regarding the indications
for thrombolytic therapy in these patients (29-32). A large international randomized
study comparing thrombolysis to heparin in 1000 patients with submassive PE defined
by elevated troponin and right ventricular failure (assessed by echocardiography or spiral
computed tomography) is currently being planned to clarify this issue.

WHICH IS THE OPTIMAL
THROMBOLYTIC REGIMEN IN PE?

Different thrombolytic regimens have been evaluated in controlled trials (Table 3). In
the USPET study, urokinase given as a bolus dose of 4400 IU/kg followed by a 12-h or
24-h maintenance infusion of 4400 IU/(kg/h) was compared to streptokinase given as a
250,000 IU bolus dose followed by a 100,000 [U/h infusion given over 24 h (33). The
three regimens produced the same degree of hemodynamic and angiographic improve-
ment with no significant differences regarding major hemorrhage. A subsequent Euro-
pean study found no difference concerning safety or efficacy when the same dose of uro-
kinase was administered over 12 or over 24 h (34).

In two randomized controlled trials, recombinant tissue type plasminogen activator
(rtPA) given as a 2-h, 100 mg infusion was compared with a 4400 IU/(kg/h) infusion of
urokinase givenover 12 or24 h (35,36). In both studies, rtPA led to a faster hemodynamic
and angiographic improvement, but the two drugs yielded comparable hemodynamic
results by the end of the urokinase infusion. A nonsignificant reduction in major bleeding
was observed in both studies for the patients receiving rtPA, although they were not power-
ful enough to detect significant differences in major bleeding rates (35,36). The same
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Fig. 1. Reduction of total pulmonary vascular resistance in response to different thrombolytic regi-
mens evaluated in prospective randomized studies. TPR, total pulmonary resistance; tPA, tissue type
plasminogen activator; SK, streptokinase; UK, urokinase.

rtPA regimen was subsequently compared with a shorter regimen of urokinase, given as a
3 million IU infusion over 2 h (37). No differences were observed regarding hemodynamic
improvement and bleeding between the groups, suggesting that when the two drugs are
given over the same time period, they have similar efficacy and safety.

More recently, two randomized controlled trials compared rtPA with streptokinase
given as a 12-h, 100,000 [U/h infusion or as 1.5 million [U given over 2 h (38,39). Again,
the 2-h regimen of rtPA resulted in faster hemodynamic improvement compared to the
12-h streptokinase infusion, whereas no difference was observed when the two drugs
were given over the same 2-h period (38,39). The rate of major bleeding was lower for
patients receiving the 2-h streptokinase infusion than for those receiving rtPA, although
this difference did not reach statistical significance (38). Two further studies compared
the efficacy and safety of a 0.6 mg/kg body weight of rtPA given over a period of 15 min
with 100 mg given over a period of 2 h (40,41 ). Hemodynamic improvement was slightly
but significantly faster for the 2-h regimen, although the 0.6 mg/kg dosage was associated
with a nonsignificant reduction in major bleeding (40,41).

The reduction in total pulmonary vascular resistance produced by the fibrinolytic regi-
mens evaluated in recent controlled studies is given in Fig. 1. Although a direct compari-
son of these various regimens is difficult, the 100 mg rtPA dosage given over 2 h seems
to produce the fastest hemodynamic improvement and might be the preferred option in
severely compromised patients.

It is difficult to compare the bleeding rates of different studies because the criteria for
major bleeding varied from one study to another (42). Keeping this limitation in mind,
major bleeding rates were very similar in most of the recent studies using similar invasive
diagnostic and monitoring procedures {36,38,39,41). The bleeding rates observed under
different thrombolytic regimens are given in Table 4.
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Table 4
Major Bleeding in Recent Controlled Studies
Comparing Different Thrombolytic Regimens in Patients With PE

Major
n Lytic agent Regimen bleeding rate (%)
Meyer (36) 29 UK 4400 1U/(kg/h) over 12 h 8 (28)
34 rtPA 100 mg over 2 h 7(21)
Sors (41) 36 rtPA 0.6 mg/kg over 15 min 4(11)
17 rtPA 100 mg over 2 h 4 (24)
Meneveau (39) 25 SK 100,000 TU/h over 12 h 3(12)
25 rtPA 100 mg over 2 h 4 (16)
Meneveau (38) 43 SK 1.5 million IU over 2 h 3N
23 rtPA 100 mg over 2 h 5(22)

PE, pulmonary embolism; UK, urokinase; SK, streptokinase; rtPA, recombinant tissue type plasminogen
activator.

Table 5
Contraindications to Thrombolytic Therapy in PE

Major contraindications

¢ Uncontrolled active bleeding

* Ischemic stroke within the last 2 mo

* Spontaneous intracranial bleeding

Minor contraindications

* Major surgery or delivery within the past 10 d

* Trauma within the past 15 d

* Neurosurgery or ophthalmologic surgery within the past month

¢ Severe hypertension (systolic, >180 mmHg; diastolic, >120 mmHg)
* Platelet count < 100,000 yL.

CONTRAINDICATIONS TO THROMBOLYTIC THERAPY

For patients with hemodynamic compromise who do not improve with anticoagulation
and pressure support, the benefit of thrombolytic treatment outweighs its bleeding risk even
in the presence of minor contraindications. Alternative treatment options such as pulmo-
nary embolectomy are presented in Chapter 12, but they may be associated with a high mor-
tality risk. The main contraindications to thrombolytic therapy are given in Table 5.

ADDITIONAL MEASURES

As most of the bleeding episodes occur at the puncture site, it is essential to try to avoid
invasive diagnostic procedures such as conventional pulmonary angiography to confirm
PE when the use of thrombolytic treatment is considered. Thrombolytic therapy can be
given via a peripheral vein, and central venous lines should be avoided. When rtPA is
given as a 100-mg dose, or when urokinase or streptokinase are chosen, heparin should
be interrupted during thrombolysis and resumed as soon as the activated partial throm-
boplastin time is within the target range. There are still no conclusive data regarding the
combination of LMWH and thrombolytic therapy in PE, although the safety of such
treatment has been documented for acute myocardial infarction. For patients receiving
thrombolytic treatment for PE, there is no need for any other laboratory test than the acti-
vated partial thromboplastin time. Fibrinogen monitoring is of no help.
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CONCLUSION

Patients who have PE with systemic hypotension and clinical evidence of poor tissue
perfusion have a high mortality rate if they receive heparin alone. Available evidence
strongly suggests the use of thrombolytic treatment in these patients. Recent data indicate
that patients with so-called submassive PE may have a higher mortality risk than patients
with normal right ventricular function. Indirect evidence suggests that thrombolytic treat-
ment may also reduce the mortality rate in these patients, although the controlled studies
available to date were not powerful enough to confirm or refute this hypothesis. A large ran-
domized controlled trial is urgently needed to address this issue. Alteplase, given as a 100-
mg dose over 2 h, is the most systematically evaluated thrombolytic regimen for patients
with PE. It acts faster than regimens using urokinase or streptokinase and should be con-
sidered as the thrombolytic treatment of choice for patients with PE.

REFERENCES

1. Goldhaber SZ, Visani L, De Rosa M. Acute pulmonary embolism: clinical outcomes in the International
Cooperative Pulmonary Embolism Registry (ICOPER). Lancet 1999;353:1386-1389.

2. Buller HR, Davidson BL, Decousus H, et al. Subcutaneous fondaparinux versus intravenous unfrac-
tionated heparin in the initial treatment of pulmonary embolism. N Engl ] Med 2003;349:1695-1702.

3. Simonneau G, Sors H, Charbonnier B, et al. A comparison of low-molecular-weight heparin with
unfractionated heparin for acute pulmonary embolism. The THESEE Study Group. Tinzaparine ou
Heparine Standard: Evaluations dans I’Embolie Pulmonaire. N Engl J] Med 1997;337:663—-669.

4. AlpertJS, SmithR, Carlson ], Ockene IS, Dexter L, Dalen JE. Mortality in patients treated for pulmonary
embolism. JAMA 1976;236:1477-1480.

5. Kasper W, Konstantinides S, Geibel A, et al. Management strategies and determinants of outcome in acute
major pulmonary embolism: results of a multicenter registry. J Am Coll Cardiol 1997;30:1165-1171.

6. Ribeiro A, Lindmarker P, Juhlin-Dannfelt A, Johnsson H, Jorfeldt L. Echocardiography Doppler in
pulmonary embolism: right ventricular dysfunction as a predictor of mortality rate. Am Heart J 1997;
134:479-487.

7. Pruszczyk P, Bochowicz A, Torbicki A, et al. Cardiac troponin T monitoring identifies high-risk group
of normotensive patients with acute pulmonary embolism. Chest 2003;123:1947-1952.

8. Pruszczyk P, Kostrubiec M, Bochowicz A, et al. N-terminal pro-brain natriuretic peptide in patients with
acute pulmonary embolism. Eur Respir J 2003;22:649-653.

9. Guidelines on diagnosis and management of acute pulmonary embolism. Task Force on Pulmonary Embo-
lism, European Society of Cardiology. Eur Heart J 2000;21:1301-1336.

10. Dalla-Volta S, Palla A, Santolicandro A, etal. PAIMS 2: alteplase combined with heparin versus heparin
in the treatment of acute pulmonary embolism. Plasminogen activator Italian multicenter study 2. J Am
Coll Cardiol 1992;20:520-526.

11. The urokinase pulmonary embolism trial. A national cooperative study. Circulation 1973;47:111-108.

12. Goldhaber SZ, Haire WD, Feldstein ML, et al. Alteplase versus heparin in acute pulmonary embolism: ran-
domised trial assessing right-ventricular function and pulmonary perfusion. Lancet 1993;341:507-511.

13. Wan S, Quinlan DJ, Agnelli G, Eikelboom JW. Thrombolysis compared with heparin for the initial
treatment of pulmonary embolism: a meta-analysis of the randomized controlled trials. Circulation 2004;
110:744-749.

14. Kanter DS, Mikkola KM, Patel SR, Parker JA, Goldhaber SZ. Thrombolytic therapy for pulmonary
embolism. Frequency of intracranial hemorrhage and associated risk factors. Chest 1997;111:1241-1245.

15. Mikkola KM, Patel SR, Parker JA, Grodstein F, Goldhaber SZ. Increasing age is a major risk factor for
hemorrhagic complications after pulmonary embolism thrombolysis. Am Heart J 1997;134:69-72.

16. Azarian R, Wartski M, Collignon MA, et al. Lung perfusion scans and hemodynamics in acute and
chronic pulmonary embolism. J Nucl Med 1997;38:980-983.

17. Jerjes-Sanchez C, Ramirez-Rivera A, de Lourdes Garcia M, et al. Streptokinase and heparin versus
heparin alone in massive pulmonary embolism: a randomized controlled trial. J Thromb Thrombolysis
1995;2:227-229.



Chapter 10 / Thrombolysis 135

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

Vieillard-Baron A, Page B, Augarde R, et al. Acute cor pulmonale in massive pulmonary embolism:
incidence, echocardiographic pattern, clinical implications and recovery rate. Intensive Care Med 2001;
27:1481-1486.

Buller HR, Agnelli G, Hull RD, Hyers TM, Prins MH, Raskob GE. Antithrombotic therapy for venous
thromboembolic disease: the Seventh ACCP Conference on Antithrombotic and Thrombolytic Therapy.
Chest 2004;126:4015-4288S.

Quinlan DJ, McQuillan A, Eikelboom JW. Low-molecular-weight heparin compared with intravenous
unfractionated heparin for treatment of pulmonary embolism: a meta-analysis of randomized, controlled
trials. Ann Intern Med 2004;140:175-183.

Giannitsis E, Muller-Bardorff M, Kurowski V, et al. Independent prognostic value of cardiac troponin
T in patients with confirmed pulmonary embolism. Circulation 2000;102:211-217.

Grifoni S, Olivotto I, Cecchini P, et al. Short-term clinical outcome of patients with acute pulmonary
embolism, normal blood pressure, and echocardiographic right ventricular dysfunction. Circulation 2000;
101:2817-2822.

Konstantinides S, Geibel A, Olschewski M, et al. Association between thrombolytic treatment and the
prognosis of hemodynamically stable patients with major pulmonary embolism: results of a multicenter
registry. Circulation 1997;96:882-888.

Hamel E, Pacouret G, Vincentelli D, et al. Thrombolysis or heparin therapy in massive pulmonary embo-
lism with right ventricular dilation: results from a 128-patient monocenter registry. Chest 2001;120:120-
125.

Kucher N, Printzen G, Goldhaber SZ. Prognostic role of brain natriuretic peptide in acute pulmonary
embolism. Circulation 2003;107:2545-2547.

Kucher N, Rossi E, De Rosa M, Goldhaber SZ. Prognostic role of echocardiography among patients
with acute pulmonary embolism and a systolic arterial pressure of 90 mm Hg or higher. Arch Intern Med
2005;165:1777-1781.

Scridon T, Scridon C, Skali H, Alvarez A, Goldhaber SZ, Solomon SD. Prognostic significance of
troponin elevation and right ventricular enlargement in acute pulmonary embolism. Am J Cardiol 2005;
96:303-305.

Konstantinides S, Geibel A, Heusel G, Heinrich F, Kasper W. Heparin plus alteplase compared with
heparin alone in patients with submassive pulmonary embolism. N Engl ] Med 2002;347:1143-1150.
Konstantinides S. Thrombolysis in submassive pulmonary embolism? Yes. J Thromb Haemost 2003;1:
1127-1129.

Dalen JE. Thrombolysis in submassive pulmonary embolism? No. J Thromb Haemost 2003;1:1130-1132.
Thabut G, Logeart D. Thrombolysis for pulmonary embolism in patients with right ventricular dysfunc-
tion: con. Arch Intern Med 2005;165:2200-2203; discussion 2204-2205.

Goldhaber SZ. Thrombolytic therapy for patients with pulmonary embolism who are hemodynamically
stable but have right ventricular dysfunction: pro. Arch Intern Med 2005;165:2197-2199; discussion
2204-2205.

Urokinase-streptokinase embolism trial. Phase 2 results. A cooperative study. JAMA 1974;229:1606—
1613.

The UKEP study: multicentre clinical trial on two local regimens of urokinase in massive pulmonary
embolism. The UKEP Study Research Group. Eur Heart J 1987;8:2-10.

Goldhaber SZ, Kessler CM, HeitJ, et al. Randomised controlled trial of recombinant tissue plasminogen
activator versus urokinase in the treatment of acute pulmonary embolism. Lancet 1988;2:293-298.
Meyer G, Sors H, Charbonnier B, et al. Effects of intravenous urokinase versus alteplase on total pul-
monary resistance in acute massive pulmonary embolism: a European multicenter double-blind trial.
The European Cooperative Study Group for Pulmonary Embolism. J Am Coll Cardiol 1992;19:239-
245.

Goldhabern SZ, Kessler CM, Heit JA, et al. Recombinant tissue-type plasminogen activator versus anovel
dosing regimen of urokinase in acute pulmonary embolism: a randomized controlled multicenter trial.
J Am Coll Cardiol 1992;20:24-30.

Meneveau N, Schiele F, Metz D, et al. Comparative efficacy of a two-hour regimen of streptokinase
versus alteplase in acute massive pulmonary embolism: immediate clinical and hemodynamic outcome
and one-year follow-up. ] Am Coll Cardiol 1998;31:1057-1063.

Meneveau N, Schiele F, Vuillemenot A, et al. Streptokinase vs alteplase in massive pulmonary embo-
lism. A randomized trial assessing right heart haemodynamics and pulmonary vascular obstruction. Eur
Heart J 1997;18:1141-1148.



136

Meyer

40.

41.

42.

43.

44.

45.

Goldhaber SZ, Agnelli G, Levine MN. Reduced dose bolus alteplase vs conventional alteplase infusion
for pulmonary embolism thrombolysis. Aninternational multicenterrandomized trial. The Bolus Alteplase
Pulmonary Embolism Group. Chest 1994;106:718-724.

Sors H, Pacouret G, Azarian R, Meyer G, Charbonnier B, Simonneau G. Hemodynamic effects of bolus
vs 2-hinfusion of alteplase in acute massive pulmonary embolism. A randomized controlled multicenter
trial. Chest 1994;106:712-717.

Meyer G, Gisselbrecht M, Diehl JL, Journois D, Sors H. Incidence and predictors of major hemorrhagic
complications from thrombolytic therapy in patients with massive pulmonary embolism. Am J Med 1998;
105:472-477.

Kucher N, Wallmann D, Carone A, Windecker S, Meier B, Hess OM. Incremental prognostic value of
troponinland echocardiography in patients with acute pulmonary embolism. Eur Heart J 2003;24:1651—
1656.

Janata K, Holzer M, Laggner AN, Mullner M. Cardiac troponin T in the severity assessment of patients
with pulmonary embolism: cohort study. BMJ 2003;326:312-313.

ten Wolde M, Tulevski, IT, Mulder JW, et al. Brain natriuretic peptide as a predictor of adverse outcome
in patients with pulmonary embolism. Circulation 2003;107:2082-2084.



1 1 Management of the Patient
With Fulminant Pulmonary
Embolism Undergoing
Cardiopulmonary Resuscitation

Fabian Spibr, up
and Bernd W. Bottiger, Mp, DEas

CONTENTS

INTRODUCTION
THEORETICAL BACKGROUND SUPPORTING THROMBOLYSIS
IN FuLMmINANT PE UnpER CPR
CLINICAL STUDIES ON THROMBOLYSIs DurinG CPR
Our-or-HospITAL THROMBOLYSIS
CLINICAL D1AGNosIS OF MassIVE PE as A CAUSE
OF CARDIAC ARREST
SAFETY OF THROMBOLYSIS DURING CPR AFTER MaSssIVE PE
CONCLUSION
REFERENCES

SUMMARY

Patients with cardiac arrest after fulminant pulmonary embolism (PE) have a very
poor prognosis. Conventional cardiopulmonary resuscitation (CPR) is frequently unsuc-
cessful because it does not treat the underlying condition. Although thrombolysis is an
effective therapeutic option for patients with acute PE, this treatment has traditionally
been withheld during CPR because of the anticipated risk of severe hemorrhagic com-
plications associated with chest compressions. This chapter focuses on the mechanisms
of action of thrombolytic therapy during CPR after acute PE on the basis of experimen-
tal and clinical data. In fact, most data suggest a significant improvement of overall and
neurological outcome in patients receiving thrombolysis during CPR after massive PE.
Although the use of thrombolytics is indeed associated with an increased incidence of
hemorrhagic complications in this setting, critical bleeding complications are rare and
do not seem to outweigh the potential benefits of this therapeutic option. Therefore,
thrombolytic therapy should not be withheld in patients suffering cardiac arrest after mas-
sive PE, particularly if conventional CPR has failed to show immediate success and other
treatment options (e.g., surgical embolectomy) are not available.
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INTRODUCTION

Sudden cardiac arrest carries a very poor prognosis. Acute massive pulmonary embo-
lism (PE) is the second most frequent cause of sudden cardiac arrest, accounting for up to
9.6% of the cases (1,2). In fact, in patients suffering acute massive PE, the course of the dis-
ease is frequently rapid and fatal. Within 1-2 h after the onset of symptoms, 40-90% of
these patients have been reported to require cardiopulmonary resuscitation (CPR) (3,4).

Conventional CPR is often not effective in fulminant PE unless the thrombotic embolus
itself can be removed immediately. However, therapeutic options such as surgical embolec-
tomy or catheter-assisted techniques are not readily available in all hospitals or in the
prehospital setting. In contrast, the use of thrombolytic drugs is established in most hos-
pitals and has been shown to be effective in the treatment of patients without cardiac arrest
suffering acute PE (5). Nevertheless, mechanical CPR has historically been regarded as a
contraindication to a thrombolytic therapy because of the anticipated risk of severe bleed-
ing associated with potentially traumatic resuscitation procedures such as chest compres-
sions. Therefore, thrombolysis has not become a standard treatment in this setting, even
though clinical data suggested a benefit regarding survival and neurological outcome in
patients receiving thrombolytic drugs for the treatment of cardiac arrest caused by acute PE
(6). Currently, CPR is no longer regarded as a contraindication to thrombolysis in patients
suffering acute myocardial infarction (7,8). Consequently, evidence for the use of throm-
bolytics during CPR in patients with acute PE needs to be discussed in the light of recent
clinical data.

This chapter focuses on experimental and clinical results and on safety aspects of a

novel or, rather, rediscovered therapeutic approach to patients with fulminant PE under-
going CPR.

THEORETICAL BACKGROUND SUPPORTING
THROMBOLYSIS IN FULMINANT PE UNDER CPR

Cardiac failure in patients with fulminant PE occurs as a consequence of a vicious patho-
physiologic circle with increased pressure load of the right ventricle causing an increased
right ventricular volume and, consequently, a septal shift resulting in decreased left ven-
tricular preload and cardiac output. Coronary ischemia and increased wall stress of the
right ventricle precipitate right ventricular ischemia, which is thought to be the cause of
right ventricular failure (5). In view of these pathophysiological considerations, it is not
surprising that the outcome of patients suffering cardiac arrest after massive PE is very
poor, and that even return of spontaneous circulation (ROSC) is rarely achieved by conven-
tional resuscitation (2). Thrombolytic treatment during CPR in patients with fulminant PE
aims at treating the underlying pathophysiological cause for cardiac arrest at an early stage.

There are at least two mechanisms that may contribute to the favorable effects of throm-
bolysis during CPR. The first, most intuitive mechanism, is direct and specific thromboly-
sis-mediated restoration of patency at the site of pulmonary occlusion. Chest compressions
during mechanical resuscitation may amplify the effect of thrombolysis, because resolu-
tion of obstructing thrombi is supposed to be more effective after they have been mechan-
ically fragmented (9).
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The second mechanism is at the level of microcirculatory reperfusion as suggested by
experimental and clinical studies. After cardiac arrest, microcirculatory reperfusion failure
is common and determines outcome (10). Although the pathophysiology of cerebral reper-
fusion disorders has not been completely understood, increased blood viscosity, endothe-
lial cell swelling, leukocyte-endothelial interactions, and activation of coagulation with
subsequent microcirculatory fibrin deposition and thrombosis have been reported to be
important factors (117,12). The resulting cerebral “no reflow” phenomenon prolongs cere-
bral ischemia and reduces the chances of recovery after cardiac arrest. Experimental data
have indeed shown that, within minutes after cardiac arrest, microthrombi are formed in
cerebral microvessels (/3). For example, cats receiving thrombolysis during resuscita-
tion 15 min after cardiac arrest exhibited a significantly reduced cerebral “no reflow” in the
entire forebrain compared to untreated control animals (/4). Thus, it appears that the sever-
ity and extent of “no reflow” translates into neurological outcome.

It has been hypothesized that an imbalance between coagulation and fibrinolysis may
lead to microcirculatory fibrin formation and microthrombosis during reperfusion after
cardiac arrest. In fact, in an analysis of blood coagulation activity in patients with out-
of-hospital cardiac arrest, we found marked activation of blood coagulation in all cases
(15). This activated state was detectable until 8 to 48 h after ROSC. In contrast, the plasma
levels of D-dimer, an indicator of endogenous fibrinolytic activity, were, in most cases,
not markedly increased during CPR. From these data we concluded that, after cardiac
arrest, a marked activation of blood coagulation may occur that is not counterbalanced
by an appropriate activation of endogenous fibrinolysis. Massive fibrin generation with
consecutive impairment of fibrinolysis during and after CPR in patients who suffered
out-of-hospital cardiac arrest also was reported in another study (/6). In addition, signifi-
cant platelet activation was reported during and after CPR in humans (17, 18). Evidence
exists that the activation of coagulation during reperfusion after cardiac arrest may be
caused by a combination of hypoxia, blood stasis, endothelial cell damage, and high levels
of catecholamines in the blood (/7).

In summary, the poor prognosis of patients suffering cardiac arrest after fulminant PE
is caused by the underlying pathophysiological changes that are not influenced by conven-
tional resuscitation efforts. Thrombolytic treatment may have two beneficial effects in
patients with cardiac arrest after massive PE. Whereas the direct effects of thrombolytics
on pulmonary thrombi are aimed at treating the underlying disease, the effect of throm-
bolytics on microcirculatory reperfusion after cardiac arrest may contribute to an improved
neurological outcome of the patients even after prolonged resuscitation (9,11).

CLINICAL STUDIES
ON THROMBOLYSIS DURING CPR

The first report on thrombolysis in a patient with fulminant PE undergoing CPR was
published more than 30 yrago (22). Many other case reports followed, most of them dem-
onstrating an exceptionally high rate of ROSC after thrombolysis following unsuccessful
conventional treatment. Moreover, these case reports pointed to a surprisingly high number
of neurologically intact survivors even after prolonged CPR. Although the success of
thrombolysis as suggested by these reports may, in part, be attributed to selection bias
in publication, the outcome data were viewed as particularly encouraging (79).

Apart from case reports, a number of case series and clinical studies on thrombolysis
during CPR after massive PE exist in the literature (Table 1). In an early study, 20 patients
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Table 1
Thrombeolysis During CPR in Patients With Acute PE

Number Thrombolytic  CPR-related ~ Number

Author Study type of patients agent bleeding  of survivors
Kohle 1984 (20) prospective 20 SK - 11
Scholz 1990 (21) retrospective 9 SK/UK/ pectoral/ 5

rt-PA sternal hemorrhage;
liver laceration
Horstkotte 1990 (41) retrospective 17 UK hemothorax 12
(2 patients);
liver hemorrhage

Siebenlist 1990 (42)  case series 2 rt-PA - 2
Bottiger 1991 (43) case series 2 UK liver contusion 2
Hopf 1991 (44) case series 7 rt-PA - 6
Sigmund 1991 (45)  case series 2 SK / rt-PA - 2
Westhoff-Bleck case series 5 rt-PA - 3
1991 (46)
Scheeren 1994 (47)  case series 3 rt-PA - 2
Kiirkciyan 2000 (2)  retrospective 21 rt-PA hepatic rupture 2
(2 patients);
mediastinal bleeding
Ruiz-Bailén 2001 (48) case series 6 rt-PA - 4
Total 94 9(9.6%) 51(54.3%)

CPR, cardiopulmonary resuscitation; PE, pulmonary embolism; rt-PA, recombinant tissue plasminogen
activator (alteplase); SK, streptokinase; UK, urokinase.

requiring CPR underwent pulmonary angiography for diagnosis of fulminant PE. In these
patients, streptokinase was administered locally, i.e., at the site of the PE. ROSC was
achievedin 11 patients (55%) (20). A further study retrospectively analyzed a series of nine
patients with acute PE proven by angiography. After administration of a thrombolytic
drug during CPR (streptokinase, urokinase, or alteplase), seven patients were hemodynam-
ically stabilized, and five patients survived. Of note, the duration of CPR to achieve
ROSC was up to 90 min (21/). Finally, another retrospective study compared a group of 21
patients presenting with cardiac arrest after massive PE who were treated with a bolus dose
of recombinant tissue plasminogen activator (alteplase) during CPR, with a control group
of 21 patients whoreceived standard treatment. ROSC was achieved significantly more fre-
quently in the thrombolysis group compared to the nonthrombolyis group (17 vs 9, p <
0.05). Survival rates were, however, not significantly different between both groups (2 vs
1 survivor) (2).

Thus, clinical studies and case series suggest a significantly improved rate of ROSC
in patients undergoing thrombolysis during cardiac arrest after massive PE. Compared
to patients who receive standard in-hospital CPR, resulting in a survival rate of approx
15% (22,23), this strategy may translate into an improved long-term survival (54.3%; Table
1). In addition, and importantly, the neurological recovery of most survivors appeared to
be complete after CPR in combination with thrombolysis, although the duration of resus-
citation often exceeded 90 min.
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OUT-OF-HOSPITAL THROMBOLYSIS

Out-of-hospital cardiac arrest is associated with a very poor prognosis. It has been esti-
mated that only 5-14% of patients with out-of-hospital cardiac arrest survive without
severe neurological impairment (19,24). Acute myocardial infarction and massive PE are
the two most common underlying diseases, being present in 50—70% of patients with out-
of-hospital cardiac arrest (25,26). In fact, fulminant PE is estimated to account for up to
9.6% of all cases (1).

In all out-of-hospital studies on thrombolysis during CPR, an inclusion criterion was
a suspected cardiac cause of cardiac arrest (i.e., acute myocardial infarction or massive
PE). It is thus estimated that patients suffering cardiac arrest after acute massive PE rep-
resented 5-7% of all patients included in out-of-hospital studies on thrombolyis during
CPR. Overall, 4 studies on out-of-hospital thrombolysis including a total 299 patients
were performed (Table 2). Klefisch and colleagues administered “rescue” thrombolytic
treatment to 34 out-of-hospital cardiac arrest patients refractory to conventional advanced
cardiac life support. Five of these patients survived longer than 3 wk, and three of them
were eventually neurologically intact (27). In a prospective study which was performed
at our institution, 40 patients with out-of-hospital cardiac arrest received thrombolytic
treatment with alteplase and heparin during CPR, following unsuccessful resuscitation
for more than 15 min. The study group was compared with a control group of 50 patients
with similar baseline characteristics. Significantly more patients could be hemodynami-
cally stabilized in the thrombolysis group (ROSC, 68% vs 44%) and were admitted to an
intensive care unit (58% vs 30%). Moreover, 15% of the patients treated with alteplase
were discharged from the hospital alive, whereas only 8% of patients of the control group
could be discharged (28). These results were confirmed by a retrospective chart review
including 108 patients with out-of-hospital cardiac arrest who received alteplase during
CPR and 216 control patients. Patients in the thrombolysis group showed a significant
improvement in ROSC (70.4% vs 51.0%), survival after 24 h (48.1% vs 32.9%), and sur-
vival to discharge (25.0% vs 15.3%) (29). Interestingly, PE was the suspected cause for
cardiac arrest in 17.6% of the patients who received a thrombolytic agent compared to
only 4.6% of those in the control group, suggesting a bias to administer thrombolytics to
patients with suspected massive PE. On the other hand, and in contrast to these findings,
the first randomized, double-blind, placebo-controlled trial of out-of-hospital thrombo-
lysis during cardiac arrest did not show an improved survival of patients with pulseless elec-
trical activity of the heart who were treated with alteplase (30). However, the outcome
of the control group that was treated with conventional advanced cardiac life support was
extremely poor, because there was not a single survivor among the 116 patients of this
group. In such a study population, even a therapeutic approach with proven efficiacy, such
as hypothermia, would probably have failed (317). Therefore, the clinical relevance of this
latter study must be regarded with great caution. Currently, a large randomized, double-
blind, placebo-controlled international multicenter trial is underway to assess the efficacy
and safety of thrombolytic treatment during CPR in patients with out-of-hospital cardiac
arrest of presumed cardiac origin (32).

