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PREFACE 

Teleologically, the hemostatic mechanism is among 
the most fundamental yet complex physiologic pro- 
cesses in humans. Early scientists and physicians were 
fascinated by the blood's ability to remain in a liquid 
state only to clot in response to vascular injury. The 
cellular and noncellular components of normal 
hemostasis took centuries to discover, and the intrica- 
cies of their delicate interactions are still being unrav- 
eled today. As is so often the case, an in-depth 
appreciation of physiologic hemostasis, representing a 
basic life-sustaining sequence of events, paved the 
way for understanding abnormal hemostasis or 
pathologic thrombosis. Aristotle, Malpighi, and 
Osier, representing but a few of the founding fathers 
in the field, would undoubtedly be honored to see 
their observations form the template for lifesaving 
treatments. 

The evolution of thrombncardiology, a hybrid of 
cardiology, hematology, and pathology has proceeded 
at an extraordinary pace. Fueled by a seemingly insa- 
tiable sense of enthusiasm and a "need to know" atti- 
tude, modern-day pioneers and visionaries have taken 
on the challenge of defeating coronary arterial 
thrombosis, a leading cause of death, disability, and 
healthcare expenditures in the United States and 
other industrialized nations worldwide. Now, more 
than ever before, the timeless links between cellular 
biology, vascular biology, and the practice of medi- 
cine are being recognized and justly exploited 
through basic investigation and clinical research en- 
deavors, providing answers to fundamental questions 
and sparking new hypotheses, with the ultimate goal 
of developing universally applicable and affordable 
therapies as well as practical guidelines for their use. 

The Textbook of Coronary Thrombosis and 
Thrombolysis, in essence, represents a heartfelt gift of 
knowledge from a dedicated group of scientists and 
clinicians, who collectively have set out on a mission 
to minimize the societal impact of"hemostasis in the 
wrong place." The book is divided into four distinct 
sections: Part 1, Scientific Principles, lays down the 
supporting foundation; Part 2, Clinical Application 
of Scientific Principles, places the knowledge base in 
a working perspective, directly applying science to 
patient care; Part 3, New Dimensions, provides a 
glimpse of tomorrow. Steering the field clear of self- 
proclaimed victory and the dangers of complacency as 
we move into the 21st century, Part 4, Evolution of 
Thrombocardiology, focuses on laboratory standards, 
clinical trials, and drugs in development. 

These major sections are systematically divided 
into smaller sections, each with a composer who has 
been asked to assemble the works of the finest scien- 
tific minds in the world. When brought together and 
conducted well, this orchestra plays a symphony for 
all the world to hear. It is this spirit of coordinated 
research and clinical practice that has captured the 
pain of human disease and suffering, and is rising 
swiftly to meet the needs of humanity in the global 
village. The Textbook of Coronary Thrombosis and 
Thrombolysis represents the culmination of a long jour- 
ney designed solely for the purpose of serving basic 
scientists, clinician-scientists, and practicing clini- 
cians intimately involved with seeking truth through 
pointed investigation and unconditional clinical ap- 
plication of current concepts in thrombocardiology. 

Richard C. Becker, M.D. 
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FOREWORD 

Eric J. Topoi 

In looking back over the past decade, the progress 
made in the treatment of patients with acute coronary 
syndromes has been enormous. The use of intravenous 
thrombolysis for acute myocardial infarction was first 
approved by the United States Food and Drug Ad- 
ministration in late 1987, and was implemented in 
clinical practice over the next 2-3 years. Intravenous 
heparin was shown to change the natural history in 
patients with unstable angina, and aspirin was dem- 
onstrated in 20 randomized trials to provide impor- 
tant protection from death and myocardial infarction 
in patients with acute myocardial infarction, unstable 
angina, and those undergoing percutaneous coronary 
intervention. In aggregate, in this discipline of car- 
diovascular medicine - -  the treatment of patients 
with acute manifestations of ischemic heart disease - -  
we have been on a steep, ascending climb, acquiring 
new and vital information, and, coincidentally, it has 
led to a major transformation in clinical practice. 
Most of us who cared for these patients before this 
time fully recognize that this represents a true revolu- 
tion in medicine. 

While our therapies have indeed improved, there 
are major residual shortcomings. With the most po- 
tent thrombolytics available today, nearly half of pa- 
tients are left without prompt restoration of infarct 
vessel patency 90 minutes into therapy. Reocclusion, 
a manifestation of rethrombosis, occurs in up to 25% 
of patients within a year from the index event. Fur- 
thermore, in patients receiving aspirin, there is an 
incomplete effect on inhibiting platelet aggregation, 
and with heparin there is an inconsistent effect owing 
to lack of inactivation of clot-bound thrombin and 
the natural inhibitors of heparin, such as platelet 
factor 4. Accordingly, there is a major gap between 
the actual therapies of today and, their ideal improved 
and optimized forms in the future. 

The number one killer, the most important mani- 
festation of heart disease today, is still coronary 
thrombosis. Fundamental to more effectively address- 
ing its treatment in the years ahead is an improved 
understanding of its principles and the thrombotic 

process. In the Textbook of Cororlary Thrombosis and 
Thrombolysis, Richard Becker has organized a superb 
and comprehensive examination of all the relevant 
basic and clinical information in the field. 

In the first section on scientific principles, the lead- 
ing international attthorities have reviewed each ma- 
jor building block in coronary thrombosis and clot 
lysis, including detailed reviews of the coagulation 
cascade, platelets, plasminogen activators, atheroscle- 
rosis, thrombosis, plaque rupture, and vascular biol- 
ogy. This is followed in Section II by a review of the 
central concepts pertaining to clinical applications, 
which include thrombolytic agents, the pathophysi- 
ology of the acute coronary syndromes, prehospital 
and early in-hospital therapy, coagulation and myo- 
cardial necrosis serum markers, the use of coronary 
angiography and percutaneous interventions, along 
with a systematic review of the complications of 
therapy and the futuristic approach of gene therapy. 
These sections are followed by a section dedicated to 
the future directions of basic and clinical investiga- 
tion, along with another that provides an exhaustive 
glossary of relevant clinical trials, terms, and drugs 
that are in development bur not yet commercialized. 

Dr. Becker has done a masterful job of soliciting 
outstanding input from so many of the leading au- 
thorities on this subject. The superb content of the 
book is a direct relloction of the top-notch authors 
who have contributed to it. All of the pivotal aspects 
of coronary thrombosis are at least touched on, if not 
fully reviewed, in this textbook. 

The future of improved therapies directed against 
coronary thrombosis in the years to come is predi- 
cated on enhanced understanding of the current state 
of the art with a visionary eye toward where the field 
is headed. In this textbook, both of these notable 
objectives are fully met. There is no other book avail- 
able that ties together this important wealth of refor- 
mation, and undoubtedly this monograph will prove 
useful for not only cardiologists but also trainees and 
internists caring for patients with ischemic heart 
disease. 

XV 
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I • BIOCHEMISTRY OF I N T R A V A S C U L A R  

CLOTTING: FOCUS O N  THE 

PROTHROMBINASE COMPLEX 

Frederick A. Spencer and Richard C. Becket 

Prothrombinase Complex" - -  Assembly 
and Function 
The prothrombinase complex plays a pivotal role in 
the coagulation cascade. It is responsible for the pro- 
teolytic conversion of prothrombin to thrombin, 
which in turn is involved directly in the formation of 
fibrin, activation of platelets, and feedback activation 
of other components of the cascade. It is among the 
most thoroughly studied coagulation processes, and 
some have suggested that the mechanisms of 
prothrombinase assembly can serve as a model for 
understanding other components of the coagulation 
system. Prothrombinase assembly requires a platelet 
surface in vivo; thus, this stage of clotting involves a 
unique interaction between the protein-based coagu- 
lation cascade and platelet activity. Accordingly, the 
investigation and development of antithrombotic 
compounds has recently been directed toward 
prothrombinase. In this chapter we summarize the 
current understanding of prothrombinase assembly 
and function. 

Prothrombinase 
Prothrombinase is similar to other coagulation 
enzyme complexes and is composed of a vitamin 
K-dependent serine protease (factor Xa), a protein 
cofiactor (/;actor Va), a membrane surface, and 
divalent ions (Cae+). The assembly of prothrombinase 
on a membrane surface adjacent to membrane- 
associated prothrombin results in conversion of the 
prothrombin substrate to thrombin (factor IIa; 
Figure 1-1). Furthermore, a marked enhancement 
(-300,000-fold) in this conversion has been noted in 
reactions involving prothrombinase compared with 
those involving the serine protease factor Xa alone 
[1]. 

Factor X / X a  
Factor X is a vitamin K-dependent zymogen that has 
structural similarity to factors II, VII, and IX and to 
protein C. It is a 59,000-d glycoprotein that is syn- 
thesized as a single polypeptide chain but circulates as 
a two-chain protein following postsecretion proteoly- 
sis. Its serine protease resides at the COOH terminus, 
and the GLA domain is found at the NHe terminus (on 
the light chain). The GLA domain consists of 9-12 
glutamic acid residues that are carboxylated in a 
v i tamin-K~ependent  post-translational modifica- 
tion, This modification is necessary for factor X/Xa 
activity in vivo. Between the serine protease and GLA 
domain is the EGF domain, containing two epidermal 
growth factor-like regions [2,3] (Figure 1-2). 

Membrane Binding 
The GLA domain (also present in factors II and VII, 
and in protein C) is important for Ca "+ binding [4], 
which in turn induces conformational changes in the 
proteins that are required for membrane binding [5]. 
In factor X this domain contains approximately 20 
Ca -'+ binding sites. Multiple studies have shown that 
Ca -'+ binding results in conformational changes in both 
the heavy and light chains of factor X/Xa that are 
necessary for the binding of Xa to acidic phospholip- 
ids. Alteration or deletion of GLA domains results in 
an inability of factor Xa to bind phospholipid sur- 
faces. The factor X-membrane interaction has been 
shown to have a dissociation constant of 0.19 glmol/L 
[1]. Interestingly, this correlates with the reported 
plasma concentrations of factor Xa (-0.17 ~tmol/L). 

Activation 
The production of Xa from factor X can occur via one 
of two pathways (Figure 1-3). The first is mediated by 
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Intrinsic Pathway Extrinsic Pathway 

Xa Fibrinogen 
11 . . . .  ~ lla I~ 

C---+"2 ×'" ¢ 
Activated Phospholipid ~ Platelets L . ~ /  Soluble Fibrin 

Xllla } IP [ 

Fibnn Clot 

FIGURE L-l. Prothrombinase complex consists of serine 
protease factor Xa, protein cofactor Va, a phospholipid 
membrane surface, and calcium ions. This complex pro- 
motes the conversion of prothrombin to thrombin, which 
acts as a final mediator in both physiologic hemostasis and 
pathologic thrombosis. 

the action of an intrinsic Xase complex, consisting of 
fk<tor IXa, factor VIII, Ca -'+, and a phospholipid 
membrane. This complex effects a proteolytic cleav- 
age of factor X at a specific site (Arg~- I le  ~e) to pro- 
duce Xa [6]. It should be noted that there are many 
structural and functional similarities between intrin- 
sic Xase and the prothrombinase complex. 

Tbe second pathway is determined by the action of 
an extrinsic Xase complex composed of tissue factor 
(TF) associated with factor VII/VIIa and C f  + ions. 
The factor VIIa-catalyzed activation of factor X is 
dramatically enhanced by tissue factor. At plasma 
concentrations of factor X, the rate enhancement due 
to TF has been calculated to be -16,000-fold  [7]. 
Extrinsic Xase also acts by cleavage of factor X at 
Arg~- l l e  ~: to produce factor Xa. 

As noted in the review by Krishnaswamy et al. [8], 
the rate constant for activation of factor X by factor 
VIIa-TF is approximately 50 times lower than that 
for activation by the intrinsic Xase complex. Accord- 
ingly, although t'actor VI Ia -TF acts as the initiating 
catalyst for hemostasis by activation of factor X (as 
well as activation of factnr IX), it is likely that intrin- 
sic Xase acts to propagate coagulation by continued 
production of factor Xa. 

Factor V 
Factor Va serves as a protein cofactor in the 
prnthrombinase complex. It is derived from factnr V, 

NH;~ 
C a  *~ C a  ~ C a  +* r l n  
~ l l l l t l l l l l  ,% 

GLA 'region EGF 

~ ~  -- COOH 

GI,A: Glutamic acid residues, 9 12 per Xa molecule 
consist of -20 Ca ~ binding sites 

EGF: Epidermal growth factor domain 
similar to that seen in factors VII. IX, prutein C 

FIGURE 12. Illustration of the structural features of 
factor X. The carboxyglutamic acid domain (GLA region) 
consists of9-12 such residues per Xa molecule and provides 
approximately 20 Ca ~* binding sites. The epidermal growth 
factor-like region (EGF Domain) is structurally similar to 
that seen in factor VII, factor IX, and protein C. The serine 
prntease domain found at the carboxyl terminus is a highly 
conserved region found in all of the vitamin K dependent 
zymngens. 

Q 
nt nic / Exrinsic 
X a s e  , X a s e  

Ca ++ 

FIGURE 1-3. Schematic representation of fb.ctor X activa- 
tion. Factor X may be converted to factor Xa by peptide 
bond cleavage at Arg ~ lie 52 from either the intrinsic Xasc 
complex (factor VlI[a-iXa) or the extrinsic Xase complex 
(factor Vlla-tissue factor). 

a single-chain glycoprotein of M W  330,000d [9] 
and is composed of three A domains at the N H ,  
terminus, two C domains at its C O O H  terminus, 
and a connecting B region. Factor V is similar in 
structure to another plasma cofactur, factor Vll l  
(Figure 1-4). 

It should be noted that 2()-255J of blood factor V 
is stored within the ~ granules ofplatelets as multiple 
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NH2 Ai A2 B A 3 C1 (22 COOH 

I 
Activation via Ila, Xa 

NH2 [ - ~  ~ Nonconvalently 
~ ~ ~ associatedin 

COOH ~ presence of Ca *+ 

FIGURE 1-4. Factor V is similar in structure to another 
plasma coagulation cofactor-factor VIII. During the forma- 
tion of factor Va from factor V in the presence of factor Ila 
or factor Xa, a large portion of the central connecting region 
is released as activation fragments. The resulting two sub- 
units are held together by noncovalent associations in the 
presence of calcium ions. 

peptides [10]. As a result, a large portion of factor V 
in vivo is highly concentrated in <0.2% of blood 
volume [11]. It is not completely clear to what extent 
the roles of plasma and platelet factor V overlap. 
There is indirect evidence that platelet factor V plays 
a significant role in hemostasis. A study by Rand et al. 
showed that platelet factor Va is the major phospho- 
protein secreted and phosphorylated after o~-throm- 
bin stimulation of platelets [12]. It has been 
demonstrated that o~-thrombin activation of platelet 
factor V results in a heavy/light chain complex similar 
to that derived from plasma factor V. Finally, mul- 
tiple studies have linked a deficiency ofplatelet factor 
V to a hemorrhagic diathesis [11,13]. 

Binding Characteristics 
Unlike factor X/Xa, the binding of factor Va to mem- 
brane phospholipid is a Ca2+-independent process. 
Interestingly, factor Va's binding affinity for phos- 
pholipid surfaces is -10  times greater than that of 
factor Xa or thrombin [14]. Several authors have 
determined that binding of factor Va to the platelet 
membrane involves the cofactor's light chain [14- 
16]. A study by Kalafahs et al. delineated this inter- 
action further [17]. Their findings suggest that two 
regions of factor Va's light chain interact with the 
platelet membrane's lipid bilayer. The first binding 
site is a 30,000-d fragment of factor Va on the A 3 
domain. This region interacts with phospholipid 
vesicles containing neutral phospholipid (i.e., phos- 
phatidylcholine). The second site is a 46,000/48,000- 
d fragment at the COOH terminal portion. This 

region interacts with membranes consisting of both/ 
either anionic or neutral phospholipids. Thus the A~ 
domain of factor Va is responsible for the interaction 
of the molecule's light chain with the lipid bilayer, 
involves hydrophobic interactions, and requires neu- 
tral phospholipids. The COOH-terminal site may be 
responsible for absorption of the light chain to the 
bilayer, involves Ca2+-independent electrostatic 
interactions, and is independent of phospholipid 
composition. 

Stop-flow kinetic studies examining the binding of 
factor Va to phospholipid vesicles found that this 
reaction occurred at a rate close to the diffusional 
controlled rate and had a very high cotlisional effi- 
ciency [ 18]. Similar observations have been reported 
with the binding factor Xa to phospholipid mem- 
branes [19]. Accordingly, it has been proposed 
that the rate-limiting step for prothrombinase com- 
plex formation is protein-membrane interactions 
(rather than the protein-protein interactions) [20]. 
This is discussed in a subsequent section on complex 
assembly. 

Activation 
Factor Va is derived by proteolysis of factor V. It has 
been well established that thrombin is a potent acti- 
vator of factor V and results in a 20- to 80-fold 
increase in cofactor activity [21-23]. Once generated, 
factor Va, in turn, enhances the rate of prothrombin 
conversion by a factor o f - I  3,000. Factor Va is a two- 
chain molecule that is noncovalently associated in the 
presence of Ca e+ ions [18,22,24,25] with a dissocia- 
tion constant of 5.9 × 10-gmmol/L [26]. The heavy 
chain (105,000d) contains the NH 2 terminus and 
includes the A~ C~C 2 domains. 

Given that factor Va (as part of prothrombinase) is 
required for thrombin generation in vivo, the ques- 
tion that arises is, How is factor Va generated initially 
if thrombin is not present? Prior work by Nesheim et 
al. demonstrated that factor V has 1/400 the activity 
of activated factor Va. Thus, it is possible that factor 
V acts as cofactor initially and generates enough 
thrombin to start feedback activation of factor V to 
Va [23]. Another possibility is that other activators of 
factor V exist in vivo. This concept has been addressed 
by Foster et al. [27]. Cofactor V activation was as- 
sessed by monitoring the conversion of prothrombin 
1 to thrombin in the presence of 5-dimethylamino- 
naphthalene-  i -sulfonylargi  nine- n-(3-et hyl- 1,5- 
pentanediylamide) (DAPA). DAPA can act as a 
fluorescent marker for the production of thrombin 
in various reactions. In this instance, it also acted 
to attenuate feedback activation of factor V by 
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even small amounts of thrombin formed within the 
system. 

The authors proposed that factor Xa may, in fact, 
be responsible for initial activation of factor V to Va. 
In an elaborate series of experiments, factor V was 
incubated with Xa in the presence of phospholipids, 
Ca e+, and DAPA. Immunoabsorption was used to 
clear the system of factor Va and thrombin. It was 
determined that the addition of factor Xa affected 
conversion of factor V to Va with a rate constant of 
O.14mol factor Va/min/mol of factor Xa. A value of 
l 1.9 mol of factor Va/min/mol, using thrombin for 
conversion, was fotmd under similar conditions. Thus 
factor V actiwition by thrombin is -lO0-fold faster 
than factor Xa. 

However, it was also shown that in the absence of 
thrombin, factor Xa is solely responsible for factor Va 
production. As thrombin is generated it gradually 
assumes the role of a factor V activator. It should be 
noted that while most of the products of factor Xa- 
catalyzed activation of factor V differ from those of 
thrombin-mediated activation, there is one compo- 
nent (9,l,O00d) produced by both. lmmunoprecipita- 
tion experiments suggest that this component is 
one of the two subunits of factor Va. Lastly, it is 
important to acknowledge that whichever protein 
produces factor V to factor Va activation (factor Xa or 
tactor Ila), the resulting product is equally effective 
as a cofactor in the prothrombin 1 to thrombin 
conversion. 

Phospholipid Membrane 
The structure, binding, and activation of factors V/Va 
and X/Xa have already been discussed. It is important 
to appreciate that the phospholipid membrane surface 
is an integral part of the prothrombinase complex; 
without it the catalytic efficiency/function of this en- 
zyme would be Inst. Early studies by Barton and 
I-tanahao illustrated the importance of the clinical 
and physical properties of membranes in coagulation 
reactiuns [28]. Subsequent experiments by Higgins et 
al. examined the influence of membrane fluidity on 
prothrombinase complex assembly using phospbo- 
lipid vesicles with high- and low-phase transition 
temperatures [29]. It was fuund that prothrombin 
activation lagged when measured in a system using 
nnnflt, id t~host~holipids. This lag was eliminated by 
preassembling the enzyme complex prior to initiation 
with prothrombin, suggesting that complex assembly 
can be rare limiting. 

It has also been shown that the assembly and activ- 
ity of prothrombinase is dependent on the presence of 
acidic phosphnlipids at the membrane site. In viw~ 

the cellular membrane surfaces do not naturally 
offer an acidic phospholipid surface; this must occur 
by translocation of acidic phospholipid head groups 
after cell activation [61. Once a coagulation reaction 
has generated small amounts of thrombin, platelets 
are activated and produce the required acidic 
phospholipid environment. Mechanically injured en- 
dothelial cells also express an acidic phospholipid 
surface. 

A number of possible cellular sites for prothr- 
ombinase assembly have been identified [30,31]. 
Monocytes, lymphocytes, neutrophils, and platelets 
are as kinetically efficient as phospholipid vesicles in 
supporting prothmmbinase assembly. Endothelial 
cells can also support assembly, but quantitatively 
endothelial cell prothrombinase activity is modest 
relative to its membrane area [32]. Therefore, initia- 
tion of thrombin activation can occur on endothelial 
membranes, but it is unlikely that this surface sup- 
ports propagation of the process. 

Prothrombinase Complex Assembly 
The interaction of each individual component of the 
prothrombinase complex has been a subject of intense 
research over the past two decades. Understanding 
the events is important because prothrombinase, once 
fully assembled, is approximately 300,000 times 
more active than factor Xa alone for the conversion of 
prothrombin to thmmbin. Therefi~re, relevant activa- 
tion of thrombm in vivo occurs only in tile presence 
of a fully assembled prnthrombinase ~omplex 
(Table 1 - 1 ). 

Studies of prothrombinase complex reconstituted 
from purified components indicated that it consists of 
1 tool factor Xa to 1 mole of factor Va on a phospho- 
lipid vesicle surface in the presence of Ca :+ ions 
[23,33-35]. As previously discussed, t[lctor Xa binds 
to the membrane expressing acidic phosphulipid in a 

- 2 +  - • Ca -dependent ~ashmn. Factor Va binds to the mere- 
2+ . brahe in a Ca -,ndependent manner. 

To fully understand prothrombinase assembly and 
activity, the mechanics of factor Xa and tactor Va 
interactions, the role that each plays in membrane 
binding, and how the complex interacts with its sub- 
strate, thrombin must first be understood. It has been 
clearly demonstrated that factor V is required for the 
binding of factor Xa to platelets because platelets 
treated with factor Va antibody or platelets from fac- 
tor V~:leficient individuals show decreased factor Xa 
binding. A study by Kane et al. used DAPA to pre- 
vent thrombin-induced platelet activation during 
fiactor Xa-platelet binding [56] studies. They deter- 
mined that nonactivated platelets would not brad 
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TABLE 1-1. Relative rates of prothrombinase 
activation in the presence of various combina- 
tions of the components of prothrombinase complex 

Components present ~ Relative rate (%)b 

factor Xa, Ca ~'+, phospholipid, 100 
factor Va 

factor Xa, Ca 2., factor Va O. 13 
factor Xa, Ca -'+, phospholipid 0.008 
factor Xa, Ca "÷ 0.0007 
factor Xa 0.0003 

* Proteins were present at potential physiological concentrations: prothrom- 
bin, - I 0  ~'moltL; factor V, - 1 0  *moFL; factor Xa, -10  9n~o[/g. Phospho- 
lipid is present at a concentration adequate to saturate the reaction 
I, Expressed in comparison v¢ith proihrombinase. 
Reprinted with permission from Mann er al. [6]. 

factor Xa, even in the presence of exogenous factor V. 
However, unstimulated platelets incubated with bo- 
vine factor Va will bind Xa with the same affinity and 
number of binding sites as thrombin-stimulated 
platelets. The investigators concluded that factor V 
activation is necessary for platelet factor Xa binding 
and that the sites required for binding are present on 
unstimulated platelets. 

Thrombin stimulation of platelets promotes factor 
Xa binding by activation of factor V to Va, not by new 
expression of a unique platelet Xa binding site. A 
number of studies have suggested that factor Va may 
act as the receptor for factor Xa on the platelet surface 
[37-40t. Investigators at the University of Vermont 
set out to determine if factor Va could truly act as the 
"'receptor" for factor Xa binding. Their prior work 
had already delineated the binding of factors V and 
Va to platelets [41]. They found -800-900  high- 
affinity factor Va binding sites (dissociation constant, 
- 4  × 10 raM) and also a class of lower affinity binding 
sites (dissociation constant, - 3  × 10 9M) shared by 
both factors V and Va. Platelet activation was not 
found to have any effect on the binding of factors V or 
Va to platelets. 

To delineate if factor Va was the receptor for factor 
Xa binding, a series of simultaneous binding mea- 
surements of bovine factor Va and factor Xa to 
unstimulated platelets, immunochemical assays of 
the reaction, and kinetic studies were performed [3 l ]. 
They found that factor Xa receptor sites were present 
on unstimulated bovine platelets, that factor Va and 
factor Xa interact with platelets in a l : 1 stoichiom- 
etry (and with high affinity), and that high-affinity 
factor Va platelet sites likely represent factor Xa 
binding sites (if not an actual receptor per se). They 
also determined that unactivated factor V will pro- 

mote the binding of factor Xa to platelets, albeit at a 
reduced level. The authors point out this would be 
physiologically important because factor V is likely to 
be associated with unstimulated platelets at plasma 
concentrations of factor V [41,42t. Thus, factor V 
platelet sites may bind small amounts of factor Xa, 
and, as suggested earlier, factor Xa could, in turn, 
activate factor V to Va. Following this, increased 
amounts of factor Xa would be bound, more factor Va 
could be generated, and thrombin would be pro- 
duced. Eventually enough thrombin would be pro- 
duced to take over the role of activation of factor Va 
and the reaction would be able to proceed at full force. 

In summary, while the binding of factors Va and 
Xa to the membrane surface can occur as independent 
events, interaction between the two (protein-protein) 
within the prothrombinase complex increases the 
affinity of each factor's interaction with tile mem- 
brane -100-fold [43]. Similarly, the interaction be- 
tween factor Va and factor Xa may be strengthened 
by the presence of membranes. Binding studies of 
prothrombinase assembly give a dissociation constant 
for factor Va and factor Xa interaction on mem- 
branes o f -1  nmol/L [23,31,44], which is 1000 times 
greater than that of factor Va and factor Xa in 
solution [43]. 

There is compelling evidence from kinetic and 
equilibrium studies for the existence of the 
prothrombinase complex. However, experiments de- 
tecting direct physical interactions between factors 
Xa and Va and a phospholipid surface have only re- 
cently been performed. Studies conducted at the Uni- 
versity of Vermont made use of a potent irreversible 
inhibitor of factor Xa, dansyl-glutamylglycl 
arginylchoromethyl-ketone (DEGR) [45]. This agent 
also acts as a fluorophore, and thus allows the use 
of fluorescence polarization to investigate the actual 
assembly of prothrombinase. 

In brief, factor Xa-DEGR produces a characteristic 
fluorescence excitation spectra, whose intensity at cer- 
tain wavelengths is altered with the addition of factor 
Va to mixtures of DEGR, factor Xa, Ca '+, and phos- 
pholipid. Previous work had demonstrated no such 
changes in intensity with "intermediate" mixtures of 
components (i.e., DEGR.Xa, DEGR.Xa plus Va, 
DEGR.Xa plus phospholipid, etc.), which do not 
result in prothrombinase formation. Changes in 
fluorescent intensity result on assembly of the 
prothrombinase complex due to perturbation in 
the fluorophore (DEGR.Xa). Because DEGR is 
known to be covalently incorporated into factor Xa's 
active site, this suggests that this site is detectably 
altered on incorporation of factor Xa into 
prothrombinase. 
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FIGURE 1-3. Schematic representation of the pathways for 
prothrombin activation. The activation of prothrombin to 
o.-thrombin involves the cleavage of two peptide bonds in 
the zymogen. A reaction proceeding via steps l and 2 
(cleavage at Arg:'CThr e'' tbllowed by cleavage at Arg ~'~- 
lie ~e*) yields prethrombin 2 and fragment 1.2 as intermedi- 
ates. A reaction proceeding via steps 3 and 4 (cleavage at 
Arg~>-l[e ~:~ fi~llowed by cleavage at Arg e:~ Thr ':~) yields 
meizothrombin as an intermediate. Prorhrombin activation 
catalyzed by solution-phase factor Xa proceeds exclusively 
via steps 1 and 2, while the reaction catalyzed by 
prothrombinase proceeds via steps 3 and 4. (Reprinted with 
permission from Mann et al, [3].) 

Thus using DEGR.Xa as a fluorescent "reporter" 
for the actual assembly ofprothrombinase, the kinet- 
ics of assembly were systematically studied. Specifi- 
cally, stopped-flow kinetic studies of assembly using 
saturating concentrations of Ca 2+ ions, phospholipid 
vesicles, factor Va, and DEGR.Xa were performed. 
The rate of actual complex formation was found to 
depend on the premixing protocol used to initiate 
assembly. The most rapid assembly was obtained 
mixing factor Va with preformed DEGR.Xa- 
phospholipid. The rate of assembly was limited by the 
initial reaction between factor Va and the available 
combining sites on the vesicle (dissociation constant, 
5.7 x 1Om*s L) followed by very rapid reactions 
between phospholipid-bound DEGR.Xa and 
phnspholipid-bound factor Va (dissociation constant, 
>1 x 10-'m-~s-~). Reaction rates by reacting 
DEGR.Xa with preformed Va-phospholipid complex 
or by reacting phospholipid vesicles were lower and 
were inhibited by increasing concentrations of factor 
Va. The authors thus conclude that the formation of a 
separate factor Va-phospholipid complex and a sepa- 
rate DEGR.Xa-phospholipid complex were prerequi- 
sites fnr prothrombinase assembly. A model of 
prothrombinase assembly complex assembly was then 
proposed as follows. 

Assembly proceeds via formation of separate factor 
Xa-phospholipid and factor Va-phospholipid com- 
plexes, with the association of factor Xa or factor Va 
with phospholipid acting as the limiting step. Rates 
of these association/dissociation reactions indicate 
that formation of these initial complexes proceeds at 
near diffusion-limited rates (Figure 1-5) [45] and at 
high collisional efficiency (almost every factor Xa or 
factor Va collision with a phospholipid vesicle leads 
to a productive protein-membrane complex). 
Following these reactions, it is proposed that the 
separate complexes react by as yet unspecified rear- 
rangements of factor Va and factor Xa on the vesicle 
surface. 

This model is attractive for several reasons: (1) It 
suggests that prothrombinase assembly occurs in a 
highly localized manner on a membrane site, thus 
enhancing catalytic efficiency; (2) constituents do not 
need to detach and reattach from the membrane's 
surface for successive reactions; and (3) constituents of 
the reaction are relatively protected from high plasma 
concentrations of coagulation inhibitors. 

In an attempt to expand knowledge of how proth- 
rombinase assembles in vivo, Swords and Mann stud- 
ied its assembly on adherent plarelets [46]. They 
hypothesized that in vivo platelets function by first 
adhering to a damaged vascular site and that study of 
platelets adherent to immobilized van Willebrand 
factor was a reasonable simulation of this process. 
Using fluorescent probes, total internal reflection 
spectroscopy, and electron microscopy, a number of 
important observations were made regarding the me- 
chanics of prothrombinase assembly. It was deter- 
mined that factor Va binds to adherent platelets and 
activated adherent platelets with a similar dis- 
sociation constant o f -58  nmol/L. However, factor Xa 
displayed only minimal platelet binding prior to 
platelet activation. Once platelets were stimulated 
with thrombin, factor Xa binding markedly increased 
and, in fact, was not saturable. As might be expected, 
the binding of factor Xa to unstimulated adherent 
plarelets was dependent on the presence of added 
factor Va (thus, adherence alone did not cause release 
of platelet factor Va). After thrombin stimulation, 
factor Xa bound readily without the addition of exog- 
enous factor Va. 

Direct observation of complex assembly on mem- 
branes was achieved through detection of energy 
transfer between fluorescein-labeled factor Va and 
rhodamine-labeled factor Xa. An estimated dissocia- 
tion constant of 4 nmol/L for the factor Va-factor Xa 
interaction on platelt membrane surfaces was deter- 
mined. Thrombin stimulation of platelets prior to 
assembly resulted in a slight decrease in energy 
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FIGURE l-6. Schematic representation of the reaction steps 
required for prothrombinase assembly. Prothrombinase 
assembly on the phosphatidyl choline-phosphatidyl serine 
(PCPS) vesicle surface proceeds after initial reactions that 
yield separate factor Xa-PCPS and factor Va-PCPS binary 
complexes on the same membrane surface. The PCPS- 
bound proteins then react rapidly on the vesicle surface to 
form prothrombinase, (Reprinted with permission from 
Krishnaswamy er al. [8].) 

transfer, possibly secondary to competition of the 
exogenous fluorescent-labeled factor Va and endog- 
enous platelet Va for factor Xa. Overall, it appears 
that adherent platelets and thrombin-stinmlated 
adherent platelets support equivalent binding of the 
prothrombinase complex. It is still not known if the 
activity of prothrombinase is dependent on platelet 
activation in vivo; this has been reported for human 
platelets in suspension [31], Use of these techniques 
may help answer this important question. 

Prothrombin Activation 
As previously discussed, the interaction of fully 
assembled membrane-based prothrombinase and 
membrane-based prothrombin results in increased 
catalytic efficiency for the conversion of proth- 
rombin to o~-thrombin. It should be noted that pro- 
thrombin activation may proceed by several pathways 
(Figure 1-6). It has been determined that activation of 
membrane-bound prothrombin by membrane-bound 
prothrombinase appears to follow the second pathway 
depicted, specifically cleavage at Arg 323 followed by 
cleavage of Arg 274, with meizothombin as the inter- 
mediate product. This is opposed to findings of earlier 
studies in which factor Xa (in solution) was reacted 
with prothrombin and subsequent activation fol- 
lowed the first pathway. Interestingly, the pathway 

by which prothrombin is activated depends not only 
on prothrombinase as the effector but also on the 
membrane-based characteristics of prothrombin. 
Prothrombin with altered membrane binding proper- 
ties (achieved via deletion of greater than two 
carboxygluthamic acid residues) will be activated by 
prothrombinase via the first pathway only. 

The actual interaction of prothrombin and 
prothrombinase on the membrane surface remains to 
be delineated. Many of the techniques used to unravel 
the interaction of factor Va, factor Xa, Ca '+, and 
membrane to form prothrombinase can be applied to 
answer this question as well. As reviewed by Mann et 
al. [43], a point of contention is whether prothrombin 
binds to the membrane prior to interaction with 
prothrombinase or is delivered directly to the enzyme 
complex from plasma. 

In summary, assembly of the prothrombinase com- 
plex requires a series of interactions between the acti- 
vated state of its major components - -  serine protease 
Xa, protein cofactor Va, and an acidic phospholipid 
surface. Extensive studies of the mechanics of this 
process favor a model in which factor Va and factor Xa 
each bind the phospholipid surface immediately prior 
to their interaction, to form prothrombinase. How- 
ever, these binding events are by no means indepen- 
dent of each other. Kinetic analyses of the reactions 
involved reveal a marked codependency, that is, the 
rate of factor Xa-phospholipid binding is enhanced 
by the presence of factor Va and vice versa. Similarly, 
the reaction rate between factor Va and fiactor Xa is 
negligible without a phospholipid surface. 

Following formation of prothrombinase, pro- 
thrombin can be converted to thrombin at a 300,000- 
fold increased rate compared with conversion with 
factor Xa alone. Analogous to prothrombinase assem- 
bly, this reaction requires a prothrombinase- 
phospholipid and prothrombin-phospholipid com- 
plex prior to any significant interaction between the 
two. Indeed, several investigators have suggested that 
understanding the mechanics of prothrombinase as- 
sembly may provide the key to understanding several 
other key coagulation complexes. 

Wi th  increased knowledge of the assembly and 
function of prothrombinase has come an interest in 
new agents that can act specifically at this step to 
inhibit coagulation. Such agents would exert their 
effect at a point prior to the generation of substantial 
amounts of thrombin. In theory, this would markedly 
reduce the effect of thrombin's positive feedback/ 
amplification on the coagulation cascade. Unlike 
thrombin-specific agents, incorporation, and thus 
protection, of the intended substrate into a clot would 
not be a concern. 
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2. PLASMA C O A G U L A T I O N  FACTORS 

Pamela Sakkinen and Russell P. Tracy 

Overview 
The role of thrombosis in precipitating acute cardio- 
vascular disease (CVD) events has been well known 
since the early 1970s [ 1 ]. It is now becoming increas- 
ingly apparent that thrombosis may also be involved 
with the chronic development of CVD [2~i]. Clot 
formation or thrombosis can be conceptualized as a 
balance between procoagulant and anticoagulant and 
fibrinolytic forces [5] (Figure 2-1). Although some 
factors, such as thrombin, may have more than one 
role, this "pseudoequilibrium" provides a schema for 
assessing the relative coagulant balance. 

Traditionally the hemostatic system has been di- 
vided into intrinsic and extrinsic pathways, which 
come together at the prothrombinase complex in a 
common pathway. The components of the intrinsic 
system are contained entirely within the vasculature, 
whereas the extrinsic system involves components 
from both the blood and the vasculature itself. There 
are interactions between components of the intrinsic 
and extrinsic pathways, however, and this division 
does not exist strictly in vivo. Tissue factor (TF)-- 
factor VlIa complex, the major trigger to coagulation, 
activates small amounts of both factor IX of the in- 
trinsic pathway and factor X of the common pathway 
[6] (Figure 2-2A). Activation of factor X to factor 
Xa and of prothrombin to thrombin results in 
autoamplification through activation of the obligate 
cofactors, factors V and VIII, of factor VII by throm- 
bin, and of factor Xa. Thrombin further activates 
platelets to provide cellular binding sites for the as- 
sembly of vitamin K~lependent  protein (VKDP) 
complexes and catalyzes activation of factor XII1. 
Measurements of prothrombin fragment 1-2 (F1-  
2), thrombin-anti thrombin complexes (TAT), a n d  

fibrinopeptide A (FPA) provide indices of thrombin 
generation, neutralization, and action, respectively. 
Activation peptides, released when a zymogen is acti- 
vated to an enzyme, can also be quantitated as mea- 
sures of enzymatic activity [71. 

While the classic model of the clotting cascade has 
provided a logical understanding of hemostasis, it is 
evident that it does not account for various clinical 

coagulation pathologies, for example, the bleeding 
diatheses experienced by hemophiliacs. A study at- 
tempting to simulate in vivo conditions has proposed 
that factor Xa produced on tile phospholipid surface 
has a different role than factor Xa produced by the 
TF-factor VIIa complex [8]. The inactivation of fac- 
tor Xa by tissue factor pathway inhibitor (TFPI) has 
also been postulated to interfere with the extrinsic 
pathway in vivo [9]. Alternatively, Mann and col- 
leagues have proposed a model of factor X activation 
based on kinetic experiments in systems containing 
elements of both pathways, which provides a plau- 
sible explanation for the bleeding that occurs in the 
factor VIII and IX deficiencies (Figure 2-2B) [10]. 
The key to this model is the activation of factor IX 
through an inactive intermediate, factor IXOt. Factor 
IXOt is initially produced by the small amount of 
factor Xa formed by the TF-factor VIIa complex. 
Once factor IXot is formed, it becomes the preferred 
substrate of TF-factor VIIa. Action of TF-fiactor Vlla 
o n  the intermediate factor IX produces factor IXa 
(factor IXal3). From this point on, the factor IXa-  
factor Villa complex exceeds the TF-factor VIla com- 
plex in the generation of factor Xa. Therefore, 
deficiencies of factors IX or VIII under normal 
physiological conditions would result in inadequate 
hemostasis. 

A common theme in major reactions of the coagu- 
lation cascade is the role of the phospholipid surface 
[11]. The Xase complex (factor IXa-factor Vllla), as 
well as the prothrombinase and protein case reactions, 
are  localized to a phospholipid surface. The compo- 
nents of the reaction include a vitamin K-dependent 
(VKD) enzyme, a cofactor protein that binds the en- 
zyme, lipid surface, and ionized calcium (Figure 2-3). 
Although the components of each reaction are sub- 
strate specific, they assemble in similar patterns and 
provide the same advantage - -  amplified kinetic rates 
of reaction through a localized reaction complex pro- 
tected from plasma dilution and plasma inhibition 
factors [12,13] (Figure 2-4). It is thought that physi- 
ologically the Xase and prorhrombinase reactions 
occur on the same phospholipid surface, with the 

15 
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FI(}URE 2-2. A: The traditional view has the intrinsic and 
exmnsic pathways coming together at the activation of 
factor X. Newer information suggests that TF-factor Vlla 
activates factor [X to fa.ctnr IXa as well. The model of Mann 
and colleagues (B) proposes that an intermediate form of 
factor IX (factor IX Or) is preterred by TF fitctor Vlla over 
thcttlr X. The action of fitctnr [Xo~ results in the fnrmation 
ot fi~ctnr [Xa. Factor IXa is then responsible for the majority 
of f~l~tor Xa tnrmed. Obligate co[~ctors are shown in 
parentheses. 

product of the first reaction becoming the enzyme of 
the second, but this has not been demonstrated in 
vivn [1 ~,]. 

The major role of thmmbin  as a procoagulant is to 
enhance the hydrolysis of fibrinogen to form fibrin. 
Thrombin acts sequentially at the amino terminus of 
fibrmogen, initially cleaving the two A-o. chains of 
fibrmogen, followed by excision of terminal peptides 
of the two B-[~ chains, releasing FPA and FPB pep- 
tides, respectively. Although other enzymes, such as 
tissue plasminogen activator (t-PA), can catalyze the 
site-specitic hydrolysis of fibrinogen, resulting in for- 
marion of fibrin monomer 1, they do so relatively 

FIGURE 2-1. Thrombosis as a pseudoequilibrium between 
pro- and anti-coagulant and fibrinolytic factors. Increases m 
procoagulant or antifibrinolytic factors rawer thrombosis, 
whereas anticoagulant and protibrinolytic fhctors prevent 
clot formation and enhance clot dissolution, respectively. 

slowly, and the measurement of FPA is felt to be 
specific for thrombin activity. Fibrin monomer II can 
be crosslinked by fiactor XIl la  to form stable fibrin 
strands [14]. 

Fibrin polymerization occurs in sequential steps. 
First, exposure of the new N termini results from 
cleavage nf the A-Or and B-~ chains of fibrinogen in 
the central region of the molecule. These new N 
termini bind weakly to the terminal D domains of the 
fibrin II monomers. Factor Xll la  catalyzes bond for- 
mation between terminal D domains. The final step of 
fibrin polymerization is covalent crosslinking of the o~ 
chains. 

There are four major proteins involved in the regu- 
lation of coagulation: TFPI, protein C, its cofactor 
protein S, and ant i thrombin lll (AT III; Figure 2-5). 
In vitro studies have demonstrated that TFPI inhibits 
factor Xa, and TF-factor  VIIa in a factor Xa- 
dependent reaction [15], and animal studies have 
shown that decreased levels of TFPI predispose to 
coagulation [ 16,171. Measurement of levels in human 
populations in various states of health and disease, 
however, have been less straightforward in defining 
an in vivo anticoagulant role for TFPI. Whereas 
some studies have shown an elevation of TFPI in 
procoagulant states [18-20] ,  suggesting TFPI in- 
creases to compensate for increases in procoagulant 
activity, others have shown decreased or normal levels 
of TFPI in thrombotic disease {20-22]. Recent data 
from cross-sectional analysis arc consistent with TFPI 
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FIGURE 2-3. Major reactions of the coagulation cascade and 
the role of the phospholipid surface. The Xase complex, 
prothrombinase, and protein case reactions are localized to 
the phospholipid surface. (From Bovill E, Mann K, Lawson 
J, et al. Biochemistry of vitamin K: Implications for war- 
farin therapy. In Ezeknwitz M (ed). Systemic Cardiac Em- 
bolism. New York: Marcel Dekker, 1994: 31-54, with 
permission.) 

functioning as an inflammation-sensitive protein, as 
well as an anticoagulant protein (P Sakkinen, manu- 
script in progress). 

Thrombin  binds thrombomodulin,  and this com- 
plex (the protein case complex) activates protein C 
to activated protein C (APC) [23]. APC then inacti- 
vates Factors Va and Villa.  Protein S circulates in 
an active free form and an inactive form bound to 
C4B-binding protein of  the complement  system. 
The active free form functions as a cofactor for APC 
[23]. Plasminogen activator inhibitor-3 (PAI-3) of 
the fibrinolytic system, ot2-macroglobulin, and ~ , -  
antitrypsin are all capable of inactivating APC. AT 
III, as previously noted, inactivates predominantly 
factors Xa and thrombin,  in a heparin- or cellular- 
heparan~lependent  manner. 

We  have observed elevated protein C and AT III 
levels with active heart disease in cross-sectional 
analysis (P Catlas, manuscript in progress), as have 
others [24]. It seems likely that they are upregulated 
through a homeostatic mechanism in procoagulant 

B. RATES OF PROTHROMBIN ACTIVATION 
IN PRESENCE OF VARIOUS COMBINATIONS 

OF THE PROTHROMBINASE COMPLEX 

COMPONENTS PRESENT* RATE OF ACTIVATION f 

Xa 0.004 
Xa. Ca ++ 0.01 

Xa, Ca ++, phospholipid 0.09 
Xa, Ca ++, Va 1.55 

Xa, Ca ++, phospho{ipid, Va 1210.00 

"Proteins are present at potenhal phs, siolol,li( concentration: 
prolhrombin - 10 -6 M; lactor Va - 10"8"M; factor 
Xa - 10 -9 M. Pbosphofipld is present at a concenlrahon adequale 
to saturale the reaction 

tRates are expressed as moles of Ihrombm/mnn/M ol factor ×a. 

FIGURE 2-4. Influence of selected elements of the 
prothrombinase complex on the rate of activation of [:actor 
Xa. (From Mann K. The assembly of blood clotting com- 
plexes as membranes. Trends Biochem Sci 12:229 253; 
1987, with permission.) 
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FIGURE 2-5. The anticoagulant proteins: Protein C (actu- 
ally the activated form, activated protein C or APC), tissue 
factor pathway inhibitor (TFPI), and antithrombin 1II 
(ATIII) inhibit thrombin and factor Xa generation. APC 
with protein S acts through inhibition of cofactors Va and 
Villa, while TFPI inhibits factor Xa directly and factor 
VIIa-TF in a factor Xa-dependent manner. ATIII, in the 
presence of cellular heparans or exogenous heparins, inhib- 
its both factors Xa and Ila directly. The obligate cofactors 
are shown in parentheses. Inhibition is indicated by dotted 
lines. 

states. Although this reasoning is intr iguing,  a 
mechanism has not yet been defined. 

Deficiencies of protein C, Protein S, and AT III, in 
contrast to TFPI, are clearly associated with an in- 
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~reased risk of venous thromboembolism in popula- 
tion studies [25,26]. In normal nondiseased arteries, 
the rapid blood flow dilutes coagulant factors, as 
well as the anticoagulant proteins, so that deficiencies 
of anticoagulant proteins have been associated 
with venous thromboembolism, and not arterial 
thrombosis. Factors that lead to disturbed arterial 
flow or result in endothelial damage have been associ- 
ated with an increased risk of arterial thrombosis. 