CLINICAL DIAGNOSIS OF MASSIVE PE
AS A CAUSE OF CARDIAC ARREST

The cause of cardiac arrest is often very difficult to confirm in the emergency setting.
There is very little, if any, time to perform diagnostic tests. However, at least in some cases,
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Table 2
Thrombolysis During CPR—Out-of-Hospital Studies

Number Thrombolytic CPR-related Number

Reference Study type of patients agent bleeding of survivors
Klefisch 1995 (27) prospective 34 SK hemothorax S
Béttiger 2001 (28) prospective, 40 rt-PA - 6
controlled
Lederer 2001 (29) retrospective, 108 rt-PA pericardial 27
controlled tamponade
(2 patients);
hemothorax (1)
Abu-Laban 2002 (30) prospective, 117 rt-PA pulmonary 1
randomized, hemorrhage (1);
controlled major hemorrhage,
not specified (1)
Total 299 6 (2.0%) 39 (13.0%)

CPR, cardiopulmonary resuscitation; rt-PA, recombinant tissue plasminogen activator (alteplase); SK,
streptokinase.

a typical medical history, a recent ECG, a chest radiograph, or the blood gas analysis,
which may have been performed at symptom onset, can help rule out other pathological
conditions such as myocardial infarction, cardiac tamponade, tension pneumothorax, or
aortic aneurysm (6). Pulseless electrical activity as the initial heart rhythm during cardiac
arrest is associated with a high probability of massive PE, and may therefore be an
important clinical sign in the pre-hospital setting, provided that an ECG is available (1).
Moreover, even during resuscitation, an echocardiography may be a useful tool for the
diagnosis of massive PE, because it may reveal the presence of acute right ventricular
enlargement and hypokinesis (see Chapter 4).

Thrombolytic therapy will, of course, have no beneficial effect and may be harmful
in patients with cardiac arrest owing to a ruptured aortic aneurysm or intracranial bleed-
ing. However, these patients have an extremely bad prognosis a priori, which can prob-
ably not be further deteriorated by thrombolytic treatment (9). In contrast, because acute
myocardial infarction is the major differential diagnosis to massive PE in a patient with
cardiac arrest (25,26), thrombolytic therapy may be beneficial even if the underlying dis-
ease cannot be diagnosed exactly.

SAFETY OF THROMBOLYSIS DURING CPR AFTER MASSIVE PE

The major safety concern associated with the use of thrombolytics is the risk of severe
hemorrhagic complications. Bleeding complications are indeed not unusual after con-
ventional CPR (33). Among CPR-related bleeding complications, hemorrhage of the
heart, the great vessels and the lung, and abdominal bleeding, are most common (34,35).
Autopsy studies suggested an incidence of more than 15% for hemorrhagic complica-
tions in unselected patients after CPR (36). On the other hand, it is well established that
thrombolysis itself increases the risk of bleeding. In a meta-analysis of nine large ran-
domized trials on thrombolysis for treatment of acute myocardial infarction, the risk for
major bleeding, defined as bleeding that required transfusion or was life-threatening, was
1.1% within the first 35 d after thrombolysis, compared to 0.4% in the control group. The
incidence of intracranial bleeding after thrombolysis for acute myocardial infarction was
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0.8% compared to 0.1% in the control group without thrombolysis (37). In comparison,
the incidence of intracranial bleeding after thrombolysis for massive PE may be up to
1.9%, one-third of these episodes being fatal (39). Overall, the risk for severe bleeding
in patients with acute MI or PE who receive thrombolytics and do not necessitate CPR can
be estimated to be between 1.9% and 3.0% as compared to 0.5% in patients not receiving
thrombolytics (38).

The risk of severe bleeding caused by thrombolysis during CPR may be higher than
by thrombolysis after CPR. Retrospective studies on thrombolysis shortly after CPR
suggest that the incidence of severe CPR-related bleeding complications is similar to the
incidence of severe hemorrhage reported in the large studies on thrombolysis for acute
myocardial infarction or PE. An analysis of 8 retrospective studies including 379 patients
who received thrombolysis either shortly before or shortly after CPR revealed a risk of
1.19% for severe CPR-related bleeding complications (36). These results were confirmed
by a recent retrospective cohort study in 265 patients with cardiac arrest. The authors
evaluated the incidence of bleeding complications caused by thrombolysis after out-of-
hospital cardiac arrest in patients with acute myocardial infarction. Although major bleed-
ing was more frequent in patients receiving thrombolytics (10 vs 5%), this difference was
not significant. It was thus concluded that CPR is no reason to withhold this effective ther-
apy in selected patients (39,40).

The incidence of bleeding complications when thrombolysis is given during CPR in
patients with massive PE appears to be higher, as shown in Table 1. A total of 11 studies
including 94 patients reported CPR-related bleeding complications in 9 cases (9.6%).
Although these hemorrhagic events were severe, no patient died as a result of bleeding.
All bleeding complications could be treated by blood transfusion or urgent surgical inter-
vention (2,21). No fatal CPR-related bleedings have been reported in any of the in-hos-
pital studies on thrombolysis during CPR in patients suffering massive PE.

Under out-of-hospital conditions, a significantly higher incidence of bleeding follow-
ing the use of thrombolytics during CPR may be expected, as history taking and physical
examination of the patient are often limited. The overall incidence of severe bleeding
complications related to CPR, however, was 2.0% in the out-of-hospital studies on throm-
bolysis during CPR (Table 2). In the study by Klefisch et al., one of the five surviving
patients showed a hemothorax after prolonged resuscitation (75 min) (27). Lederer et al.
reported 6 severe bleeding episodes confirmed at autopsy in a subgroup of 45 nonsur-
viving patients; 3 of these were considered to be directly related to CPR. In the correspond-
ing control group of patients, there were seven cases of severe bleeding. Therefore, the
incidence of severe hemorrhagic events was not significantly different between the two
groups (29). Finally, the study of Abu-Laban et al. reported pulmonary hemorrhage in
the only surviving patient treated with alteplase, and one more major hemorrhage that
was not specified (30). None of these severe bleeding complications in patients with out-
of-hospital cardiac arrest was fatal.

In summary, the overall incidence of CPR-related bleeding complications reported in
the studies on thrombolysis during CPR does not support the notion that thrombolysis
during out-of-hospital resuscitation could contribute to an unacceptable bleeding risk.

CONCLUSION

Because conventional resuscitation is often unsuccessful in patients with cardiac arrest
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to improve overall and neurological outcome of these patients. Thrombolytic drugs can
effectively treat the underlying pathophysiological condition by directly dissolving PEs,
and they are likely to improve the microcirculatory reperfusion after cardiac arrest. Clin-
ical studies provide increasing evidence for a beneficial effect of thrombolytic therapy
during CPR in patients who suffer massive PE. The favorable neurological outcome of
surviving patients may result from an improvement in the microcirculatory perfusion by
thrombolytics. Importantly, although thrombolysis during CPR may increase the incidence
of bleeding events, currently available data suggest that these potential risks probably do
not outweigh the benefits of thrombolysis during cardiac arrest. A large randomized multi-
center trial testing thrombolysis during resuscitation for out-of-hospital cardiac arrest is
currently underway, and it is hoped that it will provide definitive answers regarding the
effects and potential risks of this treatment form in the emergency setting.
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SUMMARY

Pulmonary embolectomy is one of the oldest cardiac operations, dating back to the
early 20th century. Initially performed blindly as a closed cardiac procedure, the oper-
ation is now performed on cardiopulmonary bypass with clots extracted from the
opened pulmonary arteries under direct vision. Surgery was the mainstay of therapy for
pulmonary emboli in the 1960s and 1970s. Presently, however, with the advent of effec-
tive nonsurgical therapy, pulmonary embolectomy is largely reserved for anatomically
extensive central emboli with hemodynamic compromise or right ventricular strain, or
for cases in which medical therapy has failed or is contraindicated. The results of
surgery have improved greatly in recent years, with contemporary series reporting mor-
tality rates below 10%. Patient selection and surgical management are the key to mini-
mizing the mortality of this operation. If patients are operated on at an early stage, before
the onset of irreversible right ventricular dysfunction or protracted cardiogenic shock,
then the mortality risk is low. On the other hand, preoperative cardiac arrest leads to
afivefoldincrease in mortality. Modern intraoperative management includes cardiopul-
monary bypass, avoidance of cardiac ischemia, extraction of clots under direct vision
only, and placement of cava filters. Some patients are not suitable for pulmonary embol-
ectomy, including those undergoing cardiopulmonary resuscitation, those with predom-
inantly peripheral emboli, and patients who do not have immediate access to cardiac
surgery (thrombolysis is preferable to a delay in treatment). On the other hand, in centers
with the infrastructure for immediate embolectomy, surgery offers the fastest means of
deobliterating the pulmonary arteries and should thus be considered as a therapeutic
option in all patients with massive or even submassive pulmonary embolism.
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HISTORY
Early Era

Surgical pulmonary embolectomy is one of the oldest cardiac operations and was
introduced by Friedrich Trendelenburg, a German professor of surgery, in the early 20th
century (/). In his operation, performed 50 yr prior to the introduction of cardiopulmo-
nary bypass, he extracted the embolus by introducing a specially designed forceps into
the left pulmonary artery via a small arteriotomy. The extraction was blind, risking avul-
sion of the pulmonary artery wall with massive fatal hemorrhage. He reported three such
attempts at extracting pulmonary emboli (PE), but all had a fatal outcome. The first suc-
cessful embolectomy is reported to have occurred in 1924 and was performed by Martin
Kirschner, a student of Trendelenburg, on a patient who developed acute PE after ahernia
repair. In the subsequent decade, more than 300 embolectomies were performed, but, like
the initial Trendelenburg operations, most attempts at surgical embolectomy were unsuc-
cessful. In fact, a report in 1958 identified only 12 patients in the literature who had sur-
vived a pulmonary embolectomy (2). The operation fast fell into disrepute, and in an
address to the American Surgical Association in 1944, Alton Ochsner, arenowned surgeon
and one of the pioneers in cardiovascular surgery, stated, “I hope we will not have any
more papers on the removal of pulmonary emboli before this organization, an operation
which should be of historical interest only” (3). At that time, however, surgery was the
only available treatment for PE; heparin had only just been discovered and its introduc-
tion into clinical practice was slow.

Introduction of Cardiopulmonary Bypass

The modern era of surgical embolectomy started with the introduction of cardiopulmo-
nary bypass in the 1950s. Indeed, it was the desire to provide a safe means of treating PE
that prompted the development of cardiopulmonary bypass. John Gibbon, who performed
the first series of heart operations using cardiopulmonary bypass, had witnessed a patient
die during a surgical embolectomy in 1930 and surmised that the patient might have been
saved if there had been a mechanism to temporarily take over her circulation and car-
diorespiratory function while the embolism was removed (3). This event prompted Gib-
bon to spend the next 23 yr working on the development of an extracorporeal circulation
device.

Gibbon himself never performed surgical embolectomy. Denton Cooley is credited with
the first pulmonary embolectomy using extracorporeal circulation in 1961 (3). Cooley’s
patient did not survive. The first successful embolectomy on cardiopulmonary bypass
was reported in the literature by Sharpe 1 yr later (4). With the use of cardiopulmonary
bypass, it was now possible to open the pulmonary artery and extract the clot under direct
vision, unlike the Trendelenburg operation in which the clot was extracted blindly with
forceps. With this approach, the success rate for surgical embolectomy approached 50%,
a great achievement for an otherwise fatal condition.

In the 1960s and 1970s, surgeons continued to perform the original Trendelenburg
operation for embolectomies in patients collapsing at the bedside or in the community,
and in patients having PE in hospitals where cardiopulmonary bypass was not available.
As nonsurgical treatment for PE, intensive care, and respiratory support had not been suf-
ficiently developed to cope with massive PE, this was a reasonable approach at that time
and was occasionally life-saving (5). Gradually, the classic Trendelenburg operation was
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abandoned and embolectomy using cardiopulmonary bypass became the surgical standard,
as most patients can be stabilized for a few hours to allow transfer to a suitably equipped
cardiac center.

A modification of the classic Trendelenburg operation that allows clot extraction under
vision without use of cardiopulmonary bypass was introduced in the 1970s (6). In this tech-
nique, the surgeon briefly occludes cardiac inflow by snaring the venae cavae, rapidly
opens the pulmonary artery, extracts the clot under vision, then rapidly closes or clamps
the pulmonary artery and unobstructs the cava allowing resumption of cardiac output.
The caval occlusion period must be less than 3 min to prevent anoxic brain injury. This
approach is occasionally still used by some surgeons (7).

The principles of the standard surgical embolectomy procedure have remained largely
unchanged over the last 40 yr—cardiopulmonary bypass, pulmonary arteriotomy, com-
plete evacuation of emboli under direct vision, and consideration for caval interruption.

APPLICATION AND SURGICAL RESULTS

Incidence

With the advent of nonsurgical, particularly thrombolytic, treatment, only a small minor-
ity of patients with PE undergo surgery, and thus the experience of individual surgeons
is generally very limited. The success of nonsurgical treatment combined with lack of
enthusiasm by many surgeons and also lack of experience in dealing with this condition
further reduced the interest in surgical embolectomy, such that many patients who could
have potentially benefited from surgery are never referred to the surgeon, and embolec-
tomy is now only occasionally performed. For example, in 2003 only 11 surgical embol-
ectomies were reported in the United Kingdom by the 37 centers contributing to their
national registry (8). We recently reviewed 22 surgical series on pulmonary embolectomy
published between 1970 and 1990 with a combined total of 837 patients (9) (Table 1).
Probably the most startling feature was the rarity of surgical embolectomy in the current
era, with an average of 2.9 embolectomies per year performed by contributing centers.
This is a very low rate indeed, especially considering that published series usually repre-
sent the higher end of the volume spectrum and the some series date back to the 1970s,
when embolectomy was more frequently applied. Unfortunately, the rarity of surgeons
who perform this operation may limit access to surgical embolectomy in those patients for
whom there is a clear indication for surgery.

Surgical Results
HiSTORICAL SERIES

Pulmonary embolectomy is widely perceived as being an operation that carries a pro-
hibitive mortality risk, and many physicians quote the 40% mortality rate seen in early
series. In our review of the published literature (9) (Table 1), we found an overall mortal-
ity rate of 31% with nearly all centers reporting mortality rates between 20% and 40%.
However, certain factors were found to predispose to higher mortality (Fig. 1), such as sur-
gery before 1990, operations without cardiopulmonary bypass, and prior cardiac arrest.
Preoperative cardiac arrest was in fact the strongest predictor of outcome, being associated
with 59% mortality (9) (Fig. 1B). In contrast, patients who did not have prior cardiac arrest
and underwent cardiopulmonary bypass had only 10% operative mortality. Patients with
prior cardiopulmonary disease were also identified to be at greater risk of death, as they
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Fig. 1. (A) Mortality after pulmonary embolectomy. Mortality is lower in recent series, particularly
those in which cardiopulmonary bypass was used and there was no prior cardiac arrest. (B) Rela-
tionship between operative mortality and preoperative cardiac arrest. (Fromref. 9, with permission. )

have less cardiopulmonary reserve to tolerate even relatively low embolic loads. Of note,
however, most of the literature on pulmonary embolectomy originates from series of
operations performed in the 1970s and 1980s, which had higher mortality compared to
recent series. These studies are largely of historical interest, as the indications, patient
selection, and cardiac surgical management have changed over the past decade.
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RECENT EXPERIENCE

The role of surgical embolectomy was recently revisited by some centers in the late
1990s, the most notable of which was the Brigham and Womens Hospital (10). A team
lead by Dr. Samuel Goldhaber and one of the authors (ILA) decided to liberally apply
surgical embolectomy to patients who had anatomically extensive PEs and moderate to
severe right ventricular dysfunction, without ongoing hemodynamic compromise. Patients
with preserved hemodynamics but impaired right ventricular function are known to have
higher early mortality and higher incidence of recurrent PE compared to patients with
preserved right ventricular function (11,12 (see Chapter4). The Brigham strategy included
rapid diagnosis by computed tomographic (CT) angiography, immediate assessment of
right ventricular function by echocardiography, and prompt transfer to the operating
room (without attempt at alternative nonsurgical treatment) when the criteria were met.
We reported on the initial results in 2002 (10), a series of 29 patients operated on between
1999 and 2001 with only 3 (10%) operative deaths (Table 1). These results represent a
marked improvement in survival compared to the existing literature (most previously
published series reported mortality between 20 and 40% [9]) and led to a renaissance of
the interest in surgical embolectomy. A more recent report from the same group includes
47 patients with no further deaths (6% operative mortality) and documented an actuarial
survival of 83% at 3 yr (13).

Other recent series that also reported improved outcomes include that of Dauphine and
colleagues (/4), who included 11 patients from 1998 through 2004 with 3 deaths among
the patients with prior cardiac arrest (n = 4) and no deaths in the 7 patients without prior
cardiac arrest. Yalamanchili et al. reported on 13 patients operated on between 2000 and
2002 with only 1 death (15).

These recent series show that with rapid diagnosis, better patient selection, early sur-
gical intervention, and modern surgical management, surgical embolectomy can be per-
formed with a relatively low mortality (below 10%). It is relevant to note that surgical
embolectomy is itself a relatively simple procedure carrying little risk inherent to the
procedure itself, and that most deaths are due to right heart failure, multiorgan failure, and
neurological injury (Fig. 2A). These fatal events are largely consequences of the patient’s
preoperative condition or a delayed intervention rather than direct complications of sur-
gery (9). In addition, the causes of late death are primarily related to underlying condi-
tions (e.g., cancer) rather than recurrent thromboembolic disease (Fig. 2B). Thus, if
patients are operated on at an earlier stage, before the onset of irreversible right ventricular
dysfunction and protracted cardiogenic shock, then the mortality risk should be expected
to be low.

INDICATIONS FOR SURGERY

With the advent of effective thrombolysis in the 1990s, surgery was generally regarded
as a last resort when all other measures had failed or were unavailable. Reserving surgery
for only such cases will predictably lead to poor outcomes. Surgery should be regarded
as part of the armamentarium for treating PEs and should be applied early in suitable cases.
In our opinion, surgery should be considered as an alternative to anticoagulation and throm-
bolysis, rather than as a bailout when medical treatment fails. The indications for surgery
are not absolute and treatment strategy may vary from patient to patient. For some patients,
surgery will be the most effective primary intervention, whereas for others medical therapy
may be more appropriate. For this reason, a multidisciplinary approach, which includes
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Fig. 2. Mortality following pulmonary embolectomy. (A) Causes of early mortality are related to
the patient’s preoperative condition and/or to delayed intervention. Right heart failure is the most fre-
quent cause of early death. (B) Late mortality primarily depends on the patient’s underlying con-
dition(s), particularly cancer. (From 9, with permission.)

surgeons, should be applied to determine the appropriate management on an individual
patient basis. Situations in which surgery should be considered are listed below and sum-
marized in Table 2.

Lesion Amenable to Surgical Intervention

Surgery should be considered only in patients in whom most of the embolic burden can
indeed be surgically extracted. The emboli have to be central in location (involving the
main pulmonary trunk, or the left or right main pulmonary artery) and anatomically exten-
sive, such that their extraction will most likely result in normalization of pulmonary artery
pressures and right ventricular function. Thus, central clots that extend peripherally are
most suitable for surgical treatment. On the other hand, if clots are limited to the periphery
(i.e., lobar or sublobar branches), complete embolectomy cannot be performed without
significant, blind instrumentation of the pulmonary arteries, and therefore such patients
are not appropriate surgical candidates. Importantly, the history and radiological findings
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should be consistent with acute PE without evidence for organized thromboembolic dis-
ease (chronic thromboembolic pulmonary hypertension; discussed in Chapter 19).

Hemodynamic Compromise

For patients with moderate or severe hemodynamic compromise resulting from mas-
sive PE, surgery offers the most rapid and effective method of relieving the obstruction.
Although thrombolysis is often administered in this setting, and surgery has generally
been reserved for patients in whom thrombolysis has failed or is contraindicated, there
is no direct evidence that thrombolysis is superior to surgery. In institutions where rapid
embolectomy can be undertaken with low mortality, this may be the preferred approach
for this patient group.

For patients with cardiac arrest after massive embolism, surgery may, as an alternative
to thrombolysis (see Chapter 11), offer a realistic chance of survival. However, pulmo-
nary embolectomy in this setting carries very high mortality. When a patient with clinical
suspicion of acute PE is successfully resuscitated after cardiac arrest, prompt transfer to
the operating room and embolectomy should be considered even in the absence of pre-
operative radiological diagnosis. The diagnosis can usually be confirmed in the operating
room by transesophageal echocardiography. On the other hand, emergency embolec-
tomy under cardiopulmonary resuscitation (CPR) is rarely successful, probably because
the pulmonary vascular obstruction and ventilatory dead space prevent effective forward
flow during CPR. Although there are reports of successful emergency bedside peripheral
cardiopulmonary bypass followed by transfer to the operating room for embolectomy
(16), the role of emergency cardiopulmonary bypass in this setting is not yet established.

Right-Ventricular Dysfunction

Moderate to severe right ventricular dysfunction, regardless of hemodynamic status,
is associated with poorer survival after nonsurgical treatment; pulmonary embolectomy
may offer better survival in this patient group compared to heparinization or thromboly-
sis (12). For this reason, diagnosis of central PE should immediately be followed by an
assessment of right ventricular function (see Chapter 4). Echocardiography is the method
of choice for evaluating right ventricular function, although modern CT scanning may
yield comparable diagnostic (and prognostic) information (see Chapter 2). If right ventric-
ular function is compromised, discussion of the therapeutic strategy should, in our opin-
ion, include the option of immediate embolectomy.

Failure of Medical Treatment

If cardiorespiratory compromise persists or worsens despite thrombolysis (Chapter 10)
or catheter intervention (Chapter 13), then surgery is indicated. Many of these patients
appear critically ill and are in a state of prolonged cardiogenic shock at this stage, but others
may have less dramatic clinical presentation and preserved arterial blood pressure. Pub-
lished series have repeatedly demonstrated that results are better when surgery is under-
taken before the advent of severe hemodynamic compromise. Delaying surgery could
therefore convert what might have been a low-risk procedure with a mortality risk of less
than 10% into a high-risk procedure with 50% mortality. Because of this, we would
advocate that surgeons be involved in the management of all patients with large central
emboli and, if there is clinical deterioration or evidence of progressive right ventricular
failure, immediate surgery should strongly be considered.
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Other Indications

Other indications for surgery include the presence of right atrial or right ventricular
thrombi in transit, as further embolism of even a small thrombus to an already obstructed
pulmonary arterial system could be fatal. Some regard the presence of patent foramen
ovale (see Chapter 6) as an indication for surgery, especially when paradoxical emboliza-
tion has taken place.

Contraindications to Thrombolysis

Patients with stroke, intracranial tumors, recent surgery, recent trauma, bleeding dia-
thesis, or active bleeding, are not ideal candidates for thrombolysis. Surgery is the treatment
of choice for such patients, provided there is central clot amenable to surgical extraction.
Advanced age alone is not a contraindication to surgery. Finally, surgery may also be the
treatment of choice for massive PE in pregnancy.

SURGICAL MANAGEMENT AND TECHNIQUES

Little preoperative workup is required for surgical embolectomy, as the priority is
immediate transfer to the operating room. Once the indication for surgery has been estab-
lished, surgery should be undertaken. If surgery is available on site, and an operating room
is available, then patients should be transferred directly from the radiology to the operating
suite. Otherwise, the patient is transferred to an intensive care unit and arrangements are
made for immediate transfer to a suitable facility. Resuscitation and stabilization should
be continued en route to the operating room and should not delay surgery.

Anesthesia

Patients risk hemodynamic collapse on induction of anesthesia, as the right ventricle
is preload-dependent and systemic blood pressure is maintained by an increased periph-
eral vascular tone. Venous and arterial dilatation on induction of anesthesia can therefore
result in loss of these compensatory mechanisms. For this reason, the surgical and perfu-
sion team must be ready to immediately perform sternotomy and proceed to cardiopulmo-
nary bypass. Minimal monitoring lines are required and intracardiac catheters are avoided.
Transesophageal echocardiography is a useful adjunct and helps identify the presence of
clot in the right atrium and ventricle.

Surgical Technique

Median sternotomy and pericardiotomy are performed, the patient is heparinized, and
the ascending aorta and right atrium are cannulated. If there is thrombus in the right atrium,
care is taken to not to dislodge it during cannulation. Cardiopulmonary bypass is instituted.
Some surgeons employ mild hypothermia. Cardioplegic arrestis not required and, in fact,
avoidance of acute ischemia-reperfusion injury to the failing right ventricle is important
in preventing postoperative right ventricular dysfunction. If echocardiography demon-
strates thrombi in the right atrium or ventricle, these cavities are explored and the clot ex-
tracted. The patent foramen ovale, if present, is closed at this stage.

PULMONARY ARTERIOTOMY AND EMBOLECTOMY

An incision is made over the main pulmonary artery and the clot visualized (Fig. 3).
Using gallbladder stone forceps, or any other suitable atraumatic forceps, the clot is
extracted with every attempt made to extract it en bloc. Positioning the cardiotomy suction
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Fig. 3. Emergency pulmonary embolectomy for saddle embolus. Upper panel: operative view of an
embolus straddling the bifurcation of the main pulmonary artery and resected specimen. Lower panel:
note the cast of the lobar and sublobar branches in the resected specimen. Asc Ao, ascending aorta;
Ao Cann, aortic cannula; LPA, left pulmonary artery; MPA, main pulmonary artery; RPA, right pul-
monary artery; RVOT, right ventricular outflow tract; Ven Cann, cannula in appendage of the right
atrium.

distal to the embolus can help with visualization and exposure of the emboli. Once all vis-
ible clot is removed, the pulmonary artery is repaired. There is no need to attempt to extract
distal clot, as leaving small clots behind is preferable to the risks associated with blind
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extraction, namely pulmonary hemorrhage, which is usually fatal. Such distal clots will
usually dissolve overtime and have no major hemodynamic or respiratory consequences.

Blind extraction of clot (such as by passing the forceps blindly into the distal arterial tree
and grasping for clot) is dangerous and should be discouraged. Blind passage of instru-
ments or blind grasping of clot can lead to fatal injury to the pulmonary arteries, one of
the reasons for failures with the original Trendelenburg operation. Similarly, passage of
balloon catheters distally to extract clots is a hazardous maneuver, as uncontrolled infla-
tion of the balloon can lead to pulmonary artery rupture and catastrophic hemorrhage.

WEANING OFF CARDIOPULMONARY BYPASS

If embolectomy has been of brief duration and there is severe right ventricular dysfunc-
tion, it may be preferable to “rest” the heart on bypass for a period before attempting a wean.
At this stage, a pulmonary artery catheter may be inserted for monitoring of right atrial and
pulmonary artery pressures. Transesophageal echocardiography is used to assess ventric-
ular function and to exclude residual thrombus in the right atrium, right ventricle, or pul-
monary artery. Optimal preload for the right atrium is determined by volume loading and
inotropic support used to assist right ventricular function. Other adjunctive measures such
as nitric oxide may be helpful, but persistently elevated pulmonary artery pressures should
raise the possibility of residual pulmonary artery obstruction.

INFERIOR VENA CaAvaL (IVC) FILTERS

An IVC filter is inserted intraoperatively or in the immediate postoperative phase to
prevent early recurrent embolization, which carries a high mortality. Caval filters will
also help prevent late recurrent emboli. Filters can easily be inserted in the operating room
under fluoroscopic guidance and directly through the right atrial pursestring. If the embo-
lus is secondary to superior vena caval or right atrial thrombus, an IVC filter is not required.

Postoperative Care

Optimizing right heart function is the priority in the early postoperative phase, as heart
failure is the most common cause of early postoperative death (9). Invasive monitoring
of central venous pressure is obligatory. A pulmonary artery catheter is usually placed for
measurement of right atrial and pulmonary artery pressures, cardiac output, and mixed
venous oxygen saturation. The optimal preload (central venous pressure) should be deter-
mined individually for each patient. Many patients require inotropic support pending
recovery of right ventricular function; in some patients inotropic support may be required
for days. Pulmonary vasoconstriction should be avoided at all cost by maintaining adequate
ventilation and oxygenation and by avoidance of drugs that constrict the pulmonary arte-
ries. Inotropes like milrinone, which dilate pulmonary arteries, may be preferable to cate-
cholamines. Postoperative heparinization is instituted on the first postoperative day if there
is no postoperative bleeding. An echocardiogram and ventilation-perfusion scan (or CT
scan) should be obtained prior to hospital discharge.

SUMMARIZED ESSENTIALS
OF SURGICAL MANAGEMENT OF ACUTE PE

In surgical management of PE, a number of important aspects need to be kept in mind
and are emphasized here, because they may determine the patient’s outcome:



Chapter 12 / Surgical Pulmonary Embolectomy 159

1. Appropriate patient selection—patients who have had cardiac arrest will rarely survive
if spontaneous heart rate is not restored preoperatively.

2. Rapid transfer to the operating room—Ilonger delays predispose to prolonged right ventric-
ular failure and cardiogenic shock, both of which have adverse prognostic implications.

3. Placement of caval filters in the early postoperative period prevents early recurrent embo-
lization.

4. Avoidance of aortic clamping prevents ischemia-reperfusion injury to the already com-
promised right ventricle.

5. Complete avoidance of blind techniques of extraction reduces likelihood of trauma to the
pulmonary artery.

CONCLUSION

Pulmonary embolectomy can be undertaken with low mortality and morbidity when
applied early before cardiorespiratory collapse. The poor results in historical series arose
mainly because of its use as a salvage procedure. There is no longer a role for bedside
embolectomy, and except under extreme circumstances, embolectomy without cardiopul-
monary bypass should not be undertaken. In hospitals without bypass facility, thrombo-
lysisis likely safer and outcomes more predictable than attempts at embolectomy without
bypass. On the other hand, when the infrastructure for immediate surgical embolectomy
is available, surgery may offer the fastest means of deobliterating the pulmonary arteries
and may indeed offer superior long-term results. Surgery should, therefore, be one of the
therapeutic options to consider in patients with massive or, perhaps, even submassive
embolism. Because of the low case load, there is an argument for concentrating this sur-
gery to few centers, or alternatively to designated surgeons within a center, thus allowing
surgeons to consolidate experience. Further studies are required to compare the contem-
porary results of surgery with those of nonsurgical treatments.
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SUMMARY

Approximately one-third of the patients with acute massive pulmonary embolism
(PE) and cardiogenic shock are not eligible for potentially life-saving systemic fibrin-
olysis because of major contraindications. Moreover, large-scale registries have shown
that surgical embolectomy is carried out in only 1% of patients with massive PE and
cardiogenic shock. Therefore, catheter-based thrombectomy or thrombus aspiration, as
described in the present chapter, is a promising alternative if contraindications to fibri-
nolysis are present, or if surgical embolectomy is not readily available or feasible.

Key Words: Pulmonary embolism; fibrinolysis; catheter thrombectomy; cardiogenic
shock; risk stratification.

INTRODUCTION

Right heart catheterization was first described in 1929 (/) and angiographic opacifi-
cation of the pulmonary arteries was not performed until 1938 (2). Selective pulmonary
arteriography on serial cut films was first reported by Sasaharain 1964 (3). Only afew years
later, the first reports on percutaneous catheter interventions for massive pulmonary embo-
lism (PE) were published. Currently, although noninvasive imaging modalities such as
multidetector-row chest computed tomography (CT) are increasingly used to diagnose
or exclude PE (Chapter 2), advanced knowledge of pulmonary angiography remains
crucial for safely performing catheter interventions in acute massive PE. This chapter
describes the basics of pulmonary angiography and focuses on percutaneous catheter inter-
ventions for treating patients with massive PE.