The most common cause of hereditary throm- 
bophilia, resistance to APC, was described in 1993 
[27,28], APC resistance is a laboratory finding in 
which there is less prolongation of the clot time with 
added APC than might be expected. Most cases of 
APC resistance are due to factor V Leiden, a mutation 
of the second domain of the factor V gene (base sub- 
stitution of G to A at nucleotide position 1691 ) [29], 
resulting in markedly decreased degradation of 
plasma factor V [29,30], and platelet factor V [31] by 
APC. This mutation theoretically results in a biologi- 
cal picture similar to protein S or protein C defi- 
ciency, with the caveat that factor VIII degradation is 
not impaired with factor V Leiden. Similar to defi- 
ciencies of the anticoagulant proteins, prospective and 
cross-sectional studies have demonstrated no associa- 
tions between factor V Leiden and ischemic myocar- 
dial or stroke events [32-35]. Interestingly, a recent 
abstract reported an association between arterial 
thrombosis and APC resistance in patients negative 
fbr the factor V Leiden mutation [36]. This suggests 
that sources of APC resistance, other than factor V 
Leiden, may play important roles in arterial disease. 

However, many patients heterozygous for protein 
C deficiency or factor V Leiden exhibit no throm- 
bophilic manifestations. Heterozygous protein C deft- 
ciency has a prevalence of I out of 200 healthy 
asymptomatic donors [37], heterozygous factor V 
Leiden a prevalence of approximately 5 out of 100 
[28,38]. Bovill et al. examined a kindred of 184 
members, which included a number of members het- 
erozygous for protein C deficiency [25]. They found 
positive thrombotic histories in only 13 of 46 family 
members with biochemical deficiencies of protein C, 
and in 5 of their unaffected relatives. There was no 
significant difference in the prevalence of protein S or 
AT III deficiency between members with thrombosis 
and those who were asymptomatic. These results led 
them to suggest that although heterozygous protein 
C deficiency is a risk factor for venous thrombosis, 
additional factors (e.g., an endothelial cell defect 
leading to decreased production of thrombomodulin; 
or diminished activity of the fibrinolytic system) 
may be required for expression of the thrombophilic 
phenotype. 

Regarding factor V Leiden, phenotypic heteroge- 
neity has been reported among homozygous subjects, 
as well as heterozygous carriers. One family with four 
homozygous siblings reported that half had experi- 
enced no thrombotic disease by approximately 30 
years of age, while the other two had experienced 
severe thrombotic disease [39]. Among heterozygous 
patients who had experienced prior thrombosis, a re- 
cent retrospective study examining the recurrence of 
thrombosis in patients with and without factor V 
Leiden found no significant difference in recurrence of 
events between patients heterozygous for factor V 
Leiden and control patients [40]. Further work is 
needed to establish the influence of factors that pre- 
dispose patients to express thrombophilia in order to 
adequately counsel patients and their families on the 
full implications of their genotype. 

Structural Considerations 
The vitamin K~Jependent factors (VKDF: Factors II, 
VII, IX, and X; protein C and protein S) are structur- 
ally similar [41] (Figure 2-6). The amino terminus 
of each factor contains 9-12 glutamic acid residues, 
which undergo posttranslational gamma carboxyla- 
tion (GLA modification). The GLA domains mediate 
calcium-dependent binding to the phospholipid 
membrane by allowing conformational changes in the 
amino terminus (amino acids 1-35) [12,42]. War- 
farin, an oral anticoagulant, interf}eres with carboxyla- 
tion of the glutamic acid residues by inhibiting 
vitamin K reductase and limiting the supply of re- 
duced vitamin K [43] (Figure 2-7). Uncarboxylated 
VKDFs have limited clotting activity, dependent on 
the number of carboxylated GLAs. A reduction in 
only three GLA residues results in a marked reduction 
in the biological activity of the VKDFs [4 . i47] .  

Paradoxically, initiating warfarin therapy causes a 
temporary thrombotic state, due to the differential 
half-lives of the VKDFs. Protein C and factor VII 
have the shortest half-lives (6 hours), followed by 
factor IX, factor X, and finally prothrombin (half-life, 
60-72 hours) [48]. The initial effect of warfarin may 
be thrombotic in some people due to the reduction in 
protein C levels occurring faster than the reductions 
of the procoagulant factors. There is evidence that 
suggests reduction in prothrombin is responsible for 
the majority of the antithrombotic effects of warfarin 
[49,50], Because prothrombin levels are not reduced 
to less than one half of normal until day 4 of therapy, 
this provides a rationale for cotreating with heparin 
during the first days of anticoagulation. 

An uncommon complication of warfarin, warfarin- 
induced skin necrosis, is related to the initial hyper- 



2. PLASMA COAGULATION FACTORS 19 

Proenzymes N ~ C " I t ..... kM,K_VJww 
Prothrombin ~ i 

Factor VII ~ i 

Faclor IX ~ I 
Factor X ~ 

Factor XI ~ | 

Regulatory proteins 

Protein C ~ "" 
Protein S 1 ~ ., 

Procofaclors 

Tissue factor i IJ I 

1 ,~ s '  
Factor VIII m . . . . . . . . . . . . . . . . .  

L • ~' 
Factor V m . . . . . . . . . .  ~ ., - -  

Signal pephde ~ Aromatic amino acid 
stack domain 

Propeptide ~.~ Proenzyme-activation 
region 

Gla domain ~ Catalytic domain 

EGF like domain ~ A domain 

. ~  Repeat-sequence I ~  g domain 
domain 

Kringle domain Ill C domain 

FIGURE 2-6. Schematic of the various domains comprising 
the proenzymes, regulatory proteins, and procofactors. 
(From Furie B, Furie B. Molecular and cellular biology of 
blood coagulation. N Engl J Med 326:800-806, 1992, 
with permission.) 
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FIGURE 2-7. Vitamin K metabolism and the role of war- 
farin. (From Mann K. The assembly of blood clotting com- 
plexes as membranes. Trends Biochem Sci 12:229-233, 
1987, with permission.) 

coagulability that occurs when instituting warfarin 
therapy [48]. It occurs in 1/1000 to 1/10,000 of 
treated patients. Histological examination reveals 
thromboses of subcutaneous and cutaneous venules. 
Warfarin-induced skin necrosis typically presents as 
painful red plaques in fatty areas of the body within 
3-5 days after initiating therapy, classically in an 
obese woman in the sixth to seventh decade of life, 
and in patients given high loading doses of drug (i.e., 
>10mg). One quarter of patients who develop skin 
necrosis have active infection [51 ], and one third have 
a deficiency of protein C [52]. It has been suggested 
that infection contributes to hypercoagulability 
through cytokine-mediated increases in acute-phase 
reactants, such as C4B-binding protein and PAl- l ,  
which reduce levels of protein S and plasmin, respec- 
tively [48]. Because the majority of patients with 
protein C deficiency tolerate warfarin therapy success- 
fully, it is likely that other factors that contribute to 
the disease pathogenesis remain to be resolved. 

Prothrombin contains Kringle domains with 
binding properties for factors Va and Xa of the 
prothrombinase complex [53]. The remaining VKDP 
proenzymes and protein C contain an EGF-like do- 
main, which similarly facilitates the binding of 
substrate-specific factors [54]. Factor XI contains a 
repeat sequence domain [41]. The VKDP zymogens 
and factor Xl share a similar signal peptide region 
and propeptide region, as well as a catalytic serine 
protease domain at the C terminus. The signal pep- 
tides and propeptides are cleaved intracellularly. In 
the circulation, cleavage at the activation region re- 
sults in release of an activation peptide and formation 
of the active enzyme. 

Thrombin and factor Xa are inactivated by a 
heparan-enhanced AT III reaction. Exogenous hep- 
arin or endogenous heparans facilitate anticoagulation 
by AT III, by providing a negatively charged tem- 
plate to enhance complex formation of factor Xa and 
thrombin, as well as factors Xlla, Xla, and IXa, with 
AT III. Heparin is a heterogeneous mixture of disac- 
charides that range in size and variably contain a 
specific pentasaccharide site that binds AT III [55]. 
Carbohydrate chains greater than 18 units in length 
allow sufficient surface for the binding of thrombin 
and AT III. Because heparin needs only to bind AT 
III to facilitate anticoagulation of factor Xa, heparin 
chains less than 18 units (i.e., low molecular weight 
heparin [LMWH]) that contain an AT IIl binding 
domain are effective at inhibiting factor Xa [56]. 

There is evidence in vitro and in experimental ani- 
mal models that suggests LMWHs may cause less 
bleeding than standard heparin, while providing an 
equal or more effective antithrombotic effect [57- 
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62]. Multiple clinical trials have supported an effec- 
tiveness of LMWHs similar to standard heparin in the 
prevention of venous thrombosis in both surgical 
and medicine patients [63-67]. In addition, many 
studies report that LMWHs do not demonstrate an 
increase in major bleeding compared with placebo 
[68-7I].  LMWHs may also be more effective than 
standard heparin in decreasing the size of an estab- 
lished thrombus with less bleeding [72,73]. The 
advantages of LMWHs over standard heparin are 
related to the thrombin-factor Xa difterence de- 
scribed earlier, as well as differences in interactions 
with plateler function [74] and vascular permeability 
[75], and major differences in bioavailability and 
pharmokinetics [76]. 

Standard heparin, to a greater degree than 
LMWHs, is bound to plasma proteins (histidine-rich 
glycoprorein [ftRGP]), PF4, vitronectin, fibronectin, 
and yon Willebrand t:actor [vWF] [77,78], and en- 
dothelial cells and macrophages [79]. This results in 
dose-dependent recovery and clearance of standard 
heparin [80-82]. Conversely, the recovery and clear- 
ance of LMWHs is dose independent, and LMWHs 
have a longer half-life [83]. In addition, the binding 
of vWF, m particular, interferes with platelet func- 
tion, and there is evidence that standard heparin may 
also contribute to an increased risk of bleeding by 
inhibiting collagen-induced platelet aggregation and 
increasing vascular permeability [74,75]. Therefore, 
the anticoagulant response of LMWHs compared 
with standard heparin may be more predictable, with 
the possibility of less frequent administration and 
laboratory monitoring. The effectiveness of LMWHs 
preoperatively remains to be evaluated, as do ques- 
tions regarding the use of LMWHs in pregnancy, 
in patients with a history of heparin-induced throm- 
bocytopenia, and the risk ofosteoporosis in long-term 
users [36]. 

Cnfactors V and VIII are homologous in structure, 
activation sequences, and function, although they cir- 
culate in different forms and have different activation 
sites. Factor VIII is bound to vWF in plasma, while 
t:acror V circulates in a free form. Both share a tripli- 
cated A domain, duplicated C domain, and variable B 
domain [12]. The B domain is excised during activa- 
tion of the cofactor and is, therefore, homologous to 
the activation peptides of the zymogens. Factors Va 
and VIIIa provide mechanisms to link factors Xa and 
IXa to the phospholipid surface. Binding of the phos- 
pholipid membrane is mediated through the A3 do- 
main [12t. Tissue factor and thrombomodulin, as 
cot:actors, are different in this respect because they are 
integral membrane proteins. Tissue factor, for ex- 
ample, consists of a cysteine cytoplasmic domain, a 

transmembranous domain, and an extracellular mac- 
romolecular ligand binding domain, which is ex- 
pressed on extravascular cells and monocytes [8.t-86]. 

New Perspectives 
There is evidence to support the hypothesis that 
thrombogenic risk factors become more important 
in the progression of atheroscierotic cardiovascular 
disease with age [87] (Figure 2-8). Thrombotic risk 
factors are defined as hemostatic factors (procoagulant 
or fibrinolytic), which when elevated (or decreased) 
tip the hemostatic pseudoequilibrium toward throm- 
bosis. Also, this category includes markers of coagu- 
lant or fibrinolytic activity. Although this definition 
includes thrombolytic factors such as PAI-I and t- 
PA, the majority of work has focused on the coagulant 
factors, fibrinogen and factor VII. 

Prospective studies have demonstrated that m- 
creased levels of fibrinogen are associated with an 
increased incidence of ischemic heart disease. Meade 
initially demonstrated this relationship [88]. Since 
that time, fibrinogen has been shown tu be an inde- 
pendent risk factor in the prediction of ischemic car- 
diac events at a level similar to that of low density 
lipoprotein (LDL) cholesterol [89-93]. Four non- 
exclusive pathophysiological mechanisms relating 
fibrinogen to heart disease have been described. The 
first involves the kinetics of the fibrinogen-to-fibrin 
reaction. Increased fibrinogen (i.e., substrate) should 
lead to increased fibrin production, because the Km 
f()r this reaction is near the average plasma concentra- 
tion of fibrinogen [94J. The second hypothesis sug- 
gests that because fibrinogen effectively aggregates 
activated platelets through the GPIIb-IIIa receptor, 
higher levels of fibrinogen may predispose an indi- 
vidual to increased platelet aggregation [95]. The 
evidence for this mechanism is not definitive because 
the dissociation constant for this reaction is much 
lower than the average plasma concentration of 
fibrinogen [96]. 

Third, an increased fibrinogen concentration re- 
suits in increased plasma viscosity, and increased 
viscosity has been related to an elevated risk of cardio- 
vascular disease [97]. Results of a multivariate analy- 
sis, however, suggest fibrinogen and plasma viscnsity 
may make independent contributions to the predic- 
tion of ischemic heart disease [92]. Finally, because 
atherosclerotic disease has an inflammatory aspect 
[98-10.t], elevations in fibrinogen may reflect, rather 
than regulate, thrombosis. There is a large body of 
evidence to support the position that this last 
"mechanism" is true. Currently, the issue is whether 
or not any of the previous three "causal" mechanisms 
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FIGURE 2-8. Schematic diagram illustrating the change in 
the relative importance of coronary vascular disease risk 
factors with increasing age. (Modified with permission 
from Fuster V, Badimon L, Badimon J, et al. N Engl J 
Med 326:242-250, 3lO-318, 1992; Fuster V, Stein B, 
Ambrose J, et al. Circulation 82:1147--I159, 1990. Tracy 
RP, Bovill EG. Hemosrasis and risk of ischemic disease. 
Epidemiologic evidence with emphasis on the elderly. In 
Califf RM, Mark DB, Wagner GS (eds). Acute Coronary 
Care. 2nd ed. St. Louis, MO; Mosby-Year Book, 1995: 
27~43.) 

(or some unknown mechanism) actually come into 
play. Future research with experimental models 
should help in this regard. 

Factor VII is the only other procoagulant factor 
that has been studied extensively in relationship to 
CVD. The association of factor VII with incident 
CVD is less defined than that of fibrinogen. In the 
Northwick Park study, factor VII was prospectively 
correlated with CVD events in middle-aged men, 
independent of fibrinogen and cholesterol [89,105]. 
This finding has nor been confirmed in further pro- 
spective studies. The PROCAM study (Prospective 
Cardiovascular Munster Study) of middle-aged male 
industrial workers of West Germany reported no sig- 
nificant difference in mean factor VII levels in those 
who developed incident coronary heart disease or 
stroke [106]. Nor was there a significant relationship 
between factor VII levels and incident ischemic 
events in a preliminary report from a community- 
based biracial study of middle-aged men and women 
in the United States (the Atherosclerosis Risk in 
Communities Study) [107]. 

Despite the lack of confirmation of the findings of 
the Northwick Park study in other prospective trials, 
numerous cross-sectional studies have shown signifi- 
cant correlations between factor VII and men with 
CVD [108]; men with CVD risk factors such as 
smoking and hyperlipidemia [109-111]; and pa- 

tients with peripheral vascular disease [112]. How- 
ever, again, not all have done so [ 113, l 14]. Part of the 
ambiguity of the relationship between factor VII and 
CVD may be explained by the multiple circulating 
forms of factor VII, as well as the correlations of factor 
VII with plasma lipids, also independent risk factors 
for CVD [108,110,111,115-118]. The majority of 
CVD studies have used factor Vllc (a one-stage clot- 
ting assay of factor VII using factor Vll-deficient 
plasma) as an indicator of in vivo factor VII levels, 
which is dependent on the relative amounts of acti- 
vated factor VII (factor VIIa) and total factor VII 
protein (factor VIIag) [ 117]. Some forms of this assay, 
for example, those that using bovine thromboplastin 
instead of human, may be more sensitive to factor 
Vlla than others [ 119]. The recent development of a 
direct assay for factor VIIa may be helpful in defining 
the role of factor VII in CVD [120]. 

Less is known about the relationships between 
measurements of ongoing processes, such as activa- 
tion peptides, and CVD. Correlates of thrombin gen- 
eration or activity (prothrombin fragment F1-2 and 
fibrinopeptide A, respectively) have been demon- 
strated to be increased in many hypercoaguable states; 
for example, active angina [121], acute myocardial 
infarction [122,123], deep venous thrombosis (DVT) 
[ 124], and peripheral vascular disease (PVD) [ 125 ]. A 
report on correlates of thrombin generation and activ- 
ity (prothrombin fragment F1-2 and fibrinnpeptide 
A, respectively) in a healthy elderly population (Car- 
diovascular Health Study) was recently published 
[126]. They demonstrated significant associations 
between these markers of hemostasis and traditional 
cardiovascular risk factors, such as age and smoking. 
Another study of correlates of selected hemostatic 
factors with traditional CVD risk factors in male and 
female plasma donors reported relationships between 
CVD risk factors and F1-2, even closer than those 
observed for fibrinogen and factor VII [127]. These 
studies suggest that activation peptides, especially of 
thrombin generation, may help determine which pa- 
tients will develop ischemic disease. A recently pub- 
lished abstract on treated hypertensive men aged 
56-77 years has, in fact, shown F1-2 to be an inde- 
pendent predictor of congenital heart disease and 
mortality after adjusting for pre-existing CVD at 
baseline, age, diabetes mellitus, and smoking [128]. 
Further prospective studies are currently ongoing. 

Factor VIII is a known acute-phase reactant, as well 
as a cofactor in the intrinsic Xase complex. In contrast 
to factor Vll, factor VIII has been less strongly corre- 
lated with modifiable risk factors in cross-sectional 
studies [114]. However, factor VII has been con- 
firmed as a risk factor for ischemic disease. The 
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Northwick Park study reported factor VIII levels 
were higher at baseline in patients who died from 
CVD compared with those who survived [88,89], and 
factor VIII levels have been shown to be predictive of 
ischemic events in patients with vascular disease 
[129] and in middle-aged subjects in the ARIC study 
[ 130]. Recently it has been reported that factor VIII 
remained a significant predictor of ischemic events in 
the elderly, even after adjusting for the presence of 
other CVD risk factors [ 131]. This suggests that t:ac- 
tot VIII may have a predictive role in thrombotic 
disease, independent of its inflammatory component. 

There is evidence to suggest that genetic heritabil- 
icy may play a role in explaining the variance of both 
tibrinogen and tactor VII. The heritability estimate 
for fibrinogen has ranged from very weak to over 50% 
[ 132,133], possibility due to different populations. 
Fibrinogen itself is composed of three pairs of 
polypeptide chains (AOc, B~, and y), each encoded by 
discrete genes on the long arm of chromosome 4 
[ 134,135]. Most investigations into the genetic vari- 
ability of fibrinogen have focused on the ~ gene, 
because tormation of the ]3 polypeptide is the rate- 
limiting step in fibrinogen synthesis [136-138]. Fig- 
ure 2-9 illustrates several known fibrinogen genetic 
polymorphisms. In 1987 it was reported that restric- 
tion ~ragment length polymorphisms (RFLP) of the [3 
gene (G :=0 A '~ [Hae 1II], C =:> T -~l* [Hind III] 
identified by Humphries et al. explained approxi- 
mately 3e)~ of the variance of fibrinogen levels [l 39]. 
This RELP was second only to smoking in predicting 
fibrmogen levels in a multivariate analysis. Since that 
time numerous polymorphisms have been identified; 
most, but not all, relate to fibrinogen concentration 
{,1~3,140-116]. In addition, some studies have re- 

ported interactions between the ~3 fibrinogen gene 
and smokers, particularly the Hind lII and Hae Ill 
polymorphisms [145,147,148]. It is hypothesized 
that these alleles may mediate a smoking interaction 
through an interleukin (IL)-6 response sequence adja- 
cent to the Hind III allele [1,47]. 

Fibrinogen polymorphisms have also been corre- 
lated with atherosclerosis. The ~-gene Bcl I polymor- 
phism, for example, has been related to the presence 
of PVD [140] and the severity of CAD [145]. Nota- 
bly, neither of these studies demonstrated a concur- 
rent association with fibrinogen levels, even though 
the [3 bcl I polymorphism has been previously corre- 
lated with fibrinogen concentration. An alternative 
mechanism proposed that the [3 Bcl I polymorphism, 
located downstream of the [3 gene, may affect func- 
tion, rather than quantity of gene transcribed, or 
may serve as a marker of a gene that affects function. 
Interestingly, a high degree of linkage disequilibrium 
has been reported between the polymorphisms, im- 
plying the potential fi)r functional interrelationships 
within the haplotype [145]. Establishing a link be- 
tween the presence of a polymorphism, fibrinogen 
levels, and atherosclerotic disease will be useful in 
untangling the role of fibrinogen in CVI). Further- 
more, study into the interactions of the genes with 
modifiable risk factors will undoubtedly prove useful 
in determining patients who would most benefit from 
behavioral modifications. 

Concerning factor VII, a single base substitution 
of G to A in the factor VII gene has been identified. 
This is a common polymorphism, which results in a 
change in amino acid 353 from arginine to glutamine 
[149t, and in decreased factor VII levels (heterozygote 
expression of factor VII decreased by 20 3()¢2~ nÁ 
normal, and homozygote expression decreased by 
40-60% of normal)[15{)}. Interestingly, differences 
in relationships between CVD risk factors and factor 
VII levels stratified by genotype have been reported. 
One study has reported no significant associations 
between cholesterol and triglycerides with factnr VII 
of people with the glutamine allele [150], and an- 
other report suggested that levels of t:actor VIl in 
women with the glutamine allelle did not exhibit an 
elevation with menopause and the use of hormone 
therapy [151]. This mutation may therefure have 
implications for defining the relationship between 
fi<tor VII and lipids, as well as thctor Vll and CVD. 

This is a time of growth in our understanding of 
coagulation factors, and their physiologic and 
pathophysiologic roles. Further advances are being 
made in understanding the mechanisms of coagula- 
tion as they truly exist in vivo, as well as the relation- 
ships of hemostatic factors to the progression of 
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atherosclerotic disease. Both will have great impact 
on the promotion of health and the treatment of 
disease. 
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A N D  THEIR FUNDAMENTAL 

CONTRIBUTION TO HEMOSTASIS AND 

PATHOLOGIC THROMBOSIS 

Frederick A. Spencer and Richard C. Becker 

Introduction 
Platelets play a critical role in normal hemostasis by 
stopping blood loss after vascular injury. By adhering 
to sites of injury, recruiting other platelets and 
blood cells to the developing clot, and activating the 
plasma coagulation cascade, primary hemostasis is 
effected. In synchrony with the end products of the 
coagulation cascade, predominantly crosslinked 
fibrin, a more stable clot quickly forms. However, by 
these same mechanisms, platelets also contribute di- 
rectly to pathologic vascular thrombosis. In the ongo- 
ing search for means to prevent or temper vascular 
thrombosis while preserving physiologic hemostasis, 
a better understanding of platelet structure and 
function is of paramount importance. In this chapter 
we provide a composite overview of platelets, focus- 
ing on their structure, function, and fundamental 
contribution to normal hemostasis and pathologic 
thrombosis. 

Platelet Structure 
Although deceptively simple in appearance, the 
platelet is in fact functionally complex. The 
structure-function relationship is simplified some- 
what by dividing the resting platelet into four ana- 
tomically distinct zones [11. 

PERIPHERAL ZONE 
The platelet's peripheral zone consists of a membrane 
and its invaginations, which form the open canalicu- 
lar system. It can be further divided into three dis- 
tinct domains: the exterior coat, the unit membrane, 
and the submembrane region (Figure 3-1). 

EXTERIOR COAT 
The exterior coat is a 15-20 nm thick glycocalyx, rich 
in glycoproteins. To date nine different glycoproteins 

(GPs) have been identified [2-5]. A majority serve as 
receptors for cell--cell and cell-vessel wall interac- 
tions. They are discussed in greater detail in sections 
to follow on platelet adhesion and aggregation. 

PLATELET UNIT MEMBRANE 
The platelet unit membrane is similar to other 
blood cell membranes in the following ways: (1) It 

is a lipid bilayer rich in phospholipid, (2) it provides 
a physiochemical separation between inrracellular 
and extracellular processes, and (3) it contains anion 
and cation pumps (i.e., Na/K-ATPase) critical to 
the maintenance of transmembrane ionic gradients. 
The plateler membrane is an important catalyst for 
fluid-phase coagulation. With  activation, acidic phos- 
pholipid groups are translocated to the membrane's 
exterior, where they serve as a surface for prothrom- 
binase assembly [6,7]. The rate of assembly is in- 
creased substantially in the presence of a platelet 
membrane that fosters localization of factors V and X. 
See Chapter l for an in-depth discussion of the 
prothrombinase complex. 

SUBMEMBRANE REGION 
The area beneath the unit membrane is appropriately 
called the submembrane region. It contains a distinct 
network of microfilaments that are anatomically (and 
functionally) associated with both membrane glyco- 
proteins and an extensive cytoplasmic filament sys- 
tem [8,9]. In resting platelets the submembrane 
region helps to maintain the platelet's discoid shape. 
It may also play an important role in transmembrane 
signaling events [I 0]. 

SOL-GEL ZONE 
The matrix of the cytoplasm is called the sol-gel zone 
and consists of two fiber systems in varying states of 
polymerization. Just beneath the submembrane re- 
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FIGURE 3d. Peripheral zone a qchema:ic representa- 
tion. The exterior glyc~alyx is a 15-20 am thick, glycopro- 
rein-rich la~'er. The urn[ membrane is a Upid bilayer wkh 
HIV3~][IaL~O[~5 that m{.rease the membrane surface area, 
fbrming the open canalicu[ar system, The submemhrane 
regio~ has a microfilamenT network coanec~hlg membrane 
glycoprotei~s to < ycopfasmic filaments 

gion are rightly coiled rnictotubules that help mai~> 
tam res[mg platelet shape [ l l ] .  Their exact role 
during act~varmn is less clear With acriva[mn the 
microtubules constrict into right rings around 
centrally clustered orgaaeHes. Conm~p¢ co initial 
observations, the driving force for this contractile 
even~ ts actually provided hy the cytoplasmic fila- 
mer~rs, nor the microruhu[es {1 I1. 

The second set of fibers within the sobgel zone is 
the acrm microfilaments. In the testing p la tebt  oMy 
3 0 - 4 0 ~  ofact i~ ts polymerized into filaments [12]. 
\V~th a¢r;va[;on there ~s an me:erase m polymerlza- 
tmn, with new filaments appearing ar the cell periph- 
ery and within developing filopedia [13] (Figure 3-2). 
Th{s is associated w{th reorganization of fila~ae~rs 

into dose parallel bundles. Myoglobin binds the 
filaments and provides the contractile force required 
fur p la tebt  shape change (discoid -~  spherical), 
fikopedia extension, and centralization of organelles 
(Figure 3-3). 

ORGANELLE ZONE 
The organe[ie zone is not, in the purese sense, a dis- 
tinct zone bu~ contains smtage grannies, dense b ~ -  
ies, peroxisnmes, [ysosnmes, and mitochnndHa 
dispersed throughout  the cytoplasm. As Such this 
zone is centrally involved w k h  mecaboIic processes 
and also acts as a storage ske f}~r enzymes, adenine 
nude0tides,  ser0ronin, calcium, and a wide variety of 
proteins. 

MEMBRANE SYSTEM 
The membrane system constitutes the fourth and 
final zone. The plasma membrane and the microfila- 
m e l t  cytoskeleron have heel  described previously. 
The plasma membrane also contains numerous in- 
vagina:ions chat course deep within the plate]e:. 
Commonly referred re as the ope~e ca~ahcula* O'~.eem, 
these channels provide a large surface area for cellular 
transport and remain parent (and ffmcdonally active) 
throughout  platelet activation, with shape change, 
and during the release reaction [14A 5]. 

The dense tubular system represents a second 
membrane system locater] within the cell's mEerior. 
Derived from parent celt endoplasmic reticulum, the 
dense tubular system acts as a storage site for calcium 
as wel{ as for the enzymes involved in prosraglaDdin 
synthesis [16A7].  The two membrane systems are in 
direct communicat ion with one another, allowing fb r  

an exchange of contents. 

PLATELET FUNCTION 
Under  normal conditions plateters circulate freely 
in blood vessels without  interacting with other plate- 
lets or the vascular endothelium. In the presence of 
endothelial dam~ge, whether from vascular injury 
or rupture of an atherosclerodc plaque, a chain of 
events is triggered, leading co plareler-tich clot for- 
marion. Depending on the inkia t ing even:, this 
may represem normal hemostasis or pathologic vascu- 
lar thrombosis. The respor~siNe events represen~ 
complex series of biochemical and cellular processes 
that can be loosely divided into four general catego- 
ries: adhesion, activation, secretion, and aggrega[~on 
[]8] .  

PLATELET ADHESION 
Platelets adhere avidly to damaged, disrupted, or dys- 
functional vascular undo:helium. This is especially 
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FIGLRE 3-2. Increased polymer{zatiog of ac~in filamerxts 
occurs aft-er p~a~eier activa~oJ~. In d-m unst~malated pLaceiee 
(rap pane|}, actln filaments are capped rtear the per~phe® 
by gelsolin or other capping proteigs. The{r release allows 
extension* of ex}sti~i~ fi}amen~s by act{n monomers (bottom 

panelS. ReRased getsoiin moleeuRs may also sever ex{stleg 
acti~ filaments, which can ~hen pdymerize in ~}xe same way. 
These activities probably invo/[ve iDt-racellutar second mes- 
set,gets, particularly inosito[ e~phosphate, 

true in areas of exposed subendothelial collage,1 at~d 
lipid deposits, as fbund irl ruptured or ulcerated a~h- 
erosclerotic plaques. Coverage of the expesed site by 
platdets ~s mediated by adhesive proteins eha~ age 
recogr~ized by specific platelet membrane glycopro- 

tei~xs. These glycoproteifts are als0 critical fbr ceH-~cell 
{t~teractions (Figure 3-4), 

TO da~e n{ne of the predominant  platetet mem- 
brane gtycoptotems have been characterized [2-5]~ 
The most common nomenciamre for identification is 
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TABLE 3-1. Surface membrane glycoprotein receptors 

lntegrin 
Receptor Ligand components Biologic action 

GPla/lla Collagen ote~ ~ Adhesion 
GPIb/IX yon Willebrand factor - -  Adhesion 
GPIc/lla Fibronectin Gts[3 , Adhesion 
GPllb/Illa Collagen {~ilb]~a Aggregation 

Fibrinngen (secondary role 
Fibronectin in adhesion) 
Vitronectin 
yon Willebrand factor 

GPIV Thrombospondin - -  Adhesion 
(GPIIIb) Collagen 
Vitronectin receptor Vitronectin Oq[~ Adhesion 

Thrombospondin 
VLA-6 Laminin ot<,~l Adhesion 

Collagen, 
m)crohbrifs 

FIGURE 3-4. Platelet adhesion is the initiating step in nor- 
mal hemostasis and in pathologic thrombosis. Prior to 
plaque rupture there is little platelet adhesion, despite the 
presence of shear forces generated by blood flow past the 
atherosclerotic plaque, With plaque rupture subendothel[al 
collagen, microfibils, and Von Willebrand Factor (VWF) 
are exposed. Platelets adhere in a monolayer to the damaged 
site (see the text). 

based on polyacrylamide gel separation, giving rise to 
GPI,  GPII ,  GPIII ,  etc. Wi th  increasing sophistica- 
tion of the gel systems, increasing separation within 
groups became possible, that is, GPIa, GPIb,  and 
GPIc. 

Most platelet membrane receptors consist of non- 
covalent complexes of individual glycoproteins. The 
various surface membrane glycoproteins and their 

FIGURE 3-3. A: Schematic representation of a resting 
platelet (see the text). B: Schematic representation of the 
changes effected in activated platelets (see the text). 

ligands are summarized in Table 3-1. It should be 
noted that there is considerable functional overlap 
because several receptors may bind the same ligand 
and one particular receptor may respond to more 
than one ligand. The receptors can also be divided 
into integrins and nonintegrins.  Integrins are heter- 
odimeric cell-surface molecules composed of ot and 
subunits.  Platelets express at least two ~ subunirs (~, 
and 92) and five O~ subunits,  which in varying combi- 
nations identify distinct surface receptors [19]. 

The initial events in adhesion is contact, a process 
by which an inactivated circulating platelet "stops" 
and "sticks" to a site of vascular damage [20]. This 
important event is accomplished by an interaction 
between the platelet glycoprotein I b - l X  complex and 
yon Wil lebrand factor (vWF), a large protein synthe- 
sized by vascular endothelial cells and secreted on 
both the luminal  a n d  subendothelial surfaces, vWF 
also has functional domains that contribute to the 
b inding  of platelets to vessel wall constituents (col- 
lagen, microfibrils) [21,22]. 

A unique feature of platelet adhesion is its depen- 
dence on shearing forces. In fact, without forces of at 
least 600-3000S  -~ between surfaces, platelet "con- 
tact" will not occur [23-25] .  Adhesion ofplatelets to 
vascular subendothelial components represents the 
primary hemostatic response to vessel wall injury. It 
also effects a strong st imulus for platelet activation 
via pathways mediated by the membrane glycopro- 
tein receptors (discussed in A/ater Section). 

PLATELET ACTIVATION 
Platelet activation can be triggered by a wide variety 
of biochemical and mechanical stimuli (in addition to 
platelet adhesion; Table 3-2). Many of the biochemi- 
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TABI.E ~-2. Responses of plarelets e() activatinn ~ 

1. Shape change and pseudopod formation 
2. Change in the conformation of GPllb/llla to the form that binds fibrinogen and yon Willebrand t~ctor 
{. Increase in cytosolic Ca 2+ due to influx from the exterior 
i .  Cytnskeletal assembly 
~. Aggregation 
6. Activation of phospholipase C, producing the second messengers inosiml 1,4, %triphosphate (IP,) and diacylglyceml 
7. Mobilization nt Ca'* from internal stores by IP~ 
8. Activation of phospholipase A2, leading to formation of thromboxane A2 
9. Activation of protein kinase C by diacylgJycerol, leading to phosphorylation of a .i7-kd protein 

10. Secretion of contents of Ot and dense granules (lysosomal granule contents secreted only upon strong stimulation) 
l I. Surtace expression of some ~-granule proteins (e.g., thrombnspondin and fibrinogen) 
12. Surihce rxprcssion of granule membrane proteins (e.g., P-selectin, also known as GMP-14{), PADGEM. or CD62) 
13. Development of coagulant activity by transbilayer movement of pmcoagulant phospholipids 
14. Inhibition of adenylyl cyclase 
15. Clot retrattion 

[ h r u m b t i t  ~a,  <ausc a([ ol  ti/csc rtxi×mscs, not [lc<e~sari[~ sequential ly,  bul  other aggr t 'ga t ing  agents  may mdu<c only s{m/c <~t th~.m {2x  ] 6 1  ! ( ,21 

-FABI.E :,-~. Physiologic agonists for platelet activation 

Agonisr Source Receptor(s) 

Thrnmbm End product of coagulation cascade 

Platelet dense body 
Subendothelium component 

Adenosine diphosphate (ADP) 
Collagen 

Serotonin 
Thromb(~xane A, 
Platelet activating factor 

Platelet dense body 
Produced by platelets after initial stimulation 
Lipid median)r produced by other cells 

Seven-transmembrane domain receptor 
GPIbC~ 
Aggregm 
GPla/Ila 
GPllb/llla 
GPIV 
5t IT., receptor 
PGtI.,/TXA ? receptor 
PAF receptor 

cal agonists are pr,.Muced or released by platelers 
themselves after vessel wall adhesion, initiating a 
positive teedback loop that amplifies the respnnse to a 
given stimulus. 

Platelet agonisrs bind surface glycoprotein recep- 
tors and stimulate signal transmission across the 
membrane via a messenger protein that, in turn, 
triggers one of two intracellu]ar pathways. The 
phosphoinositide pathway is initiated with activa- 
tion of-phospholipase C. Phosphatidylinositol 4-5- 
biphosphate ( P I P )  is cleaved to form two secondary 
messengers, inositol 1,4,5 triphosphate (IP~) and 
diacylglycerol [26]. IP~ stimulates calcium mobiliza- 
finn fi'om the dense tubular system. Increased cellular 
(~a > concentrations are required ior activation of 
other mtracel |ular enzymes responsible for physi- 
ologic platelet responses [27]. Diacylglycero[ acti- 
vates protein C, causing protein phosphorylation, 
granule secretion, and fibrinogen receptor expression. 

The second pathway that can be initiated following 
platelet activation involves phospholipase A,, which 
liberates arachidonate from cell membranes. Arachi- 
donate is subsequently converted to thromboxane 
A2 (TxA2) by the platelet 's cyclooxygenase enzyme 
system. TxA e is a potent platelet agonist in its 
own right, thus providing yet another positive feed- 
back mechanism that promotes the thrombotic 
mechanism. 

Platelet agonists can be classified as strong or 
weak (Table 3-3). Strong agonists, thrombin,  for 
example, affect both phosphoinositide hydrolysis 
and arachidonate metabolism (via phospholipase C 
and phospholipase A_,). Accordingly, their ability to 
promote platelet activation and aggregation persists 
despite inhibition ofnne of the two pathways. Indeed, 
it has been shown that even low concentrations of 
thrombin (<0. l IU/mL) can produce platelet aggrega- 
tion in the face of inhibition of platelet TxA, produc- 
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FIGURE 3-5. Thrombin binds to its platelet receptor along 
a lengthy extracellular amino-terminal extension. Throm- 
bin cleaves the receptor at a specific site and exposes a new 
amino terminus, which then functions as a tethered peptide 
[igand to activate a receptor (which has not yet been iden- 
tified). 

tion [28]. Weak agonists (collagen and adenosine 
diphosphate, for example) lack the ability to trigger 
phosphoinositide hydrolysis and are more dependent 
on TxA 2 formation for their effects. Studies as early as 
1977 revealed that inhibition of TxA2 formation 
could reduce collagen-induced platelet aggregation 
[29]. 

THROMBIN ACTIVATION 
As one of the most potent platelet agonists, thrombin 
deserves special attention. Following activation, 
platelets provide the procoagulant membrane surface 
and factor V necessary for prothrombinase assembly. 
Thus the protein-based clotting system and the plate- 
let hemostatic response are closely linked through 
this unique serum protease. 

To date, two separate thrombin receptors have 
been identified on the platelet surface - -  a high- 
affinity receptor and a moderate-affinity receptor 
[30,31]. The high-affinity receptor is felt to be 
GPIbot. Observations that Bernard Soulier platelets 
(congenitally deficient in GPIbix) are poorly activated 
by low levels of thrombin support this hypothesis 
[32]. Experiments in which GPIbix is cleaved also 
reveal an impaired response of platelets to lower (but 
not higher) concentrations of o~ thrombin [33,34]. 

The "moderate-affinity" receptor, now known as 
the thrombin receptor, was first cloned by Coughlin 
and colleagues in 1991 [35]. This receptor is a mem- 
ber of a G-protein-linked, seven-ttansmembrane do- 

main receptor family and is found on platelets, endo- 
thelial cells, smooth muscle cells, and fibroblasts (Fig- 
ure 3-5). Thrombin interacts with at least two sites on 
this receptor's lengthy extracellular amino-terminal 
end. The first site is a leucine-aspartic acid-proline- 
arginine (LDPR) sequence, and the second, nearby, is 
a sequence closely resembling hirudin. Thrombin 
cleaves the amino-terminal extension after the LDPR 
sequence (at Arg*~-Ser 42) to expose a new amino 
terminus. This new amino-terminal domain acts 
as a "tethered ligand," which activates platelets by 
binding to an as yet unidentified region of the same 
receptor (35-37). 

It is not yet clear whether interactions ofoc throm- 
bin with GPlbix or the G-protein-linked thrombin 
receptor or both are required for in vivo platelet acti- 
vation. Liu and colleagues used a variety of proteases 
to cleave platelet GPlbix or anti-GPlb antibodies and 
then assessed the ability of ix thrombin to bind to and 
activate platelets [38]. They found that O~ thrombin 
will bind to and cleave the G-protein-linked o~- 
thrombin receptor (resulting in platelet activation) 
and that these processes can occur independently of 
GPIb. These observations do not rule out a role for 
GPIb in additional signal transduction resulting from 
o~ thrombin binding to platelets. 

Until recently little attention had been paid to the 
41 amino acid peptide (TR 1-41) cleaved from the 
G-protein-linked thrombin receptor with thrombin 
binding. Work by Furman and colleagues has shown 
that this peptide is, in fact, a potent platelet agonist 
[39]. Using whole-blood flow cytometry, TR 1-41 
was more potent than thrombin receptor activating 
peptide (TRAP) and almost as potent as thrombin, 
as demonstrated by surface expression of P-selectin, 
increased exposure of fibrinogen binding sites on 
the GPIIb/llIa complex, and increased fibrinogen 
binding to the activated GPIlb/Illa complex, Further 
work is needed to better define the roles of GPlbix, 
the G-protein-linked thrombin receptor, and the 
TR 1-41 peptide in physiologic and pathologic plate- 
let processes. 

PLATELET SECRETION 
Platelet activation prompts the secretion of contents 
from within three different types of platelet storage 
granules: lysosomes, ix granules, and dense bodies. 
The exact mechanism of granule secretion is largely 
undetermined, but it is felt to involve an energy- 
dependent contractile process, resulting in extrusion 
of granule contents. Fusion of ix granules with each 
other and with deep invaginations of the plasma 
membrane (the open canalicular system) followed by 
an "emptying" of contents to the exterior has since 
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been demonstrated [40,41]. It is unclear if other 
platelet granules use a similar mechanism to release 
their contents. 

The lysosomes contain a wide variety of acid hy- 
drolases that digest materials that have been end- 
ocytosed, Lysosome secretion occurs more slowly than 
does dense granule or O{ granule secretion [42-44].  
The weaker agonists (ADP, epinephrine, TxAe) are 
generally unable to stimulate lysosome secretion, 
and acid hydrolases are also more easily inhibited by 
metabolic blockade (e.g., decreased ATP availability) 
[44]. 

The platelet also contains a small number  of osm- 
ophilic electron-dense granules, referred to as den.,e 
bodies. They contain a large amount  of nonmetabolic 
adenines (ADP, GDP) as well as divalent cations 
(('a:*, Mg:*), serotonin, and pyrophosphates. Physi- 
ologically ADP is the most important constituent of 
the dense bodies. As previously discussed, ADP secre- 
tion fi)llnwing platelet activation promotes recruit- 
ment and activation of additional platelets to the site 
of vascular injury. ADP has a short half-life in plasma 
(approximately 4 minutes); thus, one would antici- 
pate a brief period of platelet st imulation [45}. Sero- 
tonin is also a relatively weak platelet agonist. 

The plarelet Ot granules are spherical (300-500  nm 
m diameter) bodies, each with an eccentric staining 
pattern. They contain platelet-specific proteins, co- 
agulation factors, and a variety of glycoproreins, 
Among the plateler-specific proteins are it number  of 
peptides that can mndulate cell growth. Of  these, 
platelet-derived growth factor (PDGF) is among 
the most extensively studied. Two distinct receptors 
tbr PDGF have been isolated on smooth muscle 
cells arid tibroblasts [46]. It has been suggested that 
PDGF modulates smooth muscle cell proliferation 
rhar occurs after platelet-vessel wall interaction. Two 
other structurally related or-granule proteins are con- 
necting tissue activating peptide 111 (CTAP II1) and 
platelet liictor-4. CTAP 1II is involved with fibroblast 
prolil~:ration and is also it probable precursor to [3 
thromboglobulin [ i7] .  The physiologic effects of 

rhromboglobulin are less clear, but  radioimmu- 
noassays o f ~  thrombnglobulin have been developed 
to deterlnme platelet activation. Platelet factor-.l 
binds to heparin and effe(tively neutralizes its antico- 
agulant activity. It may also participate m inflamma- 
tory reactions because it has been shown to be 
chemotactic t)~r neutrophils and monocytes [48]. 

Thc O~ granules contain a variety of coagulation 
proteins. Of physiologic importance, 20-25% of 
blood factor V is stored within platelet o~ granules, 
and it has been demonstrated that platelet factor V is 
tire major protein secreted and phosphorylated fol- 

lowing ot-thrombin stimulation [49,50]. Accord- 
ingly, platelet factor V is critical to the assembly of 
prothrombinase, which can then generate additional 
thrombin,  Platelets also contain protein S (the cola(- 
tot tot protein C-mediated f;actor V and VIIl inhibi- 
tion). Accordingly, it has been postulated that protein 
C may exert its anticoagulant effect largely at platelet 
sites [5 l]. Release of plasminogen activator inhibitor 
I (PAI-1) may play a role in local fibrinolytic poten- 
tial [52]. Platelets also contain and release fibrinogen. 
Although meager in comparison with plasma levels, 
plateler fibrinogen is more highly concentrated, fur- 
ther suggesting platelets provide a site fbr localizing 
hemostatic responses [53]. 

Platelet ot granules contain at least seven different 
glycoproteins; some are secreted and some are bound 
to the granule membrane. The major soluble glycn- 
protein secreted is thrombospondin. Also secreted by 
endothelial cells, thrombospondin is thought to play 
a role in the regulation of smooth muscle cell prolif- 
eration [34]. There is also an internal pool of GP l ib/  
Ilia within the 0~ granules. Wi th  activation they are 
expressed on the platelet surface and can increase the 
total number  of surface GPIIb/ l l Ia  receptors by up to 
twofold [35-57] .  

PLATELET AGGREGATION 
The final event requiring discussion is platelet aggre- 
gation. Indeed, this is considered the physiologic goal 
of platelet activation because it is through platelet 
aggregation that primary hemostasis can occur. As 
already reviewed, a variety of agonists can stimulate 
platelets via interaction with specific membrane 
receptors, followed by production of secondary mes- 
sengers, which in turn promote a series of intracellu- 
lar reactions. One of the most important plarelet 
responses triggered is a cnnformational change in 
the membrane receptor GPllb/I l Ia .  This allows 
fibrinogen and the GPlIb / I l l a  receptor to interact, 
forming multiple crosslinks between adjacent plate- 
lets. This reaction represents the "final common 
pathway" for platelet activation and is a vital process 
in the formation of platelet-rich thrombi. Accord- 
ingly, scientific investigators have focused their 
attention on this basic event in at tempting to 
develop new platelet antagonists fi~r clinical use. 
Both fibrinogen and GPIlb / I l la  are discussed in 
greater derail. 

Fibrinogen is a dimeric glycoprotein with three 
pairs of nonidentical subunits (AOL B]3, 8). It is abun- 
dant in plasma and is a/so highly concentrated in 
the o~ granules of platelets. Fihrinogen dc~s nor 
avidly bind to resting platelets, but stimt, lated plate- 
lets may bind >40,000 fibrinogen molecules per 
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FIGURE 3-6. Schematic representation of the platelet sur- 
face membrane glycoprotein Ilb/IIla receptor. It consists 
of two subunits; the amino termini of both appear as a 
single globular head extending from the cell surface. Each 
subunit's carboxyl tail forms a hydrophobic transmembrane 
domain. (Adapted with permission from Plow and 
Ginsberg [19]). 

cell [58,59]. Sequences of the fibrinogen molecule 
that bind GPllb/II la  have been identified on the 
AO~ chain (RGDF) and the 8 chain (RGDS) [60-  
62]. With  a total of six potential binding sites per 
fibrinogen molecule, adjacent platelets may be 
crosslinked via their GPIIb/IIIa receptors in a variety 
of ways. At least initially fibrinogen binding is 
reversible with a dissociation constant (Kd) of ap- 
proximately O.3gtM [58,63]. Plasma fibrinogen 
concentration exceeds this Kd by -30-fold, and there- 
fore the fibrinogen binding sites are easily saturated. 
Following reversible fibrinogen binding, the interac- 
tion undergoes "a time-dependent" stabilization, 
which closely correlates with irreversible platelet 
aggregation [54,58,59]. At this point removal of the 

stimulating agonist or the divalent ion cofactors will 
no longer dissociate fibrinogen from the cells (or dis- 
aggregate platelets). The mechanisms underlying 
stabilization have not yet been determined. 

Glycoprotein IIb/llIa acts as the platelet mem- 
brane receptor for fibrinogen. GPIIb/IIIa is a member 
of the integrin family of receptors, composed ofo~ and 
b subunits ((z** b, 13) (Figure 3-6). The O~ subunit 
consists of a heavy chain and a light chain. The heavy 
chain is entirely extracellular, while the light chain 
spans the platelet membrane, ending in a short extra- 
cellular domain [64]. The [3 subunit is a single 
polypeptide, also spanning the membrane, but with a 
long extracellular sequence [65,66]. Electron micros- 
copy has shown that the GPIlb/IIIa receptor consists 
of an 8 × 12riM globular head with two 18-nm 
flexible tails extending from one side [67]. The 
globular head consists of the amino termini of each 
subunit, while each tail represents a subunit's car- 
boxyl terminus. The subunits are synthesized sepa- 
rately but rapidly complex in the presence of 
micromolar calcium concentrations. 

With  platelet activation, GPIlb/IIIa undergoes a 
conformational change, rendering it competent to 
bind protein ligands in general and fibrinogen in 
particular. The underlying biochemical mechanism 
for this transformation is not entirely clear. Electron 
microscopy studies of the GPIIb/IIIa-fibrinogen 
complex have provided several important insights 
[67]. The globular head of GPIIb/ lI la  interacts with 
the distal end of the fibrinogen molecule; the tails 
are extended laterally at an angle of 98 ° to the long 
axis of the fibrinogen molecule. Thus with GPIIb/IIIa 
binding to opposite ends of a fibrinogen molecule, 
the tails are oriented to opposite sides, enabling a 
bridge to be formed between two adjacent platelets. 
The RGDF and RGDS sequences occur on a variety 
of other proteins other than fibrinogen, including 
fibronectin [68], yon Willebrand factor (vWF) 
[68,69,71], and vitronectin [70]. Although each 
protein is capable of binding platelets via the 
GPIlb/IIIa receptor, fibrinogen, by virtue of its high 
plasma concentration, predominates in normal physi- 
ologic circumstances. However, these other ligands 
may play a role in stabilizing platelet adhesion be- 
cause they are present in the vascular subendothelium 
whereas fibrinogen is not [21]. There is also evidence 
that vWF may play a role in platelet aggregation 
under conditions of high shear stress [71 ]. 

Platelet aggregation can be prevented by inhibit- 
ing fibrinogen binding. Peptides with the RGD se- 
quence are naturally occurring (snake venoms) or can 
be synthesized. Monoclonal antibodies to platelet 
GPllb/IIIa are currently available for clinical use. 
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TOOLS FOR MEASURING PLATELET ACTIVATION 
With the recognition of platelet participation in 
physiologic and pathologic thrombosis has come 
an increased interest in developing ways to deter- 
mine, and whenever possible to quantify, platelet 
activation. There has been a great deal of effort 
spent on developing a means of measuring plasma 
levels of platelet-specific proteins, particularly ~- 
thromboglobulin (BTG) and platelet f;actor-4 (PF4). 
As discussed previously, these proteins are secreted 
from (x granules [bllowing platelet activation. As 
earl)' as 1975 a radioimmunoassay was developed for 
BTG in plasma [72]; at similar assay for PF4 soon 
followed [73]. Initially touted as markers of platelet 
activation and potentially as new markers for the 
detectinn of thrombotic states, many laburatories 
developed similar assays. Indeed, studies have re- 
ported increased plasma levels of BTG and PF4 in a 
number of thrombotic conditions, including venous 
thrombosis [72], coronary artery disease [74-76], 
~erebrovascular disease [77], and disseminated intra- 
vascular coagulation [78]. 

Untortunately, an increase in plasma BTG and PF,I 
is not necessarily representative of in vivo platelet 
attivation. The assays themselves are prone to error 
due to platelet activation and/or rapid leakage of pro- 
teins during preparation of platelet-free plasma [79]. 
Even with meticulous attention to blood collection 
and processing, there are a significant number of false- 
positive tests. There is also considerable laboratory- 
to-laboratory wlriability. In one comparative analysis, 
levels differed by up to 300f¥ between laboratories for 
identical siunptes [80], There are also increased levels 
of BTG antigen in renal diseases due to impaired 
renal catabolism. Several investigators have suggested 
the use o( a BTG/PF,'I ratio [81,82,8,i]. The normal 
ratio m properly prepared plasma is approximately 
5 : 1. With plarelet activation there is usually a small 
increase in PF.i with a larger increase m BTG (due to 
slower clearance of BTG in vivo). This results in 
elevated ratios of BTG/PF,i of up to 10:1. Increased 
BTG/PF-i ratios have been detected in a variety of 
rhromborit conditions, including coronary disease 
[83]. It is also possible to measure BTG levels in the 
urine, which ofh~rs the potential advantage of not 
being as influenced by collection technique [84]. 

As previously t]iscussed, platelet actiwttion leads to 
the synthesis and secretion of thromboxane Ae (TxA& 
In plasma, TxA, is subsequently converted to a series 
of metabolites including 2,'~-dinor-TxB, and l l- 
dehydroxy TxB:; bnth are renally excreted. It has been 
demonstrated that measured concentrations of uri- 
nary 2,%dinor-TxB~ by gas chromatography/mass 
spectrometry accurately reflect TxA, production at- 

tributable to platelet activation [85,86]. Not surpris- 
ingly, urinary levels of 2,3-dinor-TxB, have also been 
found to be increased in a variety of thrombotic disor- 
ders [86]. Because gas chromatography/mass spec- 
trometry is not widely available, a radioimmunoassay 
for urinary l 1-dehydro-TxB: has been developed. 

The development of the platdet aggrrgometer in the 
1960s allowed the measurement of platelet responses 
to exogenous physiologic agonists in vitro [85]. In- 
vestigators have demonstrated that some patients 
with thrombotic conditions (acute myocardial infarc- 
tion [MI], thrombotic stroke, peripheral vascular 
disease) have platelets that spontaneously aggregate 
[86]. This suggests an increased suscepribility to acti- 
vation or "hyperreactivity." One prospective study 
was able to show that "spontaneous platelet aggrega- 
tion" was a predictor of mortality in acute myocardial 
infarction [87]. Wu and [fouk extended these obser- 
vations by developing a meth,×t that measured plate- 
let aggregates already circulating at the time of 
phlebotomy [88]. In the Wu and ttouk method. 
platelet aggregates in patient samples are fixed with 
paraformaldehyde and then counted. A reduced ratio 
of aggregates in the fixed sample, compared with an 
unfixed sample, reflects an increase in circulating 
platelet aggregates. As with the other markers, the 
presence of increased circulating plateler aggregates 
has been noted in a variety of thrombotic and 
prethrombotic conditions [89-92,9J]. 

One of the most promising techniques f~r assessing 
m vivo platelet activation is flow cytometry [93J. 
Cells in suspension are labeled with a fluorestently 
conjugated monoclonal antibody and passed through 
a focused laser beam. The fluoruphore is activated at 
its excitation wavelength, and a detector analyzes 
both the emitted fluorescence and the light-scattering 
properties of each cell. Monoclonal antibodies can be 
raised against a wide variety of platelet surl:ace anti- 
gens. The development of antibodies that recognize 
surface antigens expressed only after platelet a(tiwt- 
t ion permits t he detect ion and quant ificat ion of plate- 
let activation, as well as analysis of platelets under 
more physiologic conditions, that is, in the presence 
of red blood cells and white blood ceils. Flow 
cytometry minimizes the extent of sample processing, 
thus reducing the potential fi~r artiti~ct. 

In the absence of added exogenous agonists, mea- 
surement of"activation-dependcnr" monoclnnal anti- 
bodies to platelet antigens during llow cytometry 
reflects the activation state of circulating platelets in 
vivo. Inclusion of various exogenous agonists to the 
assay allows analysis of rhe reactivity of circulating 
platelets in vitro. The two most widely studied 
activation-dependent antibodies are those ( 1 ) directed 
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TABLE 3-4. Activation-dependent monoclonal antibodies: 
Antibodies that bind to activated but not resting platelets 

Activation-dependent surface change Prototypic antibodies 

Changes in GPllb-IIla 
Activation-induced conformationa} change in GPllb/lla, 

resulting in exposure of the fibrinogen binding site 
Ligand-induced conformational change in GPIlb/Illa 
Receptor-induced conformational change in bound 

ligand (fibrinogen) 

Exposure of granule membrane proteins 
P-selectin (0~ granules) 
CD63 (lysomes) 
LAMP-1 (lysomes) 

Binding of secreted platelet proteins 
Throm bospond in 
Multimerin 

Development of a procoagulant surface 
Factor Va binding 
Factor VIII binding 

PAC 1 
PM 1.l, LIBSI, LIBS6 

2G5, 9F9, F26 

S12, ACI.2 
CLB-gran/l 2 
H3G11 

PS, TSP-1 
js-~ 

V237 
1B3 

Reprinted from Michel~m [93], with fyermission. 

against changes in the GPIIb/I l la  complex and (2) 
those directed against granule membrane proteins 
(Table 3-4). As previously discussed, the GPIlb/I l la  
receptor complex binds fibrinogen, vWF, fibronectin, 
and vitronectin. The crosslinking of platelets via 
GPl lb-GPl l la - f ibr inogen  bridges is the critical step 
in platelet aggregation. The monoclonal antibody 
PAC1 is directed against the fibrinogen binding site 
of GPIIbl l IIa  that is exposed only after conforma- 
tional changes induced by platelet activation [94]. As 
a result, it recognizes only activated platelets. Anti- 
bodies have also been developed that recognize the 
GPIIb/ l l la  receptor only after its ligand has bound 
(ligand-induced binding sites) [95]. Conversely, anti- 
bodies to receptor-induced binding sites recognize 
the ligand (i.e., fibrinogen) only after it binds to the 
receptor [96,97~. 

Monoclonal antibodies have been raised against 
platelet granule membrane proteins that translocate 
to the surface after platelet activation. The most com- 
mon granule membrane antigen targeted is 
P-selectin, which mediates adhesion of activated 
platelets to neutrophils and monocytes. Antibodies 
against P-selectin bind only activated, degranulated 
platelets [981. 

In contrast to the GPl lb/ I l la  and granule mem- 
brane, protein activation-dependent antibodies is the 
G P I b - I X - V  (CD42)--specific antibody that actually 

binds to a reduced degree with platelet activation 
because of its translocation to the open canalicular 
system [99,100]. In one study, a decrease ill binding 
of monoclonal antibody to the G P I b - I X - V  complex 
proved to be a more sensitive marker of platelet acti- 
vation than antibodies directed against GPIlb/ l l la  or 
P-selectin [101J, 

As we learn more about the changes platelets 
undergo with activation, additional activation- 
dependent monoclonal antibodies will be developed. 
This, in turn, will allow further delineation of the 
contribution of platelets in acute coronary syndromes 
[102,103]. 

PLATELET-LEUKOCYTE INTERACTIONS 
It could be stated that platelets are to thrombosis as 
leukocytes are to inflammation. However, over the 
past decade there has been increasing recognition that 
inflammation and thrombosis are linked at several 
levels. Study of the modulating effects of neutrophils 
and platelets on one another became possible with 
improved methods for the preparation of platelet-free 
neutrophils and platelet-rich plasma (PRP) [t041. 
Early studies focused on the ability of platelets or 
neutrophils to enhance each other's response to an 
aggregating agonist. Reintroduction of platelets to 
a neurrophil preparation increased the neutrophil 
aggregation response to various chemotactic agents 
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TABLE 3-5. Platelet-derived mediators altering neutrophil function 

Platelet-derived mediator Effect on Neutrophil [134] 

1. TxAe 

2. PDGF 

~,. PF4 

-l. 12 HETE/12HPETE 

5. Serotonin 
6. Adenosine 

Enhances PMN adhesiveness [114] 
Mediates PMN diapedesis [115] 
Regulates neutrophil effect on atherosclerotic vessel 
Vasocnntricts [ 116,117] 
Induces PMN chemotaxis [124] 
Stimulates PMN phagocytosis [125] 
Inhibits activated PMN 02 release 
Induces PMN chemostaxis [127] 
Stimulates PMN elastase release [128] 
Induces PMN chemotaxis I 129] 
Stimulates PMN oxidative burst [130] 
Promotes PMN adhesion to endothelium [1 ~,0] 
Modulates PMN stimulation with increased 

shear? {131] 
Enchances PMN adherence to endothelium [1 :~2] 
May inhibit PMN activation [ 133] 

T x A ,  = t h r o m b o x a n v  A2; P! , )GF = p l a t e l e t - d e r i v e d  g r o w t h  tactor ;  PF4  - platcl t ,  t h c t o r -  ~; P M N  - p ~ l ~ m o r -  

p t lonLldear  l eukocy te .  
F r o m  S i m i n i a k  et a l  [ 13  l l ,  w i t h  p e r m i s s i o n .  

[ 104,105]. Similarly, reintroduction of activated neu- 
trophils to a plarelet preparation caused either direct 
platelet aggregation or increased the response to vari- 
ous agonists [ 106-109].  

Neutrophil-mediated cytotoxicity, oxidant pro- 
duction, lysosome release, and arach~xlonic acid me- 
tabolism are all increased in the presence of platelets 
[7-10,  I04,110-113] .  Platelets activated by platelet 
activating factor (PAF) have increased calcium mobi- 
lization and thromboxane ~e release in the presence of 
activated neutrophils [ 109]. The capacity of platelets 
and leukocytes to modulate one another's activity is 
potentially explained by one or more mechanisms: (1) 
release of soluble mediators, (2) metabolism of re- 
leased mediators, (3) presentation of surface-bound 
mediators, and ('t) direct cell adhesion. 

PLATELET-DERIVED MEDIATORS 
The release of TxA, from activated platelets has been 
fi)und to enhance polymorphonuclear leukocytes 
(PMN) adhesiveness [ 114], to mediate PMN diaped- 
esis (via regulation of PMN adhesion receptor C18) 
[ 115], and to regulate the effect of activated neutro- 
phils on atherosclerotic arterial vasoconstriction 
[116,l  171. In turn, TxA2 inhibi t ion has been demon- 
strated to decrease neutrophil accumulation in 
ischemic myocardium, with a subsequent reduction 
in experimental infarct size [118-12~].  

Platelet-derived growth factor (PDGF) induces 
PMN chemotaxis and stimulates phagocytosis 
[ 124,125 ]; however, it also appears to inhibit  oxygen- 
derived free radical release from stimulated neutro- 
phils. Plasma PDGF concentrations are depressed in 
patients with acute MI or unstable angina [126]. 
Other platelet-derived mediators shown to have ef- 
fects on neutrophil function include platelet factor-4, 
12-HETE/12-HPETE, serotonin, and adenosine 
(Table 3-5) [124-134] .  

NEUTROPHIL-DERIVED MEDIATORS 
Oxygen-derived free radicals released by activated 
PMNs can have either excitatory or inhibitory effects 
on platelets. Superoxide anion has been shown to act 
synergistically with thrombin to activate platelets as 
well as to stimulate platelet serotonin release ]135]. 
In contrast, there is at least one report that suggests 
that PMN-derived H,Oe can inhibit  platelet aggrega- 
tion [136]. 

Elastases secreted from neutrophils }lave been 
found to inhibit  thrombin-mediated platelet activ- 
ation and serotonin release, perhaps by cleaving 
specific platelet receptors ]137]. Interestingly, 
platelet-derived PF4 may stimulate the release of 
PMN elastase [128], representing a potentially im- 
portant physiologic link between platelets and 
PMNs. 
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Arachadonic acid metabolites derived from neutro- 
phils may be utilized by platelets. Leukocyte-derived 
5 HETE is the precursor for the platelet product 5,12 
diHETE [ 137]. PMN-derived leukotrienes have been 
shown to enhance platelet aggregation in response to 
several agonists [138]. Finally, activated neutrophils 
can activate platelets by presenting surface-bound 
PAF [139]. This event requires cell--cell interaction 
and, in addition, may depend on direct adherence. 

PLATELET LEUKOCYTE ADHESION 
Platelet leukocyte adhesion is of physiologic impor- 
tance for a variety of reasons. Close contact of cells 
ensures increased local concentrations of released me- 
diators and provides a means of protection against 
circulating plasma inhibitors. Indeed, it has been 
shown that platelet activation by neutrophil-derived 
mediators is increased if neutrophils are included in 
the in vitro preparation [140,141]. The adhesion 
event itself may provide a stimulus for subsequent 
intracellular signaling events. 

Cell-cell adhesion may be the necessary link be- 
tween inflammation and thrombosis. It is well docu- 
mented that neutrophils and platelets bind to regions 
of vessel wall damage. While they clearly interact, 
independent function is often required of each. It has 
been noted that thrombocytopenia is not, in and of 
itself, associated with an impaired immune response, 
nor is neutropenia linked with hemostatic abnormali- 
ties. Although the interaction between neutrophils 
and platelets may not be essential for normal physi- 
ologic function, it may play a role in the pathologic 
thrombosis, reperfusion injury, and chronic inflam- 
mation [142]. For these reasons, investigation of 
platelet-leukocyte interactions has steadily increased. 

The in vitro adherence of platelets to neutrophils 
in ethylenediaminetetraacetic acid (EDTA) anticoa- 
gulated blood was noted as early as the 1960s and was 
commonly termed platelet satellitism [143-145]. This 
phenomenon was confirmed in several experiments 
using whole blood: Platelet agonist-induced aggre- 
gates contain both platelets and neutrophils [146], 
exposure of whole blood to glass causes deposition of 
both cell types [147], and adhesion of neutrophils to 
nylon fibers increases with increasing platelet concen- 
trations [148]. Nash and colleagues observed hetero- 
typic aggregates after mixing heparinized PRP and 
granulocytes [149]. Aggregation was increased if 
the platelets were activated, and the process was 
found to be calcium dependent. Neutrophil activa- 
tion increases the aggregatory response but is not an 
absolute prerequisite. 

In the late 1980s a number of investigative groups 
reported that platelet-leukocyte adhesion was medi- 

ated largely through expression ofplatelet activation- 
dependent granule external membrane protein 
(PADGEM), also known as granule membrane pro- 
tein 140 (GMP-140) or CD62 [150-152]. PADGEM 
is an Oc granule membrane protein expressed on the 
surface of activated platelets after granule secretion. 
Initially felt to be platelet specific, PADGEM has also 
been found in megakaryocytes [153] and endothelial 
cells [ 154]. Additional studies determined that plate- 
let binding to both PMNs and monocytes was depen- 
dent on a specific epitope of GMP-140. Unactivated 
platelets bind leukocytes through a divalent cation- 
independent receptor, but with a much decreased 
affinity. Interestingly, the receptor(s) mediating ad- 
hesion on unactivated platelets become nonfunctional 
after thrombin activation. 

The dynamics of leukocyte-platelet adhesion in 
whole blood have been examined [156]. Using RGDS 
peptides to block platelet aggregation, whole blood 
was stimulated by thrombin. As expected, this caused 
increased expression of GMP-140 (platelet activa- 
tion). In addition, there was a marked increase in 
monocyte- and neutrophil-platelet aggregates, as 
well as an increase in the number of platelets bound 
per cell. The observed increase in adhesion was 
blocked using a monoclonal antibody against GMP- 
140. Wi th  thrombin stimulation, monocytes bind 
more platelets, and at a faster rate, than do neutro- 
phils. With  weaker agonists (ADP, epinephrine) less 
GMP-140 is expressed, and whereas monocyte 
platelet conjugates are present, neutrophil-platelet 
conjugates are not. 

When whole blood is stimulated with either ADP 
or epinephrine in the absence of RGDS (thus allowing 
platelet aggregation), there is a marked decrease in 
leukocyte-platelet binding but an increase in pure 
platelet aggregates. With  time (-5 minutes) the 
platelet aggregates spontaneously dissociate and the 
percentage of monocytes and PMNs with adherent 
platelets again increase. This subsequent "re- 
aggregation" is also blocked by the monodonal anti- 
body G1, supporting GMP-140 as the putative 
receptor. 

The leukocyte receptor required for platelet adhe- 
sion has not been identified conclusively. Evidence 
points to CD15, a nonsialated pentasaccharide not 
found on resting cells, as the leukocyte ligand 
for GMP-140 [157]. However, there are contrasting 
views [158,159]. The fact that monocytes have a 
competitive advantage over PMNs for platelet 
adherence also suggests that CD15 is not the major 
ligand, given the existence of a 30-fold lower expres- 
sion of CD15 per monocyte compared with PMN 
[52]. 



I i PART A: SCIENTIFIC PRINCIPLES 

There is some exper imental  evidence that  the 
G P l l b / H l a  complex may play a role in the adhesion of 
activated plarelets to leukocyres [160]. Using washed 
platelets that  were activated wi th  various agonists and 
then incubated wi th  leukocytes, Jorgi  and colleagues 
identified hcterotypic aggregates that  were then fixed 
m glutardialdehyde.  Using a unique  scoring system 
based on microscopic analysis, the degree of adhesion 
of activated piatelets to leukocytes was quantified. 
W h e n  monoclonat  ant ibodies  to GPl lb / I I I a  receptor 
or RG1)S peptides were included in the exper imental  
preparation,  a partial inh ib i t ion  of adhesion events 
was noted. Similarly, dissociation of the G P l I b / I I l a  
complex using EI)TA also resulted in decreased 
leukocyte-pla te le t  b inding.  Finally, platelets in 
( ;P l lb / l l l a -de t i c i en t  pat ients  tend not to interact 
s trongly with leukocytes. 

Our  knowledge of the mechanisms beh ind  
pla tc le t - leukocyre  interactions is just now beg inn ing  
to expand. Gains in this field will enhance our under-  
s tanding of the relat ionship between inf lammat ion 
and thrombosis .  In turn,  this may ofter insights  
into how we may inhib i t  thrombosis  while sparing 
hemostasis. 
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0 MOLECULAR REGULATION 

OF FIBRINOLYSIS 

H. Roger Lijnen 

Introduction 
Mammalian blood contains a fibrinolytic system com- 
prised of a proenzyme, plasminogen, that can be con- 
verted to the active enzyme, plasmin, by several types 
of plasminogen activators. Plasmin, in turn, degrades 
fibrin into soluble fibrin degradation products [1]. 
Two physiological plasminogen activators have been 
identified that are immunologically distinct, the 
tissue-type (t-PA) and the urokinase-type plasmino- 
gen activator (u-PA). t -PA-mediated plasminogen 
activation is mainly involved in the dissolution of 
fibrin in the circulation [1]. u-PA binds to a specific 
cellular receptor (u-PAR) and activates cell-bound 
plasminogen; its main role appears to be in the induc- 
tion of pericellular proteolysis via the degradation of 
matrix components or via activation of latent pro- 
teases or growth factors. Thus, u-PA may play a role 
in events such as tissue remodeling and repair, mac- 
rophage function, ovulation, embryo implantation, 
and tumor invasion [2,3]. The recent observation that 
mice deficient in u-PAR display a virtually normal 
phenotype has, however, somewhat challenged an 
important role of the u-PA/u-PAR system in these 
phenomena [4]. 

Inhibition of the fibrinolytic system may occur 
either at the level of t-PA or u-PA, by specific plasmi- 
nogen activator inhibitors (PAl), or at the level of 
plasmin, mainly by o~2-antiplasmin. The fibrinolytic 
system is schematically represented in Figure 4-1, 
and some of the biochemical properties of its main 
components are summarized in Table 4-1. 

Physiological fibrinolysis is a fibrin-specific process 
that is regulated by specific molecular interactions 
between its main components as well as by controlled 
synthesis and release, presumably primarily from en- 
dothelial cells, of plasminogen activators and PAls. 
The physiological importance of the fibrinolytic sys- 
tem is demonstrated by the association between ab- 
normal fibrinolysis and a tendency toward bleeding or 
thrombosis. Impairment of fibrinolysis, due to a de- 

fective synthesis and/or release of t-PA from the vessel 
wall, to a deficiency or functional abnormality in the 
molecular interactions regulating plasminogen acti- 
vation, or to increased levels of inhibitors of t-PA or 
of plasmin, may be associated with thrombosis. Ex- 
cessive fibrinolysis due to increased levels of t-PA, or 
to O~2-antiplasmin or PAI-I deficiency, may result in 
tendency to bleed [5,63. 

Thrombolytic therapy, consisting of intravenous 
administration of plasminogen activators, has become 
an important therapeutic approach to the treatment 
of patients with thromboembolic disease [1]. Plasmi- 
nogen activators, such as streptokinase, anisoy- 
lated plasminogen streptokinase activator complex 
(APSAC), and two-chain u-PA (tcu-PA), induce ex- 
tensive systemic activation of the fibrinolytic system 
and, after saturation of ote-antiplasmin, excess plas- 
min may degrade several plasma proteins, including 
fibrinogen, factor V, and factor VIII. The physiologi- 
cal plasminogen activators, t-PA, and single-chain u- 
PA (scu-PA), as well as the bacterial plasminogen 
activator staphylokinase, in contrast, preferentially 
activate plasminogen at the fibrin surface, albeit via 
different mechanisms. Once formed, plasmin, associ- 
ated with the fibrin clot, is protected from rapid 
inhibition by o~:-antiplasmin and may thus efficiently 
degrade the fibrin ofa thrombus [1]. These molecular 
interactions are schematically illustrated in Figure 4- 
2. We discuss the molecular mechanisms involved in 
the regulation of fibrinolysis, with special emphasis 
on the role of fibrin in fibrin-specific clot lysis. 

Molecular Structure of Plasminogen and 
Plasminogen Activators 

PLASMINOGEN 
Human plasminogen is a single-chain glycoprotein of 
92kd with a plasma concentration of 1.5-2itlM. It 
consists of 791 amino acids and contains seven struc- 
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TABLE i-I. Properties of proteins invoNed in physiok~gical fibrinolysis 

Plasma 
M~ No. o( concentration 
(kd) anaino acids (mg/L) Catalytic triad Rea(tivc site 

Plasm mogen 92 791 2 0 0  

Plasm m 85 +_715 - -  tlis'" ",Asp"' ,Set '~ 
(~..-antiplasmin 67 ,i64 70 - -  ArgO '-Met c- 
PAl- 1 52 ~,79 0.05 - -  Arg ' >-Met "'" 
PA 1-2 60 .i 15 <0.OO5 - -  A rg ~" '-Thr '" ' 
t- PA 68 527 O. 005 | |is ' ' ' ,Asp '- ,Ser '~ - - 
t,-PA 5.i -i 1 l 0.008 Ilis "".Asp '~,Ser ~': - -  

I-PA = tissue [~r[~t" plasmino,evn acnvaror; u-PA = tlrokhlase ty['~ plasmino,<cn a~ti;rator, pro urc~kinast., PAl-I - pla~nnn.,~:cn a~ tivator inhl[)inlr l; PAI-2 - 
[x(itS.'lilllilge[I attl~attlr inhd)itur-2 

i Plasminogen Activators ] 

[ P asrninogen Acti','alor 
-,e----~ ~ Inhibitor s I 

D 7 ) Plasmln Inhlbltor$ } 

±, Fibrin Degradation Products ) 

FI(;URE i I. Schematic representation of the fibrino/ytic 
system. Plasminogen activators convert plasminogen to 
plasmin, which degrades fibrin to soluble fibrin degradation 
products. Plasminogen activators can be inhibited by plas- 
minogen activator inhibitors, whereas plasmin can be in- 
hibited by plasmin inhibitors. 

rural domains.  Start ing from the NH., terminus,  there 
are a preactivation pept ide (amino acids 1-77),  five 
homoh~gous disul t ide-bnnded tr iple-loop structures 
or "kringles" (about 90 amino acids each), and a pro- 
tcinase domain  (residues 5 6 2 - 7 9 1 )  [7,8]. The 
kringles ctmtain lysine b inding  sites and aminohexyl  
b ind ing  sites, which mediate specific b ind ing  of plas- 
minogen  to fibrin attd to cell surt;aces, as well as the 
interaction of p lasmin with 0(:-antiplasmin,  and 
thereby play a crucial role in the regularion of 
fibrinolysis. The strongest  b ind ing  site for lysine and 
omega amino acids is located on kringle 1, wi th  
weaker sites present on kringles 'l and 5. Most of 
the available s t ruc tu re -Rmct ion  evidence suggests 
that  the kr ingle  regions of p lasminogen are indepen-  
dent  domains [9]. Nuclear  magnet ic  resonance scud- 

Fa¢l l , r  ~ @ I~e ~ radat iem I)r f~l a d  ~ 

F ~ r l ~ r  "~|11 t 

l'la,mim~i4en ID Pl~nl in  

l ~lr rpt.kml~. 

i . P ~  

~ 7 . , & ,  3 - . . . . .  - -  ~taph~l , ,k in.~ 

Y Fibrin i I, Fibrin ! ~ iF ........ ~ ......... I 

,,: ~ mi ld~ ,min  

FIGURE 1-2. biolecular interactions involved in the iibrin 
specificity of plasminogen activation. Non fibrin-specific 
p l a s m i n u g e n  a c t i v a t o r s  c o n v e r t  p l a s l l l i l ] O ~ e l ]  tO p l a s n ' l i l i  

mainly in tile circulation, resulting in deplcti,n of c¢.- 
antiplasmin and degradation of several plasma proteins. 
Fibrin-specific plasminngen activators mainly activate 
fibrin-bound plasminogen into fil~rin-bl>und plasmin, 
which is protected (tom rapid inhibitiou by {-z- 
antiplasmm, and e(ficiently degrades tibrin. 

ies have suggested that  the first kringle is a compact  
globular  s t ructure  bui l t  around a core of hydrophn-  
bic aromatic  amino acids, whereas ~hemi(al modifica- 
t ion studies have revealed that specific arginine 
residues are involved in fibrin b inding [10]. Kr inglc- i  
of p lasminogen mediates b inding  to retranectin 
[ I l l .  

Nat ive  plasminogen,  with  NH~- te rmmal  glutamic 
acid (Glu-plasminogen), may adopt dis t inct  cnnfi>rma- 
finns involving two intramolecular  interactions,  one 
mediated by regions of the N H  .-terminal peptide and 
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kringle 5, and the other between kringles 3 and 4 
[12]. Hydrolysis by plasmin of the Argr"-Met 69, 
LysrT-Lys T M ,  or LysT*-Val r9 peptide bonds in Glu- 
plasminogen yields modified forms designated Lys- 
plasminogen, which are more easily activated to plas- 
min. Plasminogen is converted to plasmin by cleav- 
age of the Arg56L-Va1562 peptide bond by 
plasminogen activators [13]. Activation of Glu- 
plasminogen in a buffer milieu yields Lys-plasmin, 
whereas in human plasma it occurs primarily by di- 
rect cleavage of the Arg56*-Val 5~'2 peptide bond, with- 
out generation of Lys-plasminogen intermediates 
[14]. Plasmin is a two-chain trypsin-like serine pro- 
teinase, the NH2-terminal (A-) chain containing the 
kringles and the COOH-terminal (B-) chain contain- 
ing the active site (composed of His s°3, Asp 6a6, and 
Ser 741) of which are connected by two disulfide bonds 
[7,8]. Digestion of plasminogen with elastase yields 
three major fragments - -  kringles 1-3, kringle 4, and 
low M, plasminogen (kringle 5 with the proteinase 
domain) [15]. Low M, plasminogen lacks lysine-bind- 
ing sites and does virtually not bind to fibrin. A 
physiological role for low M, plasminogen has been 
suggested in the mediation of intercellular interac- 
tions between microglia and neurons [16]. A 38-kd 
plasminogen fragment comprising the first four 
kringle structures, called angiostatin, was reported to 
be generated in primary Lewis lung carcinoma and to 
inhibit angiogenesis and growth in secondary 
metastasis [17]. 

TISSUE-TYPE PLASMINOGEN ACTIVATOR 
A tissue-type plasminogen activator (t-PA), first 
identified in tissues and tissue extracts, was purified 
in the 1970s from several sources, and human t-PA 
cDNA was cloned and expressed in 1983 [18]. In 
vivo, t-PA is primarily synthesized and secreted by 
vascular endothelial cells. The plasma concentration 
of t-PA antigen is about 5 ng/mL, whereas the con- 
centration of free t-PA is probably less than I ng/mL. 
These levels are highly variable under physiological 
and pathophysiological conditions. Human t-PA is a 
single-chain serine proteinase of about 70kd, consist- 
ing of 527 amino acids, with Set as the NHa-terminal 
amino acid [18]. It was later shown that native t-PA 
contains an NH2-terminal extension of three amino 
acids, but, in general, the initial numbering system 
has been maintained. 

Limited plasmic hydrolysis of the Arg2~5-Ile 276 
peptide bond converts t-PA to a two-chain molecule 
held together by one interchain disulfide bond. In 
contrast to the single-chain precursor form of most 
serine proteinases, single-chain t-PA is enzymatically 
active. On the basis of conformational similarities 

between single-chain and two-chain t-PA, it was pos- 
tulated that the activity of single-chain t-PA would 
involve an equilibrium between an active and a 
zymogenic conformation, which would be shifted to 
the active conformation on substrate binding [19]. 
Alternatively, the high activity of single-chain t-PA 
has been ascribed to the absence of a zymogen triad in 
the proteinase domain [20]. The t-PA molecule con- 
tains four domains: (1) an NH2-terminal region of 47 
residues (residues 4-50;  F domain), which is homolo- 
gous to the finger domains mediating the fibrin affin- 
ity of fibronectin; (2) residues 50-87 (E domain), 
which are homologous to epidermal growth factor; (3) 
two regions comprised of residues 87-176 and 176- 
262 (K 1 and K 2 domains), which share a high degree 
of homology to the five kringles of plasminogen; and 
(4) a serine proteinase domain (P, residues 276-527) 
with the active site residues His ~-'2, Asp ~ ,  and Ser )~'~ 
[18], Physicochemical characterization of t-PA sug- 
gested that the individual domains are folded within 
the molecule, yielding a globular structure, which is 
stabilized by strong interactions between the protein- 
ase domain and the F and/or E domains [2 l ]. Nuclear 
magnetic resonance studies on the solution structure 
of the finger domain of t-PA support this model 
[22]. The t-PA molecule has of three potential 
N-glycosylanon sites, at Ash (K1), Ash (K,), and 

4 4 8  . ~ • Asn (P). t-PA preparattons usually contain a 
mixture of variant I (with all three glycosylation sites) 
and variant II (lacking carbohydrate at Asn ~ )  [18]. 
Classical O-linked carbohydrate chains have not 
been found in t-PA, but it has been shown that 
fucose is glycosidically linked to Thr "~ in the E do- 
main [23] (see Chapters 19 and 20). 

SINGLE-CHAIN UROKINASE-TYPE 
PLASMINOGEN ACTIVATOR 
Urokinase-type plasminogen activator (u-PA) was 
first found in urine at relatively high concentrations 
(200-300 ng/mL) and was later identified in human 
plasma at a level of about 3-5 ng/mL. Its cDNA has 
been cloned and expressed in 1985 [24]. u-PA is 
comprised of411 amino acids in a single polypeptide 
chain (scu-PA) and contains the serine proteinase ac- 
tive site triad His 2°~, Asp '5~, and Ser ~'. The molecule 
contains an NH2-terminal growth factor domain and 
one kringle structure homologous to the five kringles 
found in plasminogen and the two kringles in t-PA. 
Conversion of scu-PA to two-chain u-PA (tcu-PA) 
occurs after proteolytic cleavage at position Lys ~s~- 
lie ~9 by plasmin [25], kallikrein [26], trypsin [26], 
cathepsin B [27], human T-cell-associated serine 
proteinase-1 [28], and thermolysin [29]. A fully 
active tcu-PA derivative is obtained after additional 
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proteolysis by plasmin at position Lys~'-Lys 2~*;. 
In addition, a low molecular weight tbrm of scu-PA 
( a,2 kd) can be o b t a i n d  by selective cleavage at posi- 
tion Glut ~'-l.eu j ' '  [ ";0]; this cleavage can be obtained 
with the matrix metalloproteinase Pump-1 {31]. In 
contrast, scu-PA is converted to an reactive two-dlain 
molecule by thrombin after pruteolytic cleavage at 
position Arg~ ' -Phe  ~: [26]. This inactivation is 
strongly enhanced in the presence of thrombomo- 
dulm and is dependent on the O-linked glucosami- 
noglycan of thrombomodul in  [a,2]. The cofitctor 
effect of thrombomodulin on the inactivation of 
scu-PA by thrombin was demonstrated in a perfused 
rabbit heart model [33]. u-PA contains only one N- 
gly~osylarion site (at Asn ''~2) and contains a fucosy- 
[ated thrconinc residue at position 18 [34] (see 
(~hapter 17). 

STAPt tYL()KINASE 
Natur01 staphylnkmase has been puritied from Stap,Sy- 
/,coc~u.~ aurez~.r strains that were transformed with 
bacteriophages containing the staphylokinase gent  
or that had undergone lysogenic conversion to 
staphyh~kinase production [33]. It was shown in the 
19.i0s to have profibrinolytic activity [36]. More re- 
cently, the staphylokinase gent  has been cloned from 
bacteriophages as well sis from the genomic DNA of 
a lysogenic Satph),locoau_~ aurrus strain and has been 
expressed in bacterial systems [37}. 

Mature stapbylokinase consists of 136 amino acids 
in a single polypeptide chain without disulfide 
bridges [-;7]. The solution structure ofstaphylokinase 
lasts been analyzed by x-ray scattering, dynamic light 
scattering, ultracentrifi.tgation, and ultraviolet circu- 
lar dichroism spettroscopy. The physical parameters 
obtained in these studies indicate that the molecule is 
very elongated and consists ot two folded domains of 
similar size, the mutual positions of which are vari- 
able [ a,S}. 

Several molecular torms of staphylokinase have 
been puriiied with slightly different M~ (16 .5-18kd)  
and isoclectric points. Lower M~ derivatives of mature 
staphylokinase were obtained lacking the 6 (Sak-A6) 
or the 10 (Sak-A10) Nl l , - t e rmina l  amino acids. On 
interacticm with plasmin(ogen) in a buffer milieu, 
mature staphylokinase (NH,- tcrminal  Scr-Ser-Ser-) 
is rapidly and quantitatively converted to Sak- 
AI 0 (Nt t : - terminal  Lys-Gly-Asp-). Mature staphy- 
h)kinase and Sak-Al0 have the same fibrinolytic ac- 
tivity and a comparable plasminogen activating and 
tibrinolytic potential in human plasma in vitro [39]. 

The amino arid at position 26 appears to be of 
crucial importance fi~r the activation of plasminogen 
by staphylokinase. Indeed, substi tution of the unique 

Met residue in position 26 dramatically influenced its 
potency, depending on the nature of the exchanged 
amino acid [40]. A "clustered charge-to-alanine 
scan," in which the ,4,5 charged amino acids of the 
protein were substituted with Ala in clusters of two or 
three residues, revealed that mutagenesis in three re- 
gions of the protein (amino acids 11- | . l ,  t6 -50 ,  and 
65-69)  resulted in impairment of the interaction 
with plasminogen [4 l ] (see Chapter 18). 

31olecular Structure of Inhihitorr 
of Fibrin@sis 

0t~-ANTIPLASMIN 
~.,-Antiplasmin is the main physiological plasmin 
inhibitor in human plasma, whereas plasmin formed 
in excess ofo~,-antiplasmin may be neutralized by o~,- 
macrogh~bulin. I2,-Antiplasmin is a 67-kd single- 
chain glycoprotein containing 13<V N-linked 
carbohydrate; it is synthesized in tilt, liver and its 
plasma concentration is about IBM. Two Torms of 
~,-ant iplasmin were detected in about equal amounts 
in purified preparations of the inhibitor {.t2}: a native 
d64 residue hmg inhibitor with Nl t , - te rminal  me- 
thionine (Met~-~,-anriplasmin) and a form that is I 2 
residues shorter with NH,- terminal  asparagme 
(Asn ~!-O~,-antiplasmin). Previously it was reported 
that native ~,-ant iplasmin contains only .t52 amino 
acids (Asn~S-~-ant iplasmin)  [-i 5], with reactive sire 
peptide bond Arg'"i-Met ~'~ (Arg ' " -Me t  <- fi~r Met ~- 
O~:-antiplasmin). It is not known whether Asn ~'-fg,- 
antiplasmin is present in the circulating blood or 
whether it is generated in vitro, o~-Antiplasmin is 
unique anmng serpins (serinc proteinase imhibitors) 
in having a COOH-terminal  extension of 51 amino 
acid residues [,t3], which contains a se(ondary bind- 
ing site that reacts with the lysine-binding sires of 
plasminogen and plasmin [.'i.i]. The plasminogen- 
binding torm of o~e-antiplasmin becomes partly 
(about "~0~7. , of the total) converted in the circulating 
blood to a nnn-p tasminogen-b indmg,  less reactive 
form {,i5], which lacks the 26 CO()H-terminal  resi- 
dues [+l].  The NH,- terminal  Gin ~' residue of Met ~ 
~ : -an t ip lasmin  can crosslink to A~  chains of fibrin in 
a process that requires Ca '+ and is catalyzed by atti- 
vated coagulation factor XIII [16]: this ~rosslinking 
is more efficient for Ash :' -~ , -  antiplasmin ['i7]. 

PLASNIINOGEN Af)TIVATOR IN l t It~ITOR- 1 
Rapid inhibit ion of both t-PA and u-PA in normal 
human plasma occurs primarily by plasminogen acti- 
vator inhibitor-1 (PAl- l )  [48]. PAI-I was first iden- 
tiffed ill conditioned media oi cultured human 
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endothelial ceils and subsequently in plasma, plate- 
lets, placenta, and conditioned media of fibrosarcoma 
cells and hepatocytes [49]. In healthy individuals, 
highly variable plasma levels of both PAl activity and 
PAI-I antigen have been observed. PAl activity 
ranges from 0.5 to 47 U/mL (t-PA neutralizing units; 
1 mg active PAI-1 corresponds to 700,000 units), 
with 80% of the values below 6U/mL. PAI-1 
antigen ranges between 6 and 85 ng/mL (geometric 
mean: 24 ng/mL) but is strongly elevated in several 
thromboembolic disease states [50]. The serpin PAI- 
l is a single-chain glycoprotein of 52 kd consisting of 
379 amino acids without disulfide bonds. Three po- 
tential N-glycosylation sites are present at Ash ~°'~, 
Asn 2r's, and Asn ~27. Its reactive-site peptide bond 
consists of Arg~a-Met~7; a basic amino acid is re- 
quired at P1 for significant inhibitory activity, 
whereas all substitutions, except Pro, are tolerated at 
P ' l  [51]. 

PAI-1 occurs in different structural forms, It is 
synthesized as an active inhibitory form that sponta- 
neously converts to a latent non-inhibitory form with 
a half-life of 2 hours in a purified system and of 4 
hours in plasma. Latent PAI-1 can be partially reacti- 
vated by treatment with denaturing agents followed 
by renaturation of the unfolded molecule [52]. In the 
circulation in vivo, some reactivation of PAI-I may 
occur by interaction with negatively charged phos- 
pholipids on the membrane of endothelial cells [53]. 
The structural basis of the latency in PAI-1 has been 
resolved by determination of its structure by single- 
crystal x-ray diffraction. Part of the reactive center 
l~)p is inserted into the major ]~-sheet of PAl-1 and is 
therefore not accessible to the target enzyme (locked 
conformation). Reactivation of latent PAI-1 by dena- 
turants results in partial elimination of this insertion 
[54]. Another molecular form of intact PAI-1 has 
been isolated that does nor form stable complexes 
with t-PA but is cleaved at the P 1 - P I '  peptide bond 
(substrate PAl- l )  [55]. PAI-1 could be converted from 
an inhibitor to a substrate by point mutations in the 
reactive site loop [56]. Thus, inhibitory PAI-1 may 
not only convert to latent PAl-1, which can be reac- 
tivated, but also to substrate PAI-1, which is irrever- 
sibly degraded by its target proteinases. 

PAl-1 is stabilized by binding to a plasminogen 
activator inhibitor binding protein identified as S- 
protein or vitronectin [57], which may contribute to 
its longer halfLlife in vivo than in vitro. Vitronectin 
binds active PAI-1 with high affinity (Ka = 0.3nM) 
and does not bind latent PAI-1 [58]. The PAI-1 
binding site on vitronectin was mapped to the region 
comprising residues Lys"" to Arg ~" [59]. PAI-1 also 
binds to heparin through positively charged amino 

acids in the region 65-88 [60], but this binding does 
not stabilize the inhibitor (see Chapter 5). 

PLASMINOGEN ACTIVATOR INIIIBITOR-2 
The serpin plasminogen activator inhibitor-2 (PAI-2) 
was first demonstrated in human placenta but was 
later also demonstrated in leukocytes, monocytes, and 
macrophages. PAI-2 levels in plasma are very" low but 
are drastically elevated during pregnancy [50]. PAI-2 
exists in two different forms with comparable inhibi- 
tory properties, which are derived from a single 
mRNA: an intracellular nonglycosylated 47-Kd and 
pi-5.0 form and a secreted glycosylated 60-kd and pl- 
4.4 form [49]. The function of intracellular PAI-2 is 
unclear because its main target enzyme (u-PA) occurs 
extracellularly. It may constitute a storage pool from 
which PAI-2 can be secreted on cell injury [61]. The 
1.9-kb PAI-1 cDNA encodes a single-chain protein 
of 415 amino acids with the reactive-site peptide 
bond A r g ~ - T h r  ~ and three potential N- 
glycosylation sites. PAI-2 extracted from placenta is 
essentially nonglycosylated, whereas circulating PAI- 
2 observed during pregnancy is glycosylated. 
Pregnancy plasma also contains a 130-kd form of 
PAI-2, which may represent a complex or an aggre- 
gate [61]. 

Inhibitory Mechanisms Invofi,ed 
in Fibrinolysis 
Serpins inhibit their target proteinases by formation 
of a 1 : I stoichiometric reversible complex, followed 
by covalent binding between the hydroxyl group of 
the active-site serine residue of the proteinase and the 
carboxyl group of the P 1 residue at the reactive center 
(the bait region) of the serpin. 

INHIBITION OF PLASMIN BY 0~,-ANTIPLASMIN 
The inhibition of plasmin (P) by ot2-antip[asmin (A) 
can be represented by two consecutive reactions: a 
fast, second-order reaction producing a reversible in- 
active complex (PA), which is followed by a slower 
first-order transition resulting in an irreversible com- 
plex (PA'). This model can be represented by 

kj ) ,~ 
P + A ( PA ) PA. Tile second-order rate 

k I 

constant of the inhibition of plasmin by Ot,- 

antiplasmin is very high (k, = 2 -4  x 10 ~ M ~ s ~) [62], 
but this high inhibition rate is dependent on the 
presence of a free lysine binding site and active site in 
the plasmin molecule and on availability ofa plasmi- 
nogen binding site and reactive-site peptide bond in 
the inhibitor. The plasmin-o~:-antiplasmin complex 
is schematically represented in Figure 4-3. From 
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kinetic data, the half-life of plasmin molecules on the 
fibrin surface, which have both their lysine binding 
sites and active site occupied, is estimated to be two 
to three orders of magnitude longer than that of free 
plasmin [62]. Inhibition of plasmin by OL- 
antiplasmin is ac(elerated by Lp(a) in the presence of 
fibrin or fibrinogen fragments, which may result in 
impairment  of fibrinolysis [63]. 