From: Contemporary Cardiology: Management of Acute Pulmonary Embolism
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Table 1

Hemodynamic Parameters in the Pulmonary Circulation (Normal Range)
Right atrial pressure, mmHg Mean 8-10
A wave 2-10
V wave 2-10
RV pressure, mmHg Systolic 15-30

End-diastolic 0-8
Pulmonary artery pressure, mmHg Mean 10-20
Systolic 15-30
Diastolic 3-12
Cardiac output, L/min 4.0-8.0
Cardiac index, L/(min/m?2) 2.6-4.6
Pulmonary vascular resistance4, Wood units 0.7-1.1

2Defined as (mean pulmonary artery pressure — pulmonary capillary wedge pressure)
/cardiac output.

PULMONARY ANGIOGRAPHY

Hemodynamic Measurements

Patients who undergo pulmonary angiography or catheter thrombectomy require con-
tinuous hemodynamic and electrocardiographic monitoring (Table 1). Complete heart
block during right heart catheterization is likely to occur in patients with underlying left
bundle branch block and may necessitate temporary pacing. Transient tachyarrhythmias
are common during catheter advancement through the right heart chambers, particularly
the right-ventricular (RV) outflow tract.

Continuous monitoring of the pressure wave form during catheter manipulation is
mandatory. The catheter should not be advanced in the absence of an appropriate pressure
wave form. Damping of the pressure in the main pulmonary artery may indicate massive
PE with the catheter holes embedded in the embolus.

In patients with acute massive PE, RV systolic pressure rarely exceeds 50-60 mmHg.
Acute increase in RV afterload with a systolic pressure greater than 60 mmHg will result
in acute RV dilation and systolic failure. In contrast, patients with recurrent PE or pre-
existing cardiopulmonary disorders may tolerate higher RV systolic pressures prior to
the development of failure. In patients with cardiogenic shock and RV failure, the RV end-
diastolic pressure often exceeds 20 mmHg and typically shows a prominent dip followed
by arapid rise (Fig. [ A). Right atrial pressure is elevated with a prominent A-wave and
a steep X descent (Fig. 1B).

Catheterization Techniques

Most catheters used for diagnostic pulmonary angiography have a size of 5to 7 F.
Catheters of this size are necessary to provide a lumen that will accommodate flow rates
of 20-25 mL/s. The presence of an inferior vena caval filter, such as the Greenfield, Bird’s
Nest, or Gunter Tulip filter, does not necessarily preclude a transfemoral approach.

There are two basic designs of pulmonary angiographic catheters. The standard Groll-
man pulmonary artery catheter (Cook Inc., Bloomington, IN) is a 6.7-F polyethylene
catheter with a 90° reversed secondary curve 3 cm proximal to the pigtail. The distal loop
of the angled pulmonary pigtail catheter is less than 1 cm, permitting use of the same cath-
eter for subselective injections. In contrast, balloon-tipped catheters, such as the 7-F
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Fig. 1. Typical pressure tracings in a patient with massive PE and cardiogenic shock. (A) Right-ven-
tricular (RV) pressure tracing. The RV systolic pressure rarely exceeds 60 mmHg in patients without
preexisting cardiopulmonary disease. If the end-diastolic pressure exceeds 20 mmHg, the patient
likely has RV failure. (B) Right atrial pressure tracing, with a prominent A wave and a steep X descent.

Berman balloon catheter (Critikon Inc., Tampa, FL), are passively carried by blood flow
through the right-heart chambers and into the pulmonary arteries. Side-holes in the catheter
shaft then allow power injection into the main branches, and an end-hole makes balloon
occluston angiography possible with the same catheter.

All pigtail catheters should be removed from the pulmonary arteries only after straight-
ening with a floppy tip guide wire under fluoroscopic observation. An easy and atraumatic
approach to probe the right or left pulmonary arteries is to use a coronary diagnostic cath-
eter, such as a left Judkins 4 catheter, which may be used in combination with a 0.035-inch
exchange-length J-tipped wire.

The contrast injection rate is determined by the catheter used for angiography, the
volume and rate of flow in the selected vessel, the pulmonary artery pressure, and imaging
modes. For digital subtraction angiography, less contrast is necessary to obtain adequate
opacification of segmental and subsegmental arteries (Table 2). As smaller vessels are
selected, the rate and volume are decreased. Contrast injection should be performed using
an automated injector system if adequate opacification of segmental and subsegmental
vessels is to be obtained. For balloon occlusion angiography of segmental vessels, a hand
injection of 5 to 10 mL is used. In the presence of pulmonary hypertension, the amount
of contrast should be reduced (4).

A minimum of two radiographic series for each lung is usually required. The two vali-
dated standard views are the frontal and 45° ipsilateral posterior oblique view. If avail-
able, biplane filming is preferred over monoplane filming.
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Table 2
Suggested Contrast Injection Rates
Site of contrast injection Cine angiography DSA
Right atrium/main pulmonary artery 20-25 (40-50) 15-20 (30-40)
Right/left main pulmonary artery 15-20 (30—40) 10-15 (20-30)
Lobar pulmonary arteries 1015 (20-30) 5-10 (10-20)

Numbers are contrast injection rates in mL per second, and the total amount of contrast
in mL is given in parentheses. DSA, digital subtraction angiography.

Interpretation and Validity of Pulmonary Angiograms

Several studies have validated the angiographic criteria for acute PE (5—7). The primary
angiographic criterion is a persistent central or marginal intraluminal radiolucency, the
trailing edge of which causes a varying degree of obstruction to contrast flow. Complete
obstruction showing abrupt vessel cut-off with a concave border of the contrast column
is also considered as a primary sign of acute PE. Secondary signs include oligomeric or
avascular regions, a focal prolonged arterial phase, abruptly tapered peripheral vessels,
or focally diminished venous flow.

In PIOPED (8), interobserver agreement for cut-film pulmonary angiography decreased
with diminishing pulmonary artery caliber. For example, it was 98% for lobar PE and 90%
for segmental PE, but only 66% for subsegmental PE. The diagnostic sensitivity and spe-
cificity of pulmonary angiography were 98% and 95-98%, respectively. The validity of
pulmonary angiography also was assessed by clinical follow-up of patients with negative
angiograms, in whom anticoagulation was withheld. In 5 studies, 840 patients had a fol-
low-up of at least 3 mo duration (9-13). Recurrent venous thromboembolism was docu-
mented in 1.9% of these patients.

INDICATIONS FOR CATHETER INTERVENTION IN PE

In patients with massive PE, systemic thrombolysis (/4 or surgical embolectomy (15)
are, in addition to anticoagulation, established and potentially life-saving treatment
options, facilitating rapid reversal of RV failure and cardiogenic shock. However, throm-
bolysis for PE is accompanied by a particularly high risk of bleeding complications, and
approx one-third of the patients with massive PE are not eligible for thrombolysis because
of major contraindications such as recent surgery, trauma, stroke, or advanced cancer
(16). Among 304 patients from the International Cooperative Pulmonary Embolism regis-
try ICOPER) who received PE thrombolysis, 66 (21.7%) suffered major bleeding and 9
(3.0%) had intracranial bleeding (/7). On the other hand, few tertiary care centers offer
emergency surgical embolectomy with round-the-clock availability for patients with
massive PE and contraindications to thrombolysis (/5. This operation mandates a median
sternotomy, incision of the main pulmonary artery, and circulatory arrest with cardiopul-
monary bypass (see Chapter 12 for details). In the two largest PE registries, surgical embol-
ectomy was used in only 1% of patients with massive PE and cardiogenic shock (16,17).

The only alternative to thrombolysis or surgical embolectomy for reversing PE-related
right heart failure and cardiogenic shock is percutaneous catheter thrombectomy (18).
Catheter thrombectomy may be particularly useful if contraindications to thrombolysis
are present or if surgical embolectomy is not feasible or available.
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Fig. 2. The steerable 10-F Greenfield pulmonary embolectomy catheter (see text). Figure kindly pro-
vided by Lazar Greenfield, Mp, Professor of Surgery and Chair Emeritus, University of Michigan, ML

The author proposes that all of the following criteria should be fulfilled to consider
catheter thrombectomy in a patient with acute PE:

1. Acute PE with cardiogenic shock, defined as systolic arterial pressure no greater than 90
mmHg, a drop in systolic arterial pressure of at least 40 mmHg for at least 15 min, or
ongoing adminsitration of catecholamines for systemic arterial hypotension (/6).

2. Subtotal or total filling defect in the left and/or right main pulmonary artery by chest CT
or by conventional pulmonary angiography (/9).

3. RV dysfunction, defined as RV systolic hypokinesis and/or RV dilation on echocardio-
graphy (20), or RV enlargement on reconstructed CT four-chamber view (21,22), or posi-
tive cardiac troponin test (23-25).

4. Presence of at least one of the following contraindications to PE thrombolysis (/4):

a.
b.

=0 o Qo

Active bleeding;
History of intracranial bleeding, head injury, ischemic stroke, brain tumor, or neuro-
surgery;

. Surgery, delivery, organ biopsy, or puncture of a noncompressible vessel within the

past 10 d;

. Gastrointestinal bleeding within the past 15 d;
. Major trauma within the past 15 d;

Active cancer with known hemorrhagic risk;

. Platelet count less than 50,000/uL., or international normalized ratio greater than 2.0;
. Pregnancy.

PERCUTANEOUS CATHETER DEVICES
Greenfield Embolectomy Catheter

The Greenfield embolectomy device (Boston Scientific/Meditech, Watertown, MA)
is a 10-F steerable catheter with a 5- or 7-mm plastic suction cup at the tip (Fig. 2). This
device was the first catheter designed for the treatment of massive PE and has been avail-
able for more than three decades. Its major disadvantage is that it has to be inserted through
a venotomy via the femoral or jugular vein, and that there is no guide wire to advance the
bulky device into the pulmonary circulation. The device removes the centrally located
fresh embolus by manual suction with a large syringe, and requires retrieval of the device
and the thrombus as a unit through the venotomy. In the hands of Dr. Greenfield, the
device was successful in extracting pulmonary thrombus in 76% of the patients, with
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Fig. 3. The tip of the 5-F pigtail rotational catheter (see text). Figure kindly provided by Thomas
Schmitz-Rode, mp, Professor of Radiology, University Hospital Aachen, Germany.

significant improvement in hemodynamics (26,27). The 30-d mortality rate was 30%.
The device was less useful in chronic PE, and it was not adopted by many other interven-
tional cardiologists or radiologists for the treatment of patients with massive PE. Another
major limitation of the device is the risk of fracture of the entrapped thrombus while remov-
ing the device from the pulmonary circulation, which may resultin massive reembolization
and hemodynamic deterioration.

Balloon Angioplasty and Stents

Balloon angioplasty of obstructing emboli has been used for many years in an attempt
to restore pulmonary blood flow and improve hemodynamics (28,29). Balloon angio-
plasty using balloon sizes of 6 to 16 mm results in compression of the embolus to the vessel
wall but also to partial fragmentation of the thrombus with distal embolization. Most of
the patients who have been treated with balloon angioplasty also received local thrombo-
lysis, with a decrease in pulmonary artery pressure over time. Therefore, it is unknown
whether balloon angioplasty without concomitant thrombolysis is effective. Self-expand-
ing wallstents (30) and self-expandable Gianturco Z stents (3/) were used in patients with
massive PE and failed thrombolysis or failed thrombus fragmentation.

Pigtail Rotational Catheter

The rotatable pigtail catheter (Cook Europe, The Netherlands) is a modified 115-cm
5-F pigtail catheter with a radiopaque tip and 10 side holes for contrastmaterial injection.
A jugular version of the catheter is 105 cm long. An oval side hole in the outer (convex)
surface of the pigtail loop allows direct passage of a 0.035-inch guide wire through the
hole to act as a central axis around which the catheter rotates (Fig. 3). The catheter is
rotated bimanually to break apart large fresh clots. The pigtail tip of the catheter disrupts
the clot in multiple smaller fragments, which embolize distally in the pulmonary circu-
lation. A smaller version of the pigtail catheter has also been used in segmental arteries.
In 20 patients with massive PE, catheter intervention with the pigtail rotational catheter
showed a 33% recanalization rate by fragmentation alone, but the catheter was more effec-
tive with adjuvant thrombolytic therapy with recombinant tissue plasminogen reactivor
(32,33).Mortality in this series was 20%. One disadvantage with this catheter device is
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the risk of macroembolization (34). Macroembolization may cause further deterioration
of hemodynamics when a large centrally located nonobstructive thrombus breaks and
embolizes into a previously nonobstructed lobar branch.

Amplatz Thrombectomy Device

The Amplatz Thrombectomy Device (ATD) (Bard-Microvena, White Bear Lake, MN)
is a 120-cm long, 7-F polyurethane catheter with a distal metal can, housing an impeller
mounted on a drive shaft. The high speed of the impeller creates a vortex of circulating
blood, pulling the clots toward the impeller, which pulverizes fresh thrombus. The metal
can has side ports behind the impeller used as exit for macerated thrombus particles and
blood. The system is propelled by an air turbine that can generate 150,000 rpm. Infusion
of saline through the catheter lubricates and cools the system. The ATD cannot be used
incombination with a guide wire. Therefore, a 10-F-long guiding catheter is advanced close
to the PE and the ATD is introduced through the catheter. Then, the device can be acti-
vated and gently moved back-and-forth. The device should not be advanced into segmen-
tal branches because of the risk of perforation.

Initial experience with the ATD device showed clinical improvement in a limited num-
ber of patients, with improvement in symptoms and systemic arterial pressure (35). There
is a risk of severe hemoptysis with the ATD, and it is unclear whether hemoptysis is the
result of perforation, dissection, or reperfusion injury. Because of recirculation of macer-
ated blood and thrombus, the ATD always causes some degree of transient mechanical
hemolysis.

Hydrodynamic Thrombectomy Catheter Devices

None of the currently available hydrodynamic catheter devices were designed for the
treatment of the large-size pulmonary arteries, but they have been successfully used in
small case series of patients with massive PE.

The Hydrolyser (Cordis, Warren, NJ) is a 7-F, 80-cm over-the-wire catheter, with a
large side hole near the distal tip. The larger catheter lumen is used for aspiration of the
fragmented clots and blood, and the smaller one is the injection channel with a metallic
tubing looped at 180° to enable reversal of flow. High-velocity injection through the
small lumen creates lower pressure dynamics in the larger lumen and a vortex, causing
fragmentation and aspiration of the clots by the pressure gradient (36,37). The Hydrolyser
is effective in vessels up to 9 mm in diameter. When used in larger vessels, it tends to create
atract within the clot. The device can be used only via the jugular approach and is advanced
overa(.025-inch guide wire into the pulmonary artery. The rigidity of the catheter causes
some difficulty in advancing into the pulmonary artery. In addition, the Hydrolyser may
often be ineffective for removal of large, centrally located thrombi.

The Oasis catheter (Boston Scientific/Medi-Tech, Watertown, MA) also uses the Venturi
effect. It creates a vortex that causes fragmentation and aspiration of the clots, with modest
efficacy in larger vessels (38,39).

The AngioJet Xpeedior (Possis, Minneapolis, MN) is a 6-F, 120-cm over-the-wire
catheter and is probably the most efficacious catheter among the hydrodynamic devices
(Table 3) (Figs. 4 and 5). However, because AngioJet was not designed to treat larger ves-
sels greater than 12 mm in diameter, it is also of limited effectiveness in the therapy of
massive PE (4]/—43). Nervertheless, even minor improvement in pulmonary perfusion is
often sufficient to improve hemodynamics and clinical outcome in these patients (Fig. 6).
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Table 3
Effectiveness of Catheter Devices for Thrombus Removal
Time and
Guide completeness
wire of thrombus
Catheter device Company French compatible  Embolectomy removal?
Aspirex Straub Medical, 11 Yes Yes 69 s, =100%
Switzerland complete
Amplatz BARD-Microvena, 7 No No 83 s, 66%
thrombectomy USA complete
device
Hydrolyser Cordis Europe, 6 Yes Yes 124 s, 32%
The Netherlands complete
QOasis Medi-Tech/Boston 6 Yes Yes 185 s, 43%
Scientific, USA complete
Angiojet Xpeedior Possis Medical, 6 Yes Yes 118 s, 67%
USA complete

“Measurements obtained from flow models using 16.3-16.5 g of ex vivo generated thrombus in test tubes
with an internal diameter of 14 mm without stenosis (Aspirex) (44); and in test tubes with 20-mm internal
diameter and 66% stenosis (Amplatz thrombectomy device, Angiojet Xpeedior, Hydrolyser, and Qasis) (40).

For the use in larger vessels, the company will launch in 2006 a modified 6-F AngioJet
DVX catheter with improved aspiration capacity.

Aspirex PE Catheter

The Aspirex catheter thrombectomy device (Straub Medical, Wangs, Switzerland)
was specifically designed and developed for percutaneous interventional treatment of PE
in pulmonary arteries ranging from 6 to 14 mm in caliber. The central part of the catheter
system is a high-speed rotational coil within the catheter body, which: (1) creates negative
pressure through an L-shaped aspiration port at the catheter tip; (2) macerates aspirated
thrombus; and (3) removes macerated thrombus (Fig. 7). The catheter is easily connected
to amotor via an electromagnetic clutch. A small control unit ensures steady motor speed
at 40,000 rpm.

The aspiration capacity of the Aspirex device was adjusted to remove thrombus from
obstructed major pulmonary arteries and to minimize the risk of vascular collapse and
vessel wall engagement. This was achieved by adjusting the caliber of the device, the
pitch of the rotational coil, motor speed, and size and configuration of the aspiration port
at the catheter tip. Aspirated blood cools off and lubricates the catheter system. The design
of the Aspirex catheter does not allow recirculation of aspirated blood. In static in-vitro
tests using human blood samples, aspiration with the Aspirex device was not associated
with an increase in plasma-free hemoglobin (44).

A 12-F sheath is mandatory to introduce the device into the internal jugular or femoral
vein. The Aspirex device is then advanced over the wire. An 80-cm long instead of the stan-
dard-length 12-F sheath may be used to provide more support to introduce the Aspirex
device into the pulmonary arteries, monitor RV or pulmonary artery pressures, and inject
contrast agent for pulmonary angiography. The distal part of the catheter shaft has enhanced
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Fig. 4. The 6-F Angiolet Xpeedior catheter. The inflow channel, the pumpset channel, and the
outflow channel are shown. Figure kindly provided by the manufacturer, Possis.

Fig. 5. The Venturi effect at the tip of the 6-F AngioJet Xpeedior catheter. Reversed high pressure
saline jets within the catheter (A) cause cross-stream blood flow (B, arrows), resulting in fragmen-
tation and aspiration of thrombus into the suction ports of the catheter. Figures kindly provided by
the manufacturer, Possis.

flexibility, facilitating right heart passage and selective advancement into proximal
pulmonary arteries. The Aspirex device is introduced and activated using a hydrophilic
0.035-inch J-tipped wire, such as the Terumo wire. The device should be gently moved
back and forth to achieve an optimal thrombectomy result. Aspirex should be used in the



170 Kucher

RIGHT
SF THROMBECTOMY

Fig. 6. Digital pulmonary cine angiogram of the right pulmonary artery using a left anterior oblique
view (A)in a patient with massive PE and cardiogenic shock who had neurosurgery 2 d prior to the
event. Although thrombectomy with the 6-F AngioJet Xpeedior catheter resulted only in modest
angiographic improvement of blood flow into the lower lobe pulmonary artery, the patient had
hemodynamic and rapid clinical improvement (B). The patient received a temporary Gunter Tulip
filter after completion of the thrombectomy.

main and lobar but not in segmental pulmonary arteries. A large cohort study is currently
being performed in Europe to investigate effectiviness and safety of the Aspirex device
in patients with massive PE and contraindications to thrombolysis.
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Guide wire port
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Fig. 7. The 11-F Aspirex PE catheter thrombectomy device (see text). Figure kindly provided by
the manufacturer, Straub Medical.

CATHETER-DIRECTED THROMBOLYIS

Catheter-directed thrombolytic therapy with intrapulmonary administration of a fibri-
nolytic drug has been used by several authors (45—48). It aims at accelerating clot lysis and
achieving rapid reperfusion of the pulmonary arteries. The technique requires position-
ing of an infusion catheter within the embolus, with injection of a bolus of thrombolytic
drug followed by a continuous infusion. The following intrapulmonary thrombolytic regi-
mens have been used in combination with a therapeutic infusion of unfractionated hep-
arin in patients with massive PE: Urokinase 250,000 IU/h over 2 h, followed by 100,000
1U/h of urokinase over 12-24 h; alteplase bolus of 10 mg followed by 20 mg/h over 2 h,
or 100 mg over 7 h.

Another possibility is the administration of local thrombolysis via the AngioJet Xpeedior
catheter using the power-pulse-spray technique (Fig. 8). Short-acting, newer-generation
fibrinolytic drugs, such as alteplase (10-20 mg), reteplase (2.5-5 U), or tenecteplase (5—
10 mg) may be used.
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Fig. 8. If the outflow channel of the AngioJet Xpeedior catheter is blocked by a stop cock, throm-
bolytic drugs may be delivered locally into the thrombus (power-pulse-spray technique). Figure
kindly provided by the manufacturer of the device, Possis.

In the author’s opinion, catheter-directed thrombolysis is of limited value. If thrombo-
lysis is being considered, it should rather be given systemically, and an invasive catheter
approach may not be necessary.

COMPLICATIONS OF CATHETER INTERVENTIONS

Rare but serious complications of catheter thrombectomy for PE include pericardial
tamponade, pulmonary hemorrhage, and hemothorax. The most serious complication is
the perforation or dissection of a major pulmonary arterial branch, which may cause mas-
sive pulmonary hemorrhage and immediate death. The myocardium of the right ven-
tricle, particularly the RV outflow tract, is thin and fragile, and caution is warranted when
advancing any device into the pulmonary arteries. The interventionalist must be able to
perform an emergency pericardiocentesis in case of a perforation and should be familiar
with measures to achieve rapid reversal of anticoagulation. To minimize the risk of per-
foration or dissection, thrombectomy should be performed only in the main and lobar but
not in the segmental pulmonary arteries. The procedure should be terminated as soon as
hemodynamic improvement is achieved, regardless of the angiographic result.

Device-related complications also include blood loss and mechanical hemolysis, or
arrhythmia from catheter passage through the right heart. Other complications include
bleeding from heparin anticoagulation, contrast-induced nephropathy, anaphylactic reac-
tion to iodine contrast, and vascular access complications, such as hematoma, pseudo-
aneurysm, or arteriovenous fistula.
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SUMMARY

Vitamin K antagonists (VKAs) are the agents of choice for long-term treatment and
secondary prophylaxis of pulmonary embolism (PE), as they were shown to be effec-
tive in preventing recurrence of the disease. At present, VKAs are the only available
anticoagulants allowing oral administration, an essential feature in agents intended for
long-term use. The currently recommended duration of anticoagulant treatment for PE
is related to the features of the thromboembolic event, ranging from a minimum of 3
mo to life-long treatment. Patients presenting with idiopathic or unprovoked PE gen-
erally require longer treatment than patients with an event associated with temporary
risk factors. On the other hand, the need for laboratory monitoring and dose adjustment,
and the risk for bleeding complications, are the main pitfalls of treatment with VK As and
limit their use for long-term anticoagulation. Therefore, new oral anticoagulants are
currently under development. To be of clinical value, these agents should be at least as
effective as VK As, possibly safer and easier to administer, and they should not require
routine laboratory monitoring.
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INTRODUCTION

In the large majority of patients, therapy of pulmonary embolism (PE) begins with a
brief period of parenteral anticoagulation using unfractionated heparin (UFH) or low-
molecular-weight heparin (LMWH) followed by long-term treatment with oral vitamin
K antagonists (VKAs) (/). Thrombolysis in the acute phase (see Chapter 10), or LMWH
for long-term treatment, are reserved for only a few of the patients with PE. The aim of
long-term treatment with oral anticoagulants after venous thromboembolism (VTE) is the
secondary prevention of recurrences and deaths due to PE. VKAs are effective in pre-
venting recurrence of VTE, although more recently, LMWHs were shown to be more
effective than VKAs in the prevention of recurrence in cancer patients (2-9).

Only a few studies on the long-term clinical outcome of VTE focused on patients with
PE(2,10-13), whereas most of the studies included patients with deep venous thrombosis
(DVT) (5-7,9,14-16). However, as it is widely accepted that DV'T and PE are two mani-
festations of the same disease, VTE, information obtained in patients with DVT is usually
extrapolated to patients with PE.

In this chapter, we will review the long-term clinical course of PE, the risk factors for
recurrence, the treatment options available at present, and the new oral anticoagulants
currently under development.

LONG-TERM CLINICAL COURSE AND PROGNOSIS AFTER PE

Patients with PE are at risk for recurrent VTE and death during long-term follow-up.
A population-based study showed that VTE recurs frequently, especially within the first
610 12 mo, and continues torecur for atleast 10 yr after the initial episode (/7). The reported
rates of recurrent VTE vary widely, ranging from 0.6 to 5% at 90 d, and from 13 to 25%
at 5 yr(4,16,18-20). Recent trials showed that patients with PE are at higher risk of hav-
ing a second, potentially fatal PE episode than are patients with DVT (27-22). In particu-
lar, the risk of being readmitted to the hospital because of acute PE is 4.2-fold elevated
in patients with previous PE compared to patients with previous DVT (/7). Nevertheless,
currently available data do not suffice for recommending longer duration of anticoagu-
lant treatment for patients with PE.

In a study focusing on 399 patients with objectively confirmed acute PE, 33 clinically
apparent recurrences of PE (8.3%) and 95 deaths (23.8%) were observed during 1-yr
follow-up after the initial thromboembolic event (/0). The most frequent causes of death
were PE itself during the in-hospital phase and cancer during the follow-up period.

More recently, a high incidence of arterial complications such as acute myocardial
infarction (1.0% of patients per year), stroke (0.5% of patients per year), and sudden other-
wise unexplained death (0.3% of patients per year) was observed in the first 2-3 yr after
a first PE episode (/7). The incidence was particularly high in patients with idiopathic PE
as opposed to those with PE associated with temporary risk factors.

RISK FACTORS FOR RECURRENCE OF VTE

Patients with permanent (or persistent) risk factors for VTE (cancer, known thrombophi-
lia), idiopathic DVT, or a history of previous VTE have a higher incidence of recurrent
VTE in comparison with patients with VTE associated with temporary risk factors (3-5).
This concept is supported by the results of a prospective cohort study that included 355
consecutive patients who received anticoagulant treatment for 3 mo after a first episode
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of VTE (16). In this study, the cumulative incidence of recurrent VTE was 17.5% at 2 yr,
25% at 5 yr, and 30% at 8 yr. The presence of cancer was associated with an increased risk
of recurrent VTE (hazard ratio, 1.7), as was the presence of molecular thrombophilic abnor-
malities like deficiency of antithrombin, protein C, or protein S, or the presence of lupus-
like anticoagulant (hazard ratio, 1.4).

On the other hand, patients with VTE associated with transient risk factors (e.g., surgery
or recent trauma) have a low risk of recurrent thromboembolism. For example, in a study
of patients with a first episode of PE, the incidence of recurrence was 12.2% in patients
with idiopathic PE compared to 7.6% in those with PE associated with transient risk fac-
tors (2). In another study of patients with VTE, recurrence occurred during 2-yr follow-
up in 6.7% of patients with VTE associated with transient risk factors compared to 18.1%
of patients with VTE associated with a permanent risk factor oridiopathic VTE (4). Thus,
based on the available data, three risk groups with regard to recurrence of thromboem-
bolism can be identified within the population of patients who have suffered an episode
of VTE: (1) patients with VTE associated with temporary risk factors; (2) patients with
VTE associated with persistent risk factors; and (3) patients with idiopathic VTE.

Idiopathic or “unprovoked” VTE deserves further analysis and risk stratification. The
term “idiopathic” stands for an episode of VTE occurring in the absence of any identi-
fiable temporary or persistent risk factors for thrombosis. In order to identify patients at
particularly high risk for recurrent VTE within the group of patients with idiopathic PE,
potential risk factors have been proposed (23-30). Of note, however, is that most of these
data were derived from retrospective studies and in only a few cases were confirmed by
prospective studies. At present, identification of patients at high risk for recurrence of
VTE is based on screening for thrombophilic abnormalities, the D-dimer assay, and the
assessment of residual thrombosis.

A large variety of thrombophilic abnormalities have been identified (see also Chapter
15). Although the increase in the risk for VTE (either for the first episode or for arecurrent
event) has been well documented for some of them, the importance of other thrombo-
philias needs to be further investigated. In addition, high D-dimer levels measured 1 mo
after discontinuation of oral anticoagulants have been reported to be associated with an
increased risk of recurrence in patients with a first idiopathic episode of VTE (29). Finally,
persistence of residual DVT detected by compression ultrasonography after adequate
treatment with oral anticoagulants has been reported to translate into an increased risk of
recurrent VTE (30). However, whether these conditions (possibly) associated with high
risk for recurrence require different treatment strategies remains unclear. Nevertheless,
based on all the available data regarding risk assessment in patients with idiopathic PE,
the overall number of risk groups with regard to recurrence can increase from three (as
described previously) to five, namely:

. First episode of VTE secondary to a temporary risk factor;

. First episode of VTE in patients with active cancer;

. First episode of unprovoked VTE;

. Firstepisode of VTE associated with a prothrombotic genotype (deficiency of antithrom-
bin III, protein C, or protein S; prothrombotic gene mutation [factor V Leiden or pro-
thrombin 20210]; high levels of antiphospholipid antibodies, homocysteinemia, or factor
VIII), or with a prognostic marker indicating increased risk of recurrence (persistent
residual thrombosis on repeated compression ultrasonography); and

5. Patients with recurrent VTE (two or more episodes).

W N =
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We recommend that these patient groups, which represent an escalating risk of recur-
rence, be taken into account when deciding on the duration of oral anticoagulant treatment.

VKAs

Coumarins, the only VKAs currently available in most countries, exert their antico-
agulant effect by interfering with the vitamin K-mediated y-carboxylation of the coagu-
lation factors II, VII, IX, and X (3/-32). After oral administration, coumarins are rapidly
absorbed and have a high bioavailability (33). The relationship between the dose of these
agents and the anticoagulant response is influenced by genetic and environmental factors.
These factors include the absorption of coumarins, their pharmacokinetics and pharmaco-
dynamics as well their metabolism. The wide interindividual variation in the dose-effect
relation of VKAs is also linked to interactions with other drugs and nutrition. The use of
VKAt is further complicated by their narrow therapeutic window. All these features make
laboratory monitoring and dose adjustment necessary in order to maintain the anticoagu-
lant effect within the therapeutic range and thus ensure efficacy and reduce the risk of
bleeding complications. Prothrombin time is currently used to monitor the anticoagulant
effect of VKAs, and the results are usually reported as the international normalized ratio
(INR). The currently recommended intensity of oral anticoagulant for treatment of VTE
is to target an INR between 2.0 and 3.0 (/). This value has been established by the results
of randomized trials that included patients with DVT and PE (8,34-36).