INt |IBITION OF PLASMINOGEN ACTIVATORS BY 
PLASMINOGEN ACTIVATOR 1NHIBITORS 
PAl-1 reacts very rapidly with single-chain and two- 
ctmin t-PA and with two-chain u-PA, with second- 
order inhibition rate ~onstants of the order of 
10 M :s ~. PAI-2 primarily inhibits two-chain u-PA. 
The inhibition rate of two-chain u-PA, single-chain 
t-PA, and two-chain t -PA by PAI-2 is about 10, 
1200, and 15() times slower, respectively, than that 
with PAI-1. PAI-I  and PAI-2 do not react with scu- 
PA [.i9]. Rapid inhibition of both t -PA and u-PA by 
PAI-I  involves a reversible high-affinity second-site 
interaction that does not depend on a functional ac- 
tive site [64]. Modeling based on the assumption that 
the interaction between t-PA and PAI-I  is similar to 
that between trypsin and a bovine trypsin inhibitor 
suggested that sequence 350-355  of PAl- 1, which 

FIGURE ,t-~. Schematic representation of the plasmin-o~,- 
antiplasmin complex. Inhibition ot plasmin by (7,- 
antiplasmin involves a high-affinity intera<tion between the 
lysine binding site (LBS) in kringle 1 of plasmin and the 
complementary plasminogen binding site m the COOH- 
terminal region of Ote-antiplasmin, and cleavage of tile 
Arg~"-Met ~'* reactive site peptide bond in dw inhibitor 
following interaction with Set -~ in the active sire of 
plasmin. 

contains three negatively charged amino acids, inter- 
acts with highly positively charged regions m t-PA 
(residues 296-304)  [65] and in u-PA (residues lV9-  
184) [66]. In the presence of fibrin, sir@e-chain t-PA 
is protected from rapid inhibition by PAI-I  [64]. It 
has, however, also been reported that PAl-1 binds tn 
fibrin and that fibrin-bound PAI-1 my inhibit  t - P A -  
mediated clot lysis [67,68] (see Chaprer 5). 

k4echanisms of Fibrin Specificit)' 

TISSUE-TYPE PLASMINOGEN ACTIVATOR 
t-PA functions poorly as an enzyme in the absence of 
fibrin, but the presence of fibrin strikingly enhances 
the activation rate of plasminogen. Kinetic data sup- 
port a mechanism in which fibrin provides a surface to 
which t-PA and plasminogen adsorb in a sequential 
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and ordered manner, yielding a cyclic ternary com- 
plex. Formation of this complex is mainly associated 
with a decrease in the K m for the t-PA catalyzed 
activation of plasminogen, leading to an efficient 
and localized plasminogen activation (a decrease in 
the Km from 65btM in the absence of fibrin to 
0.16 ltlM in its presence). The maximal stimulation of 
plasminogen activation by this mechanism is about 
three orders of magnitude [69]. Plasmin formed on 
the fibrin surface has both its lysine binding sites and 
active site occupied, and is thus only slowly inacti- 
vated by o{2-antiplasmin (half-life, - 1 0 - 1 0 0  seconds); 
in contrast, free plasmin, when formed, is rapidly 
inhibited by ot2-antiplasmin (half-life, -0.1 second) 
[62]. 

The effector function of fibrin during fibrinolysis is 
variable because both fibrinogen and fibrin itself are 
continuously modified by cleavage with thrombin or 
plasmin, yielding a diversity of reaction products 
[70]. Thrombin-catalyzed release of fibrinopeptide A 
from the NH2-terminal Ao~-chain of fibrinogen, 
yielding the desA-fibrin monomer and some desA- 
fibrin polymerization, are essential for stimulation 
of plasminogen activation by t-PA [71]. Optimal 
stimulation is only obtained after early plasmin cleav- 
age at the COOH terminal AO~-chain and the N H  2- 
terminal B~-chain of fibrin, yielding the fragment 
X-polymer [70]. Further cleavage of fragment 
X-polymer by plasmin in the coiled coil region 
yields the soluble fragments Y and D, and results in 
abolishment of the stimulatory effect on plasminogen 
activation. Lysine binding sites and aminohexyl bind- 
ing sites located in the kringle structures of t- 
PA and plasminogen, and complementary sites on 
fibrin (COOH-terminal and internal lysine residues, 
respectively) play an important role in these 
interactions. 

It was suggested that the initial binding of t-PA to 
fibrin was mediated via the finger domain, whereas 
partial fibrin degradation would result in enhanced 
binding of t-PA via kringle 2. The increase in fibrin 
stimulation after formation of fibrin X-polymers is 
indeed associated with an augmented and qualita- 
tively altered binding of t-PA [72] and plasminogen 
[71]. This increased and altered fibrin binding of 
enzyme and substrate is mediated in parr by COOH- 
terminal lysines generated by plasmin cleavage of the 
COOH-terminal o~ chains of fibrin. Interaction of 
these COOH-terminal lysines with lysine binding 
sites on t-PA and plasminogen may permit improved 
alignment as well as allosteric changes in the t-PA 
and plasminogen moieties, thus enhancing the rate of 
plasminogen activation. The physiological relevance 
of this model for plasminogen activation by t-PA in 

the presence of fibrin is supported by cases of 
dysfibrinogenemia in which decreased binding of ei- 
ther plasminogen (e.g., fibrinogen Dusard [73]) or t- 
PA (e.g., fibrinogen New York I [74]) to fibrin clots 
results in defective fibrinolysis and is associated with 
thrombotic complications. 

During fibrin clot lysis, single-chain t-PA is con- 
verted to its two-chain form at the fibrin surface; 
this conversion is probably of little physiological rel- 
evance because the activity of single-chain t-PA 
and two-chain t-PA is comparable in the presence of 
fibrin [75]. Fibrin-bound single-chain t-PA may 
adopt a conformation similar to that of two-chain t- 
PA [76]. Whether conversion of Glu-plasminogen to 
the more easily activatable Lys-plasminogen contrib- 
utes significantly to the increased plasminogen acti- 
vation rate during fibrinolysis is still somewhat 
controversial. 

Binding studies as well as kinetic studies have 
revealed that Lp(a) competes with plasminogen for 
binding to fibrin as a result of binding of Lp(a) to 
fibrin via its lysine-binding domains. Wi th  regard 
to plasminogen, binding of Lp(a) to fibrin is enhanced 
by partial proteolytic degradation of the fibrin 
surface. The functional consequence of the competi- 
tion between Lp(a) and plasminogen for binding to 
fibrin would be inhibition of the fibrin-dependent 
enhancement of plasminogen activation by t-PA. 
Other studies, however, did not find an inhibitory 
effect of Lp(a) on fibrinolysis, but one study reported 
an enhancement of fibrin clot lysis by t-PA in the 
presence of Lp(a) [77]. These discrepancies may be 
reconciled by the findings that the inhibitory effects 
of Lp(a) on plasminogen activation are only seen 
at a low concentration of reactants, whereas at physi- 
ological plasminogen concentration Lp(a) stimulates 
plasminogen activation by t-PA, probably as a result 
of binding of plasminogen to fibrin-bound Lp(a) 
[78] (see Chapters 19 and 20). 

UROKINASE-TYPE 
PLASMINOGEN ACTIVATOR 
u-PA is a serine proteinase with a high substrate 
specificity for plasminogen. In contrast to tcu-PA 
derivatives, scu-PA displays very low activity toward 
low M r chromogenic substrates, while conversion to 
tcu-PA generates full amidolytic activity, scu-PA ap- 
pears to have some intrinsic plasminogen-activating 
potential, which represents _<0.5% of the catalytic 
efficiency of tcu-PA [79,80]. Other investigators, 
however, have claimed that scu-PA has no measurable 
intrinsic amidolytic or plasminogen activator activi- 
ties [81 ]. The occurrence of a transitional state of scu- 
PA with a higher catalytic efficiency against native 
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plasminogen than tcu-PA has been postulated [82]. 
Furthermore, it was reported that fibrin fragement E- 
2 selectively promotes the activation of plasmmogen 
by scu-PA, mainly by enhancing the catalytic rate 
constant of the activation [83]. scu-PA, indeed, does 
not appear to be an efficient activator for plasminogen 
bound to internal lysine residues on intact fibrin, 
whereas it develops an activity' similar to that of t-PA 
toward plasminogen bound to newly generated 
(Z)OH-terminal lysine residues on partially degraded 
fibrin [8.i]. Subsequent studies confirmed that the 
fbrm specificity of scu-PA does not require its con- 
version to ttu-PA, nor conversion of Glu-plasmino- 
gen to Lys-plasminogen, but appears to be mediated 
by enhanced binding of plasminogen to partially 
digested fibrin [85]. 

In plasnla, in the absence of fibrin, scu-PA is stable 
and does not activate piasminogen; in tile presence of 
a librin ~lot, s(u-PA, but not tcu-PA, induces fibrin- 
specifi~ clot lysis [79]. scu-PA does not bind to a 
significant extent to fibrin, although in tile presence 
of Zn: '  ions some binding has been reported [86]. 
The intrinsic activity ofscu-PA towards fibrin-bound 
plasrninogerl may contribute to its fibrin specificity. 
Furthermore, o{ ,-antiplasmm in plasma prevents con- 
version ofscu-PA to tcu-PA outside tile clot and thus 
preserves fibrin specificity [87] (see Chapter 17). 

£TAP/IYI.()KINASE 
Like streptokinase, staphylokinase is not an enzyme 
but fbrms a complex wirh plasmin(ogen), which, in 
turn, activates other plasminogen molecules. The 
plasnlinogen-streptokinase ~omplex exposes an ac- 
tive site in the plasmintgen moiety without pro- 
teolytic cleavage, whereas generation of plasmin is 
reqt, ired tier exposure of an active site m tile plasmino- 
gcn-staphylokinase complex [88]. Kinetic data 
support at mtu.td in which plasminogen and staphy- 
lokinasc produce an inactive 1 : 1 stoichiometric com- 
plex. A(tivatinn may be initiated by tra~t amounts of 
cl)ntaminating plasmm, generating an active plas- 
rain staphylokinase complex that converts excess 
plasminogen tit plasmin and, even more rapidly, inac- 
tive plasminogen-stal~hyhtkinase to active plasmin- 
staphylokinase (nmplex [41 ]. Tile lysine binding sites 
in kringles l I of plasminogen are not required for 
J}ornlation of the active complex [89]. 

Staphylokinase does not brad to tibrin, and fibrin 
stinmlates the initial rate of plasminogen activation 
by staphylokinase only fourfold [90]. Nevertheless, 
staphyhtkinase was found to be an efficient and highly 
fbrin-specifit plasminogen a~tivatl~r in human 
plasma in vitro and in vivo [37t. The fibrin speciticity 
of staphylokinase in human plasma has been 

explained by rapid inhibition of the generated plas- 
min-staphylokinase complex by oc,-antiplasmin 
[90-92] and by a more than l()()-fi)ld reduction of 
this inhibition rate at tile fibrin surI~ice [95], which 
may allow preferential plasminogen activation at the 
fibrin clot. However, staphylokinase dissociates in 
active form from the plasmim staphylokinase com- 
plex following neutralization by' o¢,-antiplasmin and 
is recycled to other plasminogen molecules {9d]. 
Thus, extensive systemic phtsminogen activation 
with staphylokinase would be expected in plasma, 
which clearly contradicts its well-established fibrin 
specificity. 

It was  sho~,vn that when the plasmin-staphy- 
lokinase complex is formed in the absence of fibrin 
but in the presence of excess o(,-antiplasmin, it is 
rapidly neutralized and staphylokinase is recycled to 
other plasminogen molecules. [towever. ~onversion of 
plasminogen-staphylokinase to plasnlin-staphyh> 
kinase does not it(cur at a significant rate because it is 
prevented by 0¢,-antiplasmin: without tile plasmin 
staphylokinase complex, no significant plasminogen 
activation occurs [95t. In the presence of tibrin, gen- 
eration of the plasmin(ngen)-staphylnkinase (omplex 
is f:acilitated and inhibition of plasmm-stat~hy- 
lokinase by 0t:-antiplasmin at tile clot surthce is de- 
layed. Recycling of staphylokinase to fibrin-hound 
phisminogen, after neutralization of the plasmin 
staphylokinase complex, results in more efficient 
production of tile plasmin(ogen} staphylokinase 
complex. This mechanism is mediated via the lysine 
binding sites of plasminogen and results in signifi- 
cantly enhanced plasminogen a(tivatioH at the fibrin 
surface [95]. 

Staphylokinase, in contrast to streptokinase, also 
reduces efficient and fibrin-specific lysis of platelet- 
rich plasma clots in human phisma [ :~9]. This ctiffi:r- 
ential sensitivity' might result from alteration of the 
~.:-antiplasmin to plasminogen ratio in the clot dur- 
ing retraction. Extrusion o[ non-fibrin-bound plas- 
minogen during platelet-mediared clot rutraction 
may indeed result in an enhanced ratio ot o~.- 
antiplasmin to plasminngen associated with the clot. 
It was shown previously that retracted blood (lots arc 
more sensitive to lysis with fibrin-spetifi~ plasmino- 
gen activators, probably because enhanced systemic 
plasminogen activation with non fbrin specific 
agents precludes recruitment ot plasminogen from 
ttle surrounding plasma, resulting in reduced clot 
lysis [96]. With the highly fibrin-specific agent 
staphylokinase, circulating plasminogen levels arc 
not significantly decreased, thus allowing i~lasmil~o - 
gen supplementation from the plasma to the ~lnt 
[39] (see (2hapter 18). 



i. M()I.t-(;I!LAR REGUI.ATION ()F FIBRIN()I.YSIS 61 

Conclusions 
Plasmin, the proteolytic enzyme responsible for the 
degradation of fibrin, is generated following activa- 
tion of the proenzyme plasminogen by plasminogen 
activators. Inhibition of fibrinolysis may occur at the 
level of the plasminogen activators by PAIs or at the 
level of plasmin, mainly by o~,-antiplasmin. Physi- 
ological fibrinolysis is a fibrin-specific process result- 
ing from specific molecular interactions between its 
main components. This implies that the generation of 
plasmin occurs preferentially at the surface of a fibrin 
clot and not in the circulation, where it may, after 
exhaustion of O~,-antiplasmin, degrade several plasma 
proteins, thus inducing a lytic state. In addition to the 
two physiological plasminogen activators (tissue-type 
and urokioase-type), staphylokinase, a bacterial 
plasminogen activator, was also found to display a 
high fibrin specificity, although via different 
mechanisms. 
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5. PLASMINOGEN ACTIVATOR INHIBITOR-1 

Daniel T. Eitzman, William P. Fay, and David Ginsburg 

General Overview of the Plasminogen 
Activation System 
Fibrinolysis, the dissolution of fibrin clots, is an inte- 
gral component of the hemostatic system that in- 
volves the concerted action of a complex system of 
zymogens, activators, and inbibitors [ 1]. Plasmin, the 
primary protease of the fibrinolytic system, digests 
fibrin, thereby converting insoluble clot to soluble 
fibrin degradation products. Plasmin formation is 
regulated, in large part, by plasminogen activators, 
which are responsible for converting the zymogen, 
plasminogen, to plasmin. The two major plasmino- 
gen activators in humans are tissue-type plasminogen 
activator (t-PA) and urokinase-type plasminogen 
activator (u-PA). Both types of activators are serine 
proteases that specifically convert plasminogen to the 
broad-specificity pmtease, plasmin, by cleaving a 
single peptide bond (Arg~a(~-Val~,t) [ l] .  Plasmin, in 
turn, appears to participate in a multitude of biologi- 
cal processes, including vascular fibrinolysis [2], 
ovulation [3], inflammation [4], tumor metastasis 
[5], angiogenesis [6], and tissue remodeling [7] (Fig- 
ure 5-1). Regulation of the plasminogen activation 
system is a complex process that is controlled on 
many levels. The synthesis and release ofplasminogen 
activators (PAs) is governed by various hormones, 
growth factors, and cytokines [5,7]. Following secre- 
tion, PA activity can be regulated both positively and 
negatively by a number of specific protein-protein 
interactions. Activity can be enhanced or concen- 
trated by interactions with fibrin [8], the u-PA and r- 
PA receptors [9,10], and plasminogen receptors [ 11 ]. 
In contrast, PA activity can be downregulated by the 
presence of PA inhibitors (PAIs) [ 12,13], or by direct 
plasmin inhibition [14]. The overall activity of the 
PA sytem is determined by the interactions among 
these various elements, and the balance between the 
opposing activities of enzymes and inhibitors. 

There are at least four immunologically distinct 
PA inhibitors, that is, PAl - l ,  PAI-2 [15], activated 
protein C inhibitor (also known as PAI-3) [16], and 

protease nexin [17]. However, whereas several in- 
hibitors of plasminogen activation have been 
demonstrated in vitro, the primary physiologically 
significant inhibitor of intravascular plasminogen 
activation is believed to be PAI-1. Accordingly, 
this chapter focuses on the structure, function, and 
potential clinical significance of PAI-I as it relates to 
intravascular fibrinolysis. 

Plasminogen Activator Inhibitor-1 

BACKGROUND 
In 1983, a rapid inhibitor of u-PA and t-PA was 
found in plasma and endothelial cells [18,19}. Ini- 
tially called the endothelial cell PAI, the fast-acting 
PAI, and the ~-migrating PAl, PAI-I is one of the 
principal regulators of the plasminogen activation 
system. PAI-1 is a member of the serpin protease 
inhibitor superfamily (serpins), as are many of the 
other protease inhibitors found in blood f20-22]. 
These serpins share a common tertiary structure and 
are thought to have evolved from a common ancestral 
gene [23,24]. Like many other active inhibitory 
serpins, PAI-1 acts as a suicide inhibitor that reacts 
irreversibly with its target protease to form sodium 
dodecyl sulfate (SDS)-stable complexes. PAl-1 is an 
extremely efficient inhibitor of the single- and two- 
chain forms of t -PA and u-PA, with second-order rate 
constants ranging between 0.45 and 3.5 x 10~M ~s ' 
[19]. PAI-1 also inhibits plasmin, trypsin, thrombin, 
and activated protein C, although these reactions are 
much less efficient [25-29]. 

PAI-1 is present in plasma at very low concentra- 
tions, with an average of about 20ng/mL (0.5riM) 
[30,31], and has a half-life of approximately (>-7 min- 
utes [32,33]. PAI-1 is also present in platelets, vas- 
cular smooth muscle cells, endothelial cells, and a 
variety of cultured cells [34-36]. The predominant 
source of PAI-1 in plasma is not known, although in 
certain pathological states, such as endotoxemia, en- 
dothelial cells are a major site of PAl-1 synthesis f37-  

65 
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P~asmin~n 

~'& [rfflN~llt~ation 

39]. PAI=I circulates m ptasma as a complex wi th  
vi, ronecrin [40,4i}  and ~s also fbund to be associated 
w ~ h  vi t ronect in  in the  extracellular ma t r ix  in cul ture  
[42}. Al though  no direct  evidence has ye~ been 
reported, PAt-1 may also function ~o regulate 
fibrinolysis m the extraeellular matr ix  in vivo. 

PAI=I STRUCTURE AND FUNCTION 
The  g e n t  for humar~ PAL~t is located on chromosome 
7 bands  @ I . 3 - 2 2  [43]. I t  is 12.3 kb {e Iengrh~ corn- 
posed of  9 exons and 8 introos [44], and enccdes a 
proreh~ of  402 amir~o acids tha t  includes a typical 
secretion signal sequence [45] The 3en~' ~s h ighly  
r eguh ted ,  wi th  its synthesis and re] ease [n cell cul ture  
modulated by such agents as endotoxin,  serum, rnms~ 
forming growth factor ~, basic fibroblast growth 
factor, io ter leukin=l ,  rumor  necrosis factor, thtom~ 
bin. dexamethasone,  hydroeortisoue, and phorbot  es= 
ters [36A61. 

The  PAI- I  protein is a s ing le<ha lo  glycoprotem 
with  a molecu~ar weigh t  of  5 0 k d  [18]. lr Js un ique  
amongs~ the serpins in that  it exists bo th  m acr~ve and 
la tent  forms [47} (Figure 5-2). A h h o u g h  the  precise 
mechanism of interaction between serpins and their  
proreases is controversial,  active PAI-1 has been pro- 
posed to react wi th  u-PA or c-PA hg formin~ a ~ :1 
s toichiometr ie  romp[e×, {bllowed by the formation of 
a covalent bond between the hydroxyl group of the 
reactive sire serJne :~f the  pro~ease and  the earboxyl 
group of  the Pi residue at the reacrJve cen~er o{ the 
serpin, This  inh ib i to ry  funct ion of the  serpin is corre-- 
h t ed  with a conformat ion  m which the  reaetive=site 
loop is exposed. On  cleavage of PAt-1 .  d~.e N-termi= 
nat end of  the reactive center toop (approximateIy Pt 
P~)  inserts as an anriparallel strand (s4A) turn ~ s h e e r  
A [48,49l .  As with several o ther  serpms, a d is t inc t  
subsrrate ff~rm of PAI-I  has also been described [50] 
Whi l e  ~he la tent  form of  P A I - i  does not  interact  wi th  

F~GI;RE 5-1. Plasmirmgen ~s convertod to plasmin by 
phsminogea ac~ivarors (urokiaase=type plasminogen 
acctvator or tissue-type p[asminogeg acrlvarorL which are 
bo~h J'apid[,. inhibited by plasmino~en activator inhibitor- 
[ Ptasmin appears e~ point,pate m a wide variety of. 
physiologicaJ and pathological processes. {Adapted from 
Lawrence at~d Ginsburg [130]~ with permission) 

p lasminogen  activators, the subsrrate form of P A I d  
is cleaved at the P t - P I "  posi t ion by its target  prote in-  
axe wi thou t  the  fbrmar~on of a stable s toichiometr ic  
complex. 

A l though  controversial, it has been suggested tha t  
partial insert ion of the reace~ve-cemer loop is a pre- 
req oisire f-or serp, n inh ib i to ry  function,  whereas com- 
plete insert ion of the reactive-center loop [cads to the 
latent  lorm. In support  of  this theory, synthet ic  
tetradecapeptides corresponding ro the reactive-site 
loops of the  serpins antid~rombh~ ItI  [51], ~--  
ant i t ryps in  [32[], and PAl= [33] have been demon-  
stra~ed to inh ib i t  the activity of serpins toward their  
co~nate prorease, presumably by prevent ing  the par- 
rial insert ion of the native reac t ive<t ruer  l~op into 
Ehe cleft now occupied by the synthet ic  peptide.  
Od ,e r  studies have sLigjzested that  partian insertion of 
the  reactive-center loop does not  occur prmr to mter~ 
act ion with a serpin [54]. The  reac t ive<enter  loop of 
PA1-I may be part icularly flexible account ing [br its 
rapid kinetics of interact ion with p]asminogcn aetlva- 
tots and its la tent  fnrm, 

To fur ther  suppor t  this  view of a mobiD reactive- 
center ioop de te rmin ing  the  fimctionaI stare of PAI-  
l .  m u t a n t  PAI- t  molecules have been engineered to 
either prevent  or reduce the rate of loop insert ion into 
~-sheet A. Mutants  tha t  slow the  rate of  loop inser- 
t ion lead to an increase in the PAI-1 half ' l ife [55]. A 
random muta t ion  strategy has produced PAI-1 vat*- 
ants wi th  an even greater  prohmgar ion  of the PAI-1 
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Active Later  

FIGIIJRE 5~2. Ribbon backbone conformations nf the 
serpins antithrombin lI1 (AT II[ and [atent PAL1. The 
residues (orresponding ~.o the reac~ve<e~ter Ioop fn~m 
P, ro P are marked by an arrow The active serpln 
conformation ix demonstrared for aneirhrombln UL 
with the rencontre-center Ioop exposed. The Intent fbrm of 
PAI-1 is demonstrated with d*e reactlve<enter P~,-P~ 
resldnes Bally inserted as the cenrr~3~ strand in ~ sheet 
A. (Adapted from Seem and Carrel~ {131] with 
perm ission.) 

halfLlife [56].  The location of tltese rnuratmns indi- 
cates tha t  other regions of  the  PAl-1 molecule also 
play an impor tan t  role in de t e rmin ing  the f~nctiona[ 
stare of PAt -  i. The  characteristics of these mutat ions ,  
m corr~par~son wi th  other  serpin sequences, sugNest 
that  the decreased funct ional  stabil i ty and u m q u e  
latent  form of PAI-I  may have resulted from poslnve  
evo lu t iona~  ~ selection [56}. A l though  the biological 
signiticanee of the la tent  PAI-1 conformat ion ~s cur- 
rentlv unknown,  the labil i ty of the PAL-t s t ructure  
may provide a mechanism for sharply r e smcr ing  the 
localization of  PAI-1 activity° 

PAl-1 is secreted by cells m an active conformat ion 
[57] but  converts spontaneously to the  thermody~ 
clamtcally more stable la tent  con6~rmarion [47]. The  
haffo|ife of active free P A I q  m solution is 6 0 - 9 0  
minutes  at 37°C [ t9}  but  when  bound m vi~ronecrin 
(kd = 0 . 3 n M )  [38] the active form ~s stabilized a~ld 
the half-life is prolonged ~o 1 2 0 - 1 8 0  minu tes  in salu- 
~ion [40] and ro geater than 24 hours on exrracellular 
m a m x  {42}. The stabil izat ion of PAI-1 by vi t ronect in  
has been hypothesized to result  from restr ict ion of 
PAI-1 ~-sheet  A, rheas interfering wi th  the reactive= 
center loop inserrion that  ,s required for PAI - I  
conversion to latency {59]. In addi t ion ro s tabi l iz ing 

active PAI-1,  v i t ronect in  may act to decrease the  rare 
nf  PAI=I clearance from the plasma [60] and also 
alters the specificity of PAI-1 cowards other  proteases 
Vi t ronec t in -bound  PAl-1 has a 270-fold greater  sec- 
ond-order  rate consrant toward t b r o m b i n  t han  free 
PAI=I [61]. In addit ion,  v~rtot~ectin has been shown 
to s t imula te  the  inh ib i t ion  of t -PA by PAI - I  [62,63] 
PAI=I als~ binds ta  fibrin (kd = 3.8~1M) [64], and 
when  bound retains irs capacity ro inh ib i t  r -PA and 
u-PA. Fibrin may set-re ro localize PAI-1 to sires of 
forming th rombi  [65]. 

Most  of the PAL1 present  in normal,  fresh plasma 
~s in the active confbrmation.  A l though  >90% of 
the  total  PAI-1 ant igen in blood is localized to the 
platefeE [30,31] ,  this platelet  P A L l  appea~:s to be 
predominant ly  latent  [30 ,3 t ] .  Tbe  physiological rel- 
evance of  this  large ptatelet  PAI-  I p o d  remains un- 
clear. Platelet PAL1 may play an impor tan t  role in 
thrombo[vsis  resistance. Platelet~mediated resistance 
to the action of t -PA by a PAI- l -< lependen t  m~-cha= 
nisrn has been demons t ra ted  using in vitro d o t  lysis 
assays [66~67}. W h e t h e r  or nor la tent  PAI-1 secreted 
by platelets in the se t t ing of an acuee t h rombus  can be 
reactivated has not  been demonstra ted.  However,  the 
latent  form of PAL1 can be converted in to  the active 
form by t r ea tmen t  wi th  dena tu r ing  agents, negatively 
charged pbosphnlipids,  or v , t ronect in  {47,68,69}, 
and evidence for the  conversion of la tent  to active 
PAL1 in vivo has been reported when Intent PAI-1 
was refused into rabbi ts  [33]. Ptatelets contain  
significant amounts  of virronecrm, sugges t ing  the 
potent ial  for an rarefaction between plarelet  PAI-1 
and virronecein. 

CLINICAL SIGNIFICANCE 

Genetic Ahnorma/itie.t ¢~f PA ~- I E:~pfetdon. i l uman  
sublecrs wi th  partial and complete  P A I - t  deficiency 
associated wi th  excessive bleeding have been de- 
scribed {70-72] .  In one of  these cases, a 9-year=old 
Amish  girl wi th  a moderate  bleeding disorder was 
f;:~und to have comp[e*e absence of PAI-1 in p h s m a  
and platelers [72]. The pat ient  was shown ro be ho--- 
mozygous for a two base-pair inser t ion ar the end of 
exon 4 of  the PAl-1 gene This  defect results il a 
frameshift ,  leading ro an unstable  m R N A  product  
and  a noI~functional t runcated PAL 1 prote in  (Fig are 
5-3A1. The deficiency ,s inher i ted as an autosomM 
recessive disorder Ahho~lgh heterozygous parents  
and s ibl ings  all had plasma PAn-1 activity in the  
normal range, they were consistently decreased 
compared wi th  homozygous normal  family members  
(Figure 5-3B)_ 
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D N A  

i I 

I I 
I ~ ' V A  ..... A A C T A T A G T A A G T  .... [I.$96 bp] ...... A C A G C T G A  ........ precnrsor 

M . t = ,  . . . . . . . . . .  a a c  T . r  , r A  c r a  A a T  ..... c ~ x ~ 4 ~  ..... m .  . . . . . . . . . .  

i N e r ~ t l  .......... A A C  TAT A C T  O A O  T r c  (XXX)166 ..- T G A  .......... 

P r o t e i n  233 ~ 4 0 2  

M I I l a n t  .......... A . ~  l y r  l i e  L e e  S e t  . .~  ( X X ~ 4 1  . . . .  C O O H  

N o r m ~  .......... A ~  Tyr ~ Glu phc  ............... (XXX)I66,,...,-jli~.... COON 

I, /react/re 
coltc~" 

.o=a, Q O 
Probe 

1 

Mutant 
Probe O 

F Activity 0.5 0.2 
Plasma L. Antigen 16 12 

Platelet F Activity 4,9 4.1 
L Antigen 285 272 

1.3 0,6 0.6 0.3 1,3 0.3 
75 24 37 15 76 19 

Normal 

1 1 -+06 Ulml 

55-+26 no/ml 

3.8_+0.6 U!10 ~ cells 

119_+27 rig/108 cells 

The correlation of complete  PAl- I deficiency wi th  
abnormal  bleeding clearly demonst ra tes  that  PAl-1 is 
~ritical tor the regulat ion of hemostasis. A l though  
P A l - l - d e f i c i e n t  r ake  generated by h<m~ologous re- 
combina t ion  in embryonic  stem cells demons t ra te  
enhanced t ibrinolytic capacity, significant hemor-  
rhage was not observed [73]. However, it is difficult 
to compare the hemostat ic  challenges experienced by 
human  PAI-I-<leficient  subjects wkfi those used to 
study this PAI-I  d e f i c i e n t  mouse model,  and the 
apparent  dift;erence in bleeding tendency may not be 
significant. Mice wi th  targeted deletions of other  
~omponents  of the PA system have confirmed a crit i-  
cal role of the PA system in fibrin clearance because 
mice deticient in plasminogen or both p lasminogen 
activators (u-PA and t-PA) exhibi t  extensive fibrin 
deposi t ion in mul t ip le  tissues [7,i,75]. 

FIGURE 5 .5. A: TA insertion leading ro trameshift and 
unstable, truncated m R N A  No PAI-I protein was de- 
tected in the patient lmmozygous fi~r this mutati~m. |"1: 
Family pedigree of the PAl-l-deiicient patient with the 
proband indicated by an arrow. Analysis o( allcle-spe~ifit 
oligonucleotide hybridization ofanH,lilied 13NA t?om exon 
4 of each individual is shown beneadl the pedigree. The 
proband is homozygous tor the TA insertion mutation. The 
parents and four siblings are heterozygous i~r the mutation, 
whereas two siblings are homozygous for the m~rmal so- 
quence. Levels of PAl- 1 from plasma or platelets are shown 
below each individual. (Reprinted from |;avct al. {72 }, with 
permission.) 

Polymorphisms at the PAl-1 genetic  locus have 
been associated with variations in plasma PAI-I  
levels. A guanosme insert ion/delet ion polymorphism 
was identified 673 base pairs upstream from the start 
of t ranscr ipt ion of the PAI-I  gene, where one allele 
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has a sequence of four guanosines (4G) and the other 
has five guanosines (5G). Both alleles were shown to 
bind a putative transcriptional activator, whereas the 
5G allele also appears to bind a repressor protein at an 
overlapping binding site. In vitro assays of promoter 
activity demonstrated that under conditions of 
cytokine stimulation, such as are found in the acute 
phase, the 4G allele had significantly higher activity 
than the 5G allele [76]. The 4G allele is also associ- 
ated with higher plasma PAl-1 activity [77]. The 
prevalence of the 4G allele in one study was signifi- 
cantly higher in patients with myocardial infarction 
under the age of 45 than in population-based controls 
[77]. The role of the 4G allele in the predisposition to 
thrombosis is controversial. Another study (ECTIM) 
did not find the 4G/SG polymorphism to be a genetic 
risk factor for myocardial infarction, although it was 
associated with variations in plasma PAI-1 levels 
[78]. 

Vascular Thrombosis. While PAI-I deficiency is as- 
sociated with abnormal bleeding, increased levels of 
PAIol in the circulation may be associated with 
thrombotic disease, including deep venous throm- 
bosis and myocardial infarction [79-84]. Not all 
studies have demonstrated a positive correlation 
between plasma PAI-I and thrombotic events [85]. 
The conflicting results may reflect the marked varia- 
tion of PAI-1 levels both between and within 
individuals, as well as varying methods of sample 
collection and analysis. In addition, plasma levels of 
PAI-1 may fail to reflect the potentially potent local 
effect of PAI-1 in thrombotic processes. 

Animal studies have supported a causal role of 
PAl- 1 in thrombotic disease states. In a rabbit model 
of jugular venous thrombosis, administration of a 
PAI-l-neutralizing monoclonal antibody enhanced 
endogenous lysis of thrombus and reduced thrombus 
growth [67,861. In addition, PAl-l-deficient mice 
are able to lyse fibrin thrombi embolized to the lung 
faster than wild-type littermates and are resistant 
to the formation of venous thrombosis following 
footpad endotoxin injection [73]. Conversely, mice 
that overexpress human PAI-1 experience venous 
thrombosis [87]. 

Resistance to Thrombol)'sis. In acute thrombosis, 
PAl-1 may contribute to the suboptimal rate of 
reperfusion observed in patients presenting with 
acute myocardial infarction who are treated with t- 
PA. Only 50~ of patients presenting with acute 
myocardial infarction (MI) experience successful 
reperfusion defined as normal or TIMI grade 3 flow, 
even though the vast majority of patients with acute 

MI are known to have acute thrombus present [88]. 
This resistance to thrombolysis may be mediated by 
several factors, including clot retraction [89] and 
high local concentrations of 0te-antiplasmin [90] or 
PAI-1 [34]. Evidence favoring PAI-I as a significant 
contributor to t-PA resistance was provided in a 
canine coronary arterial thrombus model [86]. In 
this model, administration of a PAl-l-neutralizing 
monoclonal antibody in combination with t-PA 
significantly reduced time to reperfusion and delayed 
the occurrence of reocclusion. 

In a porcine acute coronary thrombosis model, 
analysis of extracts derived from acute platelet-rich 
thrombi has revealed a total PAI-1 antigen concentra- 
tion ofaproximately 100/.tg/mL with the active PAl- 
l component measuring 30~lg/mL, suggesting the 
potential of a potent local PAI-1 effect [91]. As 
plasma concentrations of t-PA reach approximately 
1/.l.g/mL following a therapeutic dose, a local active 
PAI-1 concentration of approximately 1 blg/mI, at 
the site of thrombosis could neutralize the effect 
of t-PA on a platelet-rich thrombus. It is also possible 
that vascular cells at the site of arterial injury, either 
endothelial or subendothelial, secrete significant 
amounts of active PAI-1 into the forming thrombus, 
as has been demonstrated in vitro [92]. 

Human and animal studies have suggested that it 
is the platelet-rich u'hite thrombi that are more resis- 
tant to the lytic effects of t-PA than are platelet-poor 
red thrombi, suggesting that the platelets may be 
the source of resistance [93]. Using a model that 
mimics the formation of arterial thrombi in vivo 
(the Chandler loop) and that can be manipulated in 
terms of rheological parameters and composition of 
blood cells, Stringer et al. have demonstrated that 
resistance toward t-PA-mediated thrombo[ysis paral- 
lels the presence of platelets that are fully activated 
in this system [94]. PAI-1 released by alpha granules 
was preferentially retained within the thrombus, 
and the concentration of PAI-1 antigen was higher 
in the platelet-rich head than the red blood cell-rich 
tail of the thrombus. Furthermore, the relative 
thrombolysis resistance of the heads of the Chandler 
thrombi was largely abolished with an anti-PAl-1 
antibody. 

Thus, it appears that PAI-1 plays an important role 
in the resistance of thrombi to lysis with t-PA and 
that the major source of the PAl-1 in arterial thrombi 
is the platelet. To further address the clinical rel- 
evance of PAI-1 as a contributing factor to t-PA 
resistance, a human clinical trial is currently under- 
way comparing the efficacy of standard recombinant 
t-PA versus a mutant form of t-PA that has resistance 
to PAl-1 inhibition as one of its properties. 
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Atherosc/erosL< In addit ion to associations of elevated 
PAI- t  in yotmg survivors uf MI {80] and recerrent 
myocardial infarction [95], elevations of PA[-] have 
also been associated wkh  arhcrosderoric burden, and 
markedly increased P A I d  expressmn ~s found at the 
si~e of arheroscbrotic p]aqae [38]. Whether  P A L l  
plays a causal role m this chronic disease process or is 
merely a marker of damaged endorhelium remains ro 
be established. Preliminary studies with a novel PAI- 
l inhibitor,  mcanarrme [96], favor a causal role of 
PAL1 in atherosclerosis In rabbits with aortic 
atherosdernsis  induced by hypercholes~erolemm and 
implantat ion of indwell ing plastic tubing,  oral ~d- 
ministration of nicanartinc for 8 weeks attenuated the 
increase m plasma PAL ] activity induced by vascular 

iniury, reduced aortic PAI-1 m R N A  expression, and 
inhibited the devek~pment oi  a therosderodc lesions 
without  af~bcting the lipid profib_ As a regulator 
of fibrinoiys~s, P A I d  may affec~ the developrnen~ of 
atheroscDrosis by de te rmin ing  cite rate of local fibrin 

clearance (Figure 5-4). 
In addit ion ro the space fibrin occupies as a cnmpo- 

nero of atherothrombi= local deposit ion of fibrin may 
serve as a scaffold upon which monocyte/macrophages 
invade, in addition ~o inducing the elaboration of 
inflammatory cytokines by monncyte/macmphages 
{97]- Fibrin deposition may also cause endothelial 
dys{unction and may (acilitate the migration of 
vascular smooth rnt~sc[e cells [98,99]- in additio~ 
eo affecting fibrin dearanceo P A L ]  may protect 
neovascuhrized tissue from excessive proreotysis 
[1.00] and affect the p~asmin-rnediated conversion of 
procollagenase to collagenase [101]. 

In support  o fake radons  m plasrrflnogen activation 
influencing htm~an arherosderosis, a high concentra- 
tion of serum lipopro~ein{a) is a risk factor fo~ 
arheroscIerosis, myocardia] infarction, stroke, and 
resrenos~s (102] Lipoptorein{a) consists of ~ow-der> 
sity lipoprotein with an additional proteb, {x~rnp~> 

F1GURE 3-4 The potendat roJe of PALl m the develop~ 
men~ of ad~erosderodc bsmrJs. Crnss secrinn of artery show- 
ing endothelial cel~s (EC?° internal elastic lamina ;IEL), and 
smooth muscle cells (SMC) with early atheroscterotic 
piaque characwrized by. a break in the endnthetium, hbrin 
deposition, and ~be infllrratiot~ of monocyte/macrophages 
(fbam cell precursorsL Increased e×preasl~m .~f PAt ] coc]d 
limit *he local p[asmin co~cenerae~oa, which could decrease 
the plasmin~mediared activation of ~ransforming growth 
tTacror-~ (TGF-~) and conversion of procoltagenase ~o colh- 
genase. [n addidor~ PAL1 inhibi*ion of fibrir~ clearance 
might lead to an increased atherothrombodc component of 
arherosclerotic plaque as well as m~m ~ scafiiJdi~,g for celi 
migrmmn and b~duction ofproinflammam W c~ eokines (i,e, 
~L-]) from monocyres 

nero. apolipro~ein {aL which is a plasminogen homo- 
logue and appears m inhibit  plasminogen acrivar~orl 
[103], ]Transgenic mice that  overexpress n o d  the 
apollpro~em (at component  of lipoprotein (a) develop 
vascular ]esions, when fed a high-fat diet,  tha~ are 
similar to the  fatty s~reak ]esio~a se¢{~ ir~ early human 
arheroscIerosis [102]. Immunofluorcscence labeling 
of apolipro~ein (a) m aortic sectmns ~rom these 

[71GURE 5-5_ A: Effect of m~rachca[ bbornycm rm the 
developmem of puhnonarv fibrosis in wi]d<ype rmce and 
PAI-I overexpressmg lirrermares. Lung tissue frnm mice 
rhar overt×pressed PALl exhibited greater fibrin depos> 
e~on as assessed with an anu-marine l~brinngen antibody 
(arrows ~ndJca~e material stannn~ lx*sRdve far fibrin/ 
fibrinogen) and grearer fibrosis as as~essz~d b~ Masson 
trichrorne staining and quantitative hydroxyproline analy- 
sis. B: Effect ofintracheal bleomycin on the development of" 
pt, tmona U fibrosis in wild~tyl>e rmce and PAl-1 -deficient 
[irrermates. Lung tissue from mice clear lacked the ~ene fur 
PA[~] e×hibired less fibrip, d~'ptx~.rlor~ and ~ess fibrosis as 
assessed by Masson rrichrome s~aining and quantitative 
hydroxyproline analysis. {Adapted from Eitzman eE aL 
{ 1 I7], with permission.? 
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transgenic mice shows fi)ci of apoliprotein (a) accu- 
mulation near the luminal surface and lesser amounts 
in the media {102}. 

The inhibition of plasminogen activation by 
apoliprotein (at) may contribute to the development 
of arhcrosclerosis by inhibiting fibrinolysis or by in- 
fluencing the activity of TGF-~.  Studies of human 
vascular smooth muscle cells m culture have demon- 
strated tlmt by inhibit ing plasminogen activation, 
apoliprotein (a) promotes smooth muscle cell prolif- 
eration and migration by suppressing the activation 
of TGF-[3 { IO'l]. It has also been shown that the 
activation of T( iF-~  is inhibited in vivo m the aortic 
wall and serum of mice expressing apolipoprotein (a), 
as a consequence of apolipoprotein (a) inhibition of 
plasmmogen activation, effects correlated with vascu- 
lar smooth muscle cell actiwttion [105}. Thus, there 
exist several mechanisms by which PAl- I ,  as a regu- 
lator of the plasminogen activation system, may influ- 
ence the development of atheroscleroric lesions. 

()tho" l)ire'a.re' States 

p/L.~u~x..\t~v Hl~aosts. PAI-I also appears to play an 
important role in other disorders in which fibrin clear- 
ante is believed to influence the (mccome. In pulm<>- 
navy fibrosis, plasmi,a may limit  sc,ar formation by 
dismantl ing the provisional fibrin matrix on which 
libroblasrs invade and secrete interstitial collagens. 
l)uring many attire alld chroni( inllammatory lt, ng 
disorders, tibrin accumulates in lung tissue [106, 
I071. The fibrmolytic activity in bronchoalveoIar 
lavage fluid m~m patients with adult respiratory 
distress syndrome (ARDS) [106,10g], idiopathic 
pulmonary fibrosis [l(19t, sarcoidosis [110], and 
bronchopuhnonary dysplasia r i l l }  has been found 
co be suppressed. All of tllese diseases have been 
associatcd v,.id-, the dcvelnprnent o( pulmonary 
fibrosis. 

PAI-I has been fimnd to be elevated in BAL fluid 
fiom patients with ARI)S and hits been shown to 
reduce the fibrinolytic capacity of the fluid [1t16,108]. 
Bleomycin administration to animals has been widely 
used to study the pathogenesis nf puhnnnary fibrosis 
[11 2-1151. When instilled intratradTeally into mice, 
bleomycin causes it pneumonitis  that progresses to 
fibrosis in a dosc-dcpendenr manner, with increased 
collagen content occurring as early as 2 weeks after 
instillation [11~,}. Bleomycin treatment suppresses 
the fibrinolytic activity of BAL ttuid in a pattern 
similar to that scen ill human inflammatory lung 
diseases [112,115]. [n mice, Ohnan et a[. have 
demonstrated that PAI-I is uprcgt, lated following 
hlcomvcin administration and that PAl-1 expression 

localizes to areas of fibrin-rich fibroprolifi:rative 
lesions [116]. 

To determine whether a cause and e(t;~-ct re- 
lationship exists between PAI-I expression and the 
development of pulmonary fibrosis, inrratracheal 
bleomycin was administered to transgenic mice that 
either overexpress or are completely deficient in PAI- 
l [117]. The results of this study demonstrated a 
strong relationship between PA[-I gene dose and the 
degree of pulmonary fibrosis that follows bleomycin 
administration. In particular, PAI-1 overexpressing 
mice experienced greater fibrosis than wild-type mice 
(Figure 5-5A), whereas rake homozygous deficient 
for PAl-I  were protected (rom fibrosis (Figure 5-5BL 
with heterozygores showing an intermediate effect. ]n 
support of the role of fibrin as a provisional matrix, 
there was a direct relationship between the arnnunt of 
fibrin immunostaining,  the PAI-I gene dose, and the 
degree of collagen deposition, as quantitated by' mea- 
surement of hydroxyproline. These findings suggest 
that alterations in the fibrinnlytic environment o ( the  
alveolar space (luring inflammatory injury influence 
the subsequent development of pulmonary fibrosis 
and rhar therapeutic interventions designed to en- 
hance tibrinolysis, such as administration of either 
plasminogen activators or inhibitors n( PAl - I ,  may 
limit the developnlenr o|" pulmonary tibrosis that oc- 
curs as a consequence oi aCkltC (If ~hronic inliamma- 
tory diseases. 

I IKM()LY'I'I( I;RliMI{ SYNI)RO?'dI!. Another disease pro- 
cess characterized by fibrin deposition and subsequent 
fibrosis is the hemolytic uremic syndrome, ttuman 
subjects with this disease experience glomerular 
fibrin deposition, and end-stage renal tkulure is not 
uncommon. A recent human clinical study suggests 
that PAI-I  is the ~irculatmg inhibitor of fibrinolysis 
in this syndrome and that the duration of elevated 
PAl-1 activity is strongly correlated with the out- 
come of the disease. Furthermore, normalization ot 
plasma PAl-1 levels (i.e., by peritoneal dialysis) was 
correlated with improvement in renal fumtinn [118}. 
(ionsistcnt with this human data, e]cvated PAI-] ex- 
pression has also been demonstrated in a model of 
routine lupus nephritis [119]. 

ME'IASTATffl MI!LAN()MA. The plasmhmgen a(tiva- 
tion system has also been proposed to play an i m p o f  
tant role ill tumor invasion and metastasis. [Jrokmase 
is expressed at high levels by a variety of tumors 
[5 ,120-122]  and is considered critit al tbr the pheno- 
type of metastasizing cells [ 12~, - 1281. Blockade ot 
the cell surface associated u-PA in routine B 16 mela- 
noma cells with antibodies has been shown to signifi- 
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cantly decrease the number of pulmonary metastases 
after intravenous injection of these cells into mice 
[ 121 ]. Therefore, PAI- 1 as a regulator of u-PA activ- 
ity has been proposed to affect the growth and meta- 
static potential of this melanoma cell line. To 
examine the role of host PAl-1 in tumor invasion and 
metastasis, genetically altered mice that overexpress 
murine PAI- I  or lack PAI were analyzed in a mouse 
metastatic melanoma model [129]. In this model, 
wide variations of host PAl-1 did not significantly 
affect primary tumor size, metastases, or survival. 

Future Directions 
Plasminogen activation has been postulated to play a 
major role in a diverse group of biololgical processes, 
and PAI-1 many function as a central regulator in 
many of these systems. The observation of a signifi- 
cant hemorrhagic diathesis in a patient with complete 
PAl-1 deficiency demonstrates the critical role for 
PAI-1 in the regulation of vascular fibrinolysis in 
vivo. The functions of other known PAls in vivo 
are currently unknown. Wi th  the recent introduction 
of transgenic mouse technology, many strains of 
mice with targeted disruptions of genes involved in 
fibrinolysis have been generated and have provided 
new insights into the role of plasminogen activation 
in rico.  Analysis of these powerf\d animal models 
should provide further insight into the role of plasmi- 
nogen activation in diverse disease processes. The de- 
velopment  of new pharmacologic inhibitors of PAI-1 
may provide novel approaches to therapy for many of 
these disease processes. 
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6. BIOLOGICAL EFFECTS OF TARGETED 

GENE I N A C T I V A T I O N  A N D  GENE 

TRANSFER OF THE COAGULATION A N D  

FIBRINOLYTIC SYSTEMS IN MICE 

Peter Carmeliet and DSsir$ Collen 

Coagulation System 
Preservation of vascular integrity following traumatic 
or infectious challenges is essential for the survival 
of multicellular organisms. A major defense mecha- 
nism involves the formation of hemostatic plugs by 
activation of platelets and polymerization of fibrin. 
Initiation of the plasma coagulation system on expo- 
sure of blood to nonvascular cells is triggered by 
tissue factor (TF), which is expressed by a variety of 
cells surrounding the vasculature as a hemostatic en- 
velope and which functions as a cellular receptor and 
cofactor for activation of the serine proteinase factor 
VII to VIIa [1]. This complex activates factor X 
directly or indirectly via activation of factor IX, 
resulting in the generation of thrombin-mediated 
conversion of fibrinogen to fibrin [2,3]. Thrombin 
and factor Xa produce a positive feedback stimulation 
of coagulation by activating factors VIII and V, which 
serve as membrane-bound receptors/cofactors for the 
proteolytic enzymes factors IXa and Xa, respectively 
[2,3]. 