The superiority of oral anticoagulants over long-term use of UFH was shown in a ran-
domized trial evaluating subcutaneous low-dose UFH (5000 U bid) as an alternative to
oral anticoagulation for long-term treatment of patients with DVT (78). In this trial, the
low-dose UFH regimen was shown to be ineffective and resulted in a high rate (47%) of
recurrent VTE.

OPTIMAL DURATION OF TREATMENT WITH VKAs FOR PE

The currently recommended duration of oral anticoagulant treatment for PE is a balance
between the risks and inconvenience of treatment itself on one side and the risk of recur-
rent VTE once treatment is discontinued on the other.

Several clinical trials focusing on the optimal duration of oral anticoagulant treatment
randomized patients affected by DVT with or without concomitant PE to different time
periods of oral anticoagulant treatment (3—9). The earliest among these studies showed
a higher incidence of recurrent VTE during the 6 mo to 1 yr after treatment discontinua-
tion in patients randomized to shorter courses (4 to 6 wk) of oral anticoagulant treatment,
as opposed to those randomized to longer treatment periods (3 to 6 mo) (3-5).

Further studies evaluated the risk-benefit ratio of extended anticoagulant therapy (1
to 2 yr) in comparison to the standard treatment (3 to 6 mo) in patients with idiopathic
DVT (2,6-8). These studies showed that extended treatment with VKAs was highly effec-
tive in reducing the incidence of recurrent VTE, the recurrence rate on anticoagulant treat-
ment being as low as 1%. However, the second important finding obtained from these
randomized studies is that the clinical benefit achieved during extended oral anticoagulant
treatment is not maintained after its discontinuation. In fact, the incidence of recurrent
VTE after treatment discontinuation is approx 5% per year in patients with a first idiopathic
VTE, regardless of prolongation of treatment beyond the first 3 mo. Thus, prolonging anti-
coagulant treatment only delays recurrences until anticoagulant is stopped rather than
reducing the risk of recurrence.
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In conclusion, the risk of recurrent VTE is high after a first episode of idiopathic vVTE,
but the benefit of extended treatment is partially offset by the risk of bleeding (particularly
major bleeding episodes), and the benefit is lost when treatment is withdrawn. At present,
oral anticoagulant treatment for at least 6 mo to 1 yr is generally recommended after a
first episode of idiopathic PE. However, physicians should also consider that some high-
risk patients (as defined previously) may be candidates for indefinite anticoagulation (7).

The issue of the optimal duration of anticoagulant treatment specifically for patients
with PE was addressed by a recent trial that evaluated the clinical benefit of extending
oral anticoagulant treatment beyond 3 mo in patients with a first episode of symptomatic,
objectively confirmed PE (2). This study also showed that extending VKA treatment to
12 mo (as opposed to 3 mo) in patients with idiopathic PE only delayed the time to recur-
rence but did not reduce the incidence of recurrences after discontinuation of treatment.
On the other hand, in patients with PE associated with temporary risk factors, this study
showed a trend towards reduction in the risk for recurrence after 6 mo of oral anticoagula-
tion compared with the 3-mo treatment regimen.

OPTIMAL INTENSITY OF TREATMENT WITH VKAs FOR PE

As some patients with VTE may require indefinite oral anticoagulation, it has been
proposed that the initial period of conventional oral anticoagulant treatment (INR 2.0
to 3.0) be followed by low-intensity warfarin treatment (8,35). This strategy might be
expected to reduce the incidence of bleeding complications and the frequency of moni-
toring. The efficacy and safety of low-intensity warfarin therapy (target INR below 2.0
and above 1.5) has been evaluated in two trials of long-term treatment of patients with
idiopathic VTE. In one of these studies, after at least 3 mo of standard-intensity warfarin
therapy, patients were randomized in a double-blind fashion to receive low-intensity
warfarin therapy (target INR, 1.5 to 1.9) or standard-intensity warfarin therapy (INR, 2.0
t0 3.0) (35). During an average follow-up of 2.3 yr, recurrence rate of VTE was 1.9% per
year among the 370 patients in the low-intensity group compared to 0.6% per year in the
369 patients of the standard-intensity group (hazard ratio, 3.3; 95% confidence interval
[CI], 1.2t09.1). The incidence of major bleeding was similar in the two treatment groups.
In the other study, patients with idiopathic VTE who had received full-dose anticoagulant
therapy for a median of 6.5 mo were randomly assigned to placebo or low-intensity war-
farin (target INR, 1.5 to 2.0) (8). The incidence of recurrent VTE was 7.2 and 2.6% per
year in patients assigned to placebo and low-intensity warfarin, respectively (hazard
ratio, 0.36;95% CI,0.19t0 0.67; p < 0.001). Risk reduction was similar in all subgroups,
including those with and those without inherited thrombophilia. The incidence of bleeding
complications also was similar in patients receiving standard-intensity and low-intensity
warfarin therapy. Taken together, these results may be interpreted as indicating that al-
though low-intensity warfarin therapy is more effective than placebo, it is less effective
than standard-intensity therapy (INR, 2.0 to 3.0) and does not reduce the incidence of bleed-
ing complications.

Patients persistently positive for antiphospholipid antibodies and a history of throm-
boembolism (venous or arterial) were randomized to standard-intensity warfarin therapy
(INR, 2.0 to 3.0) or high-intensity warfarin therapy (INR, 3.1 to 4.0) for the prevention
of recurrent thromboembolism (36). Recurrent thromboembolism occurred in 3.4% of
patients receiving standard-intensity therapy compared with 10.7% of patients receiving
high-intensity therapy (hazard ratio, 3.1; 95% CI, 0.6 to 15) during an average follow-up
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of 2.7 yr. Thus, high-intensity warfarin therapy did not provide additional antithrombotic
protection. Furthermore, in a number of randomized trials, this regimen has been shown to
be associated with a high risk (20%) of clinically important bleeding in patients with DVT.

BLEEDING COMPLICATIONS WITH VKAs

The risk of bleeding complications is one of the major limitations of long-term anti-
coagulant treatment. A meta-analysis of 33 prospective studies assessed the incidence of
fatal bleeding during VKA therapy (target INR, 2.0 to 3.0) for treatment of VTE (37).
Overall, 275 major bleeding events were observed. The overall case fatality was 13%.
Case fatality was 46% for intracranial bleedings and 10% for major extracranial bleed-
ings. This meta-analysis showed that the risk of bleeding in patients receiving oral anti-
coagulants is higher during the first 3 mo of treatment and then decreases, whereas the
case fatality of bleeding events is constant and does not decrease with time.

A 3.0% incidence of major bleeding has been observed during the first month of out-
patient warfarin therapy. The incidence decreased to 0.8% per month during the rest of
the first year of therapy, and to 0.3% per month thereafter (38). Age over 75 is associated
with a particularly high risk for bleeding (5.1% per year) compared to younger age (1%
per year), and this is particularly the case for the risk of intracranial bleeding (39). The
incidence of total bleeding and major bleeding in patients receiving oral anticoagulant
treatment for VTE also has been shown to be consistently associated with the use of
higher-intensity regimens (INR, 2.6 to 4.4) (40-42). The intensity of anticoagulation is
probably the mostimportant risk factor for intracranial hemorrhage, with the risk increas-
ing dramatically at an INR of 4.0 to 5.0 (43-45). In a case—control study, the risk of
intracerebral hemorrhage doubled for each increase of the INR by approx 1.0 (45). On
the other hand, and as mentioned previously, a recent study showed that lower-intensity
coumarin treatment (INR, 1.5 to 1.9) does not reduce the risk of bleeding complications
compared to standard regimens (targeted INR, 2.0 to 3.0) (35). Finally, recent trials on
the treatment of VTE (initial treatment with UFH or LMWH followed by oral anticoagu-
lants) showed that the incidence of major bleeding complications was slightly higher in
cancer patients than in the general population (2-9).

LMWH FOR LONG-TERM TREATMENT OF VTE

Recently, a randomized, controlled study in cancer patients showed that long-term
administration of LMWH may be a better treatment option for this group of patients (46).
In that study, patients were randomized to receive initial treatment with once-daily daltep-
arin (200 IU/kg), followed by either dalteparin or warfarin. The results of the study demon-
strated a significant reduction in recurrence of VTE in patients who received dalteparin
in comparison to those who received heparin and warfarin. Importantly, this benefit was
obtained without an increase in the risk of bleeding.

Idraparinux, along-half-life derivative of the synthetic pentasaccharide, fondaparinux,
is currently under evaluation in two large clinical trials in patients with DVT and PE,
respectively.

NOVEL ORAL ANTICOAGULANTS FOR TREATMENT OF VTE

An oral antithrombin agent, ximelagatran, has been evaluated in two phase Il trials on
treatment of VTE. The oral anti-Xa agent Bay 59-7939 is currently under evaluation in two
phase IT studies.
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Ximelagatran is the prodrug of the active site-directed thrombin inhibitor, melagatran.
After oral administration, ximelagatran is absorbed in the small intestine. Neither nutrition
nor drugs seem to influence its absorption. After absorption, ximelagatran rapidly under-
goes biotransformation to melagatran via intermediate metabolites (47). The plasma half-
life of ximelagatranis 3 to4 h. Melagatran, the active agent, is eliminated via the kidneys (47).

Ximelagatran does not need laboratory monitoring of coagulation. The drug has been
evaluated for prophylaxis of VTE in high-risk orthopedic patients, for the treatment of
VTE, for the prevention of cardioembolic events in patients with nonvalvular atrial fibril -
lation, and for the prevention of recurrent ischemia in patients who have recently experi-
enced acute myocardial infarction.

The efficacy of monotherapy with ximelagatran in the treatment of VTE was first eval-
uated in a phase II, dose-ranging study. In this study, 350 patients with DVT were rando-
mized to receive ximelagatran (dose ranging from 24 to 60 mg twice daily) or subcuta-
neous dalteparin followed by warfarin for 2 wk (48). The primary end point was the rate
of thrombus regression as assessed by venography. The incidence of thrombus regression
plus improvement of clinical symptoms was similar in patients receiving ximelagatran
andin those receiving dalteparin plus warfarin. There was a trend towards more thrombus
progression with ximelagatran than with dalteparin, but this difference was not statisti-
cally significant. The bleeding rate was similar in the two treatment groups. In a further
phase III study, ximelagatran (36 mg twice daily) was compared with enoxaparin (1 mg/
kg subcutaneously twice daily) followed by warfarin (target INR 2.0 to 3.0); both treatment
regimens were continued for 6 mo (49). Overall, 2489 patients with VTE (approx 35%
of them with PE) were included in the study. Recurrent VTE occurred in 2.1 and 2.0%
and major bleeding in 1.3 and 2.2% of the patients randomized to ximelagatran or enox-
aparin/warfarin, respectively. These differences were not statistically significant. All-
cause mortality occurred in 2.3 and 3.4% of patients randomized to ximelagatran and
enoxaparin/warfarin, respectively.

A second randomized trial evaluated the long-term efficacy and safety of treatment with
fixed-dose oral ximelagatran initiated after 6 mo of standard anticoagulant therapy for
VTE (50). In this trial, 1233 patients who had completed 6 mo of anticoagulant therapy
were randomized toreceive ximelagatran (24 mg twice daily) or placebo for an additional
18 mo. Recurrent VTE occurred in 12 and 71 patients who had been randomized to ximel-
agatran or placebo, respectively (hazard ratio, 0.16; p =0.001). Major bleeding occurred
in six and five patients, respectively. No fatal or intracranial bleeding was observed.

Approximately 4 to 10% of patients randomized to receive long-term treatment with
ximelagatran in clinical trials developed an increase in alanine aminotransferase levels.
This event typically occurred after 6 wk to 4 mo of treatment and usually was asymptom-
atic and reversible. Although the increase in transaminase levels with ximelagatran ther-
apy is benign in most cases, itis areason for concern. Whether patients receiving long-term
ximelagatran treatment will need to monitor liver enzymes levels during the initial period
of therapy is unclear.

CONCLUSIONS

PE frequently recurs, especially within the first year, and continues to have a high risk
of recurrence for at least 10 yr after the initial event. Patients with a first episode of PE are
atrisk forrecurrent episodes of VTE, which often present (again) as PE. Currently available
oral anticoagulants such as the VK As are effective for the treatment of PE, and recurrence
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is arare event while on anticoagulant treatment. Long-term treatment with LMWH is re-
served for cancer patients with thromboembolic complications. However, the need for anti-
coagulation monitoring and dose adjustment, as well as the risk of bleeding complications,
are major limitations of VKAs. Thus, new oral anticoagulants that are easier to use in clin-
ical practice are currently under investigation. The efficacy and safety of these new drugs
need further confirmation in randomized clinical trials.
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SUMMARY

Acquired and hereditary disorders predisposing to venous thromboembolism (VTE)
may coexistin an individual and result in latent or overt thrombophilia. Hereditary risk
factors are detectable in approx 50% of patients with VTE events and a positive family
history. Deficiencies of antithrombin, protein C, and its cofactor protein S, were the
first disorders found to increase the risk of recurrent thrombotic events among carriers.
Among Caucasians, resistance against activated protein C caused by factor V Leiden
(factor V R506Q), and the mutation in the prothrombin promoter region (G20210A),
are the most common hereditary prothrombotic defects, with a prevalence of 3 to 5%
in the general population. In addition, several other rare defects have been reported. In
heterozygous carriers, these disorders increase the risk of suffering a thromboembolic
eventbetween 2- and 10-fold. The risk is clearly higher in homozygous individuals, and
in those with combined defects. To result in acute VTE, however, inherited deficiencies
of hemostasis usually have to interact with acquired transient or permanent risk factors,
such as perioperative bedrest, intake of oral contraceptives, or malignancy. Laboratory
methods for the diagnosis of the most relevant hereditary defects, and for some acquired
thrombophilic disorders such as the antiphospholipid syndrome, have been established
and are available at present. Preliminary studies suggest that the laboratory detection
of thrombophilic risk factors may not only help explain the cause of VTE in an indi-
vidual but also affect the management strategy for these patients. This is particularly
true for the recommended duration of secondary prophylaxis with vitamin K antago-
nists after a first thromboembolic event, which needs to take into account the overall
risk of recurrence vs that of anticoagulation-related hemorrhage.
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INTRODUCTION

Thrombophilia is generally defined as an increased risk for developing thrombosis
that may be caused by hereditary or acquired disorders (Tables 1 and 2). It may affect the
arterial side, the venous side, or both, but the term thrombophilia is commonly (and in
this chapter) used in association with venous thromboembolism (VTE). Accordingly,
acquired risk factors for thrombophilia include diseases, conditions, or laboratory abnor-
malities that predispose to the development of venous thrombosis and pulmonary embo-
lism (PE). On the other hand, inherited thrombophilia is a genetically fixed tendency to
develop VTE, usually characterized by (recurrent) thromboembolic episodes within sev-
eral members of a given family.

When considering the issue of thrombophilia, it needs to be mentioned that the risk of
developing recurrent thromboembolism is usually determined by an interaction of both
permanent and temporary risk factors. To make the issue even more complicated, both pro-
thrombotic and prohemorrhagic, hereditary and acquired risk factors may exist in an indi-
vidual or kindred. These factors interact with each other and define the overall balance
of hemostasis.

Anticoagulants are highly effective for primary prevention of PE in high-risk situa-
tions (e.g., perioperatively), for treatment in the acute phase of thromboembolic events
(to prevent further thrombus extension or embolization), and for secondary long-term
prevention. An increase in the intensity of anticoagulation does decrease the risk of recur-
rent thromboembolism (see Chapter 14) but may cause minor, severe, or even life-threat-
ening bleeding (/-3). A treatment plan must therefore not only consider the underlying
provoking condition and the possible existence of a thrombophilic disorder, but also take
into account the treatment-associated bleeding risk, which may vary widely depending
on the predisposition and the clinical condition of the individual patient.

HEREDITARY THROMBOPHILIA

The main causes of hereditary thrombophilia (4-9) may be classified into: (1) loss of
function of inhibitors of hemostasis; and (2) gain of function of procoagulants. In addi-
tion, very rare hereditary defects resulting in disturbance of the fibrinolytic system or in
enhanced platelet aggregation have been described. Hereditary risk factors are detectable
in arelative high percentage (40 to 60%) of patients with VTE events and a positive family
history. Typical clinical features include a first thromboembolic event at an early age
(<50 yr) and positive family history of thrombosis or recurrent thromboembolism.

Deficiencies of Specific Coagulation Inhibitors

DEFICIENCY OF ANTITHROMBIN, PROTEIN C, AND ITS COFACTOR, PROTEIN S

These were the first hereditary disorders found to increase the risk of recurrent throm-
botic events among carriers as opposed to noncarriers (5,7,10,11). Overall, these defi-
ciencies are rare, being found in less than 1% of the population (Table 1), and a very small
proportion of patients with VTE carry one of these defects. Thus, most of the data cur-
rently available in the literature have been obtained in family studies. These findings must
be interpreted with caution, however, because thrombophilic patients may harbor more
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Table 1
Hereditary Risk Factors for VTE
Incidence
Prevalence (in patients with

Deficiency (among Caucasians)  positive family history)  Relative risk
Antithrombin <0.1% <5%"% 8-12
Protein C <0.5%% <5% 5-10
Protein S <0.5%° <5% 2-8
Factor V Leiden (G1691A) approx 5%4 <50% 2-8
Factor V Leiden (G1691A) <0.02%?® <2% 30-80
Prothrombin (G20210A) <3%° <20% 2-5
Prothrombin (G20210A) <0.01%" <1% 10-20
MTHEFR€ (C677T) <5%b <20% 1.5-3

“Heterozygous mutation.

bHOI’ﬂOZngUS mutation,

¢Methylene tetrahydrofolate reductase (resulting in hyperhomocysteinemia).

Table 2
Acquired Risk Factors for VTE

Acquired factors Acquired and/or hereditary factors
Age Hyperhomocysteinemia
Antiphospholipid syndrome High level of factor VIII
Essential thrombocytosis High level of factor IX
Hormonal contraceptives High level of factor XI
Hospitalization High level of TAFI
Immobilization
Malignancy

Paroxysmal nocturnal hemoglobinuria
Polycythaemia vera

Puerperium

Postmenopausal hormonal replacement therapy
Pregnancy

Previous thrombosis

Surgery

TAFI, thrombin-activatable fibrinolysis inhibitor.

than one defect, including unknown defects. These “confounding” factors may, at least
in some studies, have resulted in an increased risk among members of a given thrombo-
philic family who did not carry the specific defect under investigation (17, 12). Therefore,
it remains questionable whether the risk estimates derived from these studies can be
extrapolated to other individuals with the same abnormalities.

Overall, deficiencies of the previously mentioned coagulation inhibitors appear to
increase the risk of VTE approx 10-fold in heterozygotes. It is believed that antithrombin
deficiency, especially type [, carries a higher risk than protein C or protein S deficiencies
(5,11).On the other hand, homozygous deficiency of natural anticoagulants is extremely
rare and results in a marked thrombotic tendency (presenting, among others, as purpura
fulminans) that occurs shortly after birth or may already become lethal during fetal devel-
opment (11).
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AcTIVATED PROTEIN C (APC) RESISTANCE—FACTOR V LEIDEN

Among Caucasians, APC resistance caused by factor V Leiden (factor V R506Q) is the
most common hereditary prothrombotic defect, with an overall prevalence of approx 5%
in the population (13-16). However, because of other confounding factors, the population-
based prevalence varies widely between differentregions. In general, this mutation is found
in up to 20% of unselected patients with VTE, and in up to 50% of those with the first event
before the age of 50 and a positive family history. Factor V Leiden is the result of a muta-
tion in one of the cleavage sites in factor V, where APC inactivates factor Va. As aresult,
it produces a phenotype of resistance to APC (thus termed APC resistance). Heterozyg-
ous Factor V Leiden mutation is a rather weak thrombophilic disorder, believed to increase
the risk of VTE only three- to fivefold. In homozygous carriers, representing approx 1
individual per 5000 population, the risk is reported to increase 50- to 80-fold.

G20210A-PROTHROMBIN MUTATION

This mutation in the prothrombin promoter region is found in approx 3% of Caucasians
with wide regional variations (17,18). Among patients with VTE, the mutation has a prev-
alence of approx 6%. The defect is reported to increase the risk of thrombosis approx three-
fold because of elevated prothrombin levels. Thus, the mutation results in a rather weak
prothrombotic disorder.

OT1HER HEREDITARY THROMBOPHILIC FACTORS

Hyperhomocysteinemia results in an increased risk of VTE. A variation in the gene
for methylene-tetrahydro-folate reductase (MTHFR 677C), which plays a role in homo-
cysteine metabolism, is an established weak thrombophilic risk factor, at leastinhomozy-
gote carriers (19,20). More often, however, hyperhomocysteinemia is an acquired dis-
order, usually resulting from low intake of folate or vitamins B6 or B12.

As compared to blood group 0, carriers of the blood groups A, B, or AB do have a two-
to fourfold increased risk of VTE, most likely associated with higher von Willebrand
factor and factor VIII levels.

Elevated levels of prothrombin (see previous section), factor VIII, factor IX, or factor
XI, as well as of the thrombin-activatable fibrinolysis inhibitor (TAFI), all are associated
with a slightly increased risk of VTE. Little is known about the reason for the (constantly)
elevated levels of these factors in some individuals, but familial clustering has been re-
ported, suggesting, at least in part, genetic causes. Finally, elevated levels of lipoprotein
(a), arecognizedrisk factor for cardiovascular disease, have been shown to be an indepen-
dent risk factor for VTE as well.

A number of further hereditary disorders including polymorphisms in coagulation-
related factors and inhibitors may also increase the risk of VTE, but their exact role is cur-
rently under discussion.

ACQUIRED RISK FACTORS

Numerous acquired risk factors predispose to VTE (4,20,21) (Table 2). These may
either be permanent or transient in nature. Despite the availability of effective anticoagu-
lant prophylaxis, acquired risk factors are still responsible for a large number of thrombo-
tic events. Some of these factors are briefly reviewed here.
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There is an increased risk of VTE with increasing age, resulting in a 1000-fold differ-
ence inrisk between the very young and the very old. Therefore estimation of the thrombo-
embolic risk of an individual always needs to be adjusted for this person’s age.

The presence of cancer is one of the most important factors associated with VTE (22,
23) (see Chapter 16). There is a complex relation between cancer and hemostasis, which
may further be aggravated by anticancer therapies. In this context, it is important to realize
that, among unselected patients with a first episode of VTE, approx 10 to 20% present
with known preexisting malignancy, 5 to 10% have undiagnosed but readily detectable
malignancy, and in another 5 to 10% of the patients, more intensive screening procedures
may be necessary to detect an underlying, early-stage, (hopefully) curable malignancy.

Without thromboprophylaxis, surgery leads to thrombosis in a high percentage of
patients depending on the extent and the site of the operation (24). For example, in ortho-
pedic surgery of the hip or the knee, the risk of thrombosis without thromboprophylaxis
reaches 50-70%. Major nonsurgical trauma is also an important risk factor for VTE.
Taken together, surgery and trauma are still associated with a high risk of thrombosis
despite the routine use of anticoagulant prophylaxis, resulting in an overall 10-20% risk
of VTE episodes confirmed by imaging procedures. This number translates into an approx
5% risk of clinically overt VTE and/or PE. Besides surgery and trauma, other situations
associated with prolonged immobilization such as bedrest, plaster clasts, paralysis (e.g.,
stroke), and prolonged travel (see Chapter 18) increase the risk of VTE.

Oral contraceptives and hormonal replacement therapy (25). Most oral contraceptives
contain an estrogen and progesterone. Shortly after the introduction of these drugs, it
became apparent that they may increase the risk of thrombosis as much as fourfold. Until
now, there is no convincing evidence that modifying the content or kind of hormones
abolishes this risk. Hormone replacement therapy using oral, transdermal, or subcutane-
ous applications also is associated with a two- to fourfold increased risk of VTE.

Pregnancy and puerperium (26). Pregnancy (see Chapter 17) increases the risk of VTE
about 10-fold compared to age-matched nonpregnant women. This means that approx
0.05% of women will develop VTE during pregnancy. The risk may even be higher during
the first 6 to 8 wk after delivery.

Lupus anticoagulant—antiphospholipid antibodies. The so-called antiphospholipid
syndrome is clinically characterized by recurrent venous and arterial thromboembolism
and fetal loss (27,28). Antiphospholipid antibodies and/or lupus anticoagulant are detecta-
ble in the circulation. Approximately one-half of the patients with this syndrome have con-
comitant or underlying diseases such as autoimmune disorders (e.g., lupus erythematosus),
malignancies (especially lymphatic neoplasias) or infections (e.g., HIV). The clinical pres-
entation and the risk of thrombosis vary widely in patients with the antiphospholipid syn-
drome, but, overall, the risk of VTE is increased approx 10-fold, with a high percentage
of patients suffering recurrence after the end of anticoagulation.

INTERACTIONS OF THROMBOPHILIC DISORDERS

Many of the risk factors for VTE mentioned previously are frequently present in the gen-
eral population, at least temporarily. Therefore, the coexistence of genetic and/or acquired
risk factors in the same individual is likely in several cases of VTE. It is indeed possible
that, for the development of clinically overt VTE, the combination and interactions of sev-
eral thrombophilic factors may be required. In fact, the risk of patients with two coexisting
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Table 3
Interactions of Hereditary Risk Factors for VTE
(Estimated Relative Risk)

Deficiencies (heterozygous) Relative risk
Factor V Leiden 5
Prothrombin mutation 3
Protein C deficiency 10
Factor V Leiden + prothrombin mutation 30
Protein C + factor V Leiden 50

Data from refs. 29—40.

Table 4
Interaction of Acquired and Hereditary Risk Factors for VTE
(Estimated Relative Risk)

Hereditary Oral

heterozygous deficiency contraceptives Pregnancy
None 4 6
Factor V Leiden (1691A) 34 60
Prothrombin mutation (G20210A) 27 40
Factor V Leiden + prothrombin mutation 240 400

Data from refs. 25,26,29,41-45,61,62.

hereditary risk factors is supra-additively elevated (Table 3), and the same has been
demonstrated for the interaction of hereditary and acquired risk factors (Table 4). The
existence and importance of such supra-additive interactions needs to be considered
when advising and treating individual patients.

LABORATORY TESTS FOR THE DETECTION OF THROMBOPHILIA

The search for thrombophilia remains a controversial issue in clinical practice (4,6,8,
9,46—48). In particular, there is ongoing discussion about the value of routinely screening
patients with VTE and their family members for thrombophilia. Thus, at present, no gen-
eral recommendations can be given, and decisions should be met on an individual basis.

First of all, the clinical situation and the family history should be considered. An under-
lying hereditary thrombophilia is much more likely in younger patients, in patients with
an unprovoked, idiopathic, or recurrent thrombotic event, and in those with a positive
family history. If the clinical evaluation of the patient favors screening, testing should
be comprehensive and include all clinically relevant parameters in order to help clini-
cians make an “optimal” therapeutic decision.

Testing of the phenotype can be performed using an initial blood sample taken before
starting anticoagulation therapy. To avoid misleading results due to the acute thrombotic
process itself or the effects of anticoagulant therapy, some investigators recommend test-
ing at least 6 mo after the acute thrombotic event and, specifically for protein C and protein
S, at least 2 wk after oral anticoagulation is discontinued. Personally, I do prefer taking
the blood sample for thrombophilia testing before oral anticoagulation is initiated in order
to include the screening result in the initial management of the patient (discussed later).
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After all, genetic defects are not expected to be influenced by an acute ongoing throm-
botic process or anticoagulation. A “normal” phenotype (within the reference range)
with regard to natural coagulation inhibitors definitely rules out deficiencies in patients
with acute thromboembolism. If, on the other hand, phenotype testing yields an abnormal
result, confirmation using another blood sample taken several weeks apart (also consider-
ing interfering conditions, such as acute phase reaction for factor VIII elevation or low
protein S levels, or vitamin K deficiency for low protein C or S levels) is required. Espe-
cially with regard to decreased protein S activity or elevated levels of coagulation factors
such as factor VIII, it is a challenging task to rule out reactive changes, such as those that
occur, for example, in patients with chronic inflammatory diseases.

MANAGEMENT OF VTE IN THROMBOPHILIA

The presence of a known inherited or acquired thrombophilic disorder may alter the
recommendations given to an individual with regard to prophylactic use of anticoagulants,
the type and intensity of therapy of acute VTE, and the duration of secondary prophylaxis
after a venous thrombotic event.

Prevention of VTE

The in-hospital use of anticoagulant drugs to prevent VTE is based on the fact that most
hospitalized patients have one or more thrombophilic risk factors. In this setting, itis widely
accepted that patients can be classified into different risk categories, but it is, of course,
not possible to predict which individual will develop a thromboembolic event in a given
situation. Focusing on early detection of symptoms or signs of (beginning) thrombosis
is definitely an unreliable strategy to prevent clinically important thromboembolic events.
Massive (fulminant) PE often occurs without warning, and the chances of successfully
resuscitating such patients are usually very low (see Chapter 11). In approx three-quarters
of patients who die of PE in the hospital, this diagnosis has not even been considered prior
to death. Thus, as routine screening of patients for asymptomatic thrombosis is difficult
and probably also not cost-effective, routine thromboprophylaxis remains the appropri-
ate strategy to reduce the risk of overt thromboembolism.

Based on prospective data, a classification system has been developed categorizing
patients into three to four risk levels with regard to the likelihood of developing VTE.
This has successfully been implemented in everyday care, especially in surgical patients,
and alsois increasingly being used in medical patients. Patients with underlying thrombo-
philia due to recognized hereditary or acquired risk factors such as antithrombin defi-
ciency, antiphospholipid antibodies, malignancy, or prior VTE are categorized as the
group at highest risk. In these patients, prolonged prophylaxis is recommended following
established regimens, such as those recommended by the American College of Chest
Physicians guidelines (48). For example, thromboembolism can be effectively prevented
using fondaparinux, some preparations of low-molecular-weight heparin (LMWH), or
combinations of mechanical methods of thromboprophylaxis together with anticoagulant
drugs (48).

Therapy of Acute VTE Disease

The presence of a known inherited or acquired thrombophilic risk factor will not alter
the intensity of anticoagulant therapy in the acute phase, except if treatment with heparins
or fondaparinux is met with heparin resistance in the presence of antithrombin deficiency
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(50). In this latter case, an increased dose of the anticoagulant agent may be required to
obtain therapeutic anticoagulation levels. When unfractionated heparin is used, laboratory
monitoring of the activated partial thromboblastin time is, as in all other patients, manda-
tory for dose adjustment (see Chapter 9). However, if antithrombin deficiency is known,
it may be preferable to control the intensity of heparin anticoagulation based on anti Xa-
activity, as is occasionally done in patients treated with LMWHs or fondaparinux. Substitu-
tion therapy with antithrombin concentrates israrely necessary (50,51 ), but may be indicated
during peripartum in women with VTE.