In contrast, thrombin, when bound to its cellular 
receptor thrombomodulin, also functions as an anti- 
coagulant by activating the protein C anticoagulant 
system [4,5]. Activated protein C in the presence of 
its cofactor protein S inactivates factors Va and 
Villa, thereby reducing thrombin generation [4,5]. 
Anticoagulation is further provided by antithrombin 
III, which binds to and inactivates thrombin, factor 
IXa, and factor Xa in a reaction that is greatly en- 
hanced by heparin [6]. Anticoagulation is further 
secured by tissue factor pathway inhibitor, which 
directly inhibits factor Xa and, in a factor Xa-  
dependent manner, produces feedback inhibition 

of the factor Vlla-tissue factor catalytic complex [7]. 
A revised hypothesis of coagulation has been sug- 

gested in which factor VIla-TF is responsible for the 
initiation of coagulation but, owing to tissue factor 
pathway inhibitor-mediated feedback inhibition, 
amplification of the procoagulant response through 
the actions of factor VIII, IX, and XI is required 
for sustained hemostasis [7]. Deficiencies of antico- 
agulant factors or aberrant expression of procoagulant 
factors have been implicated in hemostasis during 
inflammation, sepsis, atherosclerosis, and cancer 
[1,6], whereas deficiencies of procoagulant factors 
have been related to increased bleeding tendencies 
[8,9]. Evidence has been provided that the coagula- 
tion system may also be involved in other functions 
beyond coagulation, including cellular migration and 
proliferation, immune response, angiogenesis, em- 
bryonic development, cancer, and brain function 
[1,10,11]. Its precise role and relevance in these pro- 
cesses in vivo remains, however, largely unknown. 

Plasminogen System 
The plasminogen system is composed of an inactive 
proenzyme plasminogen (Pig) that can be converted 
to plasmin by either of two plasminogen activators 
(PA), tissue-type PA (t-PA) or urokinase-type PA (u- 
PA) [12-14]. This system is controlled at the level 
of plasminogen activators by plasminogen activator 
inhibitors (PAls), of which PAI-I is believed to be 
physiologically the most important [15-17],  and 
at the level of plasmin by o~:-antiplasmin [13]. 
Vitronectin stabilizes PAI-1 in its active conforma- 
tion and may also localize PAl-1 to specific sites in 
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I I m g  Ter)l~ pg~eutiatla~ PigeOn{allan 
No'liOniZer Fe~¢~m~er~lal exeha~ige 
Neuec,~ai ~r*ah~eli~)a (}'~ uJa~i{ll-~ 

FIGURE 6-t, Schematic over,dew of the in viva role o! 7 the 
coagu!atio~ and fibrinoIydc system as re~ea!ed from target- 
in~ sr adios, 

the extracelhflar matrix [[7]. Od-~ef inhibitors in= 
dude PAL2, PAL3, pro~einase ne~in-1, and c~- 
macrog~obulin [13,18}. Due to its fibrin specificity, t- 
PA is primarily in~<olved in dot diss0luti0a, akhough 
it has aIso been fnvoh ed in o~ulation, bone {(model- 
ing, and brain fimctiorl [14,19]. Celhflar receptors for 
t-PA and Pig have been identified that might localize 
plasmit~ protedfsis to the cell surf;ace [20,2 i]. 

uoPA also binds a cellular receptor, the urokinase 
receptor (u-PAR), and has been implicated in 
pericelhJar protedysis during cell migration and 
tissue remodeling in a variety of normal and pathn- 
logical processes, induding ovuhtion, rrophoNast 
invasion, a~gingenesis, keratinocyte migration, in- 
flammadon, wound healing, and ca~eer [22-24]. u. 
PAR and PAL1 i~tera< t wid~ vkronectin, suggesting 
a role in coordina<mg ceil adhesion [25], As discussed 
hter, ir is presendy unclear wi~erher or in which 
cnnditions binding of u-PA to  u~PAR is required in 
viva. P]asmlr~ cart degrade fibrin and exttacdhdar 
matrix proteins but can aiso acdvare nt liberate 
growt}~ [:actors from the exrracellu/ar matrix (inClud- 
ing latent {far, storming growth fi<ro< basic fibrobtasr 
growth (actor, and vascular endothelia] growd~ ~ac- 

tar), and can activate other matrix-degrading pro- 
teinases (such as rile meral[oproreinases) [26]. 
CeIt,spedfic clearance 0fplasmin0gen activators 0r Of 
complexes with their inhibltors by Iow-densldy lipo, 
protein receptor=related pro{tit! {LRP) or gp330 may 
modnh~e perice!]uiar plasrnin ptoreolysis [27], Fig- 
ure 6- l schematically represents the io viva role ofthe 
coagulation and fibrinoIydc system, as revealed by' the 
gene targeting and {{ansior studies described later 

Targe~d Manipulalion and Adenovirus 
Mediated Trans~r of Genes i,z Bike 
Novel gene ~echnolngms that were developed over 
the las~ decade have allowed man,pularion of the 
genetic balance of candidate molecules i~ mice in a 
controllable manner. Targeting of genes via homolo- 
gous recombination in emb®onic stem ceils ailows 
the study of the consequermes of deficiencies, muta- 
tions, conditional, m tissue-specific expression of 
gent produc~s m ~ransgenic rake {28,29]~ Using a 
novel emhwoniu stem celt technology (aggregarion 
of embrvnnk stem cells with tetraploid ,.rob{task 
lc has become pass{bit to generate completely 
embrvmk stem ceil-derived embwos in a single 
step in addition, the technology allows us ro bypass 
conventional germline t f a n s l T l l S S l O f t ,  r o  separa{e 
extra- f}orn intra-embryonic phenotypes, and to study 
homozyogous deficient phenorypes of genes rhar 
cause embryonic lethality when here{azygous defi- 
cient [30,31]. 

Viral gent rrar~sf)-r can also Ix* used ro manipulate 
~he expression of genes, for example, via implantation 
of retroviralD transduced cells [32] or via adcnoviraL 
mediated gone transfer m viva [33t. In face. intrave- 
nous administration of a recombinant adenovirus 
results in express~ma of target genes to plasma levels 
above [Op:g/mL [34] Such studies allow one t~ ge*> 
trace and to rescue disease models, and ro evaluate 
possible gent-transfer therapks, Table 6~1 sHroma- 
rizes the phenotypes associated with genet~c alter- 
atmns m the flbrindyde or coagulation system that 
result from targeted inactivation m mice compared 
with those that occur spontaneously m humans. 

Elnb<yo~ek Deve[opme~at and Re.prodeectD. 

COAGULATION SYSTEM 
Only limited inf0rmadon is available on the expres-. 
sion of coagulation factors during embryonic develop- 
men{ Tissue {actor expressv7 has bee~, identified 
in embryomc epirhelia, the heart, the nervous system° 
and the visceral endoderm of the yolk sac. whereas 
expression of die thrombin recq~tor has been ]ocalized 
in the t~eart, blood vesseis, and the brain [35 36] 
Thrombomodulb7 expressio~l was observed in the 
endodecm of the parietal yolk sac ac ~.5 days 
posrcoJtum, m the aortic arch of 95-do 2 pos~coitum 
embryos° and m the blo(M vessels heart, hmg buds, 
and ceutral nervous system m 10.5-day posccoicum 
embryos [37] It Js intriguing that express{on of pro= 
rhrombin and factor VII was undececcabD i~n the earty 
embryo, rinsing d~e questlor: o( whether these ran{- 
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TABLE 6-1. Phenotypes resulting from the targeted gene deletions in mice and spontaneous mutations in humans 

Deficiency Mouse Human 

Coagulation system 
Tissue factor (TF) Embryonic lethality due to deffctive blood vessel formation Unknown 
Thrombomodulin (TM) Embronic lethality due to defective feto-maternal interaction Unknown 
Factor V (fV) Postnatal lethality due to severe spontaneous bleeding Bleeding 
Fibrinogen (Fbg) Bleeding associated with trauma Bleeding 

Abnormal wound healing 
Abortion due to maternal bleeding 
Bleeding Factor VIII (fVIII) 

Fibrinolytic system 
Tissue-type plasminogen activator (t-PA) 

Bleeding 

Increased thrombotic susceptibility 
Mild glomerulonephritis 
Reduced neurotoxicity 
Abnormal long-term potentiation 
Impaired neuronal migration 

Urokinase-type plasminogen activator Increased thrombotic susceptibility Unknown 
(u-PA) Impaired neointima formation 

Mild glomerulonephritis 
Impaired macrophage function 
Reduced decidual vascularization 
Reduced trophoblast invasion 
Reduced platelet activation and trapping 
Reduced tumor invasion 
Severe spontaneous thrombosis 
Impaired neointima formation 
Reduced ovulation and fertility 
Cachexia and shorter survival 
Severe glomerulonephritis 
Abnormal tissue remodeling 

Urokinase receptor (u-PAR) Normal Unknown 
t-PA : u-PAR Normal Unknown 
Plasminogen (Pig) Severe spontaneous thrombosis Thrombosis 

Reduced ovulation and fertility 
Cachexia and shorter survival 
Severe glomerulonephritis 
Reduced neurotoxicity 
Impaired skin healing 
Reduced macrophage and keratinocyte migration 
Reduced thrombotic incidence 
No bleeding 
Accelerated neointima formation 
Reduced lung inflammation 
Reduced atherosclerosis 
Normal* 
Normal ~ 
Reduced lung inflammation 
Severe pancreatitis 
Increased resistance to endotoxin shock 
Reduced fertility 
Embryonic lethality due to bleeding 

Unknown 

t-PA :u-PA Unknown 

Plasminogen activator inhibitor-1 (PAI-1) 

Plasminogen activator inhibitor-2 (PAI-2) 
Vitronectin (VN) 
ot-Macrogobulin 

Proteinase nexin-1 (PN-I) 
LDL receptor-related protein (LRP) 

Bleeding 

Unknown 
Unknown 
Unknown 

Unknown 
Unknown 

Only those genetic deficiencies in humans that correspond to published genetic deficiencies in mice arc summarized. The table distdays only the abnormal 
phenotypes, which are described in more detail in the text. The possible lack of a phenotype is discussed in the text. 
Initial phenotypic analysis has not revealed any maior abnormalities thus far. 
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ecules might act independently of their currently 
known ligands [35,36]. 

The gene inactivation studies of the coagulation 
factors that have thus far been performed have yielded 
an unanticipated involvement in embryogenesis. In- 
deed, thrombomodulin deficiency resulted in overall 
growth retardation and embryonic death at around 
9.5 days postcoitum [38]. Notably, removal of 
thrombomodulin-deficient embryos from the mater- 
nal decidua rescued the arrested organogenesis, 
suggesting that defective feto-maternal interactions 
might compromise the development of the embryo 
proper [38]. Increased fbrin deposition proteolysis 
did not seem to affect the barrier function of 
Reichert's membrane or the parietal endoderm [38]. 
Figure 6-2A shows Reichert's membrane and the 
parietal endoderm in a normal postimplantation 
embryo. 

Another surprising finding is that tissue-factor de- 
ficiency resulted in embryonic death around 10.5 days 
posrcoitum, most likely due to insufficient vitello- 
embryonic blood circulation as a result of abnormal 
vessel formation in the yolk sac [39]. Figure 6-2A 
illustrates the vessels in the visceral yolk sac in a 
normal embryo. In particular, loss of tissue factor 
appeared to result in impaired periendothelial cell 
recruitment, thereby causing abnormal vessel fragil- 
ity and rucpture. How tissue factor exerts its role in 
vessel formation is unclear. Tissue factor could be 
involved in the formation of fibrin (which might act 
as a scaffold and chemotactic stimulus for endothelial 
cell; [40] or of downstream signaling factors such as 
factor Xa [10] or thrombin [11]. 

Alternatively, tissue factor may induce the expres- 
sion of angiogenic or other factors such as vascular 
endothelial growth factor (VEGF) [41]. In this re- 
spect, it is interesting to note that the abnormal vessel 
development in the yolk sac of tissue factor-deficient 
embryos resembled that in embryos lacking a single 
VEGF allele [34], possibly suggesting a link between 
tissue factor and VEGF. An intriguing but unre- 
solved question is whether the role of tissue factor in 
embryonic development is mediated by factor VII, 
the only currently known ligand of tissue factor. 

These targeting studies extend the recently docu- 
mented role of tissue factor in tumor-associated 
angiogenesis [42] and warrant further study of its 
involvement in other processes of normal and patho- 
logical vessel formation. 

Ovulation, embryo implantation, and platen- 
ration involve tissue remodeling and breeching 
of intact vessels, requiring proper hemostasis. Some- 
what surprisingly, intraovarian bleeding did not 
occur following ovulation in fibrinogen-deficient 
mice [43]. However, fibrinogen deficiency signifi- 
cantly affected embryogenesis [43]. Indeed, develop- 
ment of fibrinogen-deficient embryos in homozygous 
fibrinogen-deficient females was arrested at 9-10 days 
postcoitum due to severe intrauterine bleeding. There 
was no evidence of bleeding within developing em- 
bryos or their amniotic or yolk sacs as long as the 
placentas were intact. Rather, the location, volume, 
and absence of nucleated (embryonic) red blood cells 
within the hemorraghic areas suggest that hemor- 
rhaging was from a maternal source. It is possible 
that bleeding was caused by the invasion of embry- 
onic trophoblasts into and disruption of maternal 
vasculature within the placenta. Abortion was not 
observed in heterozygous fibrinogen-deficient females 
mated to heterozygous or homozygous fibrinogen- 
deficient males, indicating the importance of the 
maternal fibrinogen during gestation [43]. 

FIBRINOLYTIC SYSTEM 
The plasminogen system has been claimed to be in- 
volved in ovulation, spermatocyte migration, fertili- 
zation, embryo implantation, and embryogenesis, 
and in the associated remodeling of the ovary, pros- 
tate, and mammary gland [12,14]. Because homozy- 
gous deficiencies of several fibrinolytic system 
components, including t-PA and u-PA, have not been 
observed, it was anticipated that inactivation of these 
genes might cause embryonic lethality. However, 
transgenic mice overexpressing PAl-1 [44,45], u-PA 
[46], or the amino-terminal fragment of u-PA [47] 
and mice with single or combined deficiencies of t-PA 
and/or u-PA [48,49], t-PA and u-PAR [50], PAl-1 
[51,52], u-PAR [53,54], plasminogen [55,56], PAI- 

FIGURE 6-2. Formation and pathology of blood vessels in the mouse. A: Section through a 9.0-day postcoitum wild-type 
embryo revealing the heart (asterisk), dorsal aorta (DA), yolk sac vessels (arrowheads), vitello-embryonic vessels (arrows), 
parietal endoderm (PE), and Reichert's membrane (RM). B: Section through a normal femoral artery revealing two to three 
layers of smooth muscle cells in the media and a single layer of endothelial cells in the intima. C: Section through a capillary 
from a combined t-PA:u-PA-deficient mouse revealing intraluminal fbrin deposits (arrows) indicative of severe thrombosis 
(electron microscopy). D: Section through a vein from a wild-type mouse 3 days after endotoxin injection in the footpad, 
revealing an organized thrombus (arrow). E: Section through a femoral artery from a wild-type mouse 3 weeks after electric 
injury, revealing a smooth muscle cell-rich neointima. F: Section through the aorta from an apolipoprotein E~deficient 
mouse after 15 weeks on a cholesterol-rich diet, revealing an athemsclerotic plaque. 
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* ~{ea{~: nr~re a |  im~pairetI impu ted  na4m~i~ 
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FIGI:tRg 6--30 <>PA is biologically active in ~he absence of. 
u-PAR. Mice with a s~ngb deficiency Of p[asmin0gea or a 
com blned deficiency of r-PA at~d u=PA, bu~ no~ of tPA and 
u,PAR, suff~ered severe rhromhosls, impaired heakh and 
fertility, and shorter san4vaI, suggesrir~g that sufficiear u-- 
PA-mediared pericellular plasm~n pro~eolysis cart occ~r in 
et~e absence of u-PAR. 

2 [57], vkronecrin [58], or {~:<macroglobulin [59} 
surTqved embryonic development and were viable at 
birth~ Thus ~ar, u-PA deficiency has orfly been found 
to reduce the rate of trophobiast rnigration during 
early embvogenesis and the formation of-btood lacu- 
nae in ta~e pregnancies, possibly due do impaired 
endothelial ~elI  fimedon (Teesa!u, Blasi, and 
Talledco, personal communication). 

Inactivat ion of the LR P gent res uked in embryonic 
lethality at m[dgestatio~t, seconda~ ~ to abdominai 
bleeding {60]. h is presend? unclear eo what extent 
letha!ky in these mice is caused by abe,urinal piasmln 
proeeoiysis because LRP is a mukifunctional clear- 
ance receptor, no{: Only fbr fibrinOlytiC System compo~ 
nents hut also for other unrelated molecules [27] 
Another interesting but unresolved question A why 
homozygous but not hererozygoas proteinase nexin, 
] --defieier~r mice are nnabb ro sire o~pr ing  (Botteri 
and Vander Puttee, personal commmiicadon). 

Mice with a single deficiency e( ~>PA or u,PA 
4 [48,49], u-PAR [5 ~,5 • ], PAL i [51,52], vltronectin 

[58], or ~<macrogiobulin [59] are ~e~tile. N0rmal 
fertility was also observed in a transgenic mouse 
strain expressing an anrise~ase t-PA mRNA, with re= 
duction of t-PA a(tlvky in rfie o0cytes by more than 
50~ [6~], Both plasminogen activators appeared, 
however, to cooperate, because P[g=deficlent and 
combined r-PA:u~PA-defieient mice were less fbctile 
rha~ wild-type mice or mice with a single deficiency 
of t,PA or u-PA [48,55] Is parr, this could be due to 
poor general heakh and fibrin deposits n ,he gonads 
once they became sick and cacheerie. However, 
gonadotropin-induced ovuhdon was also sig~ifi- 

canr~y reduced in healthy 25-day-old female mice 
lacking both plasrninogen activators [62] and plasmb 
nogen (Ny et al.. persona1 comrnmfieadon). The ob- 
servation that combined t-PA :u-PAR-deficient mice 
are {brdle [50] suggests that u-PA can stil] mediate 
sufficient pericellular proteolysis in the absence of u- 
PAR to rescue the defective ovulatinn nf combined r- 
PA:u-PA-<teficlenr mice (Figure 6-2~) [48]. Thus, 
ovulation can occur in the absence of t-PA, u-PA u- 
PAR. PAId ,  or (z~-macroglobulin, bur is reduced in 
rowe with Pig deficiency or combined t-PA and u-PA 
deficiency. 

Heahh and Survival 

COAGULATION SYSTEM 
Deficiencies of-rfie procoagulant factors V, VIII, and 
fibrim~gen significandy affect rhc sur-vival of m~lram 
mice d~e to bbeding complications. Within 2 days 
after birth, approximately 30% of ffm fibrinogen= 
deficient offspring developed over~ inrra--abdominal 
bleeding, but surprisingly only 10;% of these neonates 
died [43] A second period of increased risk of devel- 
oping fatal intra-abdominai bbedirtg occurred be- 
tween 30 and 60 days, resulting in a 50 (50% survival 
raft:. Survival of fibrinogen-deficient ,race was highly 
dependent on ~he Nenetic background, possibly dLle 
to differemes tn general activity teve~ 1-43L Factor 
V-deficient mice also revealed in~ra~abdomioa] 
bleeding, resulting in early postnatal death [63}. In 
conrrasr factor VIH-defieienr mice did not bleed 
spontaneously bur displayed tife.-rhrearening bteed- 
mg when challeng >d with rrauma during rail cu~dnN 
[(54L 

FIBRINOLYTIC SYSTEM 
No effects on hearth and survival were observed m 
t-PA-, u=PAR-. PAJ-I=, wrronecrm--, or (x,- 
macroglobulkl deficient mice [248-59]. A small per- 
centage of u--PA-deficienr mice developed chronic 
(nonbeating) ulcerations and recta] prolapse, but 
without an effect on survival [48]. Plg-deficienr 
[55.,561 and combined c-PA:u-PA~leflcient {48]. 
but not combined t~PA:u-PAR~eficient [30} rowe. 
developed chronic ukerations and tectal prolapse 
suggesting that sufficient u-PA mediated plasmin 
proteolysls can occur in d~e absence of u-PAR (Figure 
0-3)° In additiorn these mice suf}ered significant 
growth retardation, developed a wasting syndrome 
with anemm, dyspnea, lerhargm, and cachexia~ and 
had a ~lgnificantl} shorter tifespan. Generalized 
d~rombosis m the gasrromtesti~ml rrac~, the lungs, 
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FIGURF (<4. Relative survival c}(: rmce with macuvatiot~ of componen;s o~ the {oag~lat~on oI fibrmo]yr~c ~vstems. The 
d~Jckrmss of" the bars denotes the percent of: mice survivlne, for r i te  indicated time pcrmd. 1rtterrupred 
bars indicate ~hat the studies are still ongoing ~;Appto×l~mtcly 10% off the fibtinogea defwient mice die shordv after bbth 
at*d another 40~ around I 2 momhs afte~ birth due to bbedi~g. ~>Plg deficient and combined r-PA:u-PAMehcie,~t m{ce 
start to die ai-ter 3 tnoI~ths o£ age such mat sess than 30% of these rowe survive after year. TM-;- = thrombomodulin 
deficient; TF-U~ = tissue factor deficient FV-/- =: 6~c~r V deficbat; FVHI-/- = factor VH1 deficie~3.t: LRP--/ = LDl.-relared 
protein deficient: VN-/- = virronecrm deficient: {~.~-M~i- O(>-rrmcroglobuhri det]cien{. Other  al~breviadons as m 
the texl (~): prelimmary analvs~s 

arid ocher orgaHs (including the gonads, liver, and 
kidney) might ,  at least i~7 par~, exptai~ their increased 

morbidi ty and mortahty.  Figure 6-4 depicts,  o~t aLi 
arbitra U ~ ime scale, the viabitity and survival of these 

different knock-out stratus. 

H eeem.rlmffs 

COAGULATION SYSTEM 
Deficiency of fibrinoger~ resuhed in overt mrrao 

abdominal,  subcutaneous, ioint, and/or periumbilicaI 
bieedmg m the neonatai period [43}. These are d~e 
common sires of sponraneous bbed ing  events ~E~ 
hi, roans with acquired or co~lgeniral coagu]ation 

disorders [63] The bleeding manilestadoi~s in 
adult  fibrinogen-deticienr mice (e.g. hemoper> 
~oneum, ep~s~axLs, nod hepatic, renal, intraintesdna[,  
intraehoraclc and soft tissue hematomas~ are 
generally comparable wlth those observed in the rare 
hurnm~ cotlgenitaf disorder afibrinogenemia and 
probably resulted from coincidental mechanical 
trauma [66] Although afibrinogenemlc murme 
blood was tocaUy uncJottable and p la teb ts  flailed +o 
aggregate° bleedir~g was not consisrendv life threat- 
emng [43]. B1eeding was possibly somewhat  elm-- 
trolled by the residuM di rombin  generation and 
p la tebr  ac~xvarion. Whe the r  orher platetet receptors 
beyond the GPItb/HIa receptor o~ ligartds other than 
fibrino,~ eta (including wtronecrm,  fibronecdno or yon 
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Willebrand factor) might rescue deficient platelet 
interactions remains to be determined. 

Initial analysis indicats that Factor V-deficient 
mice appeared to suffer from a more severe bleeding 
phenotype (resulting in early postnatal death), sug- 
gesting critical hemostatic functions of thrombin ac- 
tivation beyond fibrin generation [63t. The more 
severe phenotype of factor V deficiency in mice than 
in humans is consistent with the detection of residual 
factor V activities in most patients [67]. 

Factor VIII deficiency (hemophilia A) in humans 
predisposes to spontaneous and trauma-induced 
bleeding in the joints and soft tissues [2]. Mice defi- 
cient in factor VIII suffered life-threatening bleeding 
in association with tail injury but did not appear to 
bleed spontaneously [64]. Factor VIII-deficient mice 
may provide useful models for studying the immune 
response that limits recombinant factor VIII substitu- 
tion in hemophiliac patients as well as for designing 
possible gene therapy strategies. 

FIBRINOLYT1C SYSTEM 
Hemostasis involves platelet deposition and coagula- 
tion to stabilize hemostatic plugs, Failure to stabilize 
the clot, for example, as a result of hyperfibrinolytic 
activity, might result in delayed rebleeding. A 
hemorrhagic tendency has indeed been observed in 
patients with increased plasma t-PA or reduced 
plasma ot:-antiplasmin or PAI-I activity levels 
[68,69]. Delayed rebleeding might also explain 
the hemorrhagic tendency in transgenic mice, 
expressing high levels of plasma u-PA [46] and 
in transgenic mice overexpressing granulocyte- 
macrophage--colony-stimulating factor (GM-CSF), 
in which increased production of u-PA by peritoneal 
macrophages occurs [70]. Contrary to patients 
with low or absent plasma PAI-1 levels, P A l - l -  
deficient mice did not reveal spontaneous or delayed 
rebleeding, even after trauma [52]. Lower plasma 
PAl-1 levels and the occurrence of alternative PAls in 
murine plasma (unpublished data) might explain the 
less pronounced hyperfibrinolytic phenotype and the 
species-specific difference in the control of plasmin 
proteolysis, 

Thrombosis and Thrombolysis 

COAGULATION SYSTEM 
Coagulation inhibitor deficiencies in humans predis- 
poses them to an increased risk for thrombosis [6]. 
tteterozygous thrombomodulin-deficient mice were 
viable and did not appear to develop spontaneous 
thrombosis, possibly indicating that the mice need to 

be challenged either genetically (by crossbreeding 
them with other thrombosis-prone transgenic mice) 
or physiologically (by administration of proinflam- 
matory reagents, injury, etc). The recently generated 
mutant factor V mice [63] engineered to have a simi- 
lar activated protein C-resistance phenotype as hu- 
mans [5] might be valuable for examining the role of 
this anticoagulant protein in vivo. 

FIBRINOLYTIC SYSTEM 
t-PA is believed to be primarily responsible for re- 
moval of fibrin from the vascular tree via clot- 
restricted plasminogen activation [ 13]. The role of u- 
PA in thrombolysis is less well defined. It lacks affin- 
ity for fibrin and probably requires conversion from a 
single-chain precursor to a catalytically active two- 
chain derivative [13]. The conditions under which u- 
PA might participate in fibrin clot dissolution in 
vivo remain to be identified. Other plasminogen acti- 
vation pathways, such as the intrinsic pathway 
(involving blood coagulation factor XII, high mo- 
lecular weight kininogen, prekallikrein, and possibly 
u-PA) [71], as well as plasminogen-independent 
mechanisms [72], have been proposed to contribute 
to clot lysis, but their role in vivo remains to be 
defined. 

Deficient fibrinolytic activity, for example, result- 
ing from increased plasma PAl-1 levels or reduced 
plasma t-PA or plasminogen levels, might participate 
in the development of thrombotic events [69]. El- 
evated plasma PAI-1 levels have indeed been corre- 
lated with a higher risk of deep venous thrombosis 
and of thrombosis during the hemolytic uremic 
syndrome, disseminated intravascular coagulation, 
sepsis, surgery, and trauma [15,16]. PAI-I plasma 
levels have also been elevated in patients with 
ischemic heart disease, angina pectoris, and recurrent 
myocardial infarction [73]. However, the acute-phase 
reactant behavior of PAI-I does not allow us to de- 
duce whether increased PAI-I levels are a cause or 
consequence of thrombosis. To date, abnormal fibrin 
clot surveillance resulting from genetic deficiencies in 
t-PA or u-PA has not been reported in humans, but 
quantitative and qualitative deficiencies of plasmino- 
gen have been associated with an increased tendency 
to thrombosis [69,74]. Table 6-2 summarizes the 
consequences of targeted gene manipulation of the 
fibrinolytic system on fibrin surveillance. 

Fibrin Deposits and Pulmonary Plasma Clot Lysis in 
Transgenic Mice. Microscopic analysis of tissues from 
u-PA-deficient mice revealed occasional minor fibrin 
deposits in liver and intestines and excessive fibrin 
deposition in chronic nonhealing skin ulcerations, 
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TABLE 6-2. Effects of targeted gene-inactivation and adenovirus-mediated gene 
transfer of the plasminogen system on vascular wound healing and fibrin surveillance 

Fibrin deposition 
Neointima 

Mice formation Spontaneous Induced 

Fibrin degradation 

Plasma clot lysis Matrix breakdown 

Wild type +q- - 4-+ f t ~ I ~ t 
t-PA-- 4-+ --  I | { }  + I l l l  

Ad.t-PA in t-PA N.D. N.D. N.D. I t I I N.D. 
u - P A  -" + I t l l  I I 1 "  --  

T U  l ,  I I I I I t I I a _ 

u - P A R  ++ - ~ t l i ~ 
TR N.D. + N.D. N . D  N.D. 
PAl- l - -  i I i I  h - -  --  I t l l  I l t t  

Ad.PAI-1 in PAI-- -<'  N.D. N.D. - N.D. 
Pig- -"~ t I ~t I I I I _d N.D. 

Overview of the consequences of targeted gene inactivation or rescue by adenovirus-mediated gene transfer on neointima h)rmation, fibrin deposition 
(thrombosis), and fibrin degradation (thrombolysis) semiquanti tat i 'edy expressed on a scale from "'-" (very l i t t le  m absent response) to "t ~ ~ I" lmaximal 
response), lntra-  and extra vascular fibrin deposition was examined in knock-out mice without  (sDmtaneous) or with (induced) endotoxm challenge, local[~ 
injected in the footpad, as described in Carmeliet  et al. [48,521. Fibrin degradation was evaluated by moni tor ing lysis o fa  ~ ~l-labeled fibrin pulmonary plasma 
clot or degradation o f a  *2Sl-labeled fibrin matrix, as described in Cameliet et al. [48,52] .  
"Neoint ima formation in these mice was reduced but not absent [88]. 
~'Neointima formation was accelerated in PAl - l -de f i c i en t  mice [88].  
T h e  apparent lack of an effect by u-PA on pulmonary plasma clot lysis migbt  be related to the residual presence of t-PA, which because of its high fibrin 
specificity is able m rapidly degrade the fibrin-rich platelet-poor plasma clots. 
'~Spontaneous lys~s m these knock-out mice occurred at a very slow rate and became significant only after 72 hours [ 4 8 , 5 5 ]  
'Degrada t ion  by u PAR'  macrophages occurred at a somewhat slower initial rate but was similar after 8 hours [5~, ,88I 
t - P A - , ' -  = t -PA deficient; u - P A - / -  - u-PA deficient; u - P A R - / -  = u-PAR deficient; P A I - I - ~  = PAI-I  deficient: T U - , -  - combined t-PA and u-PA deticient: 
T R - , ' -  = combined t-PA and u-PAR deficient; P i g - / -  = plasminogen deficient; Ad. t -PA in t -PA- ,  ~- = intravenous injection of recombinant adenovirus 
expressing human t-PA in t -PA deficient mice; Ad.PAI 1 in P A l - l - " -  = intravenous injection of recombinant adenovirus expressing human PAl 1 in PAl-1 
deficient mice; N.D. = not done  

whereas in t -PA-deficient  mice, no spontaneous 
fibrin deposits were observed [48]. Mice with a single 
deficiency of plasminogen (Pig) or a combined defi- 
ciency of t -PA and u-PA, however, had extensive 
fibrin deposits in several organs (including the 
liver, lung, gastrointestinal tract, reproductive or- 
gans, etc.) associated with ischemic necrosis, possibly 
resulting from thrombotic occlusions (Figure 6-2C) 
[48,55,56]. Fibrin deposits were observed at the same 
sites and around the same age in Pig-deficient as in 
combined t -PA:u-PA-def ic ien t  mice, suggesting 
that t -PA and u-PA are the only physiologically sig- 
nificant plasminogen activators in vivo. Interestingly, 
mice with a combined deficiency of t -PA and u-PAR 
did not display such excessive fibrin deposits, sug- 
gesting that sufficient plasmin proteolysis can occur 
in the absence of u-PA binding to u-PAR (Figure 6- 

3) [5ot. 
Transgenic mice overexpressing human PAI-1 

under the control of the metallothionin promoter 
displayed cell-, fibrin-, and platelet-rich venous oc- 
clusions in the tail and hindlegs [44], whereas mice 
overexpressing murine PAL1 under the control of the 

cytomegaleous virus promoter did not suffer such 
complications [45] (Ginsburg et al., personal com- 
munication). The reason for this discrepancy is at 
present unclear. Mice with a single deficiency of t -PA 
or u-PA were significantly more susceptible to the 
development of venous thrombosis following local 
injection of proinflammatory endotoxin in the foot- 
pad (Figure 6-2D) [48]. 

Hypoxia also induced ~251-1abeled fibrin deposition 
in t - P A -  or u-PA--deficient mice, but  not in 
wild-type or PAl-l--deficient  mice (Pinsky et al., per- 
sonal communication). The increased susceptibility of 
t -PA-deficient  mice to endotoxin and the severe 
spontaneous thrombotic  phenotype of combined t- 
P A : u - P A -  or Pig-deficient  mice could be explained 
by their significantly reduced rate of spontaneous lysis 
of  12~I-fibrin-labeled plasma clots, injected via the 
jugular vein and embolized into the pulmonary arter- 
ies [48,55]. On the contrary, PAl - l -de f ic ien t  mice 
were virtually protected against the development of 
venous thrombosis following the injection of endot- 
oxin, consistent with their ability to lyse ~-'sI-fibrin- 
labeled plasma clots at a significantly higher rate than 
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wild-type mice [52]. The increased susceptibility of 
u-PA-deficient mice to thrombosis associated with 
inflammation or injury might be due to their im- 
paired macrophage function. Indeed, thioglycolate- 
stimulated macrophages (which are known to express 
cell-associated u-PA), isolated from u-PA-deficient 
mice, lacked plasminogen-dependent breakdown 
of ~-'SI-labeled fibrin (fibrinolysis) or of ~H-labeled 
subendothelial matrix (mostly collagenolysis), 
whereas macrophages from t-PA-deficient or P A l - l -  
deficient mice did not [48,49t. 

Lipoprotein (a) contains the lipid and protein 
components of low-density lipoprotein plus apoli- 
poprotein (a) [75]. Extensive homology of apoli- 
poprotein (a) to plasminogen has prompted the 
proposal that apolipoprotein (a) forms a link 
between thrombosis and atherosclerosis, but in 
vitro studies have not yielded conclusive evidence. 
Transgenic mice overexpressing apolipoprotein (a) 
displayed reduced thrombolytic potential, but only 
after administration of pharmacological doses of re- 
combinant t-PA, suggesting a mild hypofibrinolytic 
condition [76]. Studies using transgenic mice 
overexpressing lipoprotein (a) extended these findings 
and revealed that spontaneous lysis of ~-'sI-fibrin- 
labeled pulmonary plasma clots (and thus, not lysis 
induced by exogenous administration of recombinant 
t-PA) was also reduced (Carmeliet et al., unpublished 
observations). 

Adenovirus-Mediated Transfer of t -PA or PAI - I .  
More recently, we have used adenoviral-mediated 
transfer of fibrinolytic system components in these 
knock-out mice in an attempt to revert their pheno- 
types. Intravenous injection of adenoviruses, express- 
ing a recombinant PAl- l - res is tant  human t-PA 
(rt-PA) gene, in t-PA-deficient mice increased plasma 
rt-PA levels 100- to 1000-fbld above normal and 
restored their impaired thrombolytic potential in a 
dose-related manner [34]. Notably, adenoviral t-PA 
gene transfer increased thrombolysis to significant 
levels by 4 hours and was sustained fi~r more than a 
week, suggesting that it might be useful for restoring 
deficient thrombolysis in subacute conditions. Con- 
versely, adenovirus-mediated transfer of recombinant 
human PAl-1 in PAI-1--deficient mice resulted 
in 100- to 1000-fold increased plasma PAl-1 levels 
above normal and efficiently reduced the increased 
thrombolytic potential of PAI-l-deficient  mice 
(Carmeliet et al., unpublished observations). 

Collectively, these gene targeting and gene transfer 
studies confirm the importance of the plasminogen 
system in maintaining vascular patency and indicate 
that t-PA and u-PA are the only physiologically sig- 

nificant plasminogen activators in vivo that appear to 
cooperate significantly in fibrin surveillance. Interest- 
ingly, u-PA appears to play a more significant role 
than previously anticipated in the prevention of fibrin 
deposition during conditions of inflammation or in- 
jury, possibly through cell-associated plasmin pro- 
teolysis. A surprising finding, however, is that u-PA 
can still exert its biological role (pericellular proteoly- 
sis) in the absence of u-PAR. Whether the marginal 
role of u-PAR is related to the ability of u-PA to 
become localized around but not bound to the cell sur- 
face via interaction with other macromolecules, such 
as fibrin, plasminogen, vitronectin, or proteoglycans, 
remains to be determined. 

Neointima Formation 
Vascular interventions fc~r the treatment of athero- 
thrombosis, such as bypass surgery, percuraneous 
transluminal balloon angioplasty, atherectomy, or the 
in situ application of vascular stents, restore blood 
flow and improve tissue oxygenation but induce 
restenosis of the vessel within 3-6 months in 30-  
50% of treated patients [77]. This may result from 
remodeling of the vessel wall and/or accumulation of 
cells and extracellular matrix in the intimal or adven- 
tirial layer. Several mechanisms are believed to par- 
ticipate in intimal thickening as part of a hyperactive 
wound healing response, including thrombosis, 
proliferation, apoptosis, and migration of smooth 
muscle cells [78,79]. Proteinases participate in the 
degradation of the extracellular basement membrane 
surrounding the smooth muscle cells, allowing 
them to migrate to distant sites. Two proteinase sys- 
tems have been implicated, the plasminogen (or 
fibrinolytic) system and the metallopmteinase sys- 
tem, which in concert can degrade most extracellular 
matrix proteins. 

In contrast to the constitutive expression of t-PA 
by quiescent endothelial cells [13] and of PAl-1 by 
uninjured vascular smooth muscle cells [80], u-PA 
and t-PA activity in the vessel wall are significantly 
increased after injury, at the time of smooth muscle 
cell proliferation and migration [81-83]. This in- 
crease in plasmin proteolysis is counterbalanced by 
increased expression of PAI-l  in injured smooth 
muscle and endothelial cells, and by its release from 
accumulating platelets [84]. Expression of compo- 
nents of the fibrinolytic system is also induced in 
cultured endothelial ceils, smooth muscle ceils, and 
macrophages as a result of wounding or treatment 
with growth factors and cytokines that are released 
after injury [22,85]. t-PA has been proposed to act as 
an autocrine mitogen after injury [86]. The precise 
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* Proteo~yfie degradation normal 
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FIGURE 6-5. Hypothedca! model of the role of receptor-independent u-PA-mediated ptasminogen activatioi~ in neomrinm 
~ormarioa. °Ihe smooth muscle cell (SMC) is surrom ded by an e×tracellular matrix (ECM) that needs to be p~oreoiytlcaliy 
degraded to aI~ow ee]hdar migration. In ri~e wi!d-~ype (~rT) stnood~ muscle cells, u-PA is bound to u-PAR, mediating 
piasminogen activation and pJa mic degradation of lie extraceliuhr matrix such dmt ~he tee can mign~e. In the u-FAR- 
deficient smooch muscle cells, ud~A becomes localized to the ceJ[ sur6~ce, possibly via interaction with other matrix 
mobcules (denoted as ~X?") allowing s~Nciem: pecice][ular phsmir~ i~rotedysis for the cells to reign{to, u-PA might also 
accumulate to increased Dvels due ~o deficier'.t u=PAR-mediated clearance [54]. In contrast, smooth muscb ceils that lack 
u~PA have reduced perice~iular piasmin proteolysis and faiI to migrate efficiently, resubing [r~ reduced neointima fbrmadom 
The proposed impairment of smooh muscle ce~l migration M mice lacking u-PA-media~ecl plasminogen activation is 
indirec ly suggested by the observations that proliferatkm of" u~PA-de[dent ceils was to that in wiidotype {e~Is and that 
smooth muscle celts migrated ove~ a shorter distance in the Pig-deficient that~ in wild-type arrerbs. 

and causative r o b  of the phsmiaogen  system in ma- 
trix remodei[ng, passivadon of the iniured luminal 
vessel surface, migration, or prOlifreradon of vascufar 
cells remains ro be determined. 

We  have used an experimental raodel based on the 
use of an electric current to examhm the, re<Jocular 
mechanisms of neoi~atlma fomtadon in m~ce deficient 
in flbrinulytic system components (Figure 6-2E) [87]. 
The  electric current injm 7 model dif?brs f?om me- 
chanical in}uty models it~ that it induces a more 
severe iniury acctoss the  vessel wa[i, resulting in no= 
crosis of all smooth muscle cells. This necessitates 
that  -wound healing is initiated from the ad}acent 
unin{ured borders and progresses into *he central ~e- 
erotic region, Microscopic and morphometric  analysis 

revealed d~at the ra~e and degree of neoindma lrorma - 
titm and neointima~ cell a~cumularior) after ininry 
was similar in wild-type, t -PA:~efic ient  and u- 
PAR--ddicient  arteries [88]. HOwever, neoin~ima 
formation in PALl...<leficient arteries occurred at ear- 
}ier times posrmiu U [88], tn contrast, both the de- 
gree and rate of arterial neolntima formation in 
u-PA-deficiene, Plg~defident, and combined t-PA:u- 
PA-<teficient arteries was significandy reduced 
until 6 weeks posdniury [88~89}. Evaluation of the 
mechanisms responsible for these genotype~specific 
differences in neoint ima lbrmation revealed that pro- 
1Keration of medial and neoinrimal smooth muscb  
celts differed only marginally between elm genotypes 
{88,89}~ Impaired migration of smooth muscle cells 
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could be a significant cause of reduced neointima 
formation in mice lacking u-PA-mediated plasmin 
proteolysis because smooth muscle cells migrated 
over a shorter distance from the uninjured border into 
the central injured region in Pig-deficient than in 
wild-type arteries [89]. Table 6-2 summarizes the 
consequences of the gene deletions on neointima for- 
mation in these gene-inactivated mice. 

A surprising observation was that deficiency of u- 
PA, but not of u-PAR, reduced neointima formation 
in vivo. Because u-PAR is expressed by smooth 
muscle [88] and endothelial cells [22] and u-PAR is 
the only currently known receptor for u-PA [22-24],  
binding of u-PA to its cellular receptor appears to be 
more neglible for the role of u-PA than anticipated. 
Such a conclusion is supported by previous observa- 
tions that an increase in soluble (not membrane- 
bound) human u-PA in murine tumor cells enhances 
their invasiveness [90] and that scavenging of soluble 
u-PA by a truncated (non-membrane-anchored) u- 
PAR impairs cellular invasion [91]. Furthermore, a 
membrane-anchored form of u-PA catalyzes plasmi- 
nogen activation on the cell surface with characteris- 
tics comparable with those of u-PAR-bound u-PA 
[92], suggesting that cell surface localization rather 
than binding to u-PAR is important. Possibly, the 
kinetic advantage resulting from u-PAR-accelerated 
plasrninogen activation may be irrelevant for certain 
u-PA-dependent phenomena that develop over long 
time periods, or may be compensated by the increased 
extracellular accumulation of u-PA in u-PAR-  
deficient mice (probably resulting from defective 
clearance of u-PA) [54]. Alternatively, u-PA may be 
localized to the cell surface via binding to other mol- 
ecules, such as fibrin, plasminogen, extracellular ma- 
trix, or cell adhesion molecules [21,25,93]. 

Our results also suggest that pericellular proteoly- 
sis can still occur in the absence of u-PAR. This is 
confirmed by the observation that degradation of i"~I- 
labeled fibrin or subendothelial matrix over 8 hours is 
only transiently affected by u-PAR deficiency [53,88] 
and that thrombosis, sterility, and organ dysfunction 
in combined t-PA:u-PAR-deficient mice is signifi- 
cantly less severe than in combined t -PA:u-PA- 
deficient mice [48,50]. Figure 6-5 schematically rep- 
resents a hypothetical model of smooth muscle cell 
function and neointima formation in the absence ofu- 
PA or u-PAR. It should be noted, however, that the 
lack of an appreciable effect on neointima formation 
in u-PAR knotk-out mice does not exclude a role for 
this receptor in other biological processes (e.g., can- 
cer), because the relevance of u-PAR may depend on 
the amount and the cell-specific, temporal, and spa- 
tial expression of u-PAR. Whether, to what extent, 

and under what conditions u-PAR may be more im- 
portant in other u-PA-dependent phenomena, such 
as cancer or angiogenesis, remains to be determined. 

Inhibition of Neointima Formation by Adenovirus- 
Mediated PAl-1 Gene Transfer. The involvement of 
plasmin proteolysis in neointima formation was sup- 
ported by intravenous injection in PAl-l-deficient  
mice of a replication-defective adenovirus that ex- 
presses human PAl- l ,  which resulted in more than 
lO00-fold increased plasma PAI-1 levels and in a 
similar degree of inhibition of neointima formation 
as observed in u-PA-deficient mice [88]. Proteinase- 
inhibitors have been suggested as anti-restenosis 
drugs. Our studies suggest that strategies aimed at 
reducing u-PA-mediated plasmin proteolysis may be 
beneficial for reduction or prevention of restenosis. 
However, antifibrinolytic strategies shoukt be tar- 
geted at inhibiting plasmin proteolysis and not at 
preventing the interaction of u-PA with its receptor. 

Atherosclerosis 
Epidemiologic, genetic, and molecular evidence sug- 
gests that impaired fibrinolysis resulting from in- 
creased PAl-1 or reduced t-PA expression, or from 
inhibition of plasminogen activation, may contribute 
to the development and/or progression of atheroscle- 
rosis [16,94-96], presumably by promoting throm- 
bosis or matrix deposition. A possible role for 
increased plasmin proteolysis in atheroscierosis is, 
however, suggested by the enhanced expression of t- 
PA and u-PA in plaques [97-98]. Plasmin proteolysis 
might indeed participate in plaque neovasculari- 
zation, induction of plaque rupture, or ulceration and 
the formation ofaneurysms [97,98]. However, a caus- 
ative role of the plasminogen system in these pro- 
cesses has not been conclusively demonstrated. 

In an initial analysis of atherosclerosis in mice de- 
ficient in apolipoprotein E (apoE) and t-PA, u-PA, or 
PAI-I ,  and fed a cholesterol-rich diet fi)r 10-25 
weeks, a significant reduction of plaque develop- 
ment was observed in apoE:PAl-l~deficient mice 
after 10 and 15 weeks (Figure 6-2F). In con- 
trast, plaques in apoE:u-PA-deficient arteries were 
devoid of media destruction and aneurysm formation. 
Further study will be required to unravel these mo- 
lecular defects in more detail (Carmeliet et al., un- 
published observations). 