Heparin-induced thrombocytopenia (HIT) is a rare but clinically important complica-
tion of heparin treatment resulting in an additional thrombogenic stimulus. This syndrome
is attributed to activation of the platelets and the endothelium by heparin-induced anti-
bodies directed against complexes of platelet factor 4 and heparin, resulting in enhanced
thrombin generation. In historical controls, the onset of thrombocytopenia was followed
by acute (recurrent) VTE in 25-50% of affected patients even after heparin was discontin-
ued. HIT is less likely to complicate LMWH therapy and has not been reported for fondap-
arinux. Anticoagulant therapy in patients with HIT, or history thereof, should be based on
noncrossreacting alternatives to heparin such as lepirudin (recombinant hirudin), danap-
aroid (a mixture of heparan sulfate, dermatan sulfate, and chondroitin sulfate), and arga-
troban (a small molecular size thrombin inhibitor) (63). These drugs are used to treat
patients with acute or subacute HIT. In patients with a previous history of HIT, these drugs,
and possibly fondaparinux as well, are effective and safe for prevention of thromboembo-
lism. Of note, the previously mentioned drugs vary with regard to the anticoagulant mech-
anism, biological half-life, and route of elimination. Therefore, drug-specific recommen-
dations must be followed.

Deficiency in protein C or protein S is associated with an increased risk of developing
skin necrosis during the early days of treatment with vitamin K antagonists (VKAs; also
termed warfarin-induced skin necrosis) (52 ). Taking the standard precaution of a several
day overlap with the heparin anticoagulant may reduce this complication, which also can
be minimized by avoiding high loading doses of VK As. Moreover, and importantly, VKAs
should not be started during the acute or subacute phase of HIT, i.e., not until the platelet
count has returned to normal. Otherwise, VK As may contribute to venous limb gangrene.

Duration of Anticoagulation in Patients With Thrombophilia

VTE can be considered a chronic disorder, as the cumulative risk of recurrence during
long-term follow-up after a first episode of VTE reaches more than 20% after 5 yr and
is higher in patients with thrombophilia (53-58). Recurrence rates after acute VTE are
determined by the initial “trigger” (idiopathic/permanent vs transient), an ongoing predis-
position to thrombosis (e.g., known hereditary thrombophilia, active malignancy), the
extent and location of the event (PE, proximal vs distal vein thrombosis), and a history
of previous thromboembolism. Recurrence is effectively suppressed by prolonged oral
anticoagulant therapy with a target international normalized ratio (INR) of 2.0-3.0, result-
ing in less than 1% of patients experiencing recurrences per year (see Chapter 14).

Detection of congenital thrombophilia or the chronic presence of acquired thrombo-
philic risk factors implies that prolonged duration of secondary prophylaxis will be needed.
On the other hand, prolonged oral anticoagulation is limited by the cumulative antico-
agulation-related risk of hemorrhage. It is estimated that 1-2% of patients suffer severe
bleeding episodes per year of treatment, including the complications with a lethal out-
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come (<0.8% per year). Factors increasing the risk of hemorrhage include age greater
than 65 yr, previous stroke or gastrointestinal bleeding, comorbidities such as previous
myocardial infarction, diabetes mellitus, anemia, or decreased renal function, and intake
of antiplatelet drugs. Reducing the intensity of oral anticoagulant therapy to an INR of 1.5
to 2.0 appears to decrease the efficacy of secondary prevention without clearly reducing
the risk of hemorrhage (64), and, therefore, prolonged reduced-intensity anticoagulation
cannot be recommended at present. Furthermore, wide fluctuations of the INR below and
above the therapeutic range decrease efficacy and increase the risk of oral anticoagulation,
respectively.

When deciding on the optimal duration of anticoagulation, it needs be considered that
patients who have suffered PE are more likely to present again with PE recurrence than
with (recurrent) symptomatic deep venous thrombosis, and they may thus be at higher
risk of death when compared to patients with recurrence of leg vein thrombosis “alone”
(59). Therefore, the optimal duration of anticoagulation needs to be individualized. In
general, however, the higher the thrombosis risk and the lower the bleeding risk, the
longer the optimal treatment duration. Accordingly, patients with deficiency of natural
coagulant inhibitors (particularly antithrombin deficiency, followed in severity by pro-
tein C and protein S deficiency), those with homozygote factor V Leiden or prothrombin
mutation, and double heterozygotes for factor V Leiden and the prothrombin mutation,
are considered to be candidates for long-term anticoagulation when the bleeding risk is
not elevated (65). The same is true for patients with antiphospholipid antibodies or lupus
anticoagulant after a first episode of thromboembolism (60,65).

Following identification of an acquired “reversible” condition provoking the develop-
ment of VTE, the patient should be instructed to avoid further predisposing factors (e.g.,
use of oral contraceptives) and to start anticoagulant prophylaxis in high-risk situations
(Table 2). This may also be the case for patients with congenital thrombophilia. Finally,
VTE complicated by active malignancy or the antiphospholipid syndrome needs special
consideration (22,23,27,28) (Chapter 16). For example, recent clinical trials demon-
strated that prolonged use of LMWHSs may have a better risk/benefit ratio than use of
VKAs in patients with cancer (6/,65), and this is possibly also the case for patients with
the antiphospholipid syndrome.

CONCLUSION

Appropriate testing for an inherited or acquired predisposition to VTE has clinical
utility. Results may help not only explain the onset of thrombosis and select patients for pro-
longed anticoagulant therapy, but also provide optimal thromboprophylaxis in relatives
affected by inborn thrombophilia. On the other hand, overestimation of the utility of throm-
bophilia testing and inappropriate counseling about the risks and remedies may confuse
patients and have unintended consequences. Today, there are still only few answers and
many unanswered questions in this rapidly developing field of research and clinical
practice.
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SUMMARY

Venous thromboembolism (VTE) is a common occurrence in patients with cancer.
The pathogenetic mechanisms of thrombosis in malignancy involve complex interac-
tions between tumor cells and the hemostatic system. In addition, clinical risk factors
for thromboembolism are frequently present in patients with cancer and include pro-
longed immobilization (especially during the hospital stay), surgery, and chemotherapy
with or without adjuvant hormone therapy. Although prophylaxis and treatment of VTE
in patients with cancer is based on the same agents as those used in patients free from
malignancy, there are many unique issues in patients with cancer that often make the
choice and duration of treatment more problematic. Low-molecular-weight heparins
are the cornerstone of prophylaxis and treatment of VTE in patients with cancer. Further-
more, they have the potential to prolong survival, at least among patients with more favor-
able prognosis. Approximately 10% of patients with idiopathic VTE harbor an underly-
ing malignancy thatcan be detected by an extensive diagnostic workup. However, whether
screening for occult malignancies ultimately improves prognosis and prolongs patient
survival remains to be demonstrated.

Key Words: Venous thromboembolism; cancer; anticoagulation; low-molecular-
weight heparin; warfarin.
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INTRODUCTION

Venous thromboembolism (VTE) in cancer is a well recognized challenge and a serious
concern. Clinical manifestations vary from VTE and disseminated intravascular coagu-
lation, which are more commonly observed in patients with hematological malignancies
and those with widespread metastatic cancer, to arterial embolism, the latter being more
common in patients undergoing chemotherapy and in those with nonbacterial thrombotic
endocarditis. This overview will focus on the relationship between cancer and VTE.

PATHOGENESIS OF THROMBOSIS IN CANCER

A subclinical activation of blood coagulation, or hypercoagulable state, characterizes
the development of malignant disease. Indeed, abnormalities in laboratory coagulation
tests, demonstrating an ongoing process of fibrin formation and removal, are commonly
present in patients with cancer even in the absence of clinical thrombosis. These features
help explain the thrombophilic condition of these patients, but they are also involved in
the progression of the malignant disease itself, as fibrin and other coagulation products
participate in tumor growth and metastatic spread (7). In fact, histopathological studies
have repeatedly demonstrated the presence of fibrin and/or platelet plugs in and around
many types of tumors, suggesting a local activation of blood coagulation and an involve-
ment of clotting mechanisms in the growth of malignant tissues (2).

Prothrombotic Mechanisms in Malignancy

The pathogenesis of clotting activation in cancer is complex and reflects the interac-
tion of different mechanisms. General prothrombotic mechanisms are related to the host
response to the tumor and include the acute phase reaction, paraprotein production, inflam-
mation, necrosis, and hemodynamic disorders. Procoagulant effects are also exerted by
anticancer therapies (i.e., chemo- or radiotherapy). However, a prominent role is also
played by tumor-specific, clot-promoting mechanisms, as a result of the capacity of tumor
cells to exhibit their own prothrombotic properties (Fig. 1). These properties are unique
to malignancy and distinguish the pathogenesis of thrombosis associated with cancer
from that of other thrombophilic conditions.

The principal mechanisms by which malignant cells are able to activate blood coagula-
tion can be classified into the following categories:

1. procoagulant, fibrinolytic, and proaggregatory activity;
2. release of proinflammatory and proangiogenic cytokines; and
3. direct adhesion to host vascular and blood cells by means of adhesion molecules.

Tumor cells produce procoagulant factors, among which the most studied are tissue
factor (TF) and cancer procoagulant (CP) (3). TF, the primary activator of normal blood
coagulation, forms a complex with Factor VII to proteolytically activate Factors X and
IX. Innormal vascular cells, TF expression is tightly controlled, being induced by inflam-
matory stimuli such as the cytokines interleukin (IL)-1p, tumor necrosis factor (TNF)-c,
and bacterial lipopolysaccharides (4). In contrast, in malignant cells, TF is constitutively
expressed. The other procoagulant, CP, is a cysteine proteinase that directly activates
Factor X independently of FVII (5). It has been found in tumor cells and in amnion-
chorion tissues but not in normal differentiated cells.

Tumor cells express numerous proteins regulating the fibrinolytic system, including the
urokinase-type and tissue-type plasminogen activators (u-PA and t-PA), PA inhibitors
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Fig. 1. Prothrombotic properties of tumor cells. Tumor cells can interfere with the hemostatic sys-
tem through: (1) the expression of procoagulants; (2) the release of proinflammatory cytokines and
proangiogenic factors; and (3) the expression of cell membrane adhesion receptors, which allow the
directinteraction of tumor cells with the vascular cells. Overall, these tumor-specific characteristics
lead to increased thrombin generation and fibrin formation, resulting in a hypercoagulable state.

(PAI-1 and PAI-2)(6), and PA receptors (u-PAR) (7). Moreover, tumor cells induce plate-
let activation and aggregation by a direct cell-to-cell contact or by releasing soluble fac-
tors such as adenosine diphosphate, thrombin, and other proteases (8). Activated platelets
have an increased capacity to interact through specific adhesive mechanisms with endothe-
lial cells, leukocytes, and blood-borne tumor cells (9).

Tumor cells produce and release various cytokines. Among them, TNF-q, IL-18, and
vascular endothelial growth factor (VEGF) may be involved in the onset of thrombotic dis-
orders of cancer patients. The major targets of tumor-derived cytokines are the vascular
endothelium and leukocytes. In the endothelium, TNF-arand IL-1(3 can induce the expres-
sion of TF and downregulate the expression of thrombomodulin (/0), thus leading to a
prothrombotic state in the vascular wall (/7). The same cytokines stimulate the endothe-
lium to produce the PAI-1(/2). Tumor-derived VEGF can also induce the expression of
TF by endothelial cells, a mechanism probably contributing to tumor neovascularization
(13). Similarly to endothelial cells, monocytes are activated by tumor cells and/or tumor
cell products to express TF on their surface (/). Furthermore, tumor-derived cytokines
are able to attract and activate polymorphonuclear leukocytes, which release reactive oxy-
gen species and intracellular proteases that possess several activities on endothelial cells,
and platelets and may modify the hemostatic balance towards a prothrombotic state (14,15).

Because of the expression of cell-adhesion molecules, tamor cells may directly interact
with various host cells. In particular, cancer cells may activate platelets both directly and
indirectly (i.e., by promoting fibrin deposition and thrombus formation). They may come
in contact with endothelial cells in the process of adhesion and migration through the
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Fig. 2. Influence of tumor cell-derived tissue factor (TF) on tumor progression by coagulation-depen-
dent and coagulation-independent mechanisms. The former mechanisms are represented by the prolif-
erative and proangiogenic activities exerted by thrombin and fibrin on tumor and endothelial cells. The
latter consist in the capacity of TF to stimulate endothelial cell angiogenesis through the interaction
with the endothelial protease activated receptor (PAR)-2, and indirectly by increasing the expres-
sion of the proangiogenic factor VEGF by tumor cells. In turn, VEGF as well as B-FGF, TNF-, and
fibrin, upregulate TF expression by endothelial cells.

vessel wall and may be assisted by granulocytes in their interaction with endothelial cells.
The tumor cell capacity to adhere to both resting and cytokine-stimulated endothelium
is well described, and adhesion molecule pathways specific to different tumor cell types
have been identified (16).

Role of Thrombosis in Cancer Progression

Most of the tumor-specific prothrombotic properties discussed previously can also be
involved in tumor growth and dissemination. These effects are mediated both by coagu-
lation-dependent and coagulation-independent mechanisms.

The coagulation-dependent mechanisms mainly rely on the formation of thrombin
and fibrin, the final products of clotting activation. Thrombin is a potent proliferative
factor for tumor cells (/7). Furthermore, it binds to and activates the endothelial protease
activated receptors (PARs), which mediate new vessel formation (/8). Fibrin also plays
important roles in tumor metastasis and neoangiogenesis ( 19). Fibrin deposits on poten-
tially metastatic blood-born malignant cells mediate the attachment of these cells to the
vascular endothelium, a process that preceeds extravasation and migration to distant
organs. The deposition of fibrin(ogen), along with other adhesive glycoproteins, in the
extracellular matrix serves as a scaffold to support binding of growth factors and promote
cellular responses of adhesion, proliferation, migration, and neoangiogenesis. On the other
hand, fibrinolysis is also a key component in tumor progression, as it is essential for releas-
ing tumor cells from their primary site, promoting neoangiogenesis and favoring cell
mobility and motility (20).

The coagulation-independent mechanisms of tumor progression involve the noncoag-
ulant activities of TF and other clotting components ( /,3) (Fig. 2). Overexpression of TF
by tumor cells markedly increases the production of VEGF, and the two proteins co-local-
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ize at sites of angiogenesis. The production of VEGF by malignant cells plays an important
role in tumor-induced angiogenesis. Regulation of VEGF by TF in malignant and normal
vascular cells provides an important link between activation of coagulation, inflamma-
tion, thrombosis, and tumor progression and metastasis.

EPIDEMIOLOGY AND RISK FACTORS
OF VTE IN PATIENTS WITH CANCER

It was nearly 140 yr ago when Armand Trousseau first described migratory thrombo-
phlebitis in patients with cancer. Since then, numerous studies have addressed the rela-
tionship between cancer and VTE. VTE is a well-established and frequent complication
in patients with cancer. Importantly, it sometimes acts as an epiphenomenon of occult can-
cer, thus offering opportunities for early cancer diagnosis and treatment (27). Approxi-
mately 15% of patients with cancer have relevant thrombosis, which is seen in virtually all
cancer types (albeit at different rates), and is the second leading cause of death in patients
with malignant disease (27). According to the Medicare Provider Analysis and Review
Record, a database that records the diagnosis at discharge in the US, the rate of initial or
recurrent thromboembolism in patients with cancer exceeds by far that recorded in those
without malignancy (22). The majority of thrombotic episodes occur spontaneously, i.e.,
in the absence of triggering factors commonly accounting for thromboembolic complica-
tions in subjects without cancer. Patients with cancer have a highly increased risk of VTE
in the first few months after diagnosis, and also in the presence of distant metastases (23).
This risk is further enhanced in the presence of inherited thrombophilic abnormalities (23).
The most common situations that make patients with cancer at higherrisk of VTE include
immobilization, surgery, chemotherapy with or without hormone therapy, and the inser-
tion of central venous catheters (CVCs) (21).

One of the most important triggering factors for VTE is prolonged immobilization,
especially during hospital stay. This pattern was clearly confirmed by Shen and Pollack,
who reported that as many as 14% of patients with cancer admitted to hospital died of
autopsy-confirmed PE, compared with 8% of those who were free from cancer (24).

Patients with cancer are at a markedly high risk of developing deep vein thrombosis
(DVT) when they undergo surgical procedures. In the absence of adequate prophylaxis,
the overall incidence of postoperative DVT in patients with cancer is approximately twice
as high as that in patients free from malignancy (21). If thromboprophylaxis is not pro-
longed beyond the hospital stay, patients with cancer remain at risk of developing late VTE
complications (25).

Cancer patients also face a particularly high risk of developing both venous and arterial
thrombosis when they receive chemotherapy (26). Most data on the incidence of chemo-
therapy-associated VTE comes from studies in women with breast cancer. Patients with
breast cancer are at a markedly high risk for developing both venous and arterial thrombo-
sis when receiving chemotherapy. For example, the incidence of chemotherapy-induced
thromboembolic complications in women with stage Il breast cancer undergoing chemo-
therapy was found to be 7% on average (26 ). Hormone therapy in combination with chemo-
therapy further enhances the incidence of thromboembolic complications in women with
breast cancer (27). Tamoxifen, either as adjuvant therapy or for prevention of breast cancer
in women athigh risk, slightly increased the rate of VTE (28). In comparison to tamoxifen,
third-generation oral aromatase inhibitors, such as the irreversible steroidal inactivator,
exemestane, may be associated with a lower rate of thromboembolic events (29).
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Long-term CVCs have considerably improved the management of many patients with
cancer, who usually have a long-term CVC inserted for chemotherapy. However, their use
has been associated with the occurrence of upper-limb DVT, especially in those patients
who require the administration of chemotherapy (30).

PREVENTION OF VTE IN CANCER

Prevention of VTE in patients with cancer represents an important challenge, because
patients with cancer experiencing a thrombotic episode have a poor outcome with greater
probability of death. Although patients with active cancer often develop thrombotic com-
plications spontaneously, i.e., in the absence of additional risk factors, there is probably
little rationale behind providing thromboprophylaxis to all patients with cancer who are not
receiving surgical or medical therapy. However, a history of thromboembolism places
cancer patients at such a high risk of recurrence that the systematic use of either mechani-
cal or pharmacological prophylaxis may be considered even in the absence of the com-
mon risk factors for thrombosis.

Surgical Interventions

According to widely accepted guidelines, low-molecular-weight heparin (LMWH) in
low doses, low-dose unfractionated heparin (UFH), or physical measures should be adopted
in patients with cancer who require prolonged immobilization or undergo low-risk sur-
gical procedures (31). Extensive surgery places patients with cancer at a remarkably high
risk of postoperative VTE. Accordingly, these patients require more intensive prophy-
lactic regimens such as higher doses of LMWHs (on average, twice as high as those sug-
gested for low-risk procedures), adjusted-dose heparin, or oral anticoagulants (37).

Once-daily injections of LMWH are at least as effective and safe as multiple injections
of UFH for prevention of postoperative VTE in cancer patients (32,33). Of interest, arecent
trial suggested that prolonging the administration of LMWH until the completion of the
first month after surgical intervention provides an additional thromboprophylactic effect
without increasing the hemorrhagic risk (25).

Chemotherapy and Radiotherapy

In the only available study, fixed low-dose warfarin (1 mg/d) for 6 wk, followed by doses
that maintained the international normalized ratio (INR) at 1.3 to 1.9 was an effective and
safe method for prevention of chemotherapy-induced thromboembolism in women with
metastatic breast cancer (34). Whether this strategy or strategies that involve LMWHs are
effective and safe in other oncologic patterns as well remains to be demonstrated.

Unfortunately, no proper study has been performed as yet to assess the preventive value
of antithrombotic strategies in patients undergoing radiotherapy.

CVCs

The role of antithrombotic prophylaxis in the prevention of CVC-related thrombosis is
controversial. Two randomized, controlled studies documented the benefit of fixed low-
dose warfarin in decreasing the incidence of arm vein thrombosis related to in-dwelling
CVC (35,36). The subcutaneous administration of dalteparin (2500 IU once-daily) for
90 d also was shown to be beneficial in this setting (37). However, four recent clinical
trials failed to show a benefit from a 1-mg daily dose of warfarin (38,39), dalteparin (5000
IU o.i.d.) (40), and enoxaparin (41), respectively, compared to no prophylaxis. Thus,
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neither “mini-dose” warfarin nor prophylactic LMWH can be recommended on aroutine
basis as prophylaxis for patients with cancer with in-dwelling central venous lines (31).

TREATMENT AND SECONDARY PREVENTION OF VTE

Initial Treatment

Except for selected patients requiring aggressive treatment, the large majority of patients
with cancer should receive the subcutaneous injection of therapeutic doses (adjusted to
body weight) of a LMWH by once- or twice-daily injection. Alternatively, a proper course
of full-dose UFH, i.e., a heparin regimen that prolongs the activated partial thromboplas-
tintime (APTT) upto 1.5to 3.0 times the control value can be employed (42) (see Chapter
9). Whenever possible, LMWH should be administered as soon as there is a reasonable
suspicion that venous thrombosis exists (42). LMWHs make the treatment of selected
patients with cancer feasible on an ambulatory basis or directly at home (43). Thrombo-
lytic drugs are rarely indicated. The limited cases in which thrombolysis may be consid-
ered include massive pulmonary embolism (PE), extension of venous thrombosis despite
extensive anticoagulation, and upper-extremity thrombosis in patients who have an in-
dwelling CVC, which must be kept patent (42). Finally, the insertion of an inferior vena
caval filter should be considered whenever a full-dose anticoagulation is contraindicated
or unsuccessful.

Long-Term Anticoagulation

What are the main questions clinicians deal with when facing patients with cancer with
an episode of venous thrombosis? The main controversies deal with the most appropriate
duration and intensity of anticoagulation, the risk of extension and/or recurrence of VTE
during anticoagulation, and the potential for an increased risk of bleeding during the course
of proper anticoagulant therapy.

According to the results of recent prospective cohort and population-based studies (44,
45), after discontinuation of warfarin, patients with cancer and venous thrombosis exhibit
arisk for recurrence that is almost twice as high as that observed in patients free from malig-
nancy. In view of the persistently high risk of recurrent thrombotic events, prolongation
of warfarin should be considered for as long as the malignant disorder is active, provided
that it is not contraindicated. The suggested policy is to administer warfarin to maintain
the INR between 2.0 and 3.0.

Of interest, patients with cancer have a three- to fourfold higher risk of recurrent VTE
than cancer free patients while on anticoagulation (46—48). This risk correlates with the
extent of cancer. Accordingly, more aggressive initial or long-term treatment has the
potential to reduce the risk of recurrent thrombosis. However, a complicating factor in
intensifying anticoagulant therapy in patients with cancer is the occurrence of excess
bleeding in combination with excess recurrent thromboembolism. Although some im-
provement can be expected from optimizing laboratory monitoring of anticoagulant ther-
apy, most bleeding and thrombotic complications occur in patients with anticoagulant
parameters within the therapeutic range. Possibilities for improvement using the current
paradigms of anticoagulation seem, therefore, limited.

According to the results of recent randomized clinical trials, full-dose dalteparin for the
first month followed by three-fourths of the initial regimen has the potential to provide
a more effective antithrombotic regimen in patients with cancer and venous thrombosis
than conventional treatment, and is not associated with an increased hemorrhagic risk
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(49,50). Although LMWHs are more expensive than oral anticoagulants, they are easier
to administer, more convenient and flexible, and not influenced by nutrition or liver
function. Thus, long-term administration of subtherapeutic doses of LMWH can now be
considered as the treatment of choice in patients with aggressive disease and in those with
conditions limiting the use of oral anticoagulants (42).

The anticoagulation strategy for the treatment of patients with recurrent VTE during oral
anticoagulation is not rigidly standardized. A patient who develops recurrent VTE while
the INR is subtherapeutic can be retreated with UFH or LMWH for a few days, and oral anti-
coagulant therapy can be continued with the INR kept between 2.0 and 3.0. For those who
experience warfarin failure and develop a recurrence while the INR is therapeutic, the
long-term management is less clear. Three options are acceptable after initial retreatment
with UFH or LMWH: (1) continue with oral anticoagulant therapy aiming for a higher
target INR of 3.0 to 3.5; (2) switch to adjusted-dose twice-daily subcutaneous standard
heparin to maintain a therapeutic APTT; (3) or use once-daily weight-based therapeutic
doses of LMWH. For patients with a high risk of PE, or who are hemodynamically
unstable, an inferior vena caval filter can be inserted in addition to one of the previously
described options.

IMPACT OF ANTITHROMBOTIC DRUGS ON CANCER PROGRESSION

Anticoagulant treatment of cancer patients, particularly those with lung cancer, has been
reported to improve survival (57). These interesting, albeit preliminary, results of con-
trolled trials provide some support to the argument discussed previously, namely that acti-
vation of blood coagulation plays a role in the natural history of tumor growth.

Numerous studies have been performed in recent years to address the value of LMWH
in comparison with standard heparin in the treatment of VTE, and an updated meta-analy-
sis of the most adequate reports was published in 2000 (52). In eight of the nine studies
reporting on long-term follow-up, analysis of total mortality exhibited a surprising trend
in favor of LMWH. In the five studies that provided subgroup analysis, this effect was
entirely attributable to the differences in the subgroup of patients with cancer.

The evidence for reduction of cancer-related mortality in patients on LMWH has stim-
ulated renewed interest in these agents as antineoplastic drugs. Four randomized studies
have recently compared the long-term survival of patients with cancer receiving conven-
tional treatment with that of patients receiving a supplementary dose of LMWH in thera-
peutic or prophylactic doses (53-56). All four studies showed a favorable impact of the
tested heparin on patients’ survival. This result was particularly evident in patients with
abetter prognosis. However, further, larger studies are needed before LMWH can be rec-
ommended for routine treatment of patients with cancer.

Of interest, in a recent trial addressing the value of different periods of warfarin treat-
ment for prevention of recurrent thromboembolism in patients with the first episode of
VTE, the development of late malignancies was recorded much more frequently in patients
allocated to 6 wk than in those allocated to 6 mo of anticoagulation (57). These results
suggest that cancer and thrombosis share common mechanisms, and that antithrombotic
drugs may interfere with cancer progression.

RISK OF CANCER IN PATIENTS WITH VTE

In patients presenting with VTE, the prevalence of concomitant cancer, defined as can-
cer not known before VTE and discovered by routine investigation (history taking, phys-
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ical examination, urinalysis, routine blood tests, and chest-X-ray) varied considerably
between the studies. Overall, the risk of concomitant cancer was increased among patients
with idiopathic VTE by afactor of 3-19 (58). According to the results of arecent study, par-
ticularly high D-dimer concentrations in patients with DVT seem to suggest an increased
probability of overt or occult cancer (59).

The risk of developing subsequent overt malignancy also was found to be consistently
higher (four to five times) in patients with idiopathic VTE than in those with secondary
thrombosis (27). Newly discovered malignancies, whose incidence in patients with idio-
pathic VTE consistently amounted to 10% in various studies, involve virtually all body
systems. The risk of cancer is even higher in patients with recurrent thromboembolism
(60) and in those with bilateral VTE (61).

These findings were confirmed by those of three large, population-based studies con-
ducted in Denmark, Sweden, and Scotland (62-64). By examining data from both cancer
and thromboembolic disease national registries, the authors of all three studies found a
significantly increased risk for developing cancer among patients discharged with the
diagnosis of VTE. The risk was highest during the first year after hospitalization. Of inter-
est, in two of these studies, risk elevation persisted for up to 10 yr, suggesting that either
a malignant disorder can induce hypercoagulability many years prior to its overt clinical
development or, more likely, cancer and thrombosis may share common pathogenetic
mechanisms (62,63 ).

By assessing the survival rate in patients with cancer diagnosed in the first year follow-
ing the thrombotic episode in comparison with that of matched cancer patients without
thrombosis, Sorensen and coworkers found increased mortality in the former group (65).
The same was true of cancer diagnosed at the time of hospitalization for VTE. From these
data, it appears that whenever cancer is preceded by a clinical manifestation of thrombo-
sis, its prognosis is far worse. However, because of the retrospective nature of the study
design, it is possible that the large majority of identified tumors were already symptoma-
tic at the time of detection.

Monreal and colleagues published the results of a prospective cohort follow-up study
in consecutive patients with acute VTE (66 ). All patients underwent routine clinical eval-
uation for malignancy, which, if negative, was followed by a limited diagnostic work-up
consisting of abdominal and pelvic ultrasound and laboratory markers for malignancy.
The routine clinical evaluation was performed in 864 patients and revealed malignancy in
34 (3.9%) of them. Among the remaining 830 patients, the limited diagnostic work-up
revealed 13 further malignancies. During follow-up, cancer became symptomatic in 14
patients who were negative for cancer at screening (sensitivity of limited diagnostic work-
up, 48%). Malignancies that were identified by the limited diagnostic work-up were early-
stage in 61% of cases. Most patients with occult cancer had idiopathic VTE and were
older than 70 yr. According to these study results, a limited diagnostic work-up for occult
cancer in patients with VTE has the capacity to identify approximately one-half of the
malignancies, predominantly in an early stage.

We recently conducted a multicenter randomized clinical trial (the SOMIT study) patients
who were apparently cancer-free but had acute idiopathic VTE or PE (67). Of 201 patients
with a first episode of idiopathic VTE, 99 were randomized to undergo extensive screening
after initial negative routine battery tests (Table 1), whereas 102 had no further testing for
malignancy. All patients were followed until the completion of 2 yr of follow-up. Of the
14 malignancies that occurred in the extensive screening group, screening was able to
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Table 1
Extensive Screening Procedure According to the SOMIT Study

Procedures:

 Ultrasound of abdomen/pelvis

» Computed tomographic scan of abdomen and pelvis

* Gastroscopy or double contrast barium swallowing

* Flexible sigmoidoscopy or rectoscopy followed by barium enema or colonoscopy
¢ Haemoccult, sputum cytology, tumor markers (CEA, ooFP, CA125)

¢ Mammography and pap smear in women

¢ Transabdominal ultrasound of the prostate and PSA in men

PSA, prostate specific antigen.

detect 13 (mostly detected by CT scanning), resulting in a sensitivity of greater than 90%.
The risk for occult cancer was higher among elderly patients and in those without throm-
bophilic abnormalities. In the follow-up of patients allocated to the control group, 10 malig-
nancies developed. Overall, malignancies identified in the extensive screening group
were at an earlier stage and the mean delay to diagnosis was reduced from 11 mo to 1 mo.
The earlier discovery and subsequent treatment resulted in a slightly improved cancer-
related mortality (2.0 vs 3.9%) and cancer-free survival (5.1 vs 7.9%) of the patients in the
extensive screening group. Although these differences were not statistically significant,
the reduction observed is in line with the hypothesis and would translate into a “number
needed to screen” of only 50 patients to prevent one cancer-related death over a 2-yr
period.

Thus, although the data from either study do not conclusively demonstrate that extensive
screening for cancer in patients with VTE ultimately prolongs life, the observations taken
together make such a beneficial effect likely. The earlier discovery of cancer may be of
decisive importance for a (possibly) considerable number of patients, especially nowadays
when continuous therapeutic innovations are providing growing chances of success in
the cure of malignancies.
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SUMMARY

Pregnancy is associated with a 5- to 10-fold increase in the incidence of venous throm-
boembolism. Pulmonary embolism (PE) remains a leading cause of maternal mortality
in developed countries. The diagnosis, treatment, and prevention of PE during preg-
nancy continue to present a challenge to healthcare professionals. Many commonly used
diagnostic tests are less accurate in pregnant than in nonpregnant patients, and some
radiological procedures expose the fetus to ionizing radiation. There are limited data
regarding the efficacy of anticoagulant therapy in the treatment and prophylaxis of PE
during pregnancy. The treatment of PE in pregnant women is also made more difficult
because warfarin can cause embryopathy and other adverse fetal effects, and unfraction-
ated heparin and low-molecular-weight heparins, the cornerstones of therapy in this
patient population, may have maternal side effects. This chapter reviews areas of con-
troversy and provides recommendations for the diagnostic workup and treatment of PE,
as well as thromboprophylaxis, in pregnant women.

Key Words: Pregnancy; pulmonary embolism; anticoagulation; prophylaxis; diag-
nosis.

INTRODUCTION

Ithas been recognized for many years that pregnant women are at increased risk of devel-
oping venous thromboembolism (VTE), which may manifest as deep vein thrombosis
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(DVT) or pulmonary embolism (PE). The fact that PE remains a leading cause of mater-
nal mortality in developed countries emphasizes the importance of this association and
provides an ongoing challenge to healthcare professionals involved in the care of preg-
nant women. The following chapter focuses on the diagnosis and treatment of PE during
pregnancy, both of which are influenced by changes in maternal physiology and the
potential impact of any intervention on fetal well-being.

EPIDEMIOLOGY
Incidence of Fatal Pregnancy-Related PE

Comprehensive data on the incidence of fatal pregnancy-related PE has been available
inthe United Kingdom since 1952, from the Confidential Enquiries into Maternal Deaths
(1). The rate of fatal PE during pregnancy has fallen progressively from approx 7 deaths
in 100,000 maternities in the 1950s to 1.2 deaths per 100,000 maternities in the latest
report covering the period from 2000 to 2002 (2). Despite the reduction in incidence, PE
remained the leading direct cause of maternal death in the most recent report, being respon-
sible for 30% of all cases.

Although a mandatory reporting system for maternal deaths does not exist in the United
States, data derived from death certification also have documented a fall in fatal PE in the
past decades (3—5). Thus, the Pregnancy Mortality Surveillance System (PMSS) reported
fatal PE rates of 1.8 and 2.3 per 100,000 live deliveries for the periods 1987-1990 and
1991-1999, respectively (5,6). In the latter period, PE was responsible for 21% of mater-
nal fatalities. In the United States, the rate of fatal PE, like all-cause maternal mortality,
has been consistently found to be two- to threefold higher in African American compared
to Caucasian women, a ratio maintained despite reductions in the overall incidence of
VTE (3,6). Whether this relates to differences in severity of disease, diagnostic methods,
or treatment remains unclear.

Incidence of Nonfatal Pregnancy-Associated PE

The incidence of nonfatal PE during pregnancy and the puerperium is less certain (7).
Studies designed to accurately determine the rate of asymptomatic DVT or PE during preg-
nancy have not been performed, as sensitive tests for asymptomatic VTE are often inva-
sive and involve exposure to radiation. In nonpregnant women of childbearing age, the
annual incidence of symptomatic VTE is approx 1 in 10,000 individuals (8-10). Early
studies (1 /-13),in which the diagnosis of acute thrombosis was made entirely on clinical
grounds, are likely to have overestimated the incidence of VTE, as the majority of indi-
viduals with clinically suspected DVT or PE during pregnancy do not have the diagnosis
confirmed by objective testing (/4,15). Results from more recent studies (Table 1), in
which the majority or all patients underwent accurate diagnostic testing, are therefore more
likely to reflect true disease incidence. These retrospective studies used national (16,17),
regional (10,18), or institutional (/9-21) discharge and birth data, with reported VTE
rates ranging from 0.6 to 1.3 episodes per 1000 deliveries, i.e., 5- to 10-fold that reported
for nonpregnant women of reproductive age.

The majority of individuals with VTE during pregnancy are diagnosed with symptom-
atic DVT rather than PE, with DVT constituting approx 85% of confirmed thrombotic
events (Table 2). This compares with a figure of approx 70% in nonpregnant patients with
VTE, derived largely from clinical studies that did not include autopsy data (22). As is the
case in nonpregnant patients, it is likely that a large percentage of pregnant patients with
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Table 1
Incidence of Nonfatal Pregnancy-Related VTE®

Study Number of pregnancies (n) Incidence/1000 pregnancies
Lindqvist (17) 479,422 1.3

Anderson (18) 63,319 0.85

Gherman (20) 268,525 0.6

McColl (19) 72,201 0.86

Simpson (21) 395,335 0.85
Samuelsson (10) 13,723 0.95

¢All studies were retrospective, with the figures shown representing the combined incidence of DVT
and PE.

Table 2
Incidence of Antepartum DVT and PE
Episodes Episodes Incidence Incidence
Deliveries DVT PE DVT/1000 PE/1000
Study (n) n{%)¢ n (%)% deliveries deliveries
Lindqvist (17) 479,422 518 (85.2) 90 (14.8) 1.1 0.2
Anderson (18) 63,319 52 (96.3) 2 (3.7 0.8 0.03
Gherman (20) 268,525 127 (78.1) 38 (21.9) 0.5 0.1
McColl (19) 72,201 51 (82.3) 11 (17.7) 0.7 0.2
Simpson (21) 395,335 317 (88.3) 42 (11.7) 0.8 0.1
Total 1,278,802 1,065 (85.3) 183 (14.7) 0.8 0.1

9Represents percentage of total episodes of antepartum VTE. DVT, deep vein thrombosis; PE, pulmonary
embolism.

symptomatic DVT have asymptomatic PE (23). It is possible that younger age and,
therefore, improved cardiorespiratory reserve may account for the reduced frequency of
symptomatic PE in patients with pregnancy-related thrombotic events.

Timing of Presentation of Pregnancy-Related VTE

The distribution of episodes of DVT throughout pregnancy and the puerperium has
been examined in a meta-analysis (24), which found that 65.5% of events occurred ante-
partum and 34.5% postpartum, with the antepartum events distributed throughout all three
trimesters. In contrast, 43 to 60% of pregnancy-related episodes of PE appear to occur after
delivery (19-21). As the antepartum period is substantially longer than the 6-wk postpar-
tum period, the daily risk of PE, as well as DVT, is substantially higher following delivery
than during the antepartum period.

Clinical Risk Factors for Pregnancy-Related VTE

The evidence for an association between maternal clinical factors and an increased risk
of VTE during pregnancy is almost entirely derived from case-control studies. Although
the existing data for individual risk factors are conflicting, increased maternal age (usually
defined as > 35 yr) (13,16,25), increased maternal body mass index (BMI) (27), a history
of smoking (17,26), and, for postpartum VTE, delivery by caesarian section (13,17,20,
25), have been most consistently identified as risk factors for VTE (/7,26). Other reported
markers of increased risk include prior superficial thrombophlebitis (26), a family history
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of VTE (19), blood group A (21,27), and postpartum hemorrhage (26). Contradictory
results have been reported for increased parity (2/,26) and preeclampsia (17,21,26).
However, with the possible exception of delivery by caesarian section, none of the indi-
vidual risk factors (predictors of VTE) mentioned previously can be considered strong
enough to influence management decisions about anticoagulant prophylaxis during preg-
nancy and the puerperium. The influence of a past personal history of VTE on the risk
of further thrombotic events in subsequent pregnancies and, therefore, the need for pro-
phylactic therapy in this setting will be discussed below in the section “Risk of Preg-
nancy-Related VTE in Women With Prior VTE”.

PATHOGENESIS

VTE is amultifactorial disease, with thrombosis normally resulting from the interplay
of separate predisposing conditions (28). The same is likely to be true for pregnancy-
related VTE, in which all three of Virchow’s triad of risk factors, namely hypercoagu-
lability, venous stasis, and vascular damage, are potentially present. Hemostatic changes
that occur during normal pregnancy in preparation for delivery result in a prothrombotic
state (29). Increased levels of procoagulant factors, such as factor VIII, fibrinogen, and
von Willebrand factor (30,31); decreased levels of anticoagulant proteins such as protein
S (31,32); and a reduction in fibrinolytic activity, at least in part due to increased levels
of the plasminogen activator inhibitors PAI-1 and PAI-2 (33,34), all contribute to the
hypercoagulable state. Venous stasis is also thought to be a significant contributing factor
to the development of pregnancy-related VTE. Direct mechanical obstruction of the
pelvic veins, by both the gravid uterus and fetal head, is likely to be the main contributing
cause to the reduction in flow, and it has been demonstrated that the inferior vena cava
may be almost completely compressed by the gravid uterus in late pregnancy (35). Com-
pression of the left common iliac vein where it crosses the right common iliac artery is
exaggerated during pregnancy (36). Finally, vascular injury to the pelvic veins may occur
as adirect result of trauma during normal vaginal or operative delivery (7), and ithas been
suggested that the venous distension associated with pregnancy may also lead to endothe-
lial injury (37), resulting in prothrombotic changes on the endothelial surface.

THROMBOPHILIA AND PREGNANCY-RELATED VTE

Thrombophilia (see Chapter 15) is defined as an increased tendency to develop throm-
bosis, which may be either acquired or inherited. Thrombophilic conditions predisposing
to venous thrombosis vary in prevalence and in the magnitude of the associated increase
in risk of VTE.

Antithrombin (AT), Protein C (PC), and Protein S (PS) Deficiency

There is significant variation in estimates of the risk of pregnancy-related VTE in
women with inherited deficiencies of the natural anticoagulants, likely due to differences
in study inclusion criteria (Table 3). Early family cohort studies suggested that the risk
of developing VTE during pregnancy and the puerperium ranged from 35 to 70% for
women with AT deficiency, 13 to 20% for PC deficiency, and 13 to 27% for PS deficiency
(38-41). However, the inclusion of propositi and individuals with VTE prior to preg-
nancy, along with the failure to confirm VTE using accurate testing, makes it likely that the
risk of VTE was overestimated. This is supported by a subsequent study, which reported
rates of pregnancy-related VTE of 3, 2, and 7%, for women with AT, PC, and PS deficiency,
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Table 3
Cohott Studies Examining Risk of Pregnancy-Related VTE
in Women With Inherited Natural Anticoagulant Deficiency States

(VTE [n] / Pregnancies [n] [%],
Antepartum VTE [n] / Postpartum VTE [n])

Antithrombin Protein C Protein §
Study Included subjects deficiency deficiency deficiency
Hellgren Propositi and relatives  32/47 (66%), 24/8 - -
(38) Prior VTE included
Conard Propositi and relatives  18/50 (36%), 7/11 15/74 (20%), 3/12 4/31 (13%), 0/4
(39) Prior VTE included

De Stefano Propositi and relatives ~ 21/54 (39%), 6/134 6/48 (13%), 1/5 3/22 (14%), 0/3
(40) Prior VTE included

Pabinger Propositi and relatives ~ 21/45 (46%), 18/3 9/60 (15%), 6/3 19/71 (27%), 4/15
(41) Prior VTE included

Friederich Relatives only 1/33 (3.0%), 1/0 1/60 (2.0%), 1/0 5776 (T%), 015
(42) No prior VTE 1/33
Van Boven  Relatives only
(43) No prior event 4/28 (14%), 0/4 - -
Prior event 6/10 (60%), 2/4 - -

4The timing of two episodes of VTE in this study was unknown. VTE, venous thromboembolism.

respectively (42). In another study, the rate of pregnancy-related VTE in women with AT
deficiency and no previous thrombosis was 14% (all postpartum), in comparison to a rate
of 60% in those with a prior episode of VTE (43). It is likely, therefore, that women with
anatural coagulation inhibitor deficiency and a personal history of VTE have a high risk
of developing VTE during pregnancy. On the other hand, the increase in VTE risk in
women without a past history of thrombosis is less well defined because of the low pop-
ulation prevalence of these thrombophilias. In a case-control study enrolling unselected
patients (including individuals with VTE prior to pregnancy), Martinelli found the rela-
tive risk of a first episode of VTE during pregnancy for women with AT, PC, or PS defi-
ciency grouped together to be 13.1 (95% confidence interval [CI] 5.0-34.2) (44). When
examined specifically in case-control studies, AT deficiency has been associated with a
10- to 282-fold increase in the risk of pregnancy-related VTE (45—47).

Factor V Leiden (FVL) Mutation

An early study of individuals with a history of pregnancy-related VTE found 59% of
women to have abnormal activated protein C (APC) resistance (48). Subsequent case-
series, which used genotyping to confirm the diagnosis, found the prevalence of FVL
heterozygosity to range from 20 to 78% (49-51). Estimates of the magnitude of the
increase in risk of pregnancy-related VTE associated with FVL heterozygosity come
from case—control studies. Most studies used age-matched women with a history of un-
eventful pregnancies as controls (44,52,53), although nulliparous women were included
as controls in one study (47), and the odds ratio was calculated from the known popula-
tion prevalence of the FVL mutation in another (45). In general, the odds ratios ranged
from 4.5 to 16.3 (Table 4). Given the assumed incidence of 1 episode of VTE in 1000 preg-
nancies in the general population, these estimates correlate well with the observed inci-
dence (1-3%) of pregnancy-related VTE in FVL heterozygotes in retrospective population
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Table 4
Case—Control Studies Examining the Risk of Pregnancy-Related
VTE in Women With the Factor V Leiden or Prothrombin Gene Mutations

Cases Controls
Carriers [n]/ Carriers [n]/ Odds ratio
Thrombophilia study Total [n] (%) Total [n] (%) OR (95% ClI)

Factor V Leiden
Grandone (52)

10/42 (23.8%)

4/213 (1.9%)

16.3 (4.8-54.9)

Gerhardt (47) 52/119 (43.7%) 18/233 (7.7%) 9.0 (4.7-17.4)
McColl (45) 7175 (9.3%) 5/224 (2.2%) 4.5 (2.1-14.5)
Martinelli (44) 22/119 (18.5%) 6/232 (2.6%) 10.6 (5.6-20.4)
Yilmazer (53) 7135 (20%) 0/32 -

Prothrombin Gene

Grandone (52) 13/42 (31.0%) 9/213 (4.2%) 10.2 (4.0-25.9)
Gerhardt (47) 20/118 (16.9%) 3/226 (1.3%) 10.8 (2.9-40.3)
McColl (45) 5/55 (9.1%) 51224 (2.2%) 4.4 (1.2-16)
Martinelli (44) 7/119 (5.9%) 7/232 (3.0) 2.9 (1.0-8.6)
Yilmazer (53) 2/35 (5.7%) 0/32 -

or family cohort studies (Table 5) (54-57). To date, prospective studies of FVL heterozy-
gotes have included only small numbers of pregnancies and report incidences of preg-
nancy-related VTE ranging from 0 to 17% (Table 5) (58-60).

Fewer studies have examined the risk of pregnancy-related VTE in women homozy-
gous for the FVL mutation (Table 5). In studies in which individuals were identified as
a result of either a family or personal history of thrombosis, the incidence of pregnancy-
related VTE ranged from 7 to 17% (58,61-63), although the CIs surrounding these esti-
mates were wide. [n a single prospective study of 18 homozygotesidentified by population
screening, no episodes of VTE were documented during pregnancy or the postpartum
period (64). Overall, the risk of pregnancy-related VTE in FVL homozygous women with
a personal or family history of VTE appears to be approx 10%, whereas the risk is prob-
ably lower in women identified incidentally.

Prothrombin (G20210A) Gene Mutation

There have been no prospective studies examining the incidence of pregnancy-related
VTE in women carrying the PGM mutation. Case-control studies, comparing prothrom-
bin gene mutation (PGM) heterozygotes with healthy women, have reported odds ratios
for pregnancy-related VTE ranging from 2.9 to 10.8 (Table 4) (44,47,52,53). Using these
data and the incidence of pregnancy-related VTE in the general population of 1 per 1000
pregnancies, a conservative estimate of the incidence of pregnancy-related VTE in PGM
heterozygotes would be in the magnitude of 0.5%.

FVL/PGM Compound Heterozygotes

Given the high community prevalence of both the FVL and PGM mutations, com-
pound heterozygosity for both conditions is not uncommon, with an expected prevalence
of 1 per 1000 in Caucasian populations (65). Two retrospective cohort studies reported
the incidence of pregnancy-related VTE to be 4 and 13.5%, respectively, in double heter-
ozygotes without prior VTE (61,66), whereas the estimated risk from a case—control study
was 5% (67%).
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Table 5
Cohort Studies Examining VTE Risk
During Pregnancy in Patients With the Factor V Leiden Mutation
FVL + women FVL —women

Study

VTE [n]/ Deliveries VTE [n]/ Deliveries

Methodology/Population

[n] (%)

[n] (%)

Heterozygotes
Middeldorp (55)

Simioni (57)
Tormene (56)

Lindqvist (64)
Middeldorp (58)

Retrospective, family cohort
Retrospective, family cohort
Retrospective, family cohort
Prospective, population-based
Prospective, family cohort

5/235 (2.1%)
3/157 (1.9%)
6/242 (2.5%)
3/270 (1.1%)

0/17 (0.0%)

0/188 (0%)

0/93 (0%)
1/215 (0.46%)
3/2210 (0.14%)

0/3 (0%)

Simioni (59) Prospective, family cohort 2/12 (17%)

Murphy (60) Prospective, population-based 0/16 (0%) 0/572 (0%)
Homozygotes

Lindqvist (64) Prospective, population-based 0/18 (0%) 3/2210 (0.14%)
Middeldorp (62) Retrospective, family cohort 4124 (17%) -
Martinelli (67) Retrospective, family cohort 3/19 (16%) 1/182 (0.5%)
Tormene (56) Retrospective, family cohort 1/14 (7.1%) -
Procare group (63) Retrospective cohort (12%) -

Acquired Thrombophilia

The antiphospholipid antibody syndrome is defined by the presence of persistent anti-
phospholipid antibodies (APLA; either a lupus anticoagulant, also termed a nonspecific
inhibitor, or anticardiolipin antibody) in combination with a characteristic clinical fea-
ture, such as venous thrombosis (68). Approximately 1 to 5% of healthy control subjects
will have APLA (68), and the prevalence of APLA positivity during pregnancy is similar
(69-71). The risk of an initial thrombotic event in APLA-positive individuals, either dur-
ing or outside of pregnancy, is unknown, but it is probably low. Therefore, primary pro-
phylaxis is not routinely recommended in this population. In contrast, the presence of
APLA is felt to be associated with a high risk of recurrent VTE after an initial event and
is usually an indication for long-term anticoagulation (72). Therefore, despite the lack
of data on the absolute risk of recurrent VTE during pregnancy in the absence of prophy-
laxis, most women receive prophylaxis during the antepartum and postpartum period.

RISK OF PREGNANCY-RELATED VTE IN WOMEN WITH PRIOR VTE

Individuals with a prior history of VTE are at increased risk of future episodes of
venous thrombosis in comparison to individuals lacking such a history, with the magnitude
of the increase influenced by whether the initial episode was unprovoked or associated
with an identifiable transient or permanent risk factor (73). Controversy has existed with
regard to the magnitude of risk during pregnancy in women with a prior episode of VTE,
with estimates from early studies ranging 0 to 13% (74-77). These studies, however, had
methodological limitations, including patient selection, a lack of objective diagnosis of
thrombotic events, and small sample sizes.

To provide a more accurate estimate of risk, Brill-Edwards and colleagues performed
a prospective trial that enrolled 125 pregnant women with a prior single episode of VTE.
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All women had antepartum prophylaxis withheld and received postpartum prophylaxis
for 4 to 6 wk (78). Three women had a recurrent event antepartum (2.4%, 95% CI1 0.2 to
6.9%) and three were diagnosed with recurrent VTE postpartum. Of the women enrolled
in the study, 95 underwent thrombophilia testing, and when the subgroup data were ana-
lyzed, it was found that no recurrent events in occurred in the 44 women with negative
thrombophilia testing and a temporary risk factor (including pregnancy) at the time of the
initial event. In comparison, women with abnormal thrombophilia testing or a prior idio-
pathic event had an antepartum risk of recurrentce of 5.9% (95% CI, 1.2 to 16%). In a
subsequently published retrospective series of women with prior VTE and various throm-
bophilic conditions, antepartum recurrence was reported in 25% of pregnancies during
which anticoagulant prophylaxis was not given (79). Thus, although women with prior
VTE have a higher risk of recurrence during pregnancy than outside of pregnancy (80), the
magnitude of the risk in women with a temporary risk factor and no thrombophilia does not
appear to justify routine antepartum prophylaxis.

DIAGNOSIS OF PE DURING PREGNANCY

In both pregnant and nonpregnant patients, the diagnosis of PE is complicated by the
fact that no individual symptom or sign is unique to either disorder or invariably found
in the presence of confirmed disease (81) (see also Chapter 1). This is reflected by the
low incidence (10%) of objectively confirmed VTE in patients in whom it is clinically
suspected (82). In a cohort study of pregnant women with suspected PE, the prevalence
of confirmed disease was even lower, with only 5% of women having the diagnosis of PE
objectively documented (15). A possible explanation is that symptoms of chest pain and
shortness of breath are common during pregnancy.

Because of the previously described problems with the clinical diagnosis of VTE, accu-
rate diagnostic testing is required to confirm or refute a suspected diagnosis. To date,
diagnostic strategies that incorporate clinical assessment, diagnostic imaging, and labora-
tory testing have not yet been validated in pregnant women. Therefore, the recommenda-
tions in the following section remain largely empirical.

Fetal Risk Associated With Diagnostic Imaging

The potential risk associated with exposure of the fetus ionizing radiation is an additional
concern when performing diagnostic tests in pregnant women. Ginsberg and colleagues
calculated that, if maximal precautions are taken, fetal radiation exposure is less than 500
uGy for pulmonary angiography by the brachial route, and less than 120 uGy with low-
dose perfusion lung scanning (83). The same authors concluded that radiation exposure
in utero of up to 5 rads (0.05 Gy) was associated with, at maximum, a twofold increase in
risk of childhood malignancy and a slight increase in minor congenital eye abnormalities.
Further evidence for the safety of diagnostic imaging for PE in pregnant women comes
from a prospective study of women undergoing ventilation-perfusion (V/Q) scan during
pregnancy, in which no increase of congenital or developmental anomalies was observed
inthe 110 live offspring delivered (15). Therefore, with appropriate precautions, the fetal
risk associated with the previously described diagnostic imaging tests appears to be mini-
mal. Against this risk should be balanced the possibility of significant maternal and fetal
morbidity or mortality from a missed diagnosis of venous thrombosis, and the potential side

effects of unnecessary anticoagulant therapy if empiric treatment is given in the absence
of PE.
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Spiral computerized tomography (CT) is increasingly being used in the diagnosis of
PE (84). Although fetal dose exposure with a modern helical CT (HCT) scanner appears
to be less than with lung scanning (85), maternal radiation exposure with this technique
is likely to be greater. It has been suggested that the maternal radiation dose with thoracic
CT scanning may be equivalent to between 40 and 400 chest X-rays, depending on patient
size, type of CT scanner, and the imaging protocol used (86).

Nonspecificity of D-Dimer Testing During Pregnancy

D-dimer levels rise progressively during normal pregnancy from the second trimester
onwards, with higher levels seen in patients with complications of pregnancy, such as
placental abruption and preeclampsia (87,88). Therefore, although a negative D-dimer
result during pregnancy may still be helpful in excluding acute PE, an increased rate of
false-positive results will limit the clinical utility of D-dimer testing during pregnancy.
It is possible that establishment of different cut-off values specific for pregnancy may
reduce this problem (89). At present, D-dimer testing has not been validated for use in
the pregnant population.

Confirmation of Suspected PE in Pregnancy

As is the case in nonpregnant patients, acute onset or progressive shortness of breath,
hemoptysis, or pleuritic chest pain should lead to a clinical suspicion of PE. Shortness of
breath and chest pain, however, are common symptoms in pregnant women (90). Clinical
prediction rules for stratifying the pretest probability (PTP) of PE have been validated
in nonpregnant individuals (82,91) (see Chapter 1), but the accuracy of empirical or struc-
tured assessment of PTP has not yet been evaluated in pregnant women.

V/Q LUNG SCANNING

V/Q lung scan remains widely used in the diagnosis of PE in nonpregnant patients,
although use of spiral CT as the primary diagnostic test is increasing (92). In aretrospective
cohort study, high probability scans were seen in less than 2% of pregnant women (com-
pared with 10-15% of the nonpregnant population), nondiagnostic scans in 20% (vs 50—
70% in nonpregnant patients), and normal scans in nearly 75% of cases (as opposed to
10-30% in nonpregnant individuals) (15,93,94). In this study, no woman with either nor-
mal or nondiagnostic scan results was reported to have VTE events during a mean follow-
up period of 26 mo.

CT

The introduction of HCT has resulted in widespread use of CT pulmonary angiogra-
phy (CTPA) as the primary diagnostic test for PE. Pregnant women were excluded from
studies validating the use of CTPA. Therefore, in the absence of supportive data, CTPA
should only be used to diagnose PE during pregnancy in the context of a clinical trial or
when alternative diagnostic tests are either not available or have been inconclusive.

IMAGING FOR DVT

In nonpregnant patients with acute PE, venographic evidence of DVT is found in approx
70% of cases, and 50% of patients will have proximal DVT detectable by compression
ultrasound (CUS) (95). Limited data exist on the accuracy and safety of CUS for diag-
nosis of DVT during pregnancy. In a small pilot study of pregnant women with suspected
DVT, negative serial CUS appeared to safely exclude DVT (96), and as CUS does not
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Clinical suspicion of PE "

!

V/Q lung scan
High Probability Non-diagnostic Normal
e '
Pretest — »  Bilateral CUS No Treatment
Moderate or High l /\
Treat for PE €—— DVT Present DVT Absent’
Serial CUS* Pulmonary Angiography
Negative / \Positlve / \Negative
No Treatment Treat for PE No Treatment

Fig. 1. Proposed diagnostic algorithm for suspected PE during pregnancy. V/Q denotes ventilation-
perfusion lung scan; CUS, compression ultrasound. *Pretest probability of PE should be determined
at presentation. 'See text for discussion regarding the choice of serial CUS vs pulmonary angiog-
raphy. *Spiral CT may be performed prior to serial CUS in patients with a nondiagnostic V/Q scan.

involve exposure to ionizing radiation, some experts have advocated its use as the initial
test in pregnant patients presenting with suspected PE.

Proposed Algorithm for Diagnosis of PE in Pregnancy

A proposed algorithm for diagnosis of PE during pregnancy is presented in Fig. 1.
Careful clinical assessment and a chest X-ray should be initially performed to help exclude
alternative diagnoses. Although structured clinical prediction rules have not been vali-
dated in pregnant populations, it is likely that experienced clinicians’ gestalt provides a
reasonable assessment of clinical probability in pregnant subjects, as is the case in non-
pregnant individuals (97).

Itis recommended that V/Q scanning be performed as the initial imaging test, as a high
percentage of women will have a normal perfusion lung scan, allowing PE to be safely
excluded. Women with a high-probability lung scan and high or moderate clinical (pretest)
probability should be treated for PE. Because the frequency of proven PE in nonpregnant
women with a low clinical probability and a high-probability scan is modest, when this
combination of findings occurs, further investigation is suggested. In women with a non-
diagnostic V/Q scan, bilateral CUS should be performed and treatment commenced if
DVT is found. If the initial CUS is normal, serial CUS repeated on days 68 and 12-14
(an approach that has been validated in nonpregnant subjects), CT angiography, or con-
ventional pulmonary angiography is recommended.
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Clinical suspicion of PE :

!

CTPA

—

Positive Negative or Indeterminate’

!

Bilateral CUS

a

Treat for PE  €—— DVT Present DVT Absent*

AN

Serial CUS Pulmonary Angiography

Negative Positive Negative

No Treatment Treat for PE No Treatment

Fig. 2. Proposed diagnostic algorithm for suspected PE in pregnancy using CT as the initial diagnos-
tic test. CTPA denotes computed tomographic pulmonary angiography; CUS, compression ultra-
sound. *Pretest probability of PE should be determined at presentation. Additional testing should
be considered if isolated subsegmental embolus is found in low pretest probability patients, as the
positive predictive value of this finding is low. See text for discussion regarding choice of serial
CUS vs pulmonary angiography. "Ventilation-perfusion scan can be performed prior to serial CUS.

As many centers are currently using CTPA as the initial diagnostic test for suspected PE
during pregnancy, an algorithm using this approach is presented in Fig. 2. Alternatively,
some physicians have suggested that bilateral CUS be performed as the initial diagnostic
test, with V/Q scanning or CTPA performed only if CUS is negative. This latter approach
has the advantage of avoiding radiation exposure in several cases.

ANTICOAGULATION
FOR VTE DURING PREGNANCY

Randomized controlled trials examining the efficacy and safety of anticoagulants for the
treatment and prevention of VTE have, as a rule, excluded pregnant women. As a result,
much of the information presented in the following section is either extrapolated from
trials in nonpregnant patients or is derived from small observational studies in pregnant
women. Drugs studied for the treatment of VTE include unfractionated heparin (UFH),
low-molecular-weight heparins (LMWHSs), and the pentasaccharide fondaparinux, the
heparinoid danaparoid, warfarin and other coumarin derivatives, and, more recently, direct
thrombin inhibitors. The direct thrombin inhibitors, which cross the placenta, and fonda-
parinux, for which limited data exist in pregnant patients and which may also cross the
placenta in small amounts (98), will not be discussed further.
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Fetal Complications of Anticoagulant Therapy During Pregnancy

Studies have shown that neither UFH (99) nor LMWH (100, 101) cross the placenta
during pregnancy. Both a retrospective cohort study (/02) and a comprehensive literature
review (103 ) reported no significant increase in the risk of serious adverse fetal outcomes
following maternal treatment with UFH during pregnancy. Observational studies, in
which treatment with either prophylactic- or therapeutic-dose LMWH did not appear to
increase the rate of adverse fetal outcomes, further support the safety of LMWH during
pregnancy (104-110). Danaparoid is a glycosaminoglycan antithrombotic agent often
used as an alternative anticoagulant in patients with heparin-induced thrombocytopenia
(see “Non-Hemorrhagic Complications of Maternal Anticoagulation) (/117). Limited data
suggest that danaparoid does not cross the placenta and appears to be a safe anticoagulant
for use during pregnancy (112). In contrast, warfarin and other coumarin derivatives cross
the placenta and are known to be teratogenic (/13). Warfarin exposure in the first trimester
of pregnancy canresultin a characteristic embryopathy with clinical features of nasal hypo-
plasia, stippled epiphyses, and extremity shortening (//4). A recent systematic review
reported the prevalence of congenital fetal anomalies in live births tobe 11.1% when war-
farin exposure had occurred between week 6 and 12 of pregnancy, in comparison to 0%
if exposure was outside this time period, suggesting that the risk of embropathy is mini-
mal if warfarin is not given between weeks 6 to 12 of gestation (//5). Central nervous sys-
tem abnormalities, although rare, have been reported to occur with warfarin exposure in the
second and third trimesters (/74). Increased rates of spontaneous abortion have also been
reported with warfarin( /74, 115), and neonatal hemorrhage may complicate warfarin expo-
sure close to the time of delivery (116).