Lipoprotein (a) has been proposed to reduce plas- 
minogen activation and to predispose to atherosclero- 
sis by reducing clot lysis [75]. Alternatively, reduced 
plasmin proteolysis could diminish activation of la- 
tent transforming growth factor-~ (TGFI]), thus pro- 
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viding a growth stimulus for smooth muscle cells 
[99]. A significant correlation between high levels 
of apolipoprotein (a) and reduced in situ plasmin 
activity was observed in atherosclerotic vessels of 
transgenic mice overexpressing apolipoprotein (a) 
[99]. Ongoing experiments in mice deficient in t-PA, 
u-PA, PAl-l,  u-PAR, or plasminogen will demon- 
strate whether plasmin is a significant activator of 
latent TGF[3 in vivo. 

Tissue Remodeling Associated with 
Wound Healing 
Impaired fibrinolysis, resulting from reduced u-PA 
or increased PAI-I activity, has been implicated in 
the deposition of fibrin and extracellulat matrix 
components in the kidney and lung during inflam- 
mation [100,101]. Electron microscopic analysis 
demonstrated that adult combined t-PA:u-PA- 
deficient mice developed fibrin deposition not only 
in the intravascular lumen but also in extravascular 
compartments, such as in the lung alveoli, kidney 
mesangium and the subendothelial space of Disse 
in the liver (Figure 6-2C; Carmeliet et al., unpub- 
lished observations). Furthermore, severe tissue 
remodeling, such as fusion of podocytes in the 
glomerulus and endothelial cell necrosis in adjacent 
capillaries, were frequently observed. Notably, ex- 
travascular fibrin deposition appeared to precede in- 
travascular thrombosis, possibly suggesting that the 
triggering event for abnormal fibrin deposition and 
tissue remodeling is located in the extracellular com- 
partment. These pathological findings are reminis- 
cent of those observed in glomerulonephritis and in 
acute respiratory distress syndrome in humans 
[100,101]. 

Involvement of the plasminogen system in inflam- 
mation and wound healing was further extended by 
observations that plasminogen and combined t- 
PA:u-PA-deficient mice, and to a lesser extent t -PA- 
deficient or u-PA-deficient mice, suffered severe ex- 
perimental glomerulonephritis, characterized by in- 
creased formation of fibrin-rich glomerular crescents 
after challenge with antiglomerular membrane anti- 
bodies [102/. in addition, PAI-l-overexpressing 
mice suffered more severe lung injury and deposition 
of fibrin and collagen-rich matrix after bleomycin 
challenge [45] or hyperoxia [102], whereas PAI-1-  
deficient [45] or ob-macroglobulin-deficient [59] 
mice were protected against such a fibrotic reaction. 
tx2-Macroglobulin deficiency also increased the mor- 
tality associated with experimentally induced acute 
pancreatitis, possibly because of uncontrolled pro- 
teolysis [59]. Pig-deficient mice also displayed fibrin- 

rich gastric ulcerations, in association with infection 
by pathogenic Helicobacter [55,56]. 

They also suffered delayed and impaired closure of 
skin wounds [104]. Notably, keratinocyte migration 
appeared to be reduced, but, surprisingly, the granu- 
lation tissue was not qualitatively different from nor- 
mal, except for the more abundant presence of 
fibrin(ogen) and fibronectin at the wound edges 
[104]. In fact, Pig-deficient mice, like their wild-type 
controls, had an abundant infiltration of macroph- 
ages, neutrophilic granulocytes, and fibroblast-like 
cells, and pronounced neovascularization [100]. 
Taken together, the plasminogen system appears to 
play a significant role in tissue remodeling during 
wound healing, in part mediated by its role in fibrin 
surveillance. This notion is supported by the observa- 
tion that fibrinogen-deficient mice had an unusual 
wound healing response in which the migrating and 
proliferating cells (primarily fibroblasts) form a thick 
layer emapsulating but not infiltrating hematomas 
[43]. It is thus possible that fibrin provides a critical 
initial matrix for the movement of ceils into sites of 
injury. 

Different degrees of wound healing responses have 
been reported, depending on environmental condi- 
tions and infectious challenges. The most significant 
phenotype occurred in u-PA-deficient mice after in- 
fection with botryomycosis (Shapiro et al., personal 
communication). In contrast with their wild-type 
littermates, housed in the same environmental 
conditions, u-PA-deficient mice developed a suppu- 
rative infection of the skin, characterized by the pres- 
ence ofabcesses and granulomas, and containing large 
numbers of polymorphonuclear leukocytes and 
histiocytes, which were surrounded by a capsule of 
fibrous connective tissue. Such destructive tissue re- 
modeling is indeed more severe than observed in 
combined t-PA:u-PA--deficient or Pig-deficient mice 
[48,55], indicating that the phenotypes observed in 
these knock-out mice are importantly determined by 
the infectious or inflammatory challenge. 

Despite a well-documented expression pattern 
of the fibrinolytic system during certain (patho) 
biological processes, experimental studies have not 
always confirmed its relevance in vivo. Biological 
processes, in which knock-out studies have thus 
far failed to demonstrate a significant role of the 
plasminogen system, are corneal wound healing (un- 
published data) and bone remodeling. Plasmin 
proteolysis might facilitate bone resorption via acti- 
vation of latent collagenases or TGF-[3, by freeing 
insulin-like growth factor-1 from its inhibitory bind- 
ing proteins, or by promoting osteoclast migration 
[19]. 
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Nevertheless, bone resorption in cultured feral 
metatarsals and calvariae from t -PA-  or u -PA-  
deficient mice did not differ from that in wild-type 
mice [105]. Bone turnover was slightly increased, 
but total body calcium content and radiographic ex- 
amination of the skeleton in young and old t -PA-  
deficient mice were normal; only a minor degree of 
cancellous osteopenia (as revealed by dynamic bone 
histomorphometric analysis of the tibial metaphysis) 
was observed [ 106]. In aggregate, although the pre- 
sent results have not revealed an absolute requirement 
of the plasminogen system for normal bone remodel- 
ing nr corneal wound healing, a more subtle role of this 
system remains possible. It should be noted, however, 
that lack of an obvious phenotype in a knock-out 
mouse does not exclude a possible role for the target 
gene during conditions ofectopic or abnormal expres- 
sion. It is also possible that the knc~zk-out mouse may 
have adapted to the deficiency of the target gene by 
alternative mechanisms. However, compensatory 
upregulation of the residual plasminogen activators 
has not been observed thus far [48,104]. 

Infection 
The expression of proteinases, and in particular of the 
u-PA:u-PAR system, by leukocytes is thought to be 
critical for the ability of cells to degrade matrix pro- 
teins and to traverse tissue planes during recruitment 
to inflammatory sites, u-PA has also been implicated, 
however, in the modulation of cytokine and growth 
factor expression. It is required for tumor necrosis 
factor alpha (TNF-O0 expression by mononuclear 
phagocytes [107], transforms latent transforming 
growth factor beta (TGF-~]) to its active form [26], 
and may also be involved in the release of interleukin- 
I (IL-1) [108]. In addition, serine proteinase inhibi- 
tors reduce interleukin-2 (IL-2) expression [109]. 
u-PA--deficient mice were unable to mount an ad- 
equate pulmonary inflammatory response to a chal- 
lenge with the nonlethal 52D Cryptococcus neoformans 
pathogen [110]. They were unable to recruit suffi- 
cient mononuclear phagocytes, neutrophiis, and iym- 
phocytes; did not contain the infection to the lung; 
and could not eliminate the organism, which dissemi- 
nated widely and ultimately infected the brain, lead- 
ing to death. This pattern of wide dissemination and 
death with strain 52D has only been seen in pro- 
foundly immunoincompentent mice. Whereas u-PA 
and u-PAR may promote the recruitment of mono- 
cytes and neutrophils by enhancing the degradation 
of matrix components, u-PA may also play a role in 
lymphocyte recruitment by modulating the cytokine 
network. Thus, the absence of u-PA may result in 

inadequate signaling via IL-1 or IL-2, significant 
modulators of lymphocyte cell function. 

Treatment of patients with TNF-ot frequently in- 
duces transient thrombocytopenia. Piatelet consump- 
tion and trapping within organs was significantly 
decreased in u-PA~deficient but not in t -PA-  
deficient mice, consistent with a reduced activation of 
u-PA-deficient platelets in vitro [1 I 1]. Another in- 
teresting observation is that (z,-macroglobulin- 
deficient mice were significantly more resistant to 
lethal doses ofendotoxin, possibly related to deficient 
interaction of cytokines and growth factors [59]. 
Thus, the role of the plasminogen system in the in- 
flammatory response may extend beyond the pro- 
teolytic activities required to allow for tile movement 
of cells, and may participate in the orchestration of 
cytokine networks that serve to intensify the inflam- 
matory response. 

Brain Function 
Evidence has been provided that the plasminogen 
system might be involved in brain function. Fibrin- 
olytic system components are expressed in specialized 
areas of the brain during development [112] or in 
adulthood following different forms of brain activity 
[1 13,114]. In addition, in vitro studies with cultured 
neurons revealed that these cells are able to produce 
and respond to plasminogen activators [115]. Re- 
stricted and temporal specific expression of r-PA in 
the nervous system during development has also 
been observed in transgenic mice expressing the 
LacZ marker gene driven by various t-PA promotor 
constructs [1 16,1 17]. Ectopic expression and overex- 
pression of murine u-PA in the brain (e.g., in the 
hippocampus and limbic system) was associated 
with impaired learning of tasks in transgenic mice 
[118] and reduced food intake (Miskin et al., personal 
communication). 

cAMP-dependent de novo synthesis of proteins, 
including r-PA, has been proposed to participate in 
long-term potentiation. Deficiency of t-PA, but not 
u-PA, abolished the Late phase of long-term potentia- 
tion in both the Schaffer collateral and mossy fiber 
pathways of the hippocampus that was induced by 
electrical stimulation or by treatment with dopamine 
agonists or cAMP analogs [119]. Somewhat surpris- 
ingly, a t-PA deficiency did not affect hippocampus- 
related learning tasks, including spatial memoD, in 
the Barnes circular maze and Morris water maze, ex- 
ploration in a novel environment, and context condi- 
tioning [119]. However, t-PA deficiency significantly 
impaired, active avoidance learning and slightly af- 
fected the acquisition learning in the Morris water 
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maze test [119]. Because t-PA is expressed in certain 
nuclei of the limbic system [114], this impairment 
might be due to abnormal coping of t-PA-deficient 
mice with stress. Another study reported that t- 
PA~:leficient mice completely lacked conventional, 
homosynaptic, late long-term potentiation at the 
Schaffer collateral-CAl pyramidal cell synapses and 
exhibited a different form of (heterosynaptic) long- 
term potentiation that not only required gluta- 
minergic but also GABA-dependent transmission 
[ 120]. This heterosynaptic form of potentiation pro- 
vided t-PA~:leficient mice with an output of CA1 
neurons similar to that seen in wild-type mice during 
conventional late long-term potentiation. Compensa- 
tion of conventional long-term potentiation by a 
GABA-dependent potentiation could explain the 
relative lack of hippocampal-related learning defects 
[120]. Taken together, these data suggest that t-PA 
plays a significant role in the late phase of long-term 
potentiation as a downstream target of cAMP. 

Another remarkable observation is that t -PA-  
deficient and Pig-deficient mice are resistant to neu- 
ronal degeneration and are protected against neuroex- 
citatory induced seizures [ 121 ] (Tsirka et al., personal 
communication), t-PA appears to be produced by 
microglial cells, the non-neuronal, macrophage-like 
ceils that are transformed from a resting to an acti- 
vated state on neuronal injury [121]. Activated 
microglia participate in the phagocytosis of neurons, 
and microglial proteinases have been involved in neu- 
ronal degradation. Thus, the lack of neuronal degen- 
eration in excitotoxin-injected t-PA-deficient mice 
could be due to a failure of microglial cell activation. 
The lack of t-PA confers resistance to experimentally 
induced neuronal degeneration and seizure, sug- 
gesting that t-PA activity might contribute to 
pathologies associated with accelerated neuronal de- 
generation, such as Alzheimer's disease. Whether the 
increased plasma t-PA levels during thrombolytic 
therapy for stroke and brain ischemia might play a 
similar deleterious effect remains to be determined. 

t-PA has been implicated in the migration of gran- 
ule neurous in the developing cerebellum [122]. In- 
terestingly, there were two to three times more 
granule neurons in the molecular layer of the develop- 
ing cerebellum of neonatal t-PA-deficient mice, sug- 
gesting that the absence of t-PA leads to retardation 
in granule neuron migration. This retardation was 
not observed in wild-type or u-PA-deficient mice 
(Seeds and Haffke, personal communication). 

Trans-section or crush of peripheral motor nerves 
leads to a retrograde reaction in the neuronal cell 
bodies, accompanied by the activation ofglial  cells in 
the vicinity of the damaged neurons. These microglia 

extend processes into the synaptic clefts, thus strip- 
ping synapses from the motorneuron cell bodies, a 
process that was proposed to be mediated by plasmi- 
nogen activators based on induced expression of t-PA, 
u-PA, and PAI-1 [123,124]. The initial studies 
suggest that stripping of the synapses from the 
motorneuron cell bodies still occurs in t-PA~leficient 
mice (Reddington et al., personal communication). 
Further studies are required to determine the precise 
involvement of the plasminogen system in the tissue 
remodeling accompanying neuronal injury. 

Taken together, these findings suggest that 
improper plasmin proteolytic balance (either due to 
u-PA overexpression or t-PA deficiency may signi- 
ficantly affect brain functioning. An interesting but 
unresolved question is whether t-PA and u-PA exert 
such effects directly or through activation of plasmi- 
nogen or other related molecules. Indeed, plasmino- 
gen levels in the brain have been reported to be low to 
undertectable [114]. The studies by Tsirka et al. indi- 
cate, however, that Pig-deficient mice displayed a 
reduced susceptibility to excitatory stimuli, similar to 
t-PA~leficient mice (Tsirka et al., personal commu- 
nication), suggesting that this phenomenon is depen- 
dent on plasmin proteolysis. Whether t-PA binds to a 
putative (neuronal) receptor [125] and/or processes 
signaling factors, or proteolytically remodels neu- 
ronal tissue, remains to be elucidated. 

Malignano,. alacrophage Function, 
and Neovascularization 
Pericellular plasmin proteolysis has been claimed to 
play a role in tumor invasion and metastasis by faci- 
litating tile migration of malignant cells through 
anatomical barriers via degradation of extracellular 
matrix constituents [24]. Increased expression of 
u-PA, u-PAR, and PAI-I by tumor cells or the sur- 
rounding stroma has, indeed, been observed [24]. In 
addition, administration of synthetic serine protein- 
ase inhibitors or of u-PA-specific antibodies reduced, 
whereas genetically engineered overexpression of u- 
PA increased, tumor dissemination [24t. Further- 
more, fibrinolytic system components have been used 
as clinical markers for the prognosis of certain tumors 
in humans [126]. 

No significant effect on "spontaneous" pulmonary' 
metastases of the Lewis lung carcinoma (3LL) cells 
was observed in transgenic mice overexpressing the 
amino-terminal fragment of u-PA [.17]. PAI-1-  
overexpressing mice, injected intramuscularly with 
3LL cells and treated with ZnSOi (which increased 
the activity of the metallothionin promoter that di- 
rects the human PAl-1 transgene), displayed a signifi- 
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cant reduction of "spontaneous" pulmonary me- 
tastases, with no effect on tumor growth [I 27]. Fur- 
thermore, formation of "artificial" lung nodules 
occurred at a reduced frequency in these mice. Be- 
cause PAI-I  was localized to the endothelial lining 
of capillary vessels in the primary tumor and in the 
lungs of 3LL-bearing PAI-1 transgenic mice, reduced 
lodging of the 3LL tumor cells to the pulmonary 
vessels may explain the inhibition of metastatic 
spread [127]. Recently, carcinogen-induced me- 
lanocytic neoplasms in u-PA-deficient mice were 
found to invade the underlying tissues at a reduced 
rate (Shapiro et al., personal communication). The use 
of knock-out mice and other models, including cross- 
breeding with a tumor-developing transgenic mouse 
strain, may provide means to further examine the role 
of the plasminogen system in malignancy. 

The plasminogen system has also been implicated 
in re-endothelialization, neoangiogenesis, and mac- 
rophage invasion. Increased expression of u-PA, u- 
PAR, and also of PAI-1 has been observed in 
migrating endothelial cells and macrophages in vitro 
and in vivo [22-24]. Invasion into the peritoneal 
cavity by u-PA-deficient or by u-PAR-deficient 
macrophages, 3d after thioglycolate injection, was 
not reduced, despite the absence of plasminogen- 
dependent breakdown of the extracellular matrix 
[48,49t. Recent studies suggest, however, that mi- 
gration of plasminogen-deficient macrnphages is sig- 
nificantly impaired, possibly suggesting that plasmin 
proteolysis needs to be sufficiently reduced [128]. 

No evidence of abnormal angiogenesis was ob- 
served on microscopic examination of tissues from 
mice with deficiencies of t -PA,  u-PA, PAI-1, u-PAR, 
or Pig [48-56],  although the degree ofdecidual vas- 
cularization in the late placenta was transiently re- 
duced in u-PA~teficient mice (Teesalu, Blasi, and 
Tallerico, personal communication), Wound healing 
studies in Pig-deficient mice also revealed no appar- 
ent defects in neovascularization of the granulation 
tissue [104]. Studies with normal and polyoma virus 
middle T (PymT)-transformed endothelial cells sug- 
gest that balanced plasmin proteolysis is required 
for appropriate tbrmation of capillary tubes [129]. 
PymT-induced hemangioma formation occurred at a 
reduced rate and frequency in mice with single and 
combined deficiencies of t-PA and u-PA, (Wagner et 
al., personal communication). Collectively, only a 
subtle role for plasmin proteolysis has thus far been 
documented for the formation of new blood vessels 
during development but its role during pathological 
neovascularization may be more significant. This 
might suggest the involvement of plasminogen- 
independent proteinases. 

Gene Regulation 

Transgenic animals expressing a LacZ reporter gene 
have been used for characterization of tissue-specific 
regulatory elements in the t-PA and u-PA promoter. 
Expression of a LacZ reporter gene by a 3.0-kb frag- 
ment of the human t-PA promoter or by a 4.0-kb 
fragment of the murine t-PA promoter in transgenic 
mice and rats during embryonic development and 
adulthood occurred in discrete regions of the central 
and peripheral nervous system and in some non- 
neuronal sites, but not in the vascular system 
[ 116,117]. The reporter gene was, however, expressed 
in the vascular system when a 1.4-kg human t-PA 
promoter fragment was used, suggesting that expres- 
sion of t-PA in the vascular system is regulated by 
repressor/silencer elements in more upstream regions 
[117]. A 0.5-kg murine t-PA promoter fragment 
failed to direct expression of LacZ during embryonic 
development, presumably due to the lack of the ap- 
propriate regulatory elements [116]. Because expres- 
sion patterns of LacZ overlapped largely, but not 
completely, with the distribution of t-PA mRNA 
and enzyme activity, these studies provide evidence 
fbr the involvement of neuronal and cardiovascular 
specific regulatory elements in t-PA promoter 
activity. 

Expression of a reporter gene in peripheral neu- 
ronal sites was also observed in transgenie mice, 
expressing LacZ under the activity of a 4.7-kb 
fragment of the porcine u-PA promoter [130] or 
of a 7-kb fragment of the murine u-PA promoter 
(Vigo, Blasi, and Karlstr6m, personal communica- 
tion). The latter promoter fragment directed expres- 
sion of LacZ to migrating keratinocytes during 
wound healing but failed to direct expression in the 
urogenital or gastrointestinal system, presumably due 
to the lack of the appropriate tissue-specific regula- 
tory' elements (Vigo, Blasik, and Kallestr6m, personal 
communication). 

Monoclonal Antibodies Against 
Knocked-Out Murine Proteins 
Mice with inactivated t-PA, u-PA, or PAI-I  genes, 
which were immunized with the targeted proteins, 
produced a significant number of monoclonal anti- 
bodies directed against the "knocked-out" proteins 
[131]. Monoclonal antibodies against murine u-PA 
did not cross-react with human u-PA, confirming 
previous observations with polyclonal anti-u-PA anti- 
bodies. Monoclonal antibodies against murine t-PA 
were largely directed towards epitopes in kringle 1 
and 2, and in the catalytic domain. Significantly, 605~ 
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of the antibodies cross-reacted with rat and human t- 
PA, whereas l 5% cross-reacted with human, rat, and 
vampire-bat t -PA [ 131 ], suggesting that production 
of monoclonal antibodies in gene-inactivated mice 
might  provide a means to generate antibodies against 
epitopes that are conserved across species, a possibly 
useful strategy for structure-function analyses of 
molecules. 

Conclusions 
Studies with transgenic mice over- or under- 
expressing components of the coagulation or 
fibrinolytic system not only confirmed the significant 
role of these proteinase systems in hemostasis and 
fibrin clot surveillance but have also revealed novel 
insights in the precise role and interaction of the 
individual molecules. The coagulation, and not the 
fibrinolytic, system appeared to play a more essential 
role in embryonic development than anticipated. Al- 
though life without plasminogen is possible, health 
and survival are severity compromised. Both systems 
are involved in infection, inflammation, and wound 
healing, such as in arterial neointima formation, 
glomerulonephrit is ,  skin ulcerations, pancreatitis, 
and lung inflammation. 

A novel role for the plasminogen system in the 
brain has been revealed by gene targeting studies. 
Unexpectedly, these studies have revealed a more 
neglible role of the plasminogen system in corneal 
healing, bone remodeling, and blood vessel develop- 
ment,  although this may be due to the type of chal- 
lenge or analysis used to study these phenotypes. 
Furthermore, lack of an appreciable effect of a specific 
gene deletion does not rule out its possible involve- 
ment  in pathological processes when inappropriately 
expressed and warrants examination for compensatory 
mechanisms. These transgenic mice may not only 
provide suitable models for further elucidatation of 
the relevance of the plasminogen system in other 
(patho)physiological processes, such as atherosclerosis 
or malignancy, but  also serve as models for the evalu- 
ation of new (gene) therapies. 
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7. MOLECULAR APPROACHES TO THE 

DESIGN OF NEW THROMBOLYTIC AGENTS 

Bruce A. Keyt and Ted W. Love 

Introduction 
Tissue plasminogen activator (t-PA) is a glycoprotein 
that converts plasminogen to plasmin, which cleaves 
the gel form of fibrin to soluble fibrin degrada- 
tion products. Recombinant t-PA (Activase (~ t-PA) 
is currently used as a thrombolytic agent in the 
treatment of acute myocardial infarction. Using re- 
combinant DNA technology, the protein sequence 
can be altered, possibly improving the function of 
t-PA. Numerous investigators have taken different 
approaches to the design and evaluation of t-PA vari- 
ants. Several comprehensive reviews of the literature 
describe a variety of t-PA mutants and discuss the 
effects of these mutations on fibrinolytic activity 
[1,2]. 

In this chapter we examine different protein design 
approaches, including the construction of chimeric 
proteins, substitution and deletion of amino acids, 
domain deletion, carbohydrate insertion and/or dele- 
tion, and a combination of these strategies. These 
approaches to altering protein structure by mutagen- 
esis are evaluated with respect to maintaining or en- 
hancing t-PA function. Various fibrinolytic functions 
of t-PA have been modified, including fibrin binding 
and fibrin specificity, clot lysis activity, interaction 
with plasma inhibitors, and circulating plasma 
half-life. The methods used for constructing and 
evaluating t-PA variants are of crucial importance 
because these altered molecules may be considered to 
be clinical candidates with enhanced therapeutic 
value. 

This chapter focuses on functional changes in t-PA 
that can be achieved by protein engineering and dis- 
cusses different mutagenic strategies that have been 
used in attempts to improve t-PA. Most of the im- 
provements in t-PA are actually the result of muta- 
tions that decrease selected functional activity. It is 
this decrease in selected activity that may result in an 
improved therapeutic profile for a variant of t-PA as 
compared with the wild-type molecule. Selected ex- 

amples, especially those variants of t-PA in clinical 
testing, are described to illustrate certain protein de- 
sign strategies. 

Molecular Interactions of t-PA 
Tissue plasminogen activator (t-PA) is a plasma pro- 
tein that converts plasminogen (an inactive zy- 
mogen), to its active form, plasmin (Figure 7-1). 
Plasmin cleaves the fibrin gel into soluble degrada- 
tion products, t-PA and plasminogen bind to the 
fibrin clot, and the rate of plasminogen activation is 
greater in the presence of fibrin. Hence, fibrin acts as 
cofactor or template in forming the complex of t-PA 
and plasminogen, t-PA isfibrin .~pecific in that plasmi- 
nogen activation by t-PA is stimulated by fibrin 
much more than by fibrinogen [3]. Activities ofr-PA 
and plasmin are regulated by serine protease inhi- 
bitors (serpins) present in plasma, such as plasmino- 
gen activator inhibitor-type I (PAl- l )  and 
Ote-antiplasmin, respectively. These inhibitors serve 
to localize tile action of t-PA and plasmin to the site 
of a fibrin clot by rapidly inhibiting the enzymes in 
circulation, whereas t-PA bound to fibrin is not as 
rapidly inhibited by PAI-1 [,t]. 

In addition to tile interactions of t-PA with its 
substrate (plasminogen), cofactor (fibrin or fibrino- 
gen), and inhibitor (PAl-l) ,  there is evidence for 
multiple receptors that rapidly remove t-PA from 
plasma in vivo [5,6]. The initial half-life of t-PA in 
the circulation is 4 - 6  minutes in humans [7]. The 
relative rates of biosynthesis (by endothelial cells) and 
clearance (by hepatic cells) result in the relatively low 
concentration of t-PA observed in normal human 
plasma (0.1-0.2 nM) compared with plasminogen (1-  
2 gM) [8,9]. The plasma concentrations of PAI-1 and 
Ot2-antiplasmin are approximately 0.4 nM and 1 }.IM, 
respectively, indicating that the concentration of the 
inhibitors and relevant proteases are of the same order 
[10,11]. 

lOl 
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FIGURE 7-1. Schematic diagram of the fibrinolytic system. 
The proenzyme plasminogen is activated to the enzyme, 
plasmin, by tissue-type plasminogen activator (t-PA). The 
activation of plasminogen by t-PA is stimulated in the 
presence of fibrin. Plasmin can also convert one-chain t-PA 
to the two-chain species, resulting in feedback activation. 
Inactivation of r-PA (either the one-chain or two-chain 
species) occurs by reaction with plasminogen activator in- 
hibitor-type I (PAl-I). Fibrin is formed by the action of 
thrombin on fibrinogen. A fibrin clot is dissolved by active 
plasmin, which is capable of degrading fibrin to low mo- 
lecular weight fibrin degradation products. Active plasmin 
may be inactivated by ot.,-antiplasmin (as indicated by the 
dashed line), t-PA and t-PA-PAI-I complexes can be 
bound, internalized, and eliminated by carbohydrate-de- 
pendent and -independent hepatic receptors. 

With the cloning and sequencing of the eDNA in 
the early 1980s [12], t-PA was identified as a glyco- 
protein composed of 327 amino acids that are orga- 
nized in five distinct modules - -  finger (F), growth 
factor (G), two kringle regions (K1,K2), and a serine 
protease domain (P) - -  which are homologous with 
modules found in numerous other plasma proteins 
(13) (Figure 7-2). Plasmin cleaves t-PA between Arg 
275 and Ile 276. The resultant two-chain t-PA is 
composed of an A chain (amino acids 1-273, contain- 
ing F, G, KI,  and K2 domains) linked to the B chain 
or protease domain (amino acids 276-.527) by a disul- 
fide bond connecting Cys 264 and Cys 395. t-PA has 
35 cysteines that form 17 disulfide bonds, with one 
unpaired cysteine at position 83. Most of the dis- 
ulfides are intradomain linkages, which have been 
assigned on the basis of homology with other pro- 
teins, such as fibronectin, epidermal growth factor, 
and plasminogen [12,13]. When the t-PA gene was 
sequenced in 1984, some of the intron/exon splice 
junctions were localized to the connecting regions 
between domains or "modules" of the protein [14]. It 
has been suggested that the t-PA gene was the result 

of evolutionary exon shuffling [15] and the domain 
structures oft-PA could be correlated with individual 
functions [16]. 

FIBRIN BINDING: LOCALIZATION OF T-PA 
ACTIVITY TO THE SITE OF A CLOT 
t-PA displays high affinity for fibrin, which targets 
the enzymatic activity of t-PA to the clot. The do- 
main structures on t-PA that mediate fibrin binding 
are located predominantly within the A-chain of t- 
PA. Isolation of A and B chains after mild reduction 
of two-chain t-PA [17], provided evidence for the 
targeting function of the A-chain domain, separate 
from the enzymatic activity of the protease domain 
[ 18]. These studies indicated that the isolated A chain 
bound fibrin, whereas the protease domain did not. 
Studies with domain deletion variants of t-PA dem- 
onstrated that the F and K2 domains of t-PA were 
involved in fibrin binding [16]. Verheijen et al. also 
demonstrated the requirement of the F domain for 
high-affinity fibrin binding [19]. If either the F and/ 
or G domains were deleted, the fibrin affinity of the 
variant t-PA decreased by lO-fold [20]. Of the t-PA 
variants with individual domain deletions, the des- 
K1 t-PA, was the least defective with respect to fibrin 
binding [21t. 

Charged to alanine scanning mutagenesis was used 
to identify the fibrin binding determinants on t-PA 
[22]. Alanine variants of t-PA were labeled at the 
active site with ~-'~I YPRck and tested for fibrin bind- 
ing [23]. Mutations in all domains had major effects 
on high-affinity fibrin binding, especially mutations 
located in the K1 domain. Interestingly, mutations in 
the K2 domain had a minimal effect on fibrin bind- 
ing. A novel fibrin-binding site localized in t-PA 
protease was observed [22]. Fibrin binding-deficient 
variants involving charged residues at positions 403, 
432,434, 460, and 462, co-localized in a "patch" on 
a three-dimensional model of the t-PA protease. In 
contrast to the earlier view of autonomous ftmctions 
for individual domains [24], results with the alanine 
scan variants indicate that all domains of t-PA are 
involved in high affinity fibrin binding [22]. No site- 
specific variants of t-PA have been observed to in- 
crease fibrin affinity over that of wild-type 
single-chain t-PA. Many site-directed variants of t- 
PA, constructed with a variety of protein engineering 
strategies, have resulted in decreased fibrin binding. 
However, high-affinity fibrin binding is a sensitive 
indicator of overall intact t-PA structure. This con- 
trasts with lysine binding, which is effected by a 
limited set of mutations localized in one domain. 
Furthermore, there appears to be little correlation 
between the lysine binding function (mediated by the 
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FIGURE 7-2. Diagram of TNK-tPA structure showing domains, disulfides, and glycosylation sites. The primary sequence of 
this t-PA variant (adapted from refs. 12 and 13) is represented by amino acids abbreviated using the single-letter code. 
Domains or modules of the protein are described as finger, growth factor, kringle l ,  kringie 2, and protease. Disulfide 
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structures at Ash 117, Ash 184, and Ash 448. The active site Set 478 is noted by an asterisk. The arrow indicates the plasmin 
cleavage site for conversion of the single-chain to the two-chain form. 
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K2 domain) and binding to non-degraded, intact 
fibrin (mediated by multiple domain interactions). 

PLASMINOGEN ACTIVATION: 
FIBRIN STIMULATION 
t-PA both binds to fibrin and is stimulated by fibrin. 
Unlike other plasminogen activators, such as uroki- 
nase or streptokinase, t-PA is fibrin specific in that its 
activity is stimulated by fibrin much more than by 
fibrinogen [3,25,26]. Fibrin stimulation of t-PA ac- 
tivity has been shown to be the result of a large 
increase in the affinity of the enzyme (t-PA) tbr the 
substrate (plasminogen) induced by the cofactor (fi- 
brin). In the absence of fibrin, the K m oft-PA for Glu- 
plasminogen is 65 tIM. The value for K m decreases to 
0. l 6 btM in the presence of fibrin, which represents a 
400-fi~ld increase in the affinity of t-PA for plasmino- 
gen on fibrin [3]. Because the circulating concentra- 
tion of plasminogen is 2gM in vivo [9], the role of 
fibrin serves to regulate and localize the activity of t- 
PA to the site of the clot. This property of t-PA is 
impurtant because it restricts the production of plas- 
minogen to sites of fibrin deposition and limits sys- 
temic activation of plasminogen, which can lead to a 
loss of circulating fibrinogen and an increased risk of 
hemorrhage. The fibrin-specific nature of t-PA is con- 
sidered to be a significant advantage compared with 
other fibrinolytic agents for the treatment of 
thrombotic disorders. 

INHIBITION BY PAl-l: REGULATION OF t-PA 
ACTIVITY 
The activity of exogenous t-PA is thought to be pri- 
marily localized at the surface of a clot by the fibrin- 
specific activity of t-PA as well as the affinity of both 
t-PA and plasminogen for fibrin. The activities of t- 
PA and plasmin are further regulated and localized by 
the action of serine protease inhibitors (serpins) in 
plasma. The most rapid and specific inhibitor of t-PA 
in plasma is plasminogen activator inhibitor-type I 
(PAl-l) [27]. PAI-1 rapidly inactivates t-PA by 
forming a stable, specific 1 : 1 complex, with a second- 
order rate constant of approximately 10~M-~s -t 
[28,29]. PAl-1 is synthesized by vascular endothelial 
cells and is released into plasma as a 50-kd protein 
[~,0], In addition to plasma PAl-l ,  platelet alpha 
granules also contain high concentrations of PAl-I;  
however, greater than 9 0 ~  of platelet PAI-I is 
inactive [31]. 

Althottgh the majority of PAl-1 in platelets is the 
latent form, the concentration of PAI-I m platelet- 
rich clots is orders of magnitude greater than that 
found in platelet-poor plasma, Thus, the contribution 
of active PAI-1 from platelets can represent a signifi- 

cant inhibitory activity when localized at the site of a 
clot. The release of PAI-1 from activated platelers 
during thrombus formation has led many investiga- 
tors to suggest that PAI-1 may play a role in stabiliz- 
ing platelet-rich arterial thrombi, which are known to 
be resistant to thrombolysis [32,33]. A PAl - I -  
resistant variant of t-PA may therefore display in- 
creased potency as a fibrinolytic agent, especially to- 
ward platelet-rich thrombi [34]. 

BINDING TO HEPATIC RECEPTORS MEDIATES 
THE PLASMA CLEARANCE OF r-PA 
In vivo, t-PA is rapidly removed from circulation by 
hepatic receptors [35]. Early studies of t-PA pharma- 
cokinetics in rabbits indicated that the liver is the 
major organ of clearance [36]. The rapid clearance of 
human t-PA occurs in mice, rats, rabbits, dogs, and 
rhesus monkeys [37-39]. The pharmacokinetic pro- 
file is characterized by a fast alpha phase, which re- 
moves most of the circulating t-PA, followed by a 
slower beta phase of elimination. These and other 
observations provide evidence for multiple types of 
hepatic receptors that bind, internalize, and degrade 
t-PA. There is in vitro and in vivo evidence that im- 
plicates at least two types of receptor-mediated 
clearance: a carbohydrate-dependent and a carbohy- 
&ate-independent clearance pathway. 

Glycosylation represents the major source of het- 
erogeneity in recombinant t-PA. There is high man- 
nose carbohydrate located at Asn 117 and complex 
carbohydrate sites at Asn 18.4 and Asn 448 [40,41] 
Glycosylation at Asn 184 occurs in approximately 
50% of t-PA molecules; hence, the presence or ab- 
sence of carbohydrate at 184 differentiates t-PA 
isozymes, known as type l and type 1[, respectively 
[42,431. In addition to the three N-linked 
glycosylation sites, there is an unusual ()-linked 
glycosylation site, which was identified in the growth 
factor module of t-PA. Greater than 95G{ of Thr 61 is 
modified with a single fucose [44]. The presence of 
O-linked fucose has also been established in other 
proteins of fibrinotysis and coagulation, such as uroki- 
nase, factor VII, and factor XII [d5 47]. 

The clearance of t-PA has been shown to be medi- 
ated, in part, by its glycosylation. In vitro studies 
have confirmed the binding of wild-type t-PA to the 
hepatic mannose receptor [5]. Competition binding 
studies with labeled t-PA incubated with isolated rat 
hepatocytes in the presence nf excess mannnsylated 
ovalbumin showed that much of the t-PA uptake in 
vitro was mannose dependent [48]. Furthermore, an- 
tibodies to the mannose receptor decreased the bind- 
ing and uptake of t-PA into rat heparocytes [48]. 
These studies indicate that the high mannose carbo- 
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hydrate at Asn 117 contributes to carbohydrate- 
mediated t-PA clearance via the mannose receptor 
[5]. Additionally, the presence of exposed terminal 
galactose residues has also been implicated in t-PA 
clearance. Lack of complete sialylation of the complex 
carbohydrate on t-PA leads to accelerated clearance 
[49] via the hepatic asialoglycoprotein receptor [50]. 
Complete sialylation (or low levels of exposed galac- 
tose) on complex carbohydrate moities is important 
for mainraining the circulating lifetime of t-PA. 

The recent discovery of fucose on Thr 61 has been 
considered as another mechanism for hepatic binding 
of t-PA. Hajjar et al. reported on the binding and 
uptake of t-PA by the hepatic cell line, Hep-G2 [51]. 
In these studies, t-PA binding was inhibited by the 
monosaccharides fucose and galactose, and by fucosy- 
lated albumin. Fucosidase was used to remove the O- 
linked sugar at Thr 61 oft-PA. Hep-G2 cells exhibited 
60% reduced binding and uptake of the fucosidase- 
treated t-PA. These results indicate that O-linked ~-  
fucose may mediate t-PA binding and degradation by 
Hep-G2 cells, and suggest a potential mechanism for 
carbohydrate-mediated clearance of t-PA [5 l ]. 

An additional carbohydrate-independent mecha- 
nism for t-PA clearance has been demonstrated by a 
number of investigators [6,52]. These studies suggest 
that the low-density lipoprotein receptor-related pro- 
tein (LRP) [53] can bind and internalize both t-PA 
and the complex of t-PA plus PAI-1 [54,55]. LRP, 
also identified as the o~2-macroglobulin receptor [56-- 
58], is a complex of 515-kd and 85-kd proteins 
present on hepatic parenchymal cells [59,60]. LRP 
can bind and mediate the endocytosis of a number of 
unrelated ligands, including t-PA [54], the t -PA-  
PAI-1 complex [53], the urokinase-PAI-1 complex 
[61], activated ot2-macroglobulin [57], lipoprotein 
lipase [62], lactoferrin [63], and apo E-bound very 
low density lipoprotein (VLDL) [64]. This receptor 
may be the carbohydrate-independent mechanism for 
hepatic clearance ofr-PA. It is not presently known if 
there are additional receptors for t-PA. 

Approaches to Optimizing Fibrinolytic 
Function 
Can the fibrinolytic properties of t-PA be enhanced 
by mutagenesis? How can a protein be "improved" 
that has evolved over millions of years of mammalian 
development [65]? Presumably natural selection has 
produced the best possible proteases to dissolve blood 
clots. 

t-PA has been implicated in many cellular pro- 
cesses in which plasminogen activation is involved, 
such as cell migration, embryogenesis, and neuronal 

development, as well as fibrinolysis [66--68]. Recent 
genetic knock-out studies have shown that mice with 
a t-PA deficiency develop normally, are fertile, and 
have a normal life span [69]. These mice, whose t-PA 
gene function has been deleted, do have impaired clot 
lysis and an increased incidence ofendotoxin-induced 
thrombosis. Because the t-PA-deficient mice are vi- 
able and appear to have developed normally, it was 
suggested that urokinase-type plasminogen activator 
(u-PA) can effectively serve as an alternative means of 
generating plasmin in the absence t-PA [69]. With  
respect to protein engineering of fibrinolytic agents, 
we must consider that t-PA evolved for various physi- 
ological function(s), but not for administration as a 
therapeutic agent. Compared with wild-type t-PA, 
variant proteins may exhibit improved properties, 
which result in more rapid dissolution of large 
pathologic thrombi. 

In designing improved variants of t-PA, one needs 
to consider what functional changes can be accom- 
plished by altering the protein structure. What  are 
the opportunities for improving t-PA? From a bio- 
chemical point of view, there are at least four areas for 
potential improvement: (1) increasing the fibrin 
binding of t-PA, (2) increasing the fibrin specificity, 
(3) decreasing the inhibition of t-PA by plasma in- 
hibitors, and (4) decreasing the plasma clearance rate 
of t-PA. The feasibility of altering these biochemical 
parameters can be approached by creating and testing 
variants of t-PA using in vitro and in vivo experi- 
ments. Many assays have been developed to study t- 
PA function and have been used in the evaluation of 
t-PA variants. Variants with alterations in specific 
functions can be used to assess the relative signifi- 
cance of those functional properties to the fibrinolytic 
activity of t-PA. Protein engineering using site- 
directed mutagenesis is a integral part in the overall 
effort of rational drug design. In this chapter, we 
describe the protein engineering strategies that have 
been used by different investigators using selected 
examples of new thrombolytic agents, some of which 
have been tested in human clinical trials. 

INCREASED FIBRIN BINDING 
Numerous domain deletion variants were constructed 
that generally yielded variants having poor fibrin af- 
finity [70,71]. Domain duplication was used with 
limited success to increase the lysine affinity of t-PA 
variants. Double K2 variants had increased lysine 
binding (i.e., FGK2K2P and FGK2K1K2P); how- 
ever, these molecules displayed no significant increase 
in fibrin affinity [72,73]. Ikenaka and coworkers at- 
tempted to increase fibrin binding by altering the K1 
such that both kringles would bind lysine [74]. 
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Mutations were constructed to replicate a portion of 
the lysine binding sequence of K2 into K1; however, 
none of these variants displayed greater fibrin affinity; 
in fact, some were considerably deficient in fibrin 
binding [74]. 

The only variants of t-PA observed with increased 
fibrin affinity are found as naturally occurring 
isozymes of t-PA. One-chain t-PA has a greater affin- 
ity for fibrin than two-chain t-PA [75]. A single- 
chain variant of t-PA with the plasmin cleavage site 
deleted (R275E t-PA) exhibits greater fibrin binding 
than two-chain t-PA [76]. Interestingly, type II t-PA 
(absence of glycosylation at N184) also has higher 
fibrin binding than type I t-PA (Keyt and Paoni, 
unpublished observations). Similarly, deglycosylation 
variants such as N 184Q r-PA (effectively 100% type 
II t-PA) have increased fibrin affinity compared with 
wild-type t-PA [77], which is a mixture of approxi- 
mately equal amounts of type I and type II t-PA 
[42,43]. The specific activity of type II t-PA was 
found to be approximately twofold greater than that 
observed for type I t-PA [78]. 

Antifibrin Antibody-T-PA Chimeric Molecules. The 
fibrin specificity of t-PA is mediated by two major 
mechanisms. First, tPA's catalytic efficiency (k,~JK m) 
in converting plasminogen to plasmin is increased by 
approximately 500- to 1000-fold in the presence of 
fibrin [3]. Secondly, t-PA binds fibrin and thus in- 
creases its local concentration at the site of fibrin clot. 
In an attempt to enhance this mechanism, Haber and 
coworkers covalently attached anti-fibrin antibodies 
to the t-PA molecule [79]. 

The first step in this approach required a mono- 
clonal antibody that binds to fibrin with high affinity 
but does not cross-react with fibrinogen. This was 
accomplished by immunization with a peptide that 
corresponds to a unique epitope present on fibrin. 
Exposure of this neo-epitope occurs only after throm- 
bin cleaves fibrinogen to create fibrin [80]. Finally, 
anti-fibrin antibodies (or fibrin-binding antibody 
fragments) are attached to t-PA or the catalytic site 
containing B-chain of t-PA. 

Initially, anti-fibrin antibodies were attached to t- 
PA by means of the disulfide crosslinking reagent N- 
succinimidyl 3-(2-pyridyldithio)propionate [81,82]. 
The resulting t -PA-antibody conjugates were 10-fold 
more potent than t-PA with respect to in vitro fibrin- 
olysis, 3-fold more potent than t-PA in human 
plasma clot lysis, and 3- to 10-fold more potent than 
t-PA in vivo [82,83]. The increased fibrinolytic po- 
tency was associated with a decrease in the consump- 
tion of fibrinogen, plasminogen, and oL,-antiplasmin. 
Subsequently, recombinant DNA methods were used 

to make chimeric anti-fibrin ant ibody-t-PA mol- 
ecules, proving that it is possible to endow t-PA with 
enhanced fibrin selectivity through attachment of a 
fibrin-specific antibody binding site. 

ENHANCED FIBRIN SPECIFICITY 
The activity of t-PA on plasminogen is unique in its 
regulation by the physiological cofactors, fibrinogen 
and/or fibrin. The rate of plasminogen activation is 
sixfold greater in the presence of fibrinogen versus in 
its absence [22]. This effect has been called fibrinogen 
stimulation. However, the activity of t-PA on plasmi- 
nogen is increased 40 times in the presence versus the 
absence of fibrin [22]. Therefore, the more physi- 
ologically relevant cofhctor activity is one that mea- 
sures thefibrin specificity of t -PA in plasma, that is, the 
ratio of t-PA activity on plasminogen in the presence 
of fibrin (i.e., clotted plasma) over its activity in the 
presence of fibrinogen (unclotted plasma), This assay 
evaluates the clot selectivity of the plasminogen activa- 
tor, which is an important function of t-PA that 
serves to restrict the activation reaction to fibrin clot 
surfaces rather than in unclotted plasma. Non-specific 
systemic activation of plasminogen leads to fibrino- 
gen degradation and, in severe instances, can 
contribute to hemorrhaging [84]. Hence, fibrin speci- 
ficity or selectivity is a significant attribute to be 
evaluated in the engineering of t-PA variants. 

Vampire Bat Plasminogen Activator. A novel ap- 
proach to enhancing fibrin selectivity can be observed 
using diverse animal species as a source of t-PA vari- 
ants, In the 1970s, it was noticed that the saliva from 
vampire bats interfered with clot formation in the 
blood of its host [85]. A plasminogen activator, ho- 
mologous to human t-PA, was isolated and cloned 
from the salivary glands of vampire bats (Desmodus 
rotundus) [86,87]. Vampire bat PA is higbly homolo- 
gous (85% identical) with human t-PA, but it lacks 
kringle 2 and a plasmin cleavage site. The in 
vitro fibrinolytic activity of vampire bat PA was ap- 
proximately 65~5~ of wild-type human t-PA on puri- 
fied human fibrin clots. However, the fibrin 
specificity of vampire bat PA appeared to be increased 
by approximately 200-fold compared with wild-type 
t-PA. Using a soluble form of fibrin, plasminogen 
activation rates of wild-type t-PA and vampire bat 
PA were stimulated 205- and 45,000~fold, respec- 
tively [86]. 

The increased fibrin selectivity of the vampire bat 
PA observed in vitro correlated with increased conser- 
vation of circulating fibrinogen, plasminogen, and 
o~2-antiplasmin in rabbits [88]. Using an equivalent 
bolus dose of vampire bat PA or wild-type t-PA in a 
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rabbit femoral artery thrombosis model, the levels of 
these plasma proteins decreased to about 80% or 30% 
of initial levels, respectively [88]. With  a pulmonary 
embolism model in rats, wild-type t-PA and vampire 
bat PA were compared in a dosing regimen more 
appropriate to the intravenous infusion of rapidly 
cleared thrombolytic agents [89]. Wild-type t-PA 
decreased fibrinogen, plasminogen, and Ot 2- 
antiplasmin by 33%, 38%, and 61%, respectively, 
whereas bat PA significantly decreased only the o~ 2- 
antiplasmin (by 29%). The increased fibrin selectivity 
exhibited by vampire bat PA is an interesting prop- 
erty to incorporate into a thrombolytic agent such 
that the conservation of circulating fibrinogen and 
plasminogen may result in fewer and less severe 
bleeding complications. 