Because of these safety issues, UFH or LMWH are preferred to coumarin derivatives for
treatment and prevention of VTE during pregnancy (/ /7). On the other hand, neither war-
farin nor heparin-related anticoagulants appear to be secreted in breast milk in significant
amounts; therefore, these agents can be safely given to nursing mothers (//7-119).

Maternal Complications of Anticoagulant Therapy During Pregnancy

HeMoRRHAGIC COMPLICATIONS

In a retrospective study of 100 pregnant women receiving UFH in prophylactic or ther-
apeutic dosage, the reported rate of significant bleeding was 2% (102), similar to that
observed in nonpregnant patients receiving long-term UFH (/20). In a review of 486
pregnancies during which therapy with LMWH was given predominantly in prophylactic
doses, no episodes of clinically important bleeding were recorded (104). In a subsequent
study, 11 episodes of serious bleeding occurred in 624 pregnancies during which either
prophylactic or therapeutic dosages of enoxaparin were used (1.8%), although only 1 epi-
sode was judged to be related to anticoagulant therapy (/10). Therefore, from the limited
data available, the risk of heparin-related maternal bleeding during pregnancy appears
to be low (121).

NONHEMORRHAGIC COMPLICATIONS

Long-term UFH may result in loss of bone density when administered for longer than
1 mo because of decreased rates of bone formation accompanied by increased bone
resorption (/22). In prospective studies, 30% of women receiving long-term UFH during
pregnancy had a significant reduction in lumbar spine bone mineral density (BMD) (123,
124), and symptomatic vertebral fracture occurred in 2.2% of a series of 184 women receiv-
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Table 6
Therapeutic and Prophylactic
Low-Molecular-Weight Heparin Regimens

Drug Dosing regime®

Therapeutic
Dalteparin 100 U/kg every 12 h; or 200 U/kg once daily
Enoxaparin 1 mg/kg every 12 h; or 1.5 mg/kg once daily
Tinzaparin 175 U/kg once daily

Prophylactic
Dalteparin 5000 U once daily
Enoxaparin 40 mg once daily; or 30 mg twice daily
Tinzaparin 4500 U once daily

2All dosing regimens are administered by subcutaneous injection.

ing UFH twice daily throughout pregnancy (/25). Importantly, evidence is accumulating
that the risk of osteoporosis is much lower with prolonged LMWH than with UFH ther-
apy (126,127). A prospective study of 55 patients treated with low-dose LMWH through-
out pregnancy found bone loss was not significantly different from the physiological losses
seen in normal pregnancy (128).

Heparin-induced thrombocytopenia (HIT) is a rare but potentially fatal syndrome, con-
sisting of characteristic clinical events and concurrent detection of antibodies to heparin
and platelet factor 4 in the setting of recent heparin therapy (/29). The incidence of HIT
with LMWH therapy appears to be less than with UFH (130), but accurate estimates of
the frequency of HIT in pregnant women receiving either UFH or LMWH are not avail-
able at present. Use of danaparoid sodium is recommended for treatment of HIT during
pregnancy, as it is an effective antithrombotic that does not cross the placenta (117,131)
and, unlike LMWH, has low crossreactivity with UFH.

Recommended Treatment of Acute VTE During Pregnancy

Either LMWH or UFH should be used for treatment of VTE during pregnancy. Evi-
dence for the efficacy of either agent for treatment of VTE during pregnancy is largely
extrapolated from studies involving nonpregnant patients. LMWH is the preferred anti-
coagulant in most patients with PE during pregnancy (1/7) because of a more predictable
anticoagulant response to weight-based therapy (/32) and lower rates of associated HIT
and osteoporosis. Although there has been some debate (/33), the data presented previ-
ously support, in our opinion, LMWH therapy as being safe for both mother and fetus.
A number of LMWH preparations are available, and although insufficient data exist to
compare their efficacy and safety (1217), use of any of the weight-adjusted regimens shown
in Table 6 is reasonable. Although once-daily dosing has been found to be effective in
nonpregnant patients, twice-daily dosing is recommended for treatment of acute VTE in
pregnant women because of increased clearance of LMWH during pregnancy (117,134).
Many women will gain weight throughout pregnancy, and the increased volume of drug
distribution may alter plasma LMWH levels. Although some pharmacokinetic studies
have shown LMWH activity, as measured by antifactor Xa assays, to decrease during
pregnancy with fixed-dose LMWH therapy (/35), the clinical importance of this observa-
tion is unclear. Nonetheless, ithas been suggested that, when therapeutic doses of LMWH
are given during pregnancy, either: (1) intermittent dose adjustment according to weight;
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or (2) regular (monthly) antifactor Xa level monitoring should be performed, with the
sample taken 4 h after the morning dose. The dose of LMWH should be adjusted to main-
tain an anti-Xa level of 0.5-1.2 U/mL if a twice-daily dosing regimen is being used, or
1.0-2.0 U/mL if a once-daily regimen is adopted (/17). However, the data currently avail-
able cannot support firm recommendations with regard to dose adjustment of LMWH
during pregnancy (105,136).

In individuals with extensive iliofemoral DVT, or extensive PE accompanied by right
ventricular dysfunction, and in those at high risk of bleeding complications, initial use
of adjusted-dose intravenous UFH may be preferred. The response of the activated partial
thromboplastin time (APTT) to UFH in pregnancy is often attenuated because of increased
factor VIII and heparin-binding protein levels; therefore, higher plasma heparin levels
are required to obtain APTT results within the therapeutic range (/37). If high doses of
UFH are required to obtain “therapeutic” APTT results, adjustment of UFH dose according
to anti-Xa heparin levels, rather than APTT, is appropriate. When either short- or long-term
subcutaneous UFH is given, a starting regimen of at least 17,500 U every 12 h is recom-
mended. The APTT should be checked 6 h after dose at least every 1 to 2 wk, and the
heparin dose should be adjusted to maintain the levels within the therapeutic range (117).

MANAGEMENT OF PE DURING PREGNANCY:
SPECIFIC ASPECTS

Thrombolysis in Pregnancy

No data exist on the use of thrombolytic therapy during pregnancy and concern exists
with regards to the risk of fetal and maternal bleeding during the antepartum and imme-
diate postpartum period. A small number of case reports have reported successful out-
comes following thrombolytic therapy in women presenting with circulatory compromise
due to massive PE either during pregnancy (138-140) or in the immediate postpartum
period (141).

Management of Pregnant Women With an Increased Risk of VTE

As discussed, it is possible to identify women with an increased risk of pregnancy-
related V'TE due to either a personal history of venous thrombosis or the presence of an
inherited or acquired thrombophilia. The threshold for recommending postpartum prophy-
laxis is lower than that for antepartum therapy because of the shorter length of required
treatment, the increased average daily risk of VTE during the postpartum period, and the
ability to use oral warfarin therapy during this period. LMWH is usually used for antepar-
tum prophylaxis, and suggested regimens that have been associated with low rates of
thrombosis in uncontrolled trials are shown in Table 6. Postpartum prophylaxis is given
for 4 to 6 wk and consists of either LMWH or warfarin with a target international normal-
ized ratio of 2.0 to 3.0. The following recommendations for prophylaxis during pregnancy
are in accordance with the recent American College of Chest Physicians guidelines (117).

WoMmEN WiTH A PrIOR EP1sobE oF VTE

In case of prior VTE related to a transient risk factor and without inherited thrombo-
philia, antepartum clinical surveillance will suffice, but it should be followed by postpar-
tum anticoagulation. Consider antepartum prophylaxis if the transient risk factor was
pregnancy or an estrogen-containing medication, or if additional risk factors (such as
obesity) are present.
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In case of prior unprovoked VTE, and/or if inherited thrombophilia is present, both
antepartum prophylaxis with LMWH and postpartum prophylaxis are recommended.
Some authors have suggested that women with AT deficiency, FVL homozygotes, FVL/
prothrombin gene mutation compound heterozygotes, or women with a history of multi-
ple episodes of VTE should receive an intermediate-dose LMWH regimen (e.g., dalteparin
5000 U subcutaneously every 12 h or enoxaparin 40 mg subcutaneously every 12 h).

If there is a history of prior VTE in the setting of the antiphospholipid antibody syn-
drome, most of these women will be on long-term anticoagulation anyway, and they should
be treated with full-dose anticoagulation during both the antepartum and the postpartum
period.

WoMEN WiTH INHERITED THROMBOPHILIA BUT NO PrIOR HiSTORY OF VTE

The risk of pregnancy-related VTE is dependent on the type of thrombophilia and
whether the patient is heterozygous or homozygous for the underlying condition. A
history of prior adverse pregnancy outcomes (e.g., pregnancy loss, placental abruption,
preeclampsia) may also influence the decision to administer antepartum prophylactic
anticoagulation.

In AT-deficient women, FVL/prothrombin gene mutation compound heterozygotes, or
FVL homozygotes, antepartum prophylaxis with LMWH and postpartum prophylaxis are
recommended. In FVL homozygotes who lack a personal or family history of VTE,
postpartum prophylaxis alone may be reasonable (64) after consideration of other indi-
vidual risk factors and patient preference.

In FVL heterozygotes, and in women with (isolated) prothrombin gene mutation, PC
deficiency, or PS deficiency, antepartum clinical surveillance will suffice, but it should
be followed by postpartum anticoagulation. This recommendation is based on a low risk
of antepartum VTE without prophylaxis weighed against the risks and inconvenience of
antepartum prophylaxis.

Management of Women
on Long-Term Anticoagulant Therapy Prior to Pregnancy

As previously discussed, the risk of fetal complications is minimal with warfarin expo-
sure prior to 6 wk gestation. Therefore, continued use of warfarin during attempted con-
ception, until the pregnancy test becomes positive, is reasonable, provided that the patient
is reliable and frequent pregnancy testing is indeed performed. On the other hand, some
women will be unwilling to accept any risk of embryopathy and will prefer to switch from
warfarin to LMWH prior to attempting conception. The benefits and risks of either approach
should be discussed openly with the patients.

Anticoagulant Therapy at the Time of Delivery

Ideally, women who are receiving anticoagulant therapy should undergo elective induc-
tion of labor to minimize both the risk of spontaneous delivery (including that associated
with neuroaxial anesthesia) and the duration of time during which recurrent VTE may
occur while anticoagulation is interrupted. Extended prolongation of the APTT can occur
with use of subcutaneous UFH in pregnancy, and it is recommended that therapeutic sub-
cutaneous UFH be discontinued at least 24 h prior to induction of labor. The same approach
should be followed women receiving therapeutic LMWH.

In women who develop VTE within 2 to4 wk of expected delivery, the risk of recurrent
VTE off anticoagulant therapy is high. In these cases, it is recommended that therapeutic
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intravenous UFH be commenced in place of LMWH and ceased 4-6 h prior to the expected
time of delivery, and consideration should be given to the insertion of a temporary inferior
vena cava filter. If the delivery is uncomplicated, UFH or LMWH can be restarted in pro-
phylactic doses, along with warfarin, in the same evening or on the day following deliv-
ery. Anticoagulation should not be restarted within 3 h of epidural removal. Anticoagulant
therapy is normally continued for at least 4 to 6 wk following delivery, or for a total dur-
ation of at least 3 mo when VTE occurs late in pregnancy.

FUTURE DIRECTIONS

Prevention of pregnancy-related VTE is an issue that requires continued effort. There
is a need for properly designed prospective trials to determine optimum management of
both previously symptomatic and asymptomatic women with thrombophilia, and because
of the number of patients required, international collaboration. will be necessary to make
suchtrials feasible. Improvements in diagnostic tools such as CT and magnetic resonance
venography are likely to have animpact on the diagnosis of VTE, and will require adequate
assessment in the pregnant population. Finally, alternative anticoagulant agents are likely
to become available over the next 10 yr, and evaluation of the efficacy and safety of these
agents for treatment during pregnancy will be required.
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SUMMARY

The relationship between pulmonary embolism (PE) and air travel remained ques-
tionable for a long time, despite the increasing number of passengers on long-distance
flights suffering from PE. It was proposed by some authors that the observed occurrence
of PE in some individuals after air travel was caused by chance alone. We recently re-
viewed all documented cases of PE requiring medical care upon arrival at Roissy-Charles-
de-Galle, the busiest airport in France. All patients requiring medical care and transport
to a hospital because of suspected PE were included, if the diagnosis of PE was con-
firmed. Between November 1993 and December 2000, 56 patients with confirmed PE
were included. All patients had traveled at least 4000 km. The incience of PE increased
with the distance traveled, and the risk of PE increased as much as 11-fold after 5000
km. The total incidence of PE reached 4.8 cases per million passengers who traveled dis-
tances longer than 7500 km. A similar incidence of PE was found in a cohort of patients
arriving at Madrid airport. As the role of other predisposing (risk) factors remains un-
certain, the risk of suffering PE cannot be directly determined for each passenger. We
therefore believe that risk assessment with regard to air-travel-related PE should take into
account the usual predisposing conditions for PE in the general population. Given the risk
associated with long-duration air travel, prophylactic measures should always be consid-
ered. Behavioral and mechanical prophylaxis, including use of graduated compression
stockings and minor physical activity, are currently recommended, because they are safe,
easy to apply, and inexpensive. Pharmacological prophylaxis also has been discussed.
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The indications should be individualized, taking into account travel duration, circum-
stances of travel, and the passenger’s preexisting risk factors for PE.

Key Words: Air travel; pulmonary embolism; prophylaxis; economy class; risk
factors.

HISTORICAL REVIEW

The history of the relation between air travel and venous thromboembolism (VTE) can
be summarized in three important dates. In 1954, Homans reported on five patients with
thromboembolic events; deep venous thrombosis (DVT) occurred after travel in four cases,
including air travel in two (7). In 1967, Beighton was the first to report pulmonary embo-
lism (PE) after air travel (2). Finally, in 1977, Symington proposed the term “economy-
class syndrome” to describe these events (3). In this study of 182 patients with PE, recent
prolonged air travel in the economy class was the (possible) cause in three cases.

Conditions of travel in the economy class clearly decrease mobility and may thus be
responsible for an increased incidence of thromboembolic events. In fact, approx 100
cases of PE occurring after air travel have been reported during the last three decades.
However, most of these reports included small numbers of patients with either DVT or
PE, or they were based on poorly documented cases. As aresult, the relationship between
PE and air travel remained questionable for a long time, despite the increasing number
of passengers on long-distance flights who suffered from PE. In fact, apparently contra-
dicting reports contributed to the uncertainty and ongoing debate. For example, in a case
control study, Kraajihagen et al. investigated the history of recent (within the past 4 wk)
prolonged (i.e., of more than 3 h duration) air travel in a group of patients with DVT, as
opposed to a control group of patients with similar symptoms butno DVT (4). They found
no significant differences between air travellers and nontravellers with regard to the
incidence of DVT. In contrast, in an other case-control study, Ferrari et al. reported an
increased risk (odds ratio [OR], 3.98;95% confidence interval, 1.9 to 8.4) of thromboembo-
lic events after recent (within 4 wk) and prolonged (more than 4 h duration) air travel (5).

Further studies provided ultrasonographic evidence of (deep) venous thrombosis after
prolonged air travel (6,7). In fact, in the study by Scurretal., this finding was present in 10%
of the passengers (7). In contrast, in an autopsy study of 14 patients who died of PE after
air travel, 5 had evidence of preexisting pulmonary thromboembolic disease, and in 4 cases
the fatal thrombus had embolized into the lung before the flight (8), but fresh premortem
thrombus was found in only 9 cases. Finally, the incidence of air-travel-related PE was esti-
mated at only 0.5 cases per million passengers arriving at the Roissy-Charles-de-Gaulle
(CDG) Airport in Paris, France (9).This low estimate is, of course, insufficient to support
a causative relation between air travel and the pathogenesis of PE. It was thus proposed
by some authors that the observed occurrence of PE in some individuals after air travel
was due to chance alone (10,11).

PATHOPHYSIOLOGY
OF THROMBOEMBOLISM ASSOCIATED WITH AIR TRAVEL

The three factors of Virchow’s triad, venous stasis, vessel wall injury, and systemic hyper-
coagulability, may all be present during air travel, increasing the risk of venous thrombosis
(12). The sitting position, even for 1 h, is associated with venous stasis, a significant decrease
inblood flow, an increase in hematocrit, and the concentration of blood protein in the legs
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Fig. 1. Incidence of pulmonary embolism (cases per million passengers arriving) according to dis-
tance traveled (km).

(13,14). Moreover, immobility predisposes to thrombus formation. Landgraf and col-
leagues simulated a flight of 12 h and demonstrated that blood viscosity increased in
relation to the individual’s immobility. Finally, vascular injury due to mechanical compres-
sion by the seat itself has been implicated as a pathogenetic factor (14).

RELATION BETWEEN PROLONGED AIR TRAVEL AND PE

In arecent study (15), we systematically reviewed all documented cases of PE requir-
ing medical care upon arrival at CDG, the busiest airport of France. All patients requiring
medical care and transport to a hospital by a prehospital medical team (SAMU 93) because
of suspected PE were included if the diagnosis of PE was confirmed by high-probability
ventilation-perfusion lung scan, pulmonary angiography, or high-resolution helical com-
puted tomographic angiography. It should be noted that SAMU takes care of all patients
requiring emergency transport from CDG airport. Suspicion of PE was based on the occur-
rence of clinical symptoms and signs within 1 h of arrival. Between November 1993 and
December 2000, 56 patients with confirmed PE were included. Of these, 42 patients (75%)
were female and 14 (25%) were male. The mean age was 57 + 12 yr without significant dif-
ferences between men and women. All patients with confirmed PE had traveled at least
4000 km. The incidence of PE as a function of distance traveled was calculated as cases
per million passengers at 2500-kilometer increments (Fig. 1). We found that the incidence
of PE increased with the distance traveled, and particularly that the risk of PE increased
as much as 11-fold after 5000 km (p < 0.0001). The total incidence of PE reached 4.8 cases
per million passengers for distances longer than 7500 km. It should further be noted that:
(1) the first symptoms suggesting PE appeared on arrival in 48 cases (86%) and during
air travel itself in 8 cases (14%), but in no case after leaving the airplane; (2) findings sug-
gesting severe PE were present in all patients; and (3) three patients (6%) with PE compli-
cated by an ischemic stroke caused by paradoxical embolism (see Chapter 6) had a poor
outcome with persistent neurological deficit, and another patient ultimately died of this
complication (16).
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In a recently published study, Perez-Rodriguez et al. reported a similar incidence of PE
(0.39 cases per million passengers) in a cohort of patients arriving at Madrid airport (/7).
They also reported a dramatic increase in the incidence of PE for travels of more than 6 to
8 h duration. In our opinion, however, the incidence of air-travel-related PE was seriously
underestimated in both studies. One reason is that patients presenting with cardiac arrest
during flight, after landing, or in the airport were not included in either study. It is unknown,
at present, what proportion of cardiac arrests occurring during flight or immediately after
landing is attributable to PE. Furthermore, patients pronounced dead before arrival of the
prehospital medical team (SAMU 93) were excluded, and this may be responsible for the
low mortality rate, at least in our study. Another possible reason for underestimation is the
failure to detect less severe cases of PE. In our study, at least one of the following criteria
suggesting or directly indicating severe PE was found in every patient with confirmation
of the thromboembolic event: tachycardia in 15 cases (27%), syncope in 27 (48%), acute
right-ventricular dysfunction in 30 (54%), Miller index greater than 50% in 9 (16%), car-
diogenic shock in 6 (11%), and cardiac arrestin 1 (2%). Severe (massive or submassive)
PE accounts for approx 20% of all cases of PE, and therefore, based on the data of our
study, one might expect 1 severe PE episode per 25 per million passengers after flights
of at least 7500 km. However, it is likely that, at least in our study, passengers with minor
clinical symptoms such as mild to moderate chest or calf pain left the airport without
medical consultation and thus without confirmation of PE diagnosis. Several reports
have indeed suggested that passengers may develop PE several weeks after air travel
(5,18). Therefore, we speculate that the incidence of VTE is likely to be higher after long-
distance air travel. As mentioned previously, thromboembolic events were reported in
almost 5 to 10% of passengers in previously published studies (6,7).

RISK FACTORS FOR THROMBOEMBOLIC EVENTS IN AIR TRAVEL

Prolonged travel appears to be the important determinant of air-travel-related PE, so that
“long-distance-travel syndrome” could be more appropriate than the current term “econ-
omy-class syndrome.” On the other hand, the role of other risk factors and, particularly, the
exact role of flight itself remains uncertain, as prolonged sitting occurs more frequently
during flight compared to other ways of traveling (19). This ongoing debate has recently
been summarized as “too much flying or too much sitting?” (20).

Therelation between PE and air-travel conditions such as hypoxemia and/or hypobaria
remains debated. In a group of 20 healthy male volunteers who were exposed for 8 h to
hypobaric atmosphere simulating cabin conditions, Bendz et al. reported activation of
coagulation(21). Incontrastto these results, Crosby et al., using a slightly different method,
studied eight healthy male volunteers also exposed for 8 h to hypobaric atmosphere and
reported no effects in comparison to a control group (22). Thus, the exact role of air-travel
conditions in the pathogenesis of thromboembolic events remains uncertain. This makes
it particularly difficult to estimate the risk of PE during flight and optimize prophylactic
measures.

The role of other particular circumstances related to air travel, such as traveling in the
“economy class” as opposed to business or first class, also has not been directly demon-
strated. The same is true forincreased immobility due to alcohol or sedative drug consump-
tion by some passengers during flight. Because of the relative rarity of thromboembolic
events in this setting, it is unrealistic to expect that prospective studies can be performed
to dissect the roles of various risk factors. Thus, the risk of suffering PE cannot be directly
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Table 1
Risk Factors for Venous Thrombosis

Age>40yr

History of venous thrombosis
Surgery requiring > 30 min of anesthesia
Prolonged immobilization
Cerebrovascular accident
Congestive heart failure

Cancer

Fracture of pelvis, femur, or tibia
Obesity

Pregnancy or recent delivery
Estrogen therapy

Inflammatory bowel disease
Genetic or acquired thrombophilia

Data from ref. 23.

determined for each passenger. We therefore believe that risk assessment with regard to
air travel-related PE should take into account the usual predisposing conditions for PE
in the general population (23) (Table 1).

PROPHYLACTIC MEASURES

Given the risk associated with long-duration air travel, prophylactic measures should
always be considered. Behavioral and mechanical prophylaxis is easy to perform and
includes consumption of nonalcoholic beverages, refraining from smoking, avoidance of
tight clothing that may limit blood flow, use of graduated compression stockings, avoid-
ance of leg-crossing, frequent changes of posture while seated, and minor physical activ-
ity, such as walking or at least moving the limbs. Of all these measures, only the use of
compression stockings has clearly been demonstrated to be beneficial. In the Lonflit II
study, DVT diagnosed by ultrasonography performed after prolonged air travel decreased
from 4.5 to 0.24% in high-risk patients wearing stockings (6). However, even if not sci-
entifically validated, all of the previous measures are currently recommended, because
they are safe, easy to apply, and inexpensive.

Pharmacological prophylaxis also has been discussed. The Lonflit III study showed the
absence of benefit of aspirin. On the other hand, in the same study, DVT diagnosed by
ultrasonography performed after prolonged air travel decreased from 4.8 to 0% in high-risk
patients receiving prophylactic low-molecular-weight heparin (24). Nevertheless, because
of the lack of data allowing optimal risk stratification, the use of pharmacological treatment
to prevent thromboembolic events during or after air travel is generally not recommended.
The indications should be individualized, taking into account travel duration, circum-
stances of travel, and the passenger’s preexisting risk factors for PE (25,26).

CONCLUSION

The duration of flight appears to be the most important risk factor for symptomatic PE
associated with air travel. The relative importance of other risk factors remains unknown,
as control groups are unavailable because of the low incidence of this complication and the
(assumed) large number of undiagnosed events. Thus, optimal prophylaxis is particularly
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difficult to standardize. Prophylactic behavioral and mechanical measures, which are safe,
easy to apply, and inexpensive should generally be recommended. In contrast, pharmaco-
logical measures should be considered on an individual basis.
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SUMMARY

Chronic thromboembolic pulmonary hypertension (CTEPH) is a poorly understood
disorder. It is characterized by pulmonary hypertension associated with an apparent
failure to resolve extensive, typically major-vessel pulmonary thromboemboli. Although
CTEPH is believed to be a thromboembolic disease, the typical risk factors for venous
thromboembolism are absent. According to the 2003 Venice classification of pulmo-
nary hypertension, CTEPH represents group IV of pulmonary hypertensive diseases and
thus does not rank as a subgroup of pulmonary arterial hypertension. Since 2003, how-
ever, itis well recognized that CTEPH predominantly results in changes in the major pul-
monary artieries, in combination with significant pulmonary vascular disease, which is
indistinguishable from classic idiopathic pulmonary hypertension. The present review
provides an update on our current knowledge of the pathophysiology, diagnosis, and
treatment options for CTEPH.

Key Words: Pulmonary hypertension; venous thromboembolism; thrombus orga-
nization; in situ thrombosis; vascular obstruction.

DEFINITION

Chronic thromboembolic pulmonary hypertension (CTEPH) is the result of a single

or of recurrent pulmonary thromboemboli arising from sites of venous thrombosis. It is
thought to occur in 0.1-5% of cases of acute pulmonary thromboembolism (/,2). The natu-
ral history of pulmonary thromboemboli is to undergo total resolution, or resolution leav-
ing minimal residua, with restoration of normal pulmonary hemodynamics. For reasons
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still unclear, however, thromboemboli in patients with CTEPH fail to resolve and form
endothelialized obstructions of the pulmonary vascular bed, including the major branches.
Although CTEPH is understood as a rare outlier disease in the spectrum of venous throm-
boembolism (VTE) (Fig. 1), the disease does not share important characteristics of VTE
such as systemic thrombotic tendency (3,4) or evidence of deep vein thrombosis (DVT)
during the course of the disease, which has led to alternative pathophysiologic theories (5).
On the other hand, plain histology shows a striking similarity between organized DVT
and pulmonary vascular obstruction in CTEPH (Fig. 2).

PATHOPHYSIOLOGY

Epidemiology

Development of CTEPH after diagnosis of acute pulmonary embolism (PE) has been
considered rare. A recent review has estimated CTEPH to occur in only 0.1-0.5% of acute
nonfatal pulmonary thromboemboli (2). The natural history of pulmonary thromboemboli
is to undergo total resolution, or resolution leaving minimal residua, with restoration of
normal pulmonary hemodynamics within 30 d in more than 90% of patients. Repeated
catheterizations after acute PE have led to the observation that right heart pressures return
to near-normal values in the majority of patients within 10 to 21 d.

Recent echocardiographic data suggest that there may be more patients with signifi-
cant persistent pulmonary hypertension after acute PE than previously reported (7). For
example, Pengo et al. observed a cumulative incidence of 3.8% of CTEPH in a carefully
conducted prospective multicenter cohort study with a median observation period of
almost 8 yr(6). However, preliminary data derived from a large series of patients with VTE
(7) suggest that this number may be too high. Seen from another perspective, the initial
thromboembolic event is asymptomatic in the majority of patients with CTEPH (2). For
example, 90 of 142 consecutive patients with CTEPH (63%) who were followed at our
institution had not experienced symptomatic VTE (unpublished data). Therefore, the
true incidence of CTEPH is still unknown and may differ from the cumulative incidence
in a cohort of patients with symptomatic VTE (6). A recent report further demonstrated
that apparently unrelated conditions such as splenectomy, ventriculoatrial (VA) shunt,
and chronic inflammatory states (osteomyelitis, inflammatory bowel disease) were inde-
pendent risk factors for CTEPH (8). These observations contradict the traditional concept
of symptomatic pulmonary thromboembolism preceding the development of CTEPH.

Natural History

After an initial thromboembolic event that may or may not be symptomatic, patients
experience a “honeymoon period” lasting months or years without any clinical symptoms.
Gradually, however, dyspnea on exertion develops. Clinical deterioration parallels the
deterioration of right ventricular function. While right ventricular hypertrophy develops,
additional changes in the pulmonary vascular bed occur. These changes are histologically
indistinguishable from pulmonary vascular lesions found in other kinds of pulmonary vas-
cular hypertension (9) and further increase pulmonary vascular resistance (PVR). It is
suspected that the degree of these “secondary” changes determines the potential for pres-
sure normalization after successful pulmonary thromboendarterectomy. While the initial
major vessel red thrombi transform into whitish adherent masses of granulation tissue, high
PVR and slow flow through multiple irregular vascular channels lined with dysfunctional
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Fig. 2. Trichrome stain of a representative deep vein thrombosis (DVT) (A,C) and a pulmonary
arterial thrombus (B,D) harvested at pulmonary thromboendarterectomy (PEA). The modified tri-
chrome stain identifies elastic fibers as black, collagen as green, fibrin as red, erythrocytes as orange-
yellow, and nuclei as blue-black. Panels A and C show a representative example of partly organized
DVT, with Panel C (200X) representing a higher magnification of Panel A (40X). Panels B and D show
arepresentative chronic thromboembolic pulmonary hypertension (CTEPH) thrombus, with Panel
D representing a higher magnification of Panel B (200 vs 40X). Scale bars correspond to 100 um.

endothelium cause further apposition of fresh red thrombus. Because of segmental under-
perfusion, alveolar dead space increases. Finally, right ventricular failure ensues. Hypox-
emia becomes exaggerated by a combination of factors, including a decline in cardiac out-
put with a fall in mixed venous oxygen saturation, worsening ventilation-perfusion (V/Q)
relations, reopening of the foramen ovale, and development of small pulmonary arterio-
venous fistulas in the lungs. The complexity of these interactions possibly accounts for
the findings of a study utilizing the inert gas technique, in which the magnitude of V/Q mis-
match correlated poorly with PVR, mean pulmonary arterial pressure, or the magnitude
of vascular obstruction (/0).

Cardiac Hemodynamics

As PVRrises, left ventricular diastolic function deteriorates because of interventricu-
lar interdependence and diastolic forward movement of the ventricular septum (/7,12).
In contrast to acute right ventricular pressure rise, pericardial constriction does not ap-
pear to play a role in this process (/3). Right ventricular impairment is reversible with
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a decrease of PVR (/4). Of note, hemodynamics at rest may be normal in patients with
unilateral disease.

Coagulation and Fibrinolysis

No abnormalities of coagulation (15) or fibrinolysis (/6) have been identified in patients
with CTEPH. On the other hand, recent data suggest that lupus anticoagulant (LAC), high
levels of anticardiolipin, and anti-f2-glycoprotein I antibodies are associated with CTEPH
(17). Approximately 10% of the patients have LAC, and a significant association exists
between LAC and heparin-induced thrombocytopenia (/8). Studies demonstrated no in-
creased prevalence of the factor V Leiden mutation in CTEPH (4), but a 20-50% fre-
quency of anticardiolipin antibodies could be found (3, /9). Combined coagulation defects
are rare (20,21).