Making T-PA More Fibrin Specific. Increasing the 
safety profile of thrombolytic therapy is at least part of 
the rationale for making t-PA variants with enhanced 
fibrin specificity. Early therapeutic regimens used 
prolonged infusions of t-PA at doses that have been 
associated with fibrinogen depletion (150 mg per pa- 
tient), which may put some patients at risk for bleed- 
ing [84,90-92].  Increasing the fibrin specificity of 
t-PA would, in theory, limit the activity of t-PA in 
the circulation (in the presence of fibrinogen) and 
localize its lytic action to the site of a fibrin clot. 
However, the sites or structures on t-PA that confer 
fibrin stimulation and/or specificity have been consid- 
ered controversial and were not well characterized. 
A high-resolution analysis using site-directed mu- 
tagenesis allowed the identification of determinants 
on t-PA that mediate increased plasminogen activa- 
tion in the presence of fibrin as a cofactor compared 
with that observed with fibrinogen. 

A series of t-PA variants was constructed with 
point mutations to generate a high-resolution struc- 
ture-to-function analysis. From one to four charged 
residues (Arg, Lys, His, Asp, and Glu) in close linear 
proximity were substituted with alanine, using a 
scheme called clustered cbarged-to-alanine scanning [93]. 
Sixty-four alanine variants of t-PA were expressed in 
cell culture and tested in a variety of assays, including 
a plasminogen activation assay that compared the 
relative activity in the presence of fibrin with fibrino- 
gen [22]. A number of mutations in the protease 
domain significantly decreased plasminogen activa- 
tion by t-PA in the presence fibrinogen, but not in 
the presence of fibrin (compared with that observed 
for wild-type t-PA). The ratio of fibrin- versus fi- 
brinogen-stimulated activity indicated enhanced 
fibrin specificity for certain t-PA mutants over that of 
wild-type t-PA. Of particular interest was the 10-fold 

increased fibrin specificity ratio for a variant with 
tetra-alanine substitution: K296A, H297A, R298A, 
R229A (referred to as the KHRR variant). 

Kinetic analyses of the purified KHRR variant and 
wild-type t-PA were done using fibrinogen and fibrin 
[94]. In the presence of fibrinogen, wild-type t-PA 
and the KHRR variant had similar values for the Km 
ofplasminogen activation. However, in the presene of 
fibrin the Km decreased approximately sevenfold and 
threefold for wild-type t-PA and KHRR t-PA, re- 
spectively. The k,~ t of wild-type t-PA plasminogen 
activation was virtually unchanged with respect to 
fibrin or fibrinogen. In contrast, the k~,, for the 
KHRR variant increased 15-fold with fibrin com- 
pared with fibrinogen. These data indicated the fibrin 
specificity of wild-type t-PA is largely due to a reduc- 
tion in the Km (for plasminogen) with fibrin instead of 
fibrinogen. However, the enhanced fibrin specificity 
of KHRR t-PA was predominantly due to the de- 
creased catalytic efficiency of plasminogen activation 
in the presence of fibrinogen versus fibrin. Paoni et al. 
[95] showed that virtually any mutation in the 296-  
299 region of t-PA generated a variant with the same 
characteristics of plasminogen activation as the tetra- 
alanine substitutions. Other sites in the protease do- 
main of t-PA have been described that confer 
additional fibrin specificity [96,97]. 

The effect of enhanced fibrin specificity was dem- 
onstrated in vitro using a plasma-based assay for fi- 
brinogen conservation [98]. Various concentrations of 
wild-type or KHRR t-PA were incubated with hu- 
man plasma for 1 hour at 37°C, after which the 
amount of clottable fibrinogen was determined, in 
these studies, approximately ] 0-fold greater concen- 
trations of KHRR t-PA, compared with wild-type t- 
PA, were required for consumption of 50% of the 
fibrinogen. KHRR t-PA was also tested for increased 
conservation of fibrinogen in vivo and decreased sys- 
temic activation of plasminogen. Refino et al. [99] 
evaluated systemic activation with high doses of wild- 
type t-PA and KHRR t-PA (2.5 mg/kg intravenous 
bolus injection) in rabbits by determining the circu- 
lating levels of fibrinogen, plasminogen, and o~:- 
antiplasmin. These plasma proteins, whose levels are 
sensitive to circulating plasmin, decreased to 20 -  
30% of their initial concentrations 30 minutes after a 
bolus dose of wild-type t-PA. In contrast, fibrinogen, 
plasminogen, and 0t2-antiplasmin levels were un- 
changed after administration of KHRR t-PA [99]. 
Enhanced fibrin specificity and in vitro fibrinogen 
conservation are correlated with decreased in vivo 
systemic activation of plasminogen. 

The sequence, K296, H297, R298, and R299, is 
involved in mediating some aspect of the fibrin- 
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TABLE 7-1. Alignment of the amino-terminal region of selected human serine proteases 

t-PA 
urokinase 
prothrombin 
plasminogen 
Factor VII 
Factor IX 
Factor X 
trypsin 

2 7 0  2 8 0  2 9 0  3 0 0  3 1 0  3 2 0  

SQPQFRIKGGLFADIASHPWQAAIFAKHI~RSPGERFLCGGILISSCWILSAAHCF 
LRPRFKIIGGEFTTIENQPWFAAIY]KRH-RGGSVTYVCGGSLMSPCWVISATHCF 
SYIDGRIVEGSDAEIGMSPWQVMLFR .... KSPQELLCGASLISDRWVLTAAHCL 
KKCPGRVVGGCVAHPHSWPWQVSLRT ..... RFGMHFCGGTLISPEWVLTAAHCL 
SKPQGRIVGGKVCPKGECPWQVLLL ...... VNGAQLCGGTLINTIWVVSAAHCF 
FNDFTRVVGGEDAKPGQFPWQWLN ...... GKVDAFCGGSIVNEKWIVTAAHCV 
DNNLTRIVGGQECKDGECPWQALLIN ..... EENEGFCGGTILSEFYILTAAHCL 
FDDDDKIVGGYNCEENSVPYQVSLN ....... SGYHFCGGSLINEQWVVSAGHCY 

These proteases (or protease homologs, such as hei)atl*),te growth ~acu)r) are aligned o n  the basis ot conserved cysteines and the zymogvn attivatlcm cleavage 
site (Arg or Lys ~;allowed by lie or VaIL which is indicated by an arrow. The numbering of amino acids is ~hat of human [ P A  The kx~ld residues, in t luding 
K296,  11297, R298, and R299, ot t -PA indicate the tmique sequence that exists as an apparent insertion in fibrinolyti~ enzymes {r-PA and u-PA) but not in 

other related scrine proreases 
t-PA = human tissue plasmlnogen activator [12]; ukn = human urokinase-typ¢ plasrnmogen activator 11o01; pro = human prutbrombin I i i9]; pl£'rl = human 
tqasminogen [150];  FV/I = htlmatl f~te.t(lr VIII {151]; FIX = hurnall thttt}r IX ]152];  FX = human ¢~t*t(,r X [ 15 ~}; try l, = human rrypsitl {15~]  

specific function of t-PA. By inspection of this region 
from various serine proteases (Table 7-1), this 
tetrapeptide insertion appears unique to plasminogen 
activators, t-PA [121 and urokinase [100], both of 
which have a highly basic series of amino acids in this 
location (KHRR and RRHR, respectively). By ho- 
molngy with other proteases whose three-dimensional 
structure is known by x-ray crystallography, this re- 
gion of t-PA is likely to be an exposed loop near the 
active-site cleft [22]. Recently, the three-dimensional 
structure of the catalytic domain of t-PA has been 
elucidated with 2.3 ~ resolution [101]. Lamba and 
coworkers prepared a nonglycosyIated torm of two- 
chain t-PA protease in E. toll, which shows the region 
Lys 296 to Arg 304 as an exposed, partially disor- 
dered loop; therefore, this region is able to adopt 
different structures during interaction with other 
proteins, such as plasminogen and PAI-1. It is hy- 
pothesized that the fibrin specificity mediated by 
mutations of the 296-304 sequence occurs by de- 
creasing the strength of the local interaction of t-PA 
with plasminogen. Although this region does not 
interact directly with fibrin, the KHRR(296- 
299)AAAA mutation makes t-PA more dependent on 
its other interactions with fibrin, namely, the fibrin 
hireling pahh in the protease [22] and domain interac- 
tions of the A-chain. Decreased plasminogen activa- 
tion in solution (absence of fibrin) is exhibited by 
molecules such as KHRR t-PA. However, this variant 
and other fibrin-specific molecules recover normal 
levels of plasminogen activation (in the presence of 
fibrin) as a result of the other t-PA structures that 
serve to co-localize t-PA on fibrin in a prc~ductive 
complex with plasminogen. 

RESISTANCE TO PLASMINOGEN ACTIVATOR 
INHIBITOR-TYPE I 
In addition to the presence of fibrin cofactors, the 
activity of t-PA is also regulated by the action of a 
fast-acting protease inhibitor in plasma. The most 
rapid and specific inhibitor of t-PA in plasma is plas- 
minogen activator inhibitor-type I [8l]. Because 
PAI-1 circulates in plasma at a higher concentration 
than that of t-PA, most of the endogenous t-PA is 
identified in plasma as an inactive complex with PAI- 
l [102]. It is anticipated that a PAl-l-resistant vari- 
ant of t-PA may display increased potency as a 
fibrinolytic agent, especially towards platelet-rich 
thrombi [34,103]. 

Deletion of Serpin Binding Loop in "r-PA. By align- 
ing the sequences of trypsin and t-PA (see Table 7-1 ), 
Madison and coworkers noticed a unique hepta- 
peptide region present in t-PA (amino acids 296- 
303) and urokinase but not in other serine proteases 
[ 104]. Furthermore, these investigators reasoned that 
the interaction of t-PA and PAl- 1 would be compa- 
rable with that of trypsin and bovine pancreatic 
trypsin inhibitor (BPTI). Based on analogy with 
trypsin in its complex with BPTI [105], the loop 
peptide 296-303 of t-PA was predicted to interact 
with PAI-1 [104]. A variant of t-PA with residues 
296-302 deleted was constructed and tested for PAl- 
l resistance [104]. Under conditions in which t-PA 
was fully inhibited by PAl-I ,  des (296-302) t-PA 
was approximately 95% active. This degree of resis- 
tance corresponded to a 470-fold decrease in the sec- 
ond-order rate constant fnr the inhibition of des 
(296-302) t-PA by PAI-l [ 1061. The greatest degree 



7. M O I . E C U L A R  A P P R O A C H E S  T O  T H E  D E S I G N  1 0 9  

of resistance to PAI-1 was observed with a charge 
reversal variant (K296E, R298E, R229E t-PA), 
which displayed a 2800-fold decreased inhibition rate 
constant. A reversion mutant of PAI-1 (E350R) was 
constructed that was inhibited by the serpin-resistant 
mutant, R304E t-PA [107]. 

Charge Neutralization in T-PA. The determinants 
involved in mediating the t-PA-PAI-1 interaction 
were surveyed by analyzing charged-to-alanine t-PA 
mutants. Sixty-four alanine mutants were incubated 
with a molar excess ofPAI-1, and then were evaluated 
for residual enzymatic activity. Only a single t-PA 
mutant, which contained the KHRR(296- 
299)AAAA substitution, exhibited a significant de- 
gree of resistance to PAI-I [22]. The second-order 
rate of inhibition for the KHRR variant was de- 
creased 90-fold compared with that of wild-type t-PA 
[98]. The studies with charged-to-alanine scan vari- 
ants of t-PA indicated that there appeared a single 
PAI-I interaction site on t-PA and that PAl-1 resis- 
tance is mediated by a restricted set of positively 
charged amino acids near the active site of t-PA. It is 
anticipated that this basic sequence on t-PA interacts 
with negatively charged amino acids in PAl-1 at the 
P4' and P5' positions [101] (Table 7-2). 

The role of PAI-1 in the lysis of platelet-rich clots 
has been examined in vitro and in vivo by numerous 
investigators [31,33,108]. PAI-1 is released from 
platelets during thrombus formation, binds to fibrin, 
and contributes to the thrombolytic resistance of 
platelet-rich clots. Anti-PAl-1 monoclonal antibod- 
ies have been used to neutralize the effect of PAl-1 on 
endogenous rhrombolysis in experimental models of 
thrombosis [33]. Based on these observations, PAI-1- 
resistant variants were tested in vivo for increased 
efficacy in thrombolysis of whole-blood clot lysis or 
platelet-rich clots. The thrombolytic potency in rab- 
bits of the KHRR variant oft-PA was similar to wild- 
type t-PA on thrombi made from rabbit whole blood 
[99]. However, this PAI-l-resistant variant was 2.6- 

fold more potent than wild-type t-PA in the lysis of 
platelet-enriched thrombi. These results indicate that 
the PAI-1-resistant variants are more active on plate- 
let-rich clots, suggesting that PAI-1 may contibute 
to the tbrombolytic resistance of platelet-rich clots. 
In a rabbit model ofendotoxin-induced PAl-1 induc- 
tion, the KHRR mutant of t-PA demonstrated in- 
creased in vivo thrombolysis compared with that 
observed using wild-type t-PA [34]. 

PROLONGING THE CIRCULATING LIFETIME 
OF T-PA 
Considerable effort has been dedicated to altering the 
rate of t-PA clearance to create a more convenient 
therapeutic agent having a longer half-life. Because t- 
PA is rapidly cleared from circulation, thrombolytic 
therapy requires a relatively large dose of t-PA 
(100 mg) administered by continous intravenous in- 
fusion to maintain adequate plasma concentrations 
for lysis. Many slow-clearing variants of t-PA have 
been constructed, using the techniques of molecular 
biology, to facilitate the therapeutic use of a single- 
bolus intravenous administration. Three long half-life 
variants of t-PA have been studied in clinical trials; 
the biological properties of selected t-PA variants are 
summarized in the following sections. 

Domain Deletions of t-PA. Single or multiple do- 
main deletion mutants of t-PA have been constructed 
by numerous investigators [19,24,109], and the re- 
sulting proteins have been analyzed for functional 
differences. Many domain deletion variants exhibited 
a significantly increased circulating half-life, indicat- 
ing that major clearance determinants are localized in 
one or more of the amino-terminal domains (F, G, 
and K1). Des-finger t-PA (lacking residues 6-50) had 
a lO-fold decreased clearance in rats and a 20-fold 
increase in circulating half-life [110] compared with 
wild-type t-PA. Similar results were observed with 
the des-growth factor t-PA (des 51-87) in a variety of 
species; in vivo half-life was extended from ~- to 

TABLE 7-2. Sequences near the scissile bonds of the 
t-PA substrate, plasminogen, and the inhibitor, PAl-1 

$ 
P4 P3 P2 P1 PI'  P2' P3' P4' P5' 

Plasmmogen Cys Pro Gly Arg Val Val Gly Gly Cys 
PAl- l Val Ser Ala Arg Met Ala Pro Glu Glu 

PAl I = plasminogen acriv;irnr inhibitor-~ylx, 1 
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FIGURE 7-3. Diagram of the truncated t-PA variant, r-PA 
(Reteplase, BM 06.022). This domain deletion form of t- 
PA is lacking the finger, growth factor, and kringle 1 
modules, The amino terminus contains the first three amino 
acids of t-PA, followed by the kringle 2 and protease 
sequences. This nonglycosylated protein is expressed in 
E. coll. 

lO-fold in rats, rabbits, and guinea pigs [110 - l l 2 ] .  
Deletion of both F and G domains (des 6-86  t-PA) 
resulted in approximately lO-fold reduced clearance 
in mice and rabbits [ 110,113-116]. Des-kringle 1 t- 
PA displayed reduced clearance similar to that ofdes- 
G t-PA, whereas des-kringle 2 t-PA was cleared more 
rapidly than wild-type t-PA [117]. These studies in- 
dicate the major clearance determinants of t-PA are 
located in the F, G, and K1 domains, or possibly that 
disruption of any of these domains alters other 
structure(s) of t-PA that directly mediate in vivo 
clearance. 

Although many domain deletion variants have 
substantially reduced clearance, the thrombolytic ac- 
tivity of these proteins has been compromised. Spe- 
cific in vivo thrombolytic potency is a measure of clot 
lysis in an animal model for a given plasma concentra- 
tion of lytic agent [114]. For example, the in vivo 
thrombolytic potency of des-FG t-PA was similar to 
that of wild-type t-PA, despite a lO-fold increase in 
plasma concentration [ 113,114]. Thus, the specific in 
vivo thrombolytic activity ofdes-FG t-PA was mark- 
edly reduced compared with wild-type t-PA. Numer- 
ous domain deletion, insertion, and chimeric variants 
of t-PA have been constructed with reduced plasma 
clearance; however, all exhibited reduced in vivo spe- 
cific thrombolytic activity [114]. Deletion of whole 
domains appears to be a destructive approach to con- 
structing t-PA mutants with reduced clearance and 
has resulted in truncated forms oft-PA with less than 
the full thrombolytic activity. 

The first three domains of t-PA were deleted in a 
variant consisting of the second kringle and the cata- 
lytic domain (K2P) (Figure 7-3). This protein, 
termed r-PA, is expressed in E. coli as a nongly- 
cosylated variant (Reteplase, Boehringer Mannheim 
06.022) with a molecular weight of 39kd [118]. As 
expected, r-PA exhibits decreased fibrin binding and 
increased half-life in rats, rabbits, dogs, and primates 
[119,120]. In a rabbit model, the effective doses for 
half-maximal thrombolysis were O.28mg/kg and 
1.09mg/kg for r-PA and t-PA, respectively, indicat- 
ing a 3.9-fold increase in relative potency for r-PA 
[119]. Plasma clearance for r-PA was 4.3-fold slower 
than for t-PA in rabbits (4.7 vs. 1.2 ml/min/kg), sug- 
gesting that the increased potency of r-PA is due 
solely to the increased in vivo half-life. An initial half- 
life of 14-18 minutes was observed with r-PA in 
healthy human volunteers and in acute myocardial 
infarct patients [121,122]. In a pilot study with 320 
patients, a double bolus of r-PA (]O million units, 
twice, 30 minutes apart) achieved patency rates that 
were greater than those observed with front-loaded t- 
PA [123]. However, in a large-scale randomized trial 
with 6000 patients, a double bolus of r-PA was 
equivalent to streptokinase with respect to 30-day 
mortality [124]. Currently, the double-bolus admin- 
istration of r-PA is being compared with accelerated 
infusion of Activase®t-PA in over 10,000 myocardial 
infarction patients (GUSTO III). 

Glycosylation Variants of T-PA. Some of the early 
site-specific mutants of t-PA altered glycosylation 
sites. Enzymatically deglycosylating t-PA, using ei- 
ther N-glycanase or ot-mannosidase, reads to a two- 
fold reduction in the clearance rate in rabbits [125]. 
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Site-specific mutagenesis (i.e., N117Q) was employed 
to delete the glycosylation at position 117, which 
resulted in 50% reduction in clearance in rabbits 
[125,126]. Furthermore, a double deglycosylation 
variant (Nl lTQ,  N184Q t-PA) was shown to have a 
2.3-fold slower clearance rate than wild-type t-PA 
[77,127]. Substitution of N184Q or N448Q as 
single-site mutations did not alter the clearance of 
t-PA in mice (B. Keyt, unpublished observation). 
In contrast to many slow-clearing variants that ex- 
hibit decreased in vivo specific thrombolytic 
activity, the deglycosylated variant, N l l 7 Q  t-PA, 
yields a modest reduction in clearance (twofold) and 
exhibits the normal fibrinolytic activity of t-PA 
[125,126]. 

Novel Sites of Glycosylation. In 1988, Anderson and 
Keyt constructed variants of t-PA with additional 
N-linked glycosylation sites not present in the wild- 
type protein [128]. Introducing novel glycosylation 
sites on t-PA in the appropriate location may block or 
mask a clearance determinant and thus prolong the 
circulating half-life. Nominal requirements for N- 
linked glycosylation include the presence of a consen- 
sus sequence - -  Asn-X-Ser or Asn-X-Thr (where X is 
any amino acid except proline) at a surface-accessible 
site [129,130]. An appropriate site for extra- 
glycosylation within the growth factor domain was 
identified as Tyr 67-Phe 68-Ser 69, a sequence found 
only in t-PA and urokinase [ 128]. A variant, prepared 
with Tyr 67 replaced by Asn, displayed 60% of the 
clearance rate of wild-type t-PA in rabbits [128]. 
However, the in vitro fibrin binding and fibrinolytic 
activities decreased by twofold, such that the in vivo 
thrombolytic potency was not increased with Y67N 
t-PA in rabbits (C. Refino, unpublished results). 
Bassell-Duby et al. also prepared Y67N t-PA and 
related variants, which were evaluated by hepatocyte 
binding and clearance in rats [131]. The addition of 
carbohydrate (Y67N t-PA), and the combination of 
addition and deletion of carbohydrate (Y67N, S119M 
t-PAL had twofold and fivefold longer alpha-phase 
half-lives in rats, respectively. 

Additional neo-glycosylation sites in other t-PA 
domains were evaluated to identify variants that ex- 
hibit reduced clearance and normal fibrinolytic activ- 
ity [128]. The most effective site for addition of 
carbohydrate, with respect to reducing plasma clear- 
ance, was identified by alanine scanning (unpublished 
observations) as a site in kringle 1 of t-PA. The sub- 
stitution of Ash for Thr at position 103 was used 
to design a variant, T103N t-PA, which cleared at 
a rate 6-fold and 13-fold less in rats and rabbits, 
respectively [98]. Interestingly, the four sites of N- 

linked glycosylation on T103N t-PA are all of the 
complex carbohydrate type [132]. The addition of 
carbohydrate at position 103 is associated with the 
conversion of the high mannose carbohydrate at 
N117 to the complex glycoform. It is likely that some 
of the slow-clearing phenotype of the TIO3N muta- 
tion is due to the lack of mannosyl glycoforms and the 
associated binding to the hepatic mannose receptor. 

Combination of Selected Mutations in 
Tissue Plasminogen Activator 
Using recombinant DNA technology, the t-PA pro- 
tein sequence can be altered, possibly improving its 
function. Foremost in these efforts to improve t-PA 
was the identification of variants with a reduced rate 
of plasma clearance, such that the t-PA variant could 
effectively be administered by bolus injection. In this 
chapter we have examined protein design strategies, 
such as the creation of chimeric molecules, homolo- 
gous loop "'swaps" and/or deletion, charged-to- 
alanine scanning, charge reversal, domain deletion, 
and carbohydrate insertion and/or deletion. These ap- 
proaches to altering protein structure by mutagenesis 
were evaluated in animal models and, in some in- 
stances, in human clinical trials for treatment of acute 
myocardial infarction. 

There is a potential problem that must be ad- 
dressed when considering bolus administration of a 
fully active t-PA: When t-PA is given as a bolus (or 
even as an infusion at high doses), the plasma levels of 
enzyme increase rapidly and plasminogen becomes 
activated throughout the circulation as well as on the 
surface of the clot. This systemic plasmin generation 
causes decreased levels of circulating plasminogen, 
fibrinogen, and o~2-antiplasmin. An undesirable con- 
sequence of systemic activation is bleeding, which 
may be related to plasminemia rather than fibrinogen 
depletion per se; both peripheral and intracranial 
hemorrhage are associated with systemic activation 
[84]. One way to reduce systemic activation is to 
make t-PA even more fibrin specific; that is, to reduce 
its activity in the absence of clotted plasma. System- 
atic mutagenesis of t-PA yielded mutations in the 
protease domain that have this property of increased 
fibrin specificity [22]; the best characterized example 
is a tetra-alanine substitution at positions 29(>-299 
[95,96]. 

In our mutagenesis studies, we found variants that 
exhibit reduced plasma clearance of t-PA sufficient to 
provide effective thrombolysis when the agent is ad- 
ministered as a bolus. It was a novel type of mutation, 
T103N (which has an additional glycosylation site on 
kringle 1), that produced a variant with the most 
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suitable pharmacokinetic profile. That mutation in 
combination with the tetra-alanine substitution at 
positions 296-299 yielded a t-PA variant with the 
desired clearance rate and enhanced fibrin specificity 
[98,99]. However, this combination variant still did 
not yield full in vitro or in vivo fibrinolytic activity 
when compared with wild-type t-PA. The key factor 
appears to be maintenance of the fibrin affinity of the 
molecule, which was achieved by an additional muta- 
tion, N117Q [125]. With the appropriate combina- 
tion of mutations at three distinct sites of t-PA, it is 
possible to reduce the clearance while retaining full 
fibrinolytic activity. The resultant variant, TNK- 
tPA, is substantially more potent than wild-type 
t-PA [133]. 

BIOCHEMISTRY AND PHARMACOLOGY OF 
T I 0"~N, N 117Q, KHRR(296-299)AAA 
The most effective, long half-life tPA variant con- 
tained an extra-glycosylation site in kringle 1 created 
by the substitution of Asn for Thr at 103 (T103N, 
hencetorth T) [98]. In another variant, the high 
mannose structure at position 117 was removed by a 
de-glycosylation substitution, N117Q (abbreviated 
N). This variant exhibited a modest reduction in 
clearance in rabbits, with minimal perturbation of 
fibrinolytic activity [125,126]. A combination vari- 
ant (TN-tPA) was created with extra-glycosylation 
and de-glycosylation at positions 103 and 117, re- 
spectively, which effectively moved the glycosylation 
site on kringle 1 from position 117 to position 
103. 

Alanine scanning mutagenesis was used to identify 
KHRR(296-299)AAAA, a mutation that confers 
both fibrin specificity and PAI- 1 resistance [22,104]. 
This variant (abbreviated as K) has improved fibrin 
specificity, because it has eightfold less activity in the 
absence of fibrin while retaining full activity in the 
presence of fibrin. The K variant of t-PA was shown 
to be approximately 90-fold more resistant to the 
"fast-acting" plasminogen activator inhibitor 1 (PAI- 
l), as determined by the second-order inhibition rate 
constants of variant and wild-type t-PA [98]. To 
create a variant of t-PA with reduced clearance, en- 
hanced fibrin specificity, and PAl-1 resistance, the 
mutations at three loci were combined in the T103N, 
N117Q, KHRR(296-299)AAAA variant of tPA 
(TNK-tPA). 

TNK-tPA has been engineered to be more fibrin 
specific than t-PA. This property is the result of the 
KHRR(296-299)AAAA mutation (K of TNK-tPA). 
To determine the effect of increased fibrin specificity 
on fibrinogen degradation, various concentrations of 
t-PA or TNK-tPA were incubated in human citrated 

plasma for 1 hour at 37°C and were subsequently 
assayed for residual fibrinogen by the Clauss method 
[ 134]. The concentration of activator at which 50% of 
the initial fibrinogen concentration was depleted 
(ECs0) was determined from a four-parameter fit of the 
fibrinogen versus activator concentration data. 
These data (Figure 7-4) indicate that the K mutation 
allows TNK-tPA to be present at approximately 
12-fold higher concentrations before significant fi- 
brinogen depletion is observed in human plasma 
[135]. 

Pharmacokinetics and Pharmacodynamies of TNK- 
tPA in Rabbits. The clearance of TNK-tPA and 
t-PA was compared in rabbits following bolus intra- 
venous injections, The area under the curve was 8.4- 
fold greater than for wild-type t-PA, which yielded 
clearance values of 1.9 versus 1.61 mL/min/kg for 
TNK-tPA and t-PA, respectively [ 133]. Pharmacoki- 
netic analysis of TNK-tPA indicated alpha- and beta- 
phase half-lives of approximately 9 and 31 minutes, 
compared with t-PA, which exhibited alpha, beta, 
and gamma phases with half-lives of 1.3, 6, and 33 
minutes, respectively. The thrombolytic potency of 
TNK-tPA (by bolus) was compared with that of t-PA 
(by infusion) in a rabbit arteriovenous shunt model of 
clot lysis [96]. Clots were made from fresh rabbit 
whole blood or citrate collected plasma spiked with 
rabbit platelet-enriched plasma to a plateler concen- 
tration of 0.8 x 10" platelets/p.L. The extent of lysis 
after 2 hours was evaluated with doses ranging from 7 

In Vitro Fibrinogenolysis in Human Plasma 
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FIGURE 7-4. In vitro fibrinogenolysis in human plasma. 
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to 180btg/kg for TNK-tPA, and from 20 to 540}.tg/ 
kg for Activase c~ t-PA. The relative potency of TNK- 
tPA was determined from the EDs0 of a fit of the 
dose-response curves. From this analysis, TNK-tPA 
was 7.5 and 13.5 times more potent than t-PA in 
lysing rabbit whole-blood and platelet-enriched clots, 
respectively [ 133]. 

Biological Activity of TNK-tPA in a Rabbit Model 
of Embolic Stroke. The biological activity of TNK- 
tPA was also tested in a rabbit model of embolic 
stroke. In this model, described in detail previously 
[136,137], a preformed, radiolabeled clot is instilled 
into the middle cerebral artery via the internal caro- 
tid artery. Clot lysis is monitored by gamma 
scintigraphy. TNK-tPA was shown to be active in 
this model when given as a single bolus, and the 
extent of lysis was dose dependent. With an intrave- 
nous dose of 0.6mg/kg, 2l of 34 animals exhibited 
greater than 75% lysis of the instilled clot 2 hours 
after treatment [137]. This bolus regimen of TNK- 
tPA was as effective as an infusion regimen of 
Activase :~ (3.3 mg/kg/h). 

Biological Activity of TNK-tPA in a Rabbit 
Model of Electrically Induced Carotid Artery 
Thrombosis. Thrombolytic properties of TNK-tPA 
were compared with those of t-PA in a rabbit model 
of carotid artery occlusion. In this model, a thrombus 
was formed in a rabbit carotid artery by electrical 
stimulation, which resulted in disrupted vessel endo- 
thelium and 50% occlusion of the artery [for a related 
canine model, see refs. 138-140]. After 1 hour, 
TNK-tPA or t-PA was administered intravenously by 
bolus or front-loaded infusion for 1.5 hours, respec- 
tively. Blood flow in the vessel was monitored for 2 
hours, during which bleeding was assessed by blood 
loss from a surgical incision. The following param- 
eters were monitored: incidence of reperfusion, time 
to reperfusion, duration of patency, residual 
thrombus weight, and blood loss from the abdominal 
wall incisional site. In addition, systemic plasmino- 
gen activation in vivo was evaluated by measuring the 
plasma concentration of fibrinogen, plasminogen, and 
ot2-antiplasmin. 

In this model, bolus intravenous administration of 
TNK-tPA will restore blood flow rapidly in a 
thrombosed carotid artery without increasing sys- 
temic plasmin generation [141]. TNK-tPA was ad- 
ministered as a bolus at doses of 0.38, 0.75, and 
1.5 mg/kg. For comparison, t-PA was administered as 
an infusion at doses of 1.5, 3.0, 6.0, and 9.0mg/kg. 
The doses that produced greater than 80% incidence 
of patency with the longest duration of patency were 

1.5 mg/kg for TNK-tPA and 9.0mg/kg for t-PA. At 
these doses, the time to reperfusion was significantly 
less for TNK-tPA (11 + 2 minutes) when compared 
with t-PA (23 -+ 7 minutes). Similarly, the duration of 
patency was significantly greater for TNK-tPA (82 + 
9 minutes) when compared with t-PA (51 _+ 18 min- 
utes). At the maximal doses tested, the residual 
thrombus weight of the TNK-tPA-treated animals 
(4.2 + 0.4mg) was significantly less (P < 0.01) than 
saline-treated controls (8.6 -+ 0.4 mg) and the t -PA- 
treated rabbits (8.0 +- 0.7 mg). 

The effects of TNK-tPA on fibrinogen, plasmino- 
gen, and o~,-antiplasmin levels were modest when 
compared with those observed with t-PA. At the 
highest dose of TNK-tPA (1.5 mg/kg), the plasma 
levels of fibrinogen, plasminogen, or ot,-antiplasmin 
were significantly greater than the corresponding val- 
ues for t-PA at either 6.0mg/kg or 9.0mg/kg [141]. 
Blood loss with TNK-tPA-treated animals was 
significantly less compared with that observed with 
t-PA-treated rabbits. These studies indicate that a 
bolus intravenous administration of TNK-tPA, com- 
pared with a front-loaded infusion of t-PA, produces 
rapid and complete recanalization of an occluded ca- 
rotid artery without increasing systemic plasmin 
generation or peripheral bleeding. The throm- 
bolytic potency of TNK-tPA was fourfold to sixfold 
greater than that of t-PA with respect to incidence 
of reperfusion, duration of patency, and extent of 
lysis. 

Biological Activity of TNK-tPA in a Canine Model 
of Electrically Induced Coronary Thrombosis. The 
biological activity of TNK-tPA versus t-PA was 
tested in a canine model of coronary thrombosis. 
In this canine model, a thrombus is formed by the 
disruption of the intimal surface of the coronary ar- 
tery induced by electrical current [142-146]. The 
thrombolytic effects of TNK-tPA and t-PA were 
compared with respect to time of reperfusion, extent 
of thrombolysis, and the incidence of recurrent 
rethrombosis. In this model, bolus intravenous ad- 
ministration of TNK-tPA restored blood flow effec- 
tively in a thrombosed coronary artery. TNK-tPA 
(administered as a bolus at 1 mg/kg) achieved 100~# 
patency (n = 9), whereas t-PA (administered intrave- 
nously as a 1 mg/kg infusion over 20 minutes) re- 
sulted in 67% patency rates (n = 12). The rate of 
reocclusion was lower in the TNK-tPA group (67~) 
versus the t-PA group (88%), and the duration of 
vessel patency was greater with TNK-tPA compared 
with that observed with t-PA (78 minutes vs 51 
minutes, respectively). TNK-tPA-treated animals 
exhibited a higher incidence of patency, a lower rate 
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of reocclusion, and a greater duration of patency than 
animals treated with t-PA. 

CLINICAL EXPERIENCE WITH TNK-tPA 
IN TIMI 10A 
T N K - t P A  has undergone initial clinical evaluation in 
the treatment of  acute myocardial infarction (AMI) in 
a phase I trial (TIMI 10A) [147]. TIMI 10A was an 
open-label, dose-ranging, pilot trial of single-bolus, 
intravenous T N K - t P A  in patients with acute myocar- 
dial infarction (AMI). Eligible patients were greater 
than 70 years old, with symptom onset of  less than 12 
hours duration and electrocardiographic evidence of 
AMI or new left bundle branch block without 
contraindications to thrombolytic therapy. All pa- 
tients received oral aspirin and intravenous heparin 
therapy titrated to an activated partial thromboplas- 
tin t ime (aPTT) of 55 -85  seconds. Endpoints in- 
cluded pharmacokinetic analysis, effect on hemostatic 
parameters, angiographic assessment by TIMI flow 
grade and TIMI frame count, and safety evaluation. 
Doses ranging from 5rag to 50rag were studied in a 
total of 113 patients. 

Preliminary results of the TIMI  10A trial were 
presented at the 68th Annual Scientific Sessions of  the 
American Heart Association [147]. At the 30, 40, 
and 5 0 m g  doses, patency rates achieved with T N K -  
tPA were at least as good as, if  not superior to, pa- 
tency rates achieved with accelerated t -PA in the 
G U S T O  I trial. Preliminary pharmacokinetic data 
from the TIMI 10A trial showed T N K - t P A  to have a 
plasma clearance of approximately one-third that of 
Activase t-PA (198 + 42 mL/min)  and an elimination 
half-life of 15-19 minutes. Little effect was observed 
on coagulation parameters, and negligible fibrinogen 
or plasminogen consumption was noted. No  intracra- 
nial (IC) bleeding, anaphylaxis, or antigenicity was 
observed. Adverse events reported in the TIMI 10A 
trial, which included escalating bolus doses of T N K -  
tPA, resulted in a safety profile comparable with that 
observed in other thrombolytic trials. Due to the 
l imited sample size (113 patients), additional, larger 
trials are necessary to define the efficacy and safety 
profile of T N K - t P A .  
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8. ENDOTHELIAL CELL BIOLOGY 

Una S. Ryan 

Introduction 
The endothelium is a critical component of all organs 
yet itself represents a complex, unique organ with a 
vast surface area and an aggregate mass equal to that 
of the liver. In cross sections of the vessel wall, the 
endothelium appears as a thin and insignificant layer 
that belies its importance and significance in homeo- 
stasis [1]. 

In fact, the strategic interposition of the endothe- 
lium between the blood and all other tissues in the 
body, is ideal for subserving its many functions as 
a regulator of cellular and molecular traffic, both 
within the circulation and between the vascular lu- 
men and the surrounding tissues. It also provides a 
dynamic interface for responding to cellular and mo- 
lecular clues arriving via the blood or from the tissue 
side [2]. For example, endothelial cells (ECs), particu- 
larly those of the pulmonary capillaries, are capable of 
converting angiotensin I to angiotensin II and of de- 
grading bradykinin [3]. Thus, the endothelium can 
regulate blood pressure by inactivating a hypotensive 
substance (bradykinin) and by causing the delivery of 
a potent hypertensive substance (angiotensin If) di- 
rectly into the circulation [4]. Both of these effects are 
achieved by interaction of the circulating substrates 
with an enzyme, angiotensin converting enzyme, 
(ACE; kininase II), localized on the surface of endot- 
helial cells in situ and in culture [3]. Localization of 
ACE on endothelial cells was the first of many studies 
that led to the recognition of a number of processing, 
or "metabolic,'" functions of endothelium [1]. The 
endothelial disposition of ACE also led to the devel- 
opment of assays useful for the identification of endot- 
helial cells in culture and to the development of 
antihypertensive drugs that target ACE. 

Subsequent studies of EC properties have received 
much impetus from the development of techniques 
for the isolation, characterization, and culture of ECs 
[5]. Endothelial ceils from a wide variety of species 
and vessel origins, including the microvasculature, 
can now be grown in culture reproducibly. In the 
quiescent state, the endothelium acts to maintain the 

blood's fluidity and resists thrombosis, but throm- 
botic functions take over when the cells are perturbed 
(Figure 8-1). The endothelium also acts as a selective 
barrier between the elements in the blood and the 
extravascular space, and serves to convey signals 
between the tissues and the circulating elements. 
During infection or when activated by cytokines 
or components of the coagulation or complement 
systems, the endothelium functions to attract 
leukocytes, allowing their emigration to sites of in- 
flammation. The endothelium also bas local regula- 
tory functions, being a key controller of vascular tone 
as well as an important modulator of vascular remod- 
eling through its influence on the growth of the un- 
derlying vascular smooth muscle cells and by 
secretion of extraceilular matrix components. Toward 
all these functions, the endothelium synthesizes a 
diverse armament of hormones, mediators, and 
growth modulators, some of which are expressed con- 
stitutively and others of which are only induced in 
response to various stimuli. It is significant that the 
same anatomic location that makes the endothelium 
so unique and diverse in its biologic functions makes 
it an immediate target of vascular injury and an ideal 
candidate to initiate events leading both to local and 
systemic damage. 

Endothelial Barrier and Transducing 
Functions 
The interactions between neighboring ECs serve to 
maintain vascular integrity, to regulate vascular per- 
meability, and to control leukocyte traffic. The junc- 
tions between ECs vary in different parts of the 
circulation and in different organs. In much of the 
vasculature, where ECs form a continuous monolayer, 
gap junctions predominate [6]. A decrease in both 
gap junctions and tight junctions is seen in areas of 
regenerating endothelium [7]. In contrast, in the 
brain and retina, where the development of edema can 
be dangerous, tight (occluding) junctions predomi- 
nate. While the blood-brain barrier is recognized to 

123 



124 PART A: SCIENTIHC PRINCIPLES 

QUIESCENT ENDOTHELIUM 

~ r r i ~  fuS¢~iO~ m~iri~ s~ 
N~@o~gular~, non4hmmN~N¢ suffaeo 

PLNT~ETS 

ACTIVATED ENDOTHELI~ 

!njur/o ~nfec~io~ 
Complement Acliva{ioe 

ak / .L 
P~Na~ ~ Cgok ~ ;  M~ia*~rS 

an8 @ r ~  gaeta S g 
,r,.. \ 

Gr~t~ gaetars 

FIGURE 8-L 

be the most  highly selective anatomic and physiologL- 
ca1 barrier that  reg~dares the entry arid exit o~ cerebrat 
naermnrs and biologically importa~at substances nec- 
essary ~or the mainte~ance of cerebral metabolism and 
neuronal activity, the endorhehum of  al~ orgar~s 
serves ro mediate the passage of solutes, nutrients.  
[ipids° and hormones co the inters~itMm, often re- 
vo l v ing  a complex system of membrane receptors and 
transporters. 

In addirio~ to er~dothd~al-endothdia[ cell ii~cerae- 
finns, endorhciia|  smooth muscle ceil mreracrmns 
occur primarily via gap iunctions, where cytoplasmic 
bridges of smooth muscle cells exte~ld through {}rues= 
rratmns in the internal dasric Iamma to contact the 
endothei ium [8}. Gap ?uncr,ons provide a pathway 
rot the transport of  ions and small molecules and 
could prowde a route of ent W of mediators from 
endorhe lmm to smooth muscle and v~ce wrsa. ~n 
addition, some endorhei ium-derived ~acrors are freely 

diffi~sible and penetrate smooth muscle cells directly, 
independent  of gap iunctlons. Others bind to recep~ 
tors on the surfhce of the smooth m~lscle cell and eliek 
responses through second messengers 

The e n d o r h d m m  and smoorh musck~ eells form an 
integrated alliance: t~e close association of these two 
ce]l types allows fbr the eNcacy o [ the  most  influential 
o~ ~he endotbel ium-derived vasomodu|at i~g factors, 
e n d o t h e b u m d e r i v d  r<-[axin~ Gc~or (EDRF/NO),  
and demonstrates the reansdudng role o f the  endothe- 
1ram: a bLood-borne a£omsr interacting with recep- 
tors on the ECs leads ro re|ease M a mediator ~h~r 
nmdulates smooth muscle rdaxat{on (see Endothelial 
Control of Vascular ~N~all Function). 

Et~,thdAa! H~ncJstatk Functzo~zr 

Endothelial ceils have both thrombot ic  arid throrr> 
boresisramr propertms. [n the quiescen~ stare, they are 
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antithrombotic, but they can be induced to become 
procoagulant (see Figure 8-1). Endothelial cells in- 
hibit thrombus formation by interfering with the 
coagulation cascade, inhibiting platelet adhesion/ag- 
gregation, and activating fibrinolytic pathways. The 
luminal surface of the EC contains anionic heparin- 
like glycosaminoglycans, which are synthesized by 
the ECs and bind thrombin, the key enzyme of blood 
coagulation, and antithrombin III, a serum protein 
that binds and inactivates thrombin. In the presence 
of ECs, thrombin reacts primarily with antithrombin 
II, resulting in rapid inactivation of the enzyme. 
Thrombin also interacts with thrombomodulin on 
the EC surface. Thrombomodulin binds both 
thrombin and protein C, and the thrombin-  
thrombomodulin-protein C complex markedly accel- 
erates the activation of protein C [9]. Protein C, with 
the intermediary protein S, inhibits factor Va and 
factor XIII in the coagulation cascade [10,11]. Endot- 
helial cells are also thought to produce a lipoprotein- 
associated inhibitor of coagulation known as tissue 
factor pathway inhibitor (TFPI) or lipoprotein- 
associated coagulation inhibitor (LACI) [12]. This 
f~tctor is a potent inhibitor of factor Xa and the factor 
VIIa-TF complex [13]. TFPI is primarily synthesized 
in endothelial cells. A major fraction remains with the 
endothelium, whereas a small fraction is secreted into 
the blood [14,15]. It is currently hypothesized that 
the heparin-releasable form is associated with endot- 
helial glycosaminoglycans [16]. Endothelial cells 
also synthesize prostacyclin (PGI,), a potent inhibitor 
of plateler aggregation [ 17]. Other products released 
by ECs that prevent platelet adhesion/aggregation 
include adenosine and nitric oxide (NO). Moreover, 
there is clear synergism between the antiaggregatory 
effect of PGI 2 and the effect of NO at subthreshold 
levels [ 18]. 

Clot dissolution through enhancement of the fi- 
brinolytic system is another EC anticoagulant defense 
mechanism. Endothelial cells synthesize both tissue- 
type plasminogen activators (t-PA) as well as 
urokinase-type plasminogen (u-PA) activators [19]. 
The synthesis and release of plasminogen activators 
by ECs is stimulated by thrombin, activated protein 
C, epinephrine, vasopressin, and bradykinin. 

In contrast to the anticoagulant mechanisms de- 
scribed earlier the EC, when perturbed mechanically 
or exposed to bacterial endotoxin, thrombin, tumor 
necrosis factor, or interleukin-1, can interact with 
blood components to promote coagulation [20-22]. 
The procoagulant activity is the result of increased 
production of tissue factor (thromboplastin), yon 
Willebrand factor (vWF), plasminogen activator in- 
hibitor, platelet activating factor, and extracellular 

matrix components. Tissue factor, released by 
damaged cells, functions with factor VII in activating 
factor X, initiating the extrinsic pathway of coagula- 
tion, and potentiates the cleavage of factor IX 
(activating the intrin,dcpathu,ay as well). In the pres- 
ence of vWE, activated factor IX further activates 
factor X. The activated factor X, formed via 
either pathway, then converts prothrombin to throm- 
bin in a reaction that requires factor V. Thrombin 
converts soluble fibrinogen to insoluble fibrin, acti- 
vates platelets, and inhibits vessel-wall fibrinolytic 
activity. 

The vWF synthesized by ECs is also bound by 
collagen types I, III, IV, and V, and helps mediate 
platelet adhesion to the subendothelium through a 
specific glycoprotein receptor on the platelet surface, 
glycoprotein IIb/lIla (which also serves as a receptor 
for fibrinogen) [23]. The importance o fvWF in plate- 
let adhesion to the subendothelium and subsequent 
thrombosis is evidenced by the fact that in yon 
Willebrand's disease there is a marked decrease in 
platelet adhesion, which can be reversed by ad- 
ministration o f v W F  [24]. Endothelial cells also syn- 
thesize other proteins that stimulate the coagulation 
cascade (although this may not be the primary 
function of these proteins), including throm- 
bospondin, collagens, and fibronectin. Procoagulant 
activity also involves alterations in fibrinolysis 
through the regulated expression of t-PA and specific 
plasminogen activator inhibitors (PAl). In fact, tile 
activity of t-PA in plasma is based on the amount of 
t-PA released as well as on the level of PAI present 
[25,26]. 

Thus, the hemostatic potential of the endothelium 
results from a complex balance between active factors 
that have opposing biological actions and between 
active factors and specific inhibitors. Upset of this 
balance could lead to conditions predisposing both 
to local and widespread embolic and thrombotic 
responses. 

Endothelial Control of Vascular Wall 
Function 
Endothelial cells play a key role in modulating vaso- 
motor tone. Many substances produced by ECs affect 
local vasomotor tone and a complex interaction exists 
among those elements that control hemostasis, vascu- 
lar modeling, and vasomotor reactivity. Angiotensin 
converting enzyme localized on ECs established a role 
for endothelium in the control of blood pressure [3]. 
The renin-angiotensin system is now also known to 
play a role in vascular remodeling [27]. 
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Abluminally released, PGI 2 is a potent vasodilator 
and antiaggregant. PGI2 release by ECs can be stimu- 
lated by pulsatile pressure as well as the endogenous 
mediators thrombin, bradykinin, angiotensin II, his- 
tamine, platelet-derived growth factor (PDGF), 
interlenkin-l (IL-1), and adenine nucleotides [28 -  
30]. The effects of PGI 2 are opposed by thromboxane, 
a prostanoid produced by activated platelets that in- 
duces platelet aggregation and vasoconstriction [31]. 
Aspirin, an irreversible inhibitor of cyclooxygenase, 
owes its efficacy to the EC's ability to synthesize 
cyclooxygenase continuously while the platelet can- 
not do so. This leads to cumulative inhibition of 
thromboxane A2 formation while the ECs continue to 
produce PGI2 [32]. 