Acrecent study (22) showed that factor VIII (FVIII) levels greater than 230 IU/dL were
more prevalent in patients with CTEPH (39%) than in patients with pulmonary artery
hypertension (20%) or controls (5%). Overall, mean FVIII (233 + 83 IU/dL) and von
Willebrand factor antigen (VWF:Ag; 261 + 130 IU/dL) plasma levels were higher in
CTEPH than in patients with nonthromboembolic pulmonary hypertension (FVIII, 158
+61 [U/dL; VWF:Ag, 204 + 107 IU/dL) or in controls (FVIII, 123 £+ 40 [U/dL; VWF:Ag,
132 +48 1U/dL) after adjusting for the covariates age and sex. Moreover, mean FVIII and
VWF:Ag concentrations remained unchanged 1 yr after surgery when compared with pre-
operative values. In contrast to reports from patients with nonthromboembolic pulmo-
nary hypertension (23), high-molecular-weight multimers of VWF were preserved in
pre- and postoperative plasma samples of patients with CTEPH, and multimeric distribu-
tion did not differ from healthy control samples assayed in parallel. Accordingly, VWF
cleaving protease activity, which is responsible for multimeric distribution, was within
the normal range (117 + 48%) and remained unchanged after surgery.

Associated Conditions

The only existing epidemiological study on CTEPH, a prospective multicenter cohort
study with a median observation period of almost 8 yr, demonstrated in 223 patients that
the cumulative incidence of symptomatic CTEPH was 1.0% (95% confidence interval
[CI], 0to 2.4) at 6 mo, 3.1% (95% CI, 0.7 t0 5.5) at 1 yr, and 3.8% (95% CI, 1.1 t0 6.5)
at 2 yr. Previous PE, younger age, larger perfusion defects, and idiopathic presentation
were independently associated with an increased risk of CTEPH (6).

Case reports have suggested a link between chronic thromboembolism and prior
splenectomy (24-26), VA shunt for the treatment of hydrocephalus (27-33), or chronic
inflammatory conditions (34). We performed a prospective case-control study of 109
patients with CTEPH. No patient had a plasmatic risk factor for VTE or had been on long-
term oral anticoagulation prior to diagnosis. The diagnosis of CTEPH was established by
chest X-ray, transthoracic and transesophageal echocardiography, pulmonary function
tests including arterial blood gas analysis at rest and exercise, right heart catheterization,
pulmonary angiography, V/Q scan of the lungs, and multislice high-resolution computed
tomography (CT). A panel of cardiologists, pulmonologists, radiologists, and cardiothor-
acic surgeons reviewed each case. CTEPH type (35) was classified according to imaging,
and, if available, according to the surgical specimen. All patients were referred for exer-
tional or resting dyspnea, with 10 patients in New York Heart Association functional class
II, 67 inclass I11, and 32 in class IV. Because CTEPH is believed to be a thromboembolic
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disorder (2) and is suspected to result partly from inadequate anticoagulation after silent
pulmonary thromboembolism, patients with proven PE, (in the absence of thrombophilic
disorders requiring lifelong anticoagulation) were followed as controls. Physical examin-
ation of control patients was performed at 3-mo intervals during the first year after enroll-
ment and every 6 mo thereafter. Dyspnea on exertion and/or rest, syncope, or chest pain
were considered clinical signs of pulmonary hypertension. Echocardiography was per-
formed in patients who developed any of these symptoms during the observation period.
Splenectomy, VA shunt, and chronic inflammation, e.g., osteomyelitis or inflammatory
bowel disease, remained independent risk factors for CTEPH by multivariate analysis,
with splenectomy increasing the likelihood of CTEPH 13-fold (p = 0.015), VA shunt 13-
fold (p=0.0014), and chronic inflammation 67-fold (p <0.0001). These data suggest that
a number of conditions can be identified which increase an individual’s risk to develop
CTEPH. Hypothetically, thrombi originating from VA shunts, osteomyelitis, or Crohn’s
disease may be biologically different, rendering them resistant to plasmatic and cellular
thrombus resolution. Thus, apparent limitations to the thromboembolic hypothesis of
CTEPH find an explanation (5).

Apart from these observations, association of CTEPH with pacemaker leads, sickle-cell
disease (36), hereditary stomatocytosis (37), myeloproliferative disorders (38), and Klippel-
Trenaunay syndrome (39) has been suggested.

Genetics of CTEPH

Because of the finding of elevated VWF levels in CTEPH and the fact that blood group
oligosaccharide structures on the VWF molecule account for the clearance and plasma
levels of the FVII/VWEF complex (40), the blood group distribution among patients with
CTEPH was analyzed. Blood groups other than 0 were more prevalent in patients with
CTEPH (82%) than in patients with pulmonary arterial hypertension (PAH) (56%), or in
the Middle European population (approx 60%). Despite these data, evidence is lacking that
CTEPH occurs in a familial pattern. The bone morphogenic protein receptor I1 (BMPRII)
gene has been identified by linkage analysis as one causal gene defect underlying familiar
pulmonary hypertension (4/), but, to date, no mutation of this gene has been described
in patients with CTEPH.

A Japanese study recently reported increased frequency of the human leukocyte anti-
gen (HLA) polymorphisms HLA-B*5201 (40 vs 24%) and DPB1*0202 (19 vs 6%) in
patients with CTEPH compared with controls. HLA-B*5201-positive patients showed
asignificant female predominance. In the patients carrying HLA-B*5201 and/or-DPB1*
0202, the frequency of DVT was significantly lower than the other patients. These obser-
vations suggest that susceptibility and clinical characteristics of CTEPH are controlled
in part by the HLA-B and -DPB1 loci (42). However, they also raise the possibility that
CTEPH comprises several subtypes that may be triggered by acquired and endemic dis-
eases such as Takayasu arteritis (43) or histoplasmosis.

Polymorphisms of the promoter region of prostacyclin synthase gene (44), or mutations
on the serotonin transporter gene (45), have not been found in association with CTEPH.

Animal Models

The difficulty to induce CTEPH in mongrel dogs by repeated release of preformed clots
from the inferior vena cava (46) was resolved by a thorough biochemical dissection of
factors contributing to increased vascular fibrinolytic activity in these animals (47). In
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particular, it was found that high plasma levels and activity of urokinase-type plasminogen
activator (u-PA), a protease associated with canine platelets and mediating rapid clot lysis,
are present in this species and thus prevent thrombus persistence and organization (48).

Molecular Biology of Pulmonary Arterial Thromboemboli

There is a striking difference between the macroscopic appearance of thromboembo-
lic material harvested during pulmonary thromboendarterectomy (PEA) and that of acute
PE retrieved during embolectomy (Fig. 1, compare the lower two panels). CTEPH thrombi
comprise mostly of whitish, organized tissue tightly attached to the pulmonary arterial
medial layer and replacing the normal intima. The organization status of CTEPH throm-
bus explains why it is largely unaccessible to therapeutic thrombolysis. In contrast, PEs are
red, fragile thrombi that are loosely adherent to the pulmonary arterial wall.

Under the assumption that CTEPH thrombi result from the embolization of thrombi
to the pulmonary vasculature, we designed experiments to understand the regulation of
fibrinolytic genes in the first hours after massive PE. Because previous data suggested
that the balance between plasminogen activators (PAs) and type 1 plasminogen activator
inhibitor (PAI-1) plays a role in regulating cell migration within the extracellular matrix,
we investigated the expression of these molecules by immunohistochemical and in situ
hybridization analysis of pulmonary artery specimens from patients suffering fatal PE.
The data were compared with the expression of these molecules in the patients’ nonin-
volved pulmonary segments and in organ-donor pulmonary arteries. u-PA expression
was detected in mononuclear cells within the thrombus in the initial phase of thromboem-
bolism and within cells migrating into the thrombus during the later stages of organiza-
tion. PAI-1 expression was elevated in the monolayer of endothelial cells underlying the
fresh platelet-fibrin thromboembolus and in a proliferating cell nuclear antigen -positive
cell population present between the pulmonary arterial intima and the thromboembolus that
represents early organization. Thus, increased expression of PAI-1 may play a role in
inhibiting proteolysis and fostering the localization of the acute fibrin-platelet thrombus
to the vascular wall, which is followed by the upregulation of u-PA in migrating cells dur-
ing the reorganization process (49).

Recent research has focused on local gene expression within pulmonary arterial
thromboemboli and pulmonary arteries from patients with CTEPH. By a candidate gene
approach utilizing in situ techniques, increased expression of PAI-1 was found in small
thrombus neovessels, potentially promoting small vessel thrombosis and thrombus growth
from within (49). On the other hand, elevated PAI-1 gene expression was also identified
ataspecific stage in the natural course of organization of acute pulmonary thromboemboli
(49). This analysis of patterns of gene expression during the vascular remodeling asso-
ciated with organization of pulmonary thromboemboli has shed new light on the events
leading to restoration of normal pulmonary blood flow after VTE. One hypothesis emerg-
ing from these studies is that, by a mechanism yet to be defined, DVT undergo extensive
organization in the vascular compartment of the deep femoral and pelvic veins. When
such thrombi embolize, even well-functioning mechanisms of fibrinolysis do not suffice
to remove them, leading to CTEPH.

In further studies, the expression of a potent inhibitor of Factor IXa and Factor XIa (pro-
tease nexin-2/amyloid B-protein precursor [B-PP]) was demonstrated in the organized
vascular occlusions harvested from patients with CTEPH (50). Clot vessel hemorrhage
is a feature of CTEPH thrombus histology and it is thought to be a powerful stimulator for
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angiogenesis. In fact, recent studies have correlated the expression of angiogenetic mole-
cules with CTEPH severity (57).

In summary, the pathogenesis of CTEPH is still unclear, but it is widely accepted that
the disease is not caused by thromboembolic obliteration alone. Vascular remodeling due
to a variety of factors, such as shear stress, pressure, inflammation (52), endothelial dys-
function (53), release of cytokines (54), and vasculotrophic mediators (55), is involved
in the development of a pulmonary vasculopathy that is indistinguishable from pulmo-
nary vascular lesions found in other types of chronic pulmonary hypertension.

DIAGNOSIS

Clinical Presentation

Exertional dyspnea is the leading complaint. The key to diagnosis is to consider CTEPH
in patients complaining of exertional dyspnea in the presence of a normal lung function.

Physical Findings

In the absence of right ventricular failure, clinical findings are poor. Tricuspid regur-
gitation and pulmonary flow murmurs are the only findings.

Differential Diagnosis

Diagnosis and differential diagnosis of CTEPH require experienced clinicians (57).
Idiopathic pulmonary hypertension (IPH) must be ruled out. Female prevalence (men:
women, 1:2), familial occurrence, past intake of appetite suppressant drugs, a normal or
patchy nonsegmentally abnormal V/Q scan, and vascular pruning on the angiogram are
strong evidence for idiopathic PAH. However, distal forms of CTEPH, and IPH with
thrombi in the major pulmonary arteries, complicate the diagnosis (58). Further diseases
to be ruled out include fibrosing mediastinitis, pulmonary arterial tumor or tumoral inva-
sion of the pulmonary arteries, tumor embolism (59), or pulmonary arteritis (60) such as
giant cell arteritis (67). Because of excessive bronchopulmonary anastomoses (62), vas-
cular transformation of mediastinal lymph nodes may occur (63). Finally, in the moder-
ately symptomatic patient, left ventricular diastolic dysfunction with oxygen desaturation
on exercise is a frequent differential diagnosis.

ECG

The ECG may reflect chronic right ventricular hypertrophy, and thus serve as an indirect
sign of advanced pulmonary vascular disease. P waves are tall-peaked in leads Il and aVF,
and in the mid precordium. Right axis deviation, monophasic R waves in V1, and promi-
nent S waves in V6 are also observed. Sinus tachycardia is an ominous sign of right heart
failure, along with persistently negative precordial T waves, which indicate right ventricu-
lar strain. Initially, T waves may reverse, reflecting intermittent right ventricular ischemia.
Atrial fibrillation is exceptional, and if present, major hemodynamic compromise may
ensue. Finally, ECG signs of severe ischemia may be caused by compression of the left
main coronary artery by the dilated proximal pulmonary arteries (64,65).

Pulmonary Function Testing and Blood Gas Analysis

Pulmonary function tests are usually within normal limits. Approximately 20% of patients
have a “restrictive defect” due to parenchymal scarring (66 ). The transfer of carbon monox-
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Fig. 3. Example of a perfusion scintigram of a patient with chronic thromboembolic pulmonary hyper-
tension. The corresponding ventilation scan was normal. The perfusion scan shows multiple seg-
mental triangular mismatched defects (arrows). An anterior-posterior view is shown.

ide (DLCO) can be impaired for the same reason, but does not reflect the degree of vas-
cular obstruction. Although DLCO may be reduced, a normal DLCO does not exclude the
diagnosis of CTEPH. Normalization of DLCO in the course of the disease probably reflects
the extensive bronchial arterial collateral flow exceeding 10% of cardiac output in these
patients (67). Arterial blood gas studies at rest and on exercise are important for patient
evaluation. A decline in arterial PO, and widening of the alveolar-arterial oxygen ditfer-
ence on exercise is a frequent finding, even in patients with normal blood gases at rest.

Chest X-ray

The lung fields will be clear in most patients with CETPH. On a closer look, areas of
hypoperfusion may be seen, especially in combination with pleuritic changes (68). The
hilar structures may be prominent and may be interpreted as enlarged lymph nodes. In
extreme cases, a reduction in vascular size may be mistaken for agenesis of the pulmonary
artery(ies). In some patients, cavitary lesions may form at any time during the course of
the disease in areas of past pulmonary infarctions.

V/Q Lung Scan

In CTEPH, a segmental V/Q mismatch is considered diagnostic (Fig. 3). In the absence
of at least one segmental defect, the diagnosis of CTEPH cannot be made. However, the
extent and severity of V/Q mismatches frequently underestimates the severity of vascu-
lar occlusions (69). Importantly, although CTEPH is a vascular disorder, ventilation scan
must always be performed, and patients with CTEPH and concomitant chronic obstructive
pulmonary disease represent particular diagnostic challenges. In these patients, spiral CT
and pulmonary angiography can yield important diagnostic clues.

Postoperatively, “reverse” V/Q scan patterns are observed because of a vascular steal
of blood flow from the nonatherectomized segments (70). Of note, as the disease pro-
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gresses, segmental flow abnormalities appear to gradually decrease over time, parallel-
ing the decline of right ventricular performance (71).

Exercise Stress Test

Exercise stress test with arterial blood gas analysis is important for patients with nor-
mal resting pulmonary pressures and suspicion of unilateral disease. Frequently, desatu-
ration on exercise is the first objective finding in patients who present early in the course
of the disease. Exercise ECG may also unravel CTEPH when screening patients at risk.
At this early stage, the possible development of left ventricular diastolic dysfunction on
exercise may obscure exercise-induced pulmonary vascular disease and thus pose diag-
nostic challenges.

Echocardiography

Transthoracic echocardiography is an easily accessible and a very helpful tool for the
diagnosis of CTEPH. Paradoxical interventricular septal motion, enlarged right ven-
tricular cavity dimensions, increased thickness of the right ventricular free wall, and a high
velocity of the tricuspid regurgitant jet allow making the diagnosis of pulmonary hyperten-
sion (14). However, because cardiac output cannot be reliably estimated from echocardio-
graphy, the indication for surgery cannot be solely based on noninvasive pulmonary artery
pressure measurement. In our experience, approx 20% of patients with CTEPH, and par-
ticularly the younger patients, present with normal or near-normal right ventricular cavity
dimensions on echocardiography.

Transesophageal echocardiography is helpful for the exclusion of an open or function-
ally open foramen ovale (see Chapter 6) and may thus help explain severe hypoxemia in
some patients. Furthermore, in approx 20% of the patients, a proximal pulmonary arterial
thrombus can be seen. Unfortunately, however, wall irregularities, scars, and bands in the
pulmonary artery cannot be visualized with this technique. In the majority of patients, these
signs are the only proximal signs of the disease and can, at present, only be demonstrated
by angioscopy, a method not belonging to routine diagnostic workup.

cT

Spiral CT with contrast medium is a valuable and indispensable diagnostic procedure
for the diagnosis of CTEPH (72). However, because of limitations in resolution beyond
segmental arteries, distal vascular occlusions may not be seen. In these instances and in
all other cases, a mosaic perfusion pattern reflecting perfusion inequalities offers indirect
but important diagnostic clues. Recently, modern CT technologies such as multislice CT
have revolutionized imaging in CTEPH, with images that get closer to the quality of pul-
monary angiography (73) (Figs. 4 and 5). These techniques offer resolution comparable
to that of magnetic resonance tomography.

Lung Biopsy
Because of a lack in specific pathological changes in CTEPH (9), lung biopsy cannot
provide differential diagnostic clues.

Right Heart Catheterization

Right heart catheterization must be performed in every case of suspected pulmonary
hypertension. Measurement of pulmonary systolic, diastolic, and mean pressures, pul-
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Fig. 4. Representative computed tomography images of a patient with type 2 chronic thromboem-
bolic pulmonary hypertension. The three-dimensional reconstruction demonstrates thrombus in
red. Pulmonary arteries and veins are visualized at the same time.

Fig. 5. Representative computed tomography images of a patient with type 4 chronic thromboem-
bolic pulmonary hypertension. Imaging as in Fig. 4.
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monary capillary wedge pressure, cardiac output, and oxygen saturation, is important for
the calculation of PVR and shunting (if present). Central venous saturation, PVR, and car-
diac output are the most important prognostic parameters.

The primary site of vasculopathy in CTEPH are the large elastic pulmonary arteries,
although concomitant small vessel arteriopathy is also frequently present at varying degrees
(9). Inthese latter patients, pulmonary hypertension persists despite removal of proximal
material. Persistent pulmonary hypertension after PEA remains a serious problem and is
associated with high morbidity and mortality. More than one-third of perioperative deaths
and nearly half of long-term deaths have been attributed to persistent pulmonary hyperten-
sion (74-76). The current standard preoperative evaluation does not accurately assess the
presence and degree of small vessel involvement in patients with CTEPH, nor is it suitable
for predicting postoperative hemodynamic outcome. In a recent paper, Kim et al. evaluated
a sophisticated pulmonary artery occlusion (Poccl) technique to estimate pressure in the
precapillary small pulmonary arteries preoperatively (77). With Poccl, the pulmonary arte-
rial resistance can be partitioned into a larger arterial (upstream) and a small arterial plus
venous (downstream) component (78). The authors showed that a higher upstream resis-
tance (Rup) was observed in patients with CTEPH who had predominantly proximal (large-
vessel) disease, whereas patients with CTEPH who had a Rup less than 60% demonstrated
significant concomitant small-vessel disease, had the highest postoperative pulmonary
artery and total PVR, and suffered perioperative deaths more frequently (79).

Pulmonary Angiography

Pulmonary angiography usually completes the diagnostic sequence. In general, it is
an indispensable examination. Experience over the past decade has indicated that pulmo-
nary angiography can be carried out safely in any patient with pulmonary hypertension
when a rigorous protocol is followed (80). Access may be from an arm, neck, or femoral
vein if cavography is performed first to rule out vena caval thrombosis. Usually, diagnos-
tic right heart catheterization is carried out prior to angiography. Selective injection of non-
ionic contrast medium and restrictive use of contrast medium in general guarantee that
hemodynamic compromise will not occur. The pulmonary angiographic findings sug-
gestive of chronic thromboembolic disease include “pouching” defects, webs or bands,
intimal irregularities, abrupt vascular narrowing, and complete vascular obstruction (81)
(Fig. 6). If bands, webs, and vessel breakoffs are found in the conventional pulmonary
angiogram, and segmental defects in the digital angiogram, the procedure is concluded
with the insertion of a vena caval filter when a lower extremity thromboembolic etiology
is likely. However, several centers are starting to abandon caval filter placement because
of the uncertainty of the thromboembolic nature of the disease.

RISK STRATIFICATION

Preoperative parameters can be utilized to assess postoperative mortality and hemo-
dynamic improvement after PEA. Patient age, sex, and the relationship between severity
of pulmonary hypertension (82) and location (proximal vs distal) of vascular occlusions
determine hospital mortality. Preoperative PVR greater than 1000 dynes - s - cm™ raises
surgical mortality to 10%. Surgical classification of CTEPH is also useful (35) (Fig. 7),
but it does not account for the degree of secondary vasuclar changes. In a multivariate
analysis, right atrial pressure (p =0.002) and female sex (p =0.007) were risk factors pre-
dicting lack of hemodynamic improvement (82). Recently, it was reported that fractional
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Fig. 6. Follow-up pulmonary angiograms of a patient with unilateral chronic thromboembolic pul-
monary hypertension. The upper panel demonstrates a cine-angiogram showing total obstruction of
the right pulmonary artery. The lower panel shows a follow-up digital angiogram 2 yr after success-
ful unilateral PEA.

pulse pressure (defined as pulmonary arterial pulse pressure/mean pulmonary arterial
pressure) was higher in CTEPH than in primary pulmonary hypertension, and that frac-
tional pulse pressure in PEA survivors (1.26 +0.21) was significantly higher than in non-
survivors (1.06 + 0.16). Fractional pulse pressure is a significant predictor of mortality
in patients with PVR greater than 1100 dynes - s - cm™ (83).

The prognosis of medically treated patients with CTEPH is determined by hemody-
namics, coexistence of chronic obstructive pulmonary disease, and the degree of exercise
tolerance (84).

TREATMENT

PEA

Surgical treatment of CTEPH was proposed as early as three decades ago (85). Once
the diagnosis of CTEPH is established, the decision for surgical therapy is made based
on: (1) the degree of functional impairment; (2) the severity of pulmonary arterial hyper-
tension; and (3) the surgical accessibility of the thromboembolic lesions. A preoperative
period of at least 3 mo of adequate anticoagulation is mandatory. Although the operation
historically has been described as pulmonary thromboendarterectomy (86), it is better
termed pulmonary endarterectomy (PEA). Fewer than 3000 PEA operations have been
performed worldwide, although it is a potentially curative treatment option even for very
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Fig.7. Surgical classification of chronic thromboembolic pulmonary hypertension. The majority of
patients (roughly two-thirds) present with type Il disease. Type IV disease does not yield any throm-
bus at surgery in most cases. In the example shown, small amounts of thrombus were recovered.

sick patients with CTEPH. The surgical techniques and evolving modifications have been
well described (75,87-93). With rare exceptions, thromboembolic pulmonary hyperten-
sion is a bilateral disease, and therefore PEA is a bilateral procedure. Unilateral disease
is rare (94), with unpredictable postoperative outcome.

The operation is not an embolectomy but a true endarterectomy, removing the organized
and incorporated fibrous obstructive tissue from the pulmonary arteries (Figs. 8 and 9).
Because visibility in the distal pulmonary artery branches is essential and bronchial artery
collateral flow is significant in CTEPH, extracorporeal circulation and periods of circula-
tory arrest under deep hypothermia are essential for successful endarterectomy. Following
a proximal intrapericardial pulmonary artery incision, the correct endarterectomy plane
is established and circumferentially followed down to the lobar segmental and sometimes
subsegmental branches using special suction dissectors. The endarterectomy procedure
on one side is usually possible within a 20-min period of circulatory arrest, followed by a
period of reperfusion and another period of circulatory arrest for the endarterectomy on
the contralateral side. After closure of the pulmonary artery incision, additional cardiac
procedures (e.g., coronary artery bypass grafting) can be performed during the rewarming
period, if necessary. As tricuspid valve competence usually returns after successful PEA,
tricuspid valve repair is not necessary (95). For a small subset of patients who present with
concomitant coronary or valvular disease, combined surgical treatment is required (96).

Jamieson et al. (91) proposed an intraoperative classification of CTEPH (Fig. 7): type
I (central thrombus present) and type II (thickened intima, fibrous webs and bands) repre-
sent the typical condition of surgical patients; type Il occlusions in the segmental and
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Fig. 8. The typical operative field of surgical pulmonary thromboendarterectomy shows a longitu-
dinally incised pulmonary artery with a sizeable thrombus being removed.

subsegmental branches require adequate surgical experience with dissection within the
peripheral pulmonary arteries; and type IV disease represents very distal disease that can-
notbe treated by PEA. In general, whenever surgically accessible thrombus is documented,
PEA is the treatment of choice for CTEPH (15,97). Recent clinical practice guidelines by
the American College of Chest Physicians requested the referral of a patient with CTEPH
to a center with the expertise for surgical therapy of this disorder (98). In contrast to acute
pulmonary embolectomy, which is discussed in Chapter 12 and is generally regarded as
“easy” to perform (99, 100), this is a procedure that poses a great challenge for the surgeon
(101). As mentioned previously, indications for PEA are surgically accessible pulmo-
nary thrombus (thrombi visible at least at the origin of the segmental arteries) and a
resting PVR of more than 300 dynes - s - cm—) or inadequate pressure rise under exertion.
Acute pulmonary arterial thrombosis after deendothelialization is not a realistic problem
after PEA, yet meticulous postoperative care is demanded. A 24-h mechanical ventila-
tion period and fluid restriction are designed to prevent pulmonary reperfusion edema
(102). This life-threatening complication of PEA is an acute lung injury pattern resulting
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%

Fig. 9. Atthe end of surgical pulmonary thromboendarterectomy, a new inner surface of the pulmo-
nary artery has been created thatis devoid of fibrotic thrombus tissue. The mostrelevant anatomical
structures are labeled in the photograph.

from perfusion of a dysfunctional capillary bed in a chronically underperfused lung seg-
ment. Recent pharmacological approaches block selectin-mediated adhesion of neutro-
phils to the endothelium with Cylexin® (CY-1503) and demonstrated a decreased incidence
of reperfusion injury albeit with no impact on the total number of days on mechanical
ventilation (103).

Lung Transplantation

Lung transplantation is an established treatment (93) for patients who are not PEA candi-
dates and deteriorate under medical therapy. The purpose of the pretransplantation assess-
ment is to identify patients whose prognosis will be improved by transplantation and whose
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cardiopulmonary status or other medical problems will not unduly jeopardize the success
of transplantation. The major specific goals of the evaluation for transplantation are to con-
firm the diagnosis, to assess the severity of the disease, and to optimize medical manage-
ment. The potential benefit of transplantation (natural course of the disease vs prognosis
after transplantation) has to be established, and suitable candidates for transplantation
have to be selected together with the ideal transplantation procedure. The clinical status
must be reexamined periodically, and the medical management and transplantation strat-
egy adjusted accordingly. The threshold of irreversible right ventricular failure is un-
known (if such a boundary exists), but severe right ventricular dysfunction has been
reversed after isolated lung transplantation. However, although afterload is immediately
reduced by lung transplantation, right ventricular function does not return to normal right
away, and hemodynamic instability is a common problem in the early postoperative period.

In a study of cardiopulmonary exercise testing in patients with pulmonary arterial hyper-
tension, peak oxygen uptake and peak systolic blood pressure both were prognostically
important. A peak oxygen uptake of at least 10.4 mL/(kg - min) and a peak systolic blood
pressure less than 120 mmHg were associated with 1-yr mortality rates of approx 50
and 70%, respectively, and among patients with both of these risk factors, only 23% sur-
vived for 1 yr (104). Thus, transplantation might offer a survival benefit to patients with
these risk factors, and this threshold may be useful for choosing the appropriate time for
transplantation.

Medical and Interventional Treatment

Because of the favorable outcomes after PEA, medical treatment in the absence of sur-
gery is currently only justified for: (1) distal, inaccessible disease; (2) hemodynamic insta-
bility; (3) comorbidities precluding PEA; (4) a PVR greater than 1000 dynes - s - cm™ in
the presence of distal clots; and (5) recurrent pulmonary hypertension after PEA. In our
center, approx 50% of the patients with CTEPH are not suitable for surgery, and surgery
fails, either over the short term or over the long term, in 10% of the patients.

Conventional (medical) therapy consists of diuretics, digitalis, anticoagulation and caval
filters, chronic oxygen therapy, and low-dose calcium antagonists. The only randomized
study including patients with CTEPH to date was the AIR study, which compared 33
iloprost-treated patients with 24 patients who received placebo. In this subgroup, no
significant beneficial effect of iloprost could be found regarding the combined end point
New York Heart Association class plus 6-min walking distance (/05). On the other hand,
recent reports do suggest a benefit of prostacyclin therapy following surgical treatment
of CTEPH (106-109).

Recently, some European groups published uncontrolled patient series that evaluated
the role of the endothelin receptor antagonist bosentan in CTEPH. A German multicenter
study showed that, over a 3-mo follow-up period, 6-min walking distance improved under
bosentan from 340 + 102 to 413 + 130 meters (p =0.009) with unchanged dyspnea scores,
and this effect was paralleled by a decrease in PVR from 914 + 329 to 611 = 220 dynes
s -cm™ (P <0.001) (110). Series from the Vienna, Clamart, and Papworth hospital
yielded similar findings (//17). Another uncontrolled study reported symptomatic and
hemodynamic improvement under the treatment with the phosphodiesterase-5-inhibitor
sildenafil (112).

Finally, balloon pulmonary angioplasty has been proposed by few experienced inves-
tigators and centers as a treatment option for severely ill patients who are not candidates
for PEA (113,114).



258 Lang and Klepetko

_ 100 |,
kS L
© \
5075 e
s 1
£ —
3 050 L
@ —
© _
T 0.25
2
c
0
.00
0 20 40 60 80 100

Time in months from cath to contact

Fig. 10. Kaplan Meyer survival curves of patients undergoing pulmonary thromboendarterectomy
in our center (dashed line), compared with patients on medical treatment (solid line).

OUTCOME

Prognosis of untreated CTEPH is poor and inversely correlated with the degree of
pulmonary hypertension (84). There is currently no doubt about the benefits of PEA sur-
gery in CTEPH compared to conservative treatment (/15). For example, Fig. 10 shows
survival curves obtained in patients from the Vienna PEA center over a period of 8 yr. On
conservative treatment, 3-yr survival has been as low as 25-30%, which is in accordance
with data from other centers (84). In surgically treated patients, patient age, hemodynam-
ics and clinical status, location of thrombus, and comorbidity determine postoperative
outcome (116). In particular, distal location of pulmonary thromboemboli doubles the
operative risk. Perioperative mortality also depends on the surgeon’s experience and on
postoperative care, ranging from 4 to 25% (75,89,117). To date, the most experienced
PEA center at the University of California at San Diego has performed over 2000 PEAs,
with a mortality rate as low as 4% in uncomplicated cases (92,93). Other than coumadin,
patients do not usually require specific postoperative medication. Favorable results have
been reported for the perioperative use of nitric oxide (718), epoprostenol (107,109), or
iloprost (108). Recurrent thromboembolism is a rare event. It is, however, unexplained
and presently unforeseeable why some patients (approx 10%) do not achieve or maintain
hemodynamic improvement despite removal of significant amounts of thrombus.
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