EDRF was first described by Furchgott and 
Zawadzki, who demonstrated that the relaxation of 
the rabbit aorta by acetylcholine depended on the 
presence of an endothelial lining and was the result of 
a nonprostanoid diffusible substance [33]. Subse- 
quently, it was suggested that EDRF may be NO or 
a related species [34-37]. A fuller description of NO 
and its pharmacology will be found in Chapter 10 
[38]. NO is synthesized from the amino acid L- 
arginine by the enzyme NO synthase (NOS), and its 
actions are mediated by increases in cellular cGMP 
[39-41].  Arginine analogs (such as L-NG- 
monomethyl arginine) are potent inhibitors of NO 
production, and their effects can be reversed by argi- 
nine. Blockade of NO synthesis in animals results in 
marked increases in blood pressure, underlining the 
importance of NO release in maintaining resting 
blood pressure [42,43]. Several isozymes of NOS 
exist. The constitutive enzyme is Ca2+/calmodulin 
dependent and releases picomolar concentrations of 
NO. In several cell types, a second form of Ca 2*- 
independent NOS can be induced by inflammatory 
mediators [44,45]. The inducible NOS produces NO 
at the nanomolar level, and its induction can be pre- 
vented by pretreatment with glucocorticoids. NO, in 
addition to mediating vasodilation, inhibits platelet 
adhesion and aggregation as previously described. It 
also limits smooth muscle cell (SMC) proliferation 
and inhibits leukocyte-EC interactions. After 
reperfusion injury, sodium nitrite prevents leukocytes 
from adhering and infiltrating into the vessel wall 
[46], perhaps by an effect of NO on EC adhesion 
molecule expression. 

More than 30 substances have been shown to elicit 
endothelium-dependent relaxations of isolated blood 
vessels, including acetylcholine, the calcium iono- 
phore A23187, bradykinin, thrombin, and endo- 
thelin, indicating the importance of this factor in 
local autoregulation of vascular tone. Defects in EC 

production of EDRF/NO have been seen in a number 
of disease states, including atherosclerosis, hyperten- 
sion, and diabetes, and may contribute to their patho- 
genesis [47-49]. There is mounting evidence to 
suggest that mild trauma to microvessels is sufficient 
to impair the dilating responses of microvessels tem- 
porarily without irreversible injury to the vessels. 

In addition to the vasodilators PGI 2 and NO, the 
endothelium also releases vasoconstrictor substances 
in response to a variety of stimuli [50]. In 1988, 
Yanagisawa et al. identified endothelin, a linear 21 
amino acid peptide secreted by ECs [51]. Endothelin 
is the most potent vasoconstrictor substance yet dis- 
covered, with a potency 10 times that of angiotensin 
II. Intense vasoconstriction and decreased blood flow 
have been seen in multiple species in which 
endothelin-1 (ET-1) has been infused, although it is 
rapidly removed from the bloodstream, suggesting a 
local vasoregulatory role [52,53]. Three pharmaco- 
logically separate endothelin isopeptides have been 
identified in mammalian species and are named 
endothelin-1, endothelin-2, and endothelin-3. ET-1 
is the only endothelin known to be made by ECs. 

Many substances, including thrombin, epineph- 
rine, transforming growth factor-~, and the Ca e* 
ionophore A23187, increase preproendothelin 
mRNA as well as the release of vasoactive ET-1 from 
ECs [51 ]. The release of ET-1 is slow, consistent with 
the fact that it requires new synthesis. The fact that 
ET-1 is secreted by numerous cell types and that 
receptors are widely distributed among many tissues, 
including blood vessels, brain, lungs, kidneys, adre- 
nal glands, spleen, and intestines, suggests that 
endothelin has multiple roles. 

In addition to its long-acting vasoconstrictor and 
pressor actions, ET-1 has numerous biological activi- 
ties, including mitogenicity for cultured mesangial 
cells, Swiss 3T3 cells, capillary ECs, and SMCs. El- 
evated levels of ET-1 have been detected in patients 
who have suffered a myocardial infarction as well as 
in acute renal failure, acute ischemic stroke, and 
hypertensive states; however, it is unclear whether the 
elevated ET-1 levels actually contribute to the patho- 
genesis of these diseases or are the result of concurrent 
disease processes [54,55]. In a rat model of arterial 
injury, high levels of ET-1 worsen postangioplasty 
restenosis and may act through a direct mitogenic 
effect on the underlying SMCs [56]. 

LeukaTte/Endothdial Cell Adhesive 
Interactions 
Interaction of leukocytes with the endothelium 
is a routine physiologic function. Under normal 
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circumstances, over 75% of granulocytes are adherent 
to the endothelium, where they remain ready for re- 
lease by specific stimuli to join the circulating pool. 
Lymphocytes, on the other hand, circulate through 
the plasma and as part of their normal course emi- 
grate through specialized postcapillary venules in 
lymphoid tissues, returning to the plasma after a few 
hours. When this delicate system is upset by an in- 
flammatory process, changes occur on the endothe- 
lium that allow not only adhesion but emigration of 
leukocytes to the site (see Figure 8-l) .  These interac- 
tions ofleukocytes with the endothelium are carefully 
controlled by specific adhesion molecules. At present, 
three different groups of adhesive receptors/ligands 
are known to participate in leukocyte adhesion. These 
include proteins of the integrin family or leukocyte 
cellular adhesion molecules (LEU-CAMS) [57,58], 
members of the immunoglobulin-related molecules 
or intercellular adhesion molecules (ICAMs) [59], and 
carbohydrate binding proteins called selections or 
lectin-epidermal growth factor--complement cell ad- 
hesion molecules (LEC-CAMs) [60,61 ]. 

The most important integrins present on leuko- 
cytes belong to the 131 (CDll /CD18)  and [32 
(VLA-4, CD49d/CD29) subfamilies [6,62]. Al- 
though integrins are constitutively expressed on the 
surface of leukocytes, they are normally in a function- 
ally inactive state. Conversion to the active state is 
rapid in response to chemotactic factors, cytokines, 
antigens, or mitogens. The importance of leukocyte 
integrins to immunologic defense against inflamma- 
tory processes is demonstrated by the human disease 
leukocyte adhesion deficiency (LAD). Neutrophils 
from patients with LAD lack expression of leukocyte 
integrins and exhibit defective leukocyte-EC adhe- 
sion in in vitro assays correlating with the absence of 
these cells at sites of inflammation [63]. 

ECs possess at least three adhesive receptors in the 
immunoglobulin family, namely, ICAM-1, ICAM-2, 
and VCAM (INCAM-110), which serve as counter 
receptors for the leukocyte integrins [64-661. They 
are single-chain N-glycosylated polypeptides. ICAM- 
1 contains five immunoglobulin domains. It is not 
only present on ECs but is present on a variety of 
other cells, including leukocytes. Endothelial cells 
constitutively express ICAM-1 in low amounts, but 
increased levels are easily induced by a variety of 
cytokines, including interferon-~/, IL-1, and tumor 
necrosis factor (TNE)-Ot [67]. Following stimulation, 
increased expression can be detected within 4 hours, 
and expression is maintained for over 24 hours. 
ICAM-2 is similar to ICAM-1 but contains only two 
immunoglobulin domains. 1CAM-2 is constitutively 
expressed by ECs and is not increased after cytokine 

activation [68]. This may indicate more of a role for 
ICAM-2 in routine EC-leukocyte interactions, 
whereas ICAM-1 becomes more important in acti- 
vated ECs. VCAM-1 is also expressed following 
endothelial activation by cytokines [69]. VCAM-1 
selectively binds mononuclear cells, such as lympho- 
cytes and monocytes, and is the counter-receptor for 
the [32 integrin VLA-4 [70]. VCAM-I has been found 
at sites of chronic inflammation, but its expression is 
not restricted to ECs. Macrophages and fibroblast-like 
cells also appear to express VCAM-1 [71]. 

Three members of the selectin family currently 
exist: L-selectin (LEC-CAM-1, LAM-1, Leu 8, TQ- 
1), E-selectin (LEC-CAM-2, ELAM-1, endothelial- 
leukocyte adhesion molecule), and P-selectin 
(LEC-CAM-3 PADGEM, platelet-activation- 
dependent-granulocyte-external-membrane protein, 
GMP-140, CD62 [72-77]. L-selectin is confined to 
leukocytes and is involved in leukocyte homing. E- 
selectin is found on ECs, and P-selectin is found on 
both ECs and platelers. These molecules are trans- 
membrane glycoproteins that contain an amino- 
terminal lectin domain, followed by an epidermal 
growth factor-like domain, and a varying number of 
complement-like consensus repeats. P- and E-selectin 
bind sialyated Lewis x (sLe ") carbohydrates, which are 
commonly found on glycoproteins and glycolipids of 
myeloid cells. Although the physiological ligands for 
the selectins may still not be completely identified, 
P-selectin glycoprotein ligand (PSGL-1) is a high- 
affinity ligand that may well represent an important 
leukocyte counter-receptor for both P- and E- 
selectins [78-82]. In addition, the E-selectin ligand 
(ESL-1), a variant of a receptor for fibroblast growth 
factor, functions as a cell adhesion ligand of E-selectin 
[83]. 

E-selectin is an adhesion protein for monocytes and 
neutrophils, but not lymphocytes. It is expressed on 
the EC surface 4 - 6  hours after stimulation by 
cytokines and is downregulated by 24 hours [84]. It 
is not contained within the cytoplasm of cells and 
requires new protein synthesis for expression 
[73]. E-selectin has been shown to be expressed on 
microvascular endothelium transiently in certain 
pathologic settings, particularly acute and chronic 
inflammatory processes in which cytokine generation 
is thought to occur [85]. P-selectin is present in both 
platelets and ECs, although the endothelial protein is 
primarily found in postcapillary venules [86]. Endot- 
helial P-selectin is expressed constitutively and is lo- 
cated in membranes of Weibel-Palade bodies, the 
secretory granules of endothelium in which large 
multimers of vWF are stored [76,87,88]. Follow- 
ing stimulation with agonists such as thrombin or 
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histamine, P-selectin is rapidly distributed to the cell 
surface, where it binds neutrophils, monocytes, and 
platelets [89]. In stimulated cultured endothelium, 
surface expression of P-selectin is rapid, within 10 
minutes. Downregulation then occurs over the next 
30 minutes. Exposure of ECs to oxidants results in 
prolonged expression of P-selectin on their surface 
and thus may provide a direct role for oxygen radicals 
in neutrophil adhesion [90]. P-selectin is an excel- 
lent candidate for directing the initial aherence of 
unstimulated neutrophils and monocytes to sites 
of inflammation. Progression of the inflammatory 
stimulus can then activate other adhesive receptors on 
both cells, thus stimulating leukocyte emigration to 
the sire of t issue damage [91 ]. P-selectin's presence on 
platelets and its localization with vWF also suggest 
a role for this molecule in hemostasis. Stimulated 
platelets expressing P-selectin may then recruit 
neutrophils and monocytes to the thrombus. The 
activated monocyte with its procoagulant surface 
could then amplify thrombin generation and clot 
formation. 

The migration ofleukocytes throughout the vascu- 
lature provides the body with the ability to maintain 
immune surveillance and to protect tissues from in- 
jury caused by foreign antigens. In addition to their 
participation in host defense, leukocytes may also be 
involved in the mounting of pathological inflamma- 
tion in disease states [92]. However, the precise 
mechanisms of the binding of leukocytes to inflamed 
endothelium may still not be completely understood. 
In the current consensus model, leukocytes interact 
with endothelium through a series of events; initial 
attachment and "rolling" of leukocytes on endothe- 
lium is mediated by selectin molecules. Tethering 
leads to activation of integrins, which cause strong 
adhesion of leukocytes to the vessel wall. 

Migration of leukocytes into tissues is mediated by 
chemokines and possibly other cytokines that are se- 
creted by subendothelial tissues or by the endothe- 
lium itself [93,94]. The accumulation of leukocytes, 
often the result of bacterial infection and release of 
endotoxin, causes injury to the endothelium as a re- 
sult of the interplay of activated adhesion molecules 
[92,95] and the release of chemotactic molecules, 
including TNF-oL interleukins, and chemokines 
[95-97]. The chemokines comprise a family of 
chemoartractant cytokines that are classified into two 
subfamilies based on sequence homology and the se- 
quence around two cystine residues [96-98]. The C- 
X-C or o~ chemokine family acts predominantly on 
neutrophils and nonhematopoietic cells, and the C-C 
or 13 cytokine family acts mainly on monocytes as well 
as on eosinophils and lymphocytes. The recently 

discovered lymphotactin cytokine has been proposed 
to belong to a new group of chemokines, designated 
the C family [99]. 

Chemokines are thought to play an important role 
in inflammatory cell recruitment and subsequent tis- 
sue damage. The TNF-induced expression of the mac- 
rophage inflammatory protein 1-o~ (MIP-IO0, a 
member of the C-C chemokine family, has been 
shown to mediate neutrophil and macrophage influx, 
probably by regulating the expression of ICAM-1. 
Clearly, the identification and characterization of the 
adhesive molecules that orchestrate the increasingly 
complex interactions of ECs, platelets, and leukocytes 
have provided new insights [100], and current in- 
vestigation has focused on the exploitation of this 
knowledge to identify pathways for therapeutic 
intervention. 

Endothelial Cells in Ischemia/Reperfusion 
Ischemia-reperfusion injury is twofold. Tile initial 
insult results in tissue hypoxia, with its associated 
cellular alterations, whereas the second insult occurs 
after reperfusion, leading to complement activation, 
neutrophil recruitment, and the generation of toxic 
oxygen radicals. 

The initial hypoxic episode results in specific alter- 
ation in cellular metabolism as the oxygen-deprived 
cell switches from aerobic metabolism to anaerobic 
metabolism, decreasing the cellular pH concurrent, 
with a buildup in metabolites such as lactate. Cells 
starved of oxygen for too long eventually die; how- 
ever, a number of cells can survive the initial hypoxic 
episode quite well. A hypoxic environment is not 
necessarily toxic to ECs. However, the hypoxic state 
does induce activation of endothelial cells and mul- 
tiple reversible changes in endothelial pathology 
[101], one of which is a switch from the normal 
anticoagulant state of the EC to one that promotes 
clot formation. Hypoxia induces thrombomodulin 
activity on the EC cell surface, resulting in activation 
of factor X as well as inhibition of EC fibrinolytic 
activity. Hypoxia also results in inhibition of the 
barrier function of the endothelium, and because the 
production of NO requires oxygen, the hypoxia and 
ischemia result in vasospasm. Clearly, the initial hy- 
poxic insult sets the stage for continued thrombosis 
and contributes to the pathology seen in ischemic 
injury. For instance, the loss of barrier function in 
areas of ischemic vascular injury is a direct result of 
injury to the endothelium. 

Adhesion of neutrophils to vascular endothelium 
is an early event in their recruitment into acute in- 
flammatory or ischemic regions. It is important to 
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recognize that endothelial-neutrophil adhesive 
mechanisms occur very rapidly following injury and 
that the specificity of the reaction resides with the 
altered endothelium and does not occur randomly, as 
would be the case if activation of the neutrophils were 
to activate adhesion. The complement system is 
known to be involved in inflammatory [102] and 
ischemic [103] injury. Complement fixation has re- 
cently been shown to provide a potent and rapid 
stimulus for neutrophil adhesion [104]. 

Restenosis and Longer Term Responses to 
Endothelial Injury 
Percutaneous transluminal coronary angioplasty 
(PTCA) is a highly successful procedure for increasing 
the luminal diameter of atherosclerotic coronary ar- 
teries in order to improve distal perfusion of the myo- 
cardium. However, PTCA induces a series of events 
following endothelial injury, culminating in vascular 
remodeling, which becomes life threatening, while 
apparently not deviating substantially from "appro- 
priate" responses to endothelial injury. Activation of 
the coagulation and complement cascades, platelet 
activation and aggregation, thrombus formation, leu- 
kocyte adherence, activation of the inflammatory re- 
sponse, vascular smooth muscle (VSM) migration and 
proliferation, and deposition of extracellular matrix 
(ECM) [105-111] lead to restenosis (narrowing or 
blockage of the lumen of the coronary artery) and the 
necessity for a repeat PTCA or a coronary artery by- 
pass graft (CABG) in up to 50% of patients at 6 
months. 

PTCA failure within a day or two of the procedure 
occurs in 10% of patients and is due to acute closure 
of the arterial lumen by the formation of a platelet 
and thrombotic plug, blockage caused by separation 
of the atherosclerotic plaque from the vessel wall, 
elastic recoil of the stretched coronary artery, vasos- 
pasta, or a combination of the these [112]. Efforts are 
aimed at preventing acute closure center on mechani- 
cal devices, such as stents, and the prevention of plate- 
let aggregation and thrombosis. PTCA failure within 
6 months of the procedure is due to intimal 
hyperplasia that causes restenosis of the newly ex- 
panded arterial lumen. The high frequency of delayed 
failure, 30-50% of patients, has provided the impe- 
tus for the continued effort to find a therapeutic re- 
gimen that will effectively prevent is occurrence 
[105,106,108]. 

Restenosis begins with injury to the arterial 
wall, caused by expansion of the balloon catheter, 
and progresses through at least three phases 
[109,110,113]. The first phase, lasting up to 3 days, 

is largely a normal tissue response to injury, involving 
the coagulation cascade, platelet activation, and depo- 
sition of neutrophils and monocytes. The release of 
numerous growth factors and cytokines in this phase 
is believed to initiate the subsequent phases. In the 
second phase, smooth muscle cells are stimulated to 
proliferate in the media and begin to migrate to the 
intima. In the third phase, the smooth muscle 
cells populate the intima and begin to synthesize 
ECM, which constitutes the bulk of the restenotic 
lesion. 

In the first phase, inflation of the balloon cath- 
eter injures the coromary artery by causing de- 
endothelialization, disruption, and fracture of the 
atherosclerotic plaque and internal elastic lamina, and 
stretching and rupturing of vascular smooth muscle 
cells and remaining endothelial cells. One of the first 
events is activation of the coagulation cascade via the 
extrinsic pathway [114]. Plaque rupture and fissuring 
exposes tissue factor, expressed by macrophages, to 
serum coagulation factors, causing their activation. 
Thrombin is formed, leading to fibrin deposition and 
contributing to platelet activation. Plaque rupture 
also exposes collagen, which can directly activate 
platelets [106]. Platelets adhere to the exposed 
subendothelial matrix and may also aggregate. Peak 
platelet deposition occurs within 2 hours of the 
PTCA procedure [113]. Thromboxane A 2 (TxA2), 
synthesized and secreted by activated platelets, ad- 
enosine diphosphate (ADP) and serotonin, released by 
degranulation of activated platelets, serve to amplify 
the platelet response. Together with thrombin, these 
agents promote the growth of an obstructive throm- 
bus, which may contribute to acute closure in a small 
but significant percentage of patients. In most pa- 
tients, natural antithrombotic regulatory elements, 
such as antithrombin III and activated protein C, 
as well as flow dilution of the activating agents, 
l imit the growth of the thrombus and platelet 
aggregate. 

Neutrophils, lymphocytes, and monocytes are re- 
cruited to the site of injury by chemotactic factors 
and adhesion molecules that appear on the surface 
of platelets and endothelial cells following degra- 
nulation, and that are upregulated in activated and 
injured endothelial cells [108,109,114]. A likely 
chemotactic factor is PDGF, and the adhesion mol- 
ecules include P-selectin, E-selectin, and ICAM-1. 
Neutrophils and monocytes are activated by platdet-  
activating factor (PAF), thrombin, PDGF, CSa, and 
leukotrienes to release proteases and oxygen free radi- 
cals, which may exacerbate the injury, and mitogens 
to promote smooth muscle cell proliferation 
[114,115]. A significant, though small, fraction 
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(1-11%') of the cells in the enlarging lesion are leuko- 
cytes, and the particular role of each type of leukocyte 
remains unclear [ 106,107]. 

The proliferation of vascular smooth muscle cells 
and endothelial cells begins in the first phase, in 
response to thrombin, basic fibroblast growth factor 
(bFGF), angiotensin lI (All), insulin-like growth 
factorq (IGF-I), epidermal growth factor (EGF), and 
PDGF [110,l 14]. Thrombin directly stimulates 
smooth muscle cell proliferation in vitro and is 
present in regenerating arteries for days [116]. There 
is an intracellular pool ofbFGF that is released by cell 
injury, lysis, and death [117]. Angiotensin II is 
formed by the local renin-angioitensin system. 
Degranulating platelets release growth factors, in- 
cluding PDGF, IGF-I, and EGF. However, the in- 
duction of medial smooth muscle proliferation can 
occur without platelets, indicating that the release 
and expression of factors from other sources are suffi- 
cient [118]. 

Activated monocytes also contribute several 
growth factors and cytokines, including PDGF, 
bFGF, and interleukin (IL)-I. IL-I maintains the ac- 
tivated states of endothelial cells, smooth muscle 
cells, and monocytes, which result in the continued 
synthesis and release of mitogens. The primary effect 
of these agents is to induce a phenotypic change in 
smooth muscle cells from a quiescent, nonsecreting, 
and contractile phenotype to a proliferative and secre- 
tory phenotype [ 107,113]. This change perpetuates 
the proliferative response because smooth muscle cells 
begin to secrete PDGF and bFGF, thus stimulating 
their own proliferation in an autocrine fashion. How- 
ever, by the end of the first phase most, but not all, 
smooth muscle cells return to a quiescent state [116]. 
The return to a quiescent state is attributed to re- 
endothelialization of the luminal surface, which may 
occur within several days [109,114]. 

The second phase of restenosis, beginning on the 
first to third day and lasting up to 2 weeks, is charac- 
terized by the migration from the media to the intima 
of the subpopulation of smooth muscle cells that es- 
caped growth inhibition in the first phase [116]. 
PDGF, in addition to bFGF and AII, are believed to 
mediate this phase [110]. Smooth muscle cells and 
endothelial cells begin to synthesize and secrete ECM 
proteins, including fibronectin, heparan sulfate 
proteoglycans, tenascin, thrombospondin, and col- 
lagen. In addition, transforming growth factorq3 
(TGF-]~), which stimulates the synthesis of ECM pro- 
teins, is produced [107,116,119,120]. 

In the third phase, beginning after about 7 days 
and continuing for several months, neointimal prolif- 
eration is reduced, but deposition of matrix contin- 

ues. The bulk of the neointima is composed of newly 
synthesized ECM proteins [ 110, l 11,11.4,116,120]. 
The matrix undergoes remodeling and becomes orga- 
nized. By 6 months all the smooth muscle cells have 
returned to their contractile phenotype [121]. The 
issue of the contribution and time course of changes 
in smooth muscle proliferation is controversial. Re- 
cent work has suggested that there is no peak in 
smooth muscle proliferation; instead, proliferation 
seems to occur at a steady, but low (< l 5/, of smooth 
muscle cells), rate for more than 9 months fbllowing 
PTCA [110]. 

In patients who do not develop restenosis, the third 
phase completes the healing process. This desirable 
outcome of the events following PTCA - -  re- 
endothelia[ization, recovery of vascular tone, clear- 
ance of cellular debris, replacement of dead cells by 
new cells, vascular remodeling, formation of scar tis- 
sue, and maintenance of vessel patency - -  occurs by 
the processes described earlier. In patients developing 
restenosis, neointimal proliferation and matrix depo- 
sition continues, probably mediated by the presence 
of mitogens and other mediators. Thus, the progres- 
sion of events that are a normal response to injury also 
leads to restenosis. This abnormal response has been 
called the fourth phase or wave [110] and leads to the 
view that restenosis is an exaggerated response to 
injury. 

If this view is correct, then certain mediating fac- 
tors must have sufficient in~uence to convert a con- 
trolled response to injury, leading to vessel patency, 
into continued proliferation and matrix deposition, 
leading to restenosis. These factors may be pre- 
existing, they may occur as a result of a problematic 
procedure that causes severe injury, or they may 
emerge later. Attempts to define the risk factors that 
are predictive of restenosis have, for the most part, 
been inconclusive [112]. Several studies have been 
unable to correlate serum lipoprotein, lipid, and/or 
cholesterol levels with restenosis [122,123], while 
others have shown a correlation [124,! 25]. Some have 
proposed that the greater the severity of arterial in- 
jury, the greater the neointimal thickening and risk of 
restenosis [109,111]. The goal of therapy to prevent 
restenosis is therefore not to prevent the response to 
injury but to control the response such that the ben- 
efits of a healed coronary artery are realized without 
causing restenosis. 

Many different strategies have been attempted, and 
many of these have proven efficacious in various ani- 
mal models of restenosis. However, human clinical 
trials have largely been disappointing [ 105,106,108]. 
In the belief that inhibition of the early events will 
prevent progression to restenosis, many therapeutic 
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strategies have targeted coagulation, platelets, in- 
flammation, and the generation of free radicals. An- 
other strategy has been to target classical risk factors 
ofatherosclerosis, based on the argument that mecha- 
nisms promoting neointimal hyperplasia in restenosis 
are similar to those in atherosclerosis. This rationale 
has supported the testing of lipid-lowering drugs, 
vasodilators, and antihypertensive drugs. 

Recent advances in the development of novel drug 
delivery technologies and in the understanding of the 
initiating mechanisms of smooth muscle proliferation 
have resulted in other approaches [126]. Success in 
animal models by targeting smooth muscle cell pro- 
liferation directly with antisense oligonucleotides tar- 
geting cdc2 kinase and proliferating-cell nuclear 
antigen [127], and the cellular oncogenes c-myc or c- 
myb [ 128,129], have been reported. In a gene therapy 
approach, balloon-injured porcine iliofemoral arteries 
were exposed to adenovirus vectors encoding thymi- 
dine kinase, and then the animals were treated with 
ganciclovir [ 130]. In several rat and rabbit studies, a 
direct inhibitor of proliferation, angiopeptin, has also 
proven effective in inhibiting restenosis following 
balloon injury [ 131-133]. 

Endothelial Injury and Complement 
Activation 
Many vascular procedures, including CABG, en- 
darterectomy, PTCA, and thrombolysis, would be 
expected to lead to immediate complement activa- 
tion. Numerous types of injuries, including burns 
[134], pulmonary inflammation [135,136], hyper- 
acute transplant rejection [ 137,138], and myocardial, 
skeletal muscle, and hepatic ischemia [ l l 9 , 139 -  
145], are associated with complement activation. 
When cells and tissues are damaged, complement is 
activated by the release of subcellular components 
from injured and ischemic cells, including mitochon- 
drial proteins [119,141], which may be associated 
with cardiolipin [142], a phospholipid abundant 
in mitochondrial membranes, or cardiolipin alone 
[146]. These components bind and activate Clq, the 
first component of the classical pathway of comple- 
ment activation. Evidence for complement activation 
following myocardial ischemia in dogs includes the 
detection of Clq in cardiac lymph [141,142] and the 
deposition of Clq in reperfused myocardium [119]. 
Complement-activating lipid particles, composed of 
cholesterol, cholesteryl esters, and phospholipids, 
have also been extracted from human atherosclerotic 
lesions [147]. In addition, activation of the alterna- 
tive pathway in ischemia-reperfusion injury of skel- 
etal muscle has been reported [139]. Complement 

may also be activated by plasmin through the activa- 
tion of Clr  and C3 [148,149]. Plasmin is formed 
from plasminogen by the release of t-PA from throm- 
bin-activated endothelial cells, and its generation in 
animal models of balloon injury is increased [120]. 
Moreover, plasmin-mediated complement activation 
occurs in patients undergoing thrombolytic therapy 
[150,151]. Reperfusion of ischemic myocardium and 
localized injury to the endothelium and underlying 
cells by inflation of a balloon catheter and coronary 
artery recanalization provide ample stimuli for 
complement activation. 

Complement activation results in the formation of 
the anaphylatoxins, C3a, C4a, and C5a, and the for- 
mation and deposition of the membrane attack com- 
plex (MAC) on cell membranes. In the setting of 
PTCA-mediated injury,, these proinflammatory prod- 
ucts would be expected to contribute to the normal 
response to injury, but could also exacerbate the 
normal response and contribute to the development of 
restenosis. The anaphylatoxins are chemotactic for 
neutrophils, inducing them to cross the endothelial 
cell barrier, if it still exists. Moreover, tile 
anaphylatoxins can directly activate neutrophils, 
causing degranulation and the release of oxygen 
free radicals and proteolytic enzymes, highly toxic 
products that may contribute to additional cell in- 
jury. This, in turn, causes the release of more subcel- 
lular components and continued activation of 
complement. 

The formation and deposition of the MAC, a pore- 
forming complex of multiple complement compo- 
nents (C5b,6,7,8,9), on cell membranes causes the 
collapse of the electrochemical gradient, leading to 
ion and water fluxes that ultimately lead to cell death 
by lysis. Sublytic deposition of the MAC stimulates 
mitogenesis on fibroblasts and smooth muscle cells 
[152], both alone and synergistically with PDGF. 
The MAC also stimulates the release of bFGF and 
PDGF from endothelial cells, resulting in smooth 
muscle cell proliferation [153]. Endothelial cells are 
also stimulated by the MAC to degranulate, releasing 
von Willebrand factor and exposing P-selectin, and to 
assemble the prothrombinase complex, promoting 
coagulation [154,155]. Support for a role of comple- 
ment in vascular disease has been obtained by the 
study of atherosclerotic plaques. C5b-9, CR1, CR3, 
decay accelerating factor (DAF), CD59, factor H, 
C3c, C3d, and S-protein have been found m plaques, 
suggesting a contributory role of complement in the 
development of atherosclerosis [156-159].  In addi- 
tion to plaques, complement deposition and deple- 
tion of complement regulatory proteins have been 
reported in infarcted human myocardium [ 160-163]. 



1~,2 PART A: SCIENTIFIC PRINCIPLES 

Activated complement may exacerbate the re- 
sponse to injury and may lead to restenosis by 
the following mechanisms: (1) Anaphylatoxins are 
chemotactic for neutrophils and monocytes, leading 
to the recruitment of these cell types to the injury 
site. (2) Anaphylatoxins activate neutrophils and 
monocytes, causing the release of oxygen free radicals 
and proteases that contribute to tissue injury, and 
growth factors and cytokines that may prolong the 
proliferative response. (3) The formation and deposi- 
tion of sublytic amounts of the MAC activate cells at 
the injury site, stimulating proliferation and coagula- 
tion via prothrombinase assembly, and depleting 
complement regulatory proteins. 

Soluble complement receptor 1 (sCR 1) is a recom- 
binant protein that lacks the cytoplasmic and trans- 
membrane domains of complement receptor l (CRI) 
[ 140]. CR 1 is a naturally occurring membrane-bound 
inhibitor of C3 and C5 convertases, and a cofactor for 
the degradation of C3b and C4b by factor I, that is 
found primarily on erythrocytes and leukocytes. Sub- 
stantial evidence indicates that sCR1 retains all of the 
functions of CR1 and suggests that it may counteract 
many of the initiating and continuing processes that 
lead to restenosis. In models of myocardial ischemia- 
reperfusion injury, sCRI significantly decreased 
myeloperoxidase activity, a marker for neutrophil ac- 
cumulation, in infarcted myocardium and reduced 
infarct size [140,144]. In a model of skeletal 
ischemia-reperfusion injury, sCR1 prevented leuko- 
cyte adherence and increased the number of reper- 
fusing capillaries [164]. In various models of dermal 
and lung inflammation, sCRI has demonstrated po- 
tent antiinflammatory effects [135,136,165]. In a 
hyperacute xenograft rejection model, in which 
complement is rapidly activated by xenoreactive 
antibodies present on the sud:ace of the endothelium 
of transplanted hearts, sCR1 prolonged xenograft 
survival, in part by reducing the number of occlu- 
sive platelet thrombi and cellular infiltrates 
[137,138]. 

The complex nature of the vascular response to 
injury has frustrated numerous attempts to inhibit 
restenosis in human trials. The failure of inhibitors of 
the early events of restenosis in clinical trials, includ- 
ing antiplatelet drugs, anticoagulants, and antioxi- 
dants, suggests either that the most critical early 
event was not targeted or that combination therapy 
may ultimately be necessary to prevent restenosis. So 
far no studies have targeted complement activation. 
Because the progression of events leading to resrenosis 
is largely comparable with the responses to vascular 
injury in which complement-mediated responses have 
been identified and shown to be abrogated by sCRI, 

it is tempting to speculate that a new class of thera- 
peutics, complement inhibitory agents, may join the 
long list of useful drugs based on inhibiting the other 
blood enzyme cascades. 

Concluding Comments 
Despite their deceptive thinness in transverse section, 
ECs are highly active and responsive cells. It is clear 
from the foregoing discussion that ECs perform a 
multitude of functions, some of which occur constitu- 
tively and some of which are induced following acti- 
vation. Not all aspects of endothelial activation occur 
concomitantly; nevertheless, many activation re- 
sponses share common triggers and common mecha- 
nisms of cellular signal transduction. 

Many pathological and pathophysiological condi- 
tions involve situations that alter the normal interac- 
tions of ECs with blood-borne molecules and alter the 
communication systems between endothelium and 
other cell types. Thus conditions that do not necessar- 
ily involve loss or death of ECs may set the stage for 
later irreversible endothelial damage. All injuries to 
endothelial ceils result in alterations in vascular func- 
tion; these alterations may lead to acute inflammatory 
reactions and subsequently to long-term remodeling 
of vessels. On one way or another, vascular dysfunc- 
tion results and almost always involves compromise of 
hemostatic properties. It may well be that the ability 
of vessels to sustain local damage, leading to occlu- 
sion, may operate to preserve overall vascular function 
and to subserve the larger goal of homeostasis of the 
organism. Studies of the mechanisms underlying 
regulation of EC activation and interaction of ECs 
with hemostatic, inflammatory, immune, and 
complement systems should allow improved under- 
standing of modulations of EC structure, function, 
and behavior during a wide variety of diseases and 
lead to improved understanding of targets fur thera- 
peutic intervention. 
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Introduction 
Over the past 15 years the vasculature has been recog- 
nized as more than simply a conduit for the delivery 
of nutrients and oxygen. The vasculature is an organ 
composed of endothelial, smooth muscle, and fibro- 
blast cell types with an integrated system of 
autocrine-paracrine interactions. The vascular system 
is responsive to changes within both the vascular wall 
and target organs through the action of local factors 
that influence its structure and function. In this chap- 
ter, we review the anatomic and functional properties 
of the vasculature, with particular reference to the 
maintenance of vascular homeostasis. 

ANATOMIC CONSIDERATIONS 
The arterial vasculature, through a branching system 
of conduit vessels, carries blood from the heart to the 
capillaries, where the exchange of nutrients and waste 
products takes place. In addition to the transport of 
blood, these conduit vessels maintain arterial pressure 
and flow during diastole. The conduit vessels termi- 
nate in small arteries and arterioles that are the site of 
greatest hemodynamic resistance and are thus called 
resistance vessels. Resistance vessels, in combination 
with precapillary sphincters, modulate peripheral re- 
sistance, and thus, tissue blood flow. Resistance ves- 
sels also provide a reduction in hydrostatic pressure in 
the capillaries that prevents excessive transudation of 
plasma. The venous vasculature, in contrast, com- 
prises a series of capacitance vessels that, compared 
with the arterial system, exhibit a blunted pressure- 
volume relationship and ultimately transport blood 
back to the heart from tissues. The venous system also 
serves as a volume reservoir that maintains relatively 
constant arterial blood volume over a wide range of 
changes in total intravascular volume. 

As shown in Figure 9-1, the vessel wall consists of 
three concentric layers: (1) the tunica adventitia, the 
outermost layer, consisting primarily of fibroblasts 
and connective tissue on the extralumenal surface of 

the external elastic lamina; (2) the tunica media, com- 
posed of vascular smooth muscle, along with 
subintimal tissue located between the internal and 
external elastic laminae; and (3) the tunica intima, 
consisting of endothelial cells and a thin layer of 
collagen and elastin fibers located on the lumenal side 
of the internal elastic lamina. 

ADVENTITIA 
The adventitia consists of collagen, elastin, and other 
extracellular matrix interspersed with fibroblasts. 
The external elastic lamina is the layer of interwoven 
elastin fibrils between the adventitia and the media. 
The adventitia, along with the external elastic lamina, 
contribute to the compliance of a given blood 
vessel. For example, the aorta has a thick adventitia 
with a modest elastin content relative to collagen and, 
thus, is a relatively noncompliant vessel. In contrast, 
the pulmonary artery also has a thick adventitia, 
but it contains a higher proportion of elastin relative 
to collagen and is much more compliant. The 
anatomic layer inside the adventitia, the media, is 
also an important determinant of vascular 
compliance. 

MEDIA 
The media is composed of vascular smooth muscle 
cells enmeshed in collagen and elastin, and this layer 
is separated from tbe intima by the internal elastic 
lamina. This collagen and elasrin extracellular matrix 
forms a scaffold for the vascular smooth muscle cells 
and greatly contributes to the strength and compli- 
ance of the blood vessel wall. Using the example cited 
earlier the aorta has many layers of smooth muscle in 
the intima, with a great abundance of collagen and 
elastin in order to withstand arterial pressure. The 
pulmonary artery, in contrast, has fewer layers of 
smooth muscle with relatively more elastin, making 
it suitable for large changes in volume without much 
change in pressure. 
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TABI.E 9-1. Adrenergic influences on vascular smooth muscle 

Ligand 
Receptor preference Loca t ion  Physiologic effect 

oq-adrenergic NE > Epi Postjunctional 

ote-adrenergic NE > Epi Postjunctional 
Prejunctional 

~-adrenergic Epi > NE Postjunctional 

Increased release and intlux of Ca :+ 
and decreased intracellular cAMP 

Same as or_, receptor 
Reduces NE release in response to 

neuronal stimulation 
Increased cAMP and reduced 

intracellular Ca:* 

NE = nnrepinephrine; Epi = epinephrine: cAMP = cyclic 3',5"-adenosine monophosphate, 

Thus, the extracellular matrix is responsible for a 
number of structural and regulatory functions in the 
vessel wall. These functions are also complemented by 
the actions of vascular smooth muscle and endothelial 
cells, such as control of blood flow, vascular tone, 
thrombosis, fibrinolysis, and the modulation of vessel 
geometry. 

Control of Blood Flow 
The cardiovascular system ensures appropriate perfu- 
sion of tissues and organs of the body during rest as 
well as in conditions nfstress. This requires a complex 
interplay between neural, humoral, and local factors 
that affect the heart and vascular tone. At the 
precapillary level, active changes in vessel diameter 
that occur in response to vasoactive influences regu- 
late blood flow to specific tissues. These changes in 
vessel diameter are determined by the balance of vaso- 
constrictive and vasodilatory influences on vascular 
smooth muscle cells. 

NEURAL CONTROL OF VASCULAR TONE 
The vessel wall is innervated by sympathetic neurons 
that utilize norepinephrine as a neurotransmitter to 
act on o[- and 13-adrenergic receptors (Table 9-1). 
The sympathetic outflow to peripheral blood vessels 
originates in the reticular formation of the brainstem. 
In most blood vessels, o~-adrenergic receptors pre- 
dominate, and they are characterized by two subtypes, 
Oq and 0~,. The oq receptors are predominantly 
postjunctional and are present on vascular smooth 
muscle ceils of most large arteries. In contrast, @, 
receptors are predominantly prejunctional and, in re- 
sponse to activation, limit the prejunctional response, 
thus exerting a negative feedback. Postjunctional 
@,-adrenergic stimulation leads to smooth muscle cell 
contraction and vasoconstriction. 

In the coronary arteries, ~-adrenergic receptors are 
the predominant adrenergic receptors. The 13 recep- 
tors are alsn subdivided into [3~ and 13, subtypes. 13, 
receptors predominate in the coronary smooth 
muscle, whereas 132 receptors are more prevalent in 
the systemic vasculature. The postjunctional stimula- 
tion of 13 receptors leads to vasodilation. Under nor- 
mal physiologic conditions, neurally released 
norepinephrine predominantly stimulates postjunc- 
tional O~-adrenergic receptors on blood vessels, caus- 
ing vasoconstriction in the systemic circulation and 
activation of 13-adrenergic receptors in the coronary 
circulation, resulting in vasodilation [3-5]. The sys- 
temic vasoconstriction mediated by adrenergic release 
of norepinephrine is attenuated by the stimulation of 
prejunctional ~-adrenergic receptors. There is also 
evidence that o~ and ~ (specifically ~l) srimulation 
may lead to the generation of prostacyciin by endo- 
thelial cells in cardiovascular tissue that may, in part, 
modulate the vascular effects of adrenergic stimula- 
tion [6]. Adrenergic neural transmission is outlined 
schematically in Figure 9-2. 

The vessel wall is also innervated by parasympa- 
thetic nerves that utilize acetylcholine as a neuro- 
transmitter to activate muscarinic receptors. In 
general, the activation of muscarinic receptors has the 
opposite effect of adrenergic stimulation, namely, va- 
sodilation and a reduction of the heart rate. Activa- 
tion of cholinergic neurons results in vasodilation 
through two distinct mechanisms. The first, and most 
direct, mechanism ofcholinergic vasodilatinn appears 
to be dependent on the endothelium [5,7]. In experi- 
ments conducted in dogs, coronary vasodilation due 
to vagal stimulation was attenuated by inhibition of 
endothelial nitric oxide (NO) synthesis [8] (see later 
for further details). The second mechanism for cholm- 
ergic vasodilation is related to modulation of sympa- 
thetic tone. Some cholinergic nerves terminat~ ~ in 
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the prejunctional region of adrenergic neurons. 
Stimulation of these cholinergic nerves inhibits the 
release of norepinephrine and limits the extent of oc- 
adrenergic stimulation [9], thus reducing vasocon- 
striction and promoting vasodilation. 

ttUMORAL CONTROL OF VASCULAR TONE 
Circulating catecholamines and vasoactive peptides 
impact on the contractile state of vascular smooth 
muscle cells and, thus, vascular tone. The influence of 
circulating catecholamines on vascular tone is prima- 
rily a consequence of epinephrine generated in the 
adrenal medulla. Because physiologic levels of epi- 
nephrine primarily result in stimulation of peripheral 
13-adrenergic receptors, the overall effect of circulat- 
ing epinephrine is vasodilation, which results from an 
increase in smooth muscle cell cyclic 3',5'-adenosine 
monophosphate (cAMP). 

Circulating atrial natriuretic peptide, as the name 
suggests, is derived primarily from atrial myocytes 
and is released in response to elevations of atrial pres- 
sure. This peptide mediates vasodilation and de- 
creases blood pressure by activation of particulate 
guanylyl cyclase [ 10] in vascular smooth muscle cells. 
In addition, atrial natriuretic peptide produces an 
increase in glomerular filtration rate and renal blood 
flow, resulting in a natriuresis that counters any in- 
crease in atrial pressure. Other circulating peptides 
that influence vascular tone include glucagon and 
insulin. These peptides are derived from the pancreas, 
and their primary function is the regulation of glu- 
cose metabolism. In addition to their effect on glucose 
metabolism, both hormones produce vasodilation. 
Insulin induces vasodilation both by stimulation of 
endothelial NO production [ 1 1 } and direct activation 
of smooth muscle cell [3-adrenergic receptors [12]. 
Glucagon produces vasodilation through an increase 
in smooth muscle cell cAMP that is not mediated by 
[3-adrenergic receptors [ 13]. 

The humoral control of vascular tone also involves 
circulating facotors that mediate vasoconstriction, 
such as catecholamines and peptides, including an- 
giotensin II, arginine vasopressin, and endothelin. As 
stated earlier, the primary circulating catecholamine 
is epinephrine, which at normal circulating levels 
mediates vasodilation. Under conditions of stress, 
such as shock or vigorous exercise, however, plasma 
levels of norepinephrine increase and may produce 
peripheral vasoconstriction through stimulation of 
O~-adrenergic receptors. 

The renin-angiotensin system is an important hu- 
moral mediator of vascular tone through the action of 
angiotensin 1I, an octapeptide. Control of circulating 
angiotensin II levels begins in the kidney with the 

release of renin, an enzyme that catalyzes the conver- 
sion of plasma angiotensinogen to angiotensin I, 
a decapeptide with limited biologic activity. Circu- 
lating angiotensin I is then cleaved to the more active 
angiotensin II through the action of angiotensin 
converting enzyme in the pulmonary and, perhaps, 
peripheral circulation. The rate-limiting step in 
this process is renin-mediated production of angio- 
tensin I. 

Angiotensin II is among the most potent 
vasoconstrictors and acts on all manner of vascular 
smooth muscle, including conduit arteries, arterioles, 
and some veins. Angiotensin II also stimulates 
adrenal aldosterone production, resulting in renal so- 
dium reabsorption and an expansion in plasma vol- 
ume that serves to increase arterial pressure, Thus, 
circulating angiotensin II regulates vascular tone and 
arterial pressure, both through direct and indirect 
mechanisms. The important of circulating angio- 
tensin II in the control of arterial pressure is under- 
scored by the widespread use of angiotensin 
converting enzyme inhibitors as antihypertensive 
agents. 

Arginine vasopressin is a peptide released by the 
posterior pitutary gland in response to volume 
depletion or stimulation of low-pressure baroreeep- 
tots in the atrium and pulmonary vessels. The sys- 
temic response to vasopressin is dependent on the 
target circulation. In the cerebral circulation 
vasopressin produces vasodilation, whereas in the 
peripheral circulation the response to vasopressin 
is vasoconstriction. The effects of vasopressin are 
mediated by two classes of vasopressinergic receptors, 
V~ and V 2. The V~ subtype is located in the vascular 
wall in vascular smooth muscle cells and mediates 
peripheral vasoconstriction through a direct increase 
in cellular Ca ~'÷ and augmentation of postjunctional 
adrenergic responses. The V: receptors are principally 
responsible for water reabsorption in the distal 
nephron and, thus, indirectly modulate arterial pres- 
sure. In contrast to peripheral responses, the cerebral 
response to vasopressin is an endothelium-dependent 
process [14], resulting in NO-mediated vasorela- 
xation. The neurohumoral control of vascular tone is 
summarized in Table 9-2. 

LOCAL CONTROL OF VASCULAR TONE 
A variety of factors are produced and released by 
the endothelium to modulate vascular tone (Table 9- 
3). The important mediators in endothelial control 
of vascular tone include arachidonic acid 
derived cyclooxygenase and lipoxygenase products, 
endothelium-derived NO, endothelin, and angio- 
tensin II. 
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TABLE %2. Neural and humoral control of vascular tone 

Influence Mediator Effect 

Neural 
Sympathetic Norepinephrine 
Parasympathetic Acetylcholine 

t lumoral 
Catecbolamine Epinephrine 

Peptide 
Norepinephrine 
Atrial natriureric peptide 
Vasoactive intestinal peptide 
Glucagon 
Insulin 
Angiotensin II 

Vasoconstriction 
Vasodilation; attenuate alpha-adrenergic effect 

Arginine vasopressin 

TABLE 9-3. Endothelial mediators of vascular tone 

Secondary 
Agent Precursor messenger Effects Comments 

Vasoconstriction of skin and viscera vasculature (predominant 
alpha receptors); vasodilation of skeletal muscle vasculature 
(predominant beta receptors) 

Vasoconstriction 
Vasodilation by guanylyl cyclase 
Vasodilation via stimulation of adenylyl cyclase 
Vasodilation by a cAMP-dependent mechanism 
Vasodilator 
Vasoconstrictor; growth stimulatory properties; potentiates 

adrenergic influences 
Vasoconstriction; endothelium-dependenr vasodilation in cerebral 

vasculature 

Arachidonic acid 
products 

Prostacyclin PGI I: cAMP 

Leukotrienes Leukotriene A, 
(LTC,, LTD,, 
LTE~) 

EDRF/NO L-arginine 

Endothelin-1 Preproendothelin IP~, Ca 2+ 
channels 

Angiotensin 1I Angiotensinogen IP~ 

Vasodilation and inhibition 
of plateler 
aggregation/adhesion 

Conductance and resistance 
vessel vasoconstriction 

cGMP, K ÷ Vasodilation; inhibition 
channels of platelet aggregation/ 

adhesion 
Vasoconstriction 

Potent vasoconstriction 

Effects are additive effects with EDNO 
and antagonized by TxA: 

Effects impair the responses to EDNO 

Additive effects with prostacyclin 

Effects are antagonized by NO 

potentiates adrenergic influences 

EDRF = endothelium-derived relaxation factor; NO = nitric oxide; cGMP = c y c l i c  3',5'-guanosme monophosphate; cAMP = cyclic ~,',5'-adenosine monophos- 
phare; TxA: = thromboxane A,: IP, = inosirol triphosphate; PGH~ = prostaglandin endoperoxide; El)NO = endothelium-derived nitric oxide 

Arachidonic Acid Derivatives. A number of  arachi- 
donic acid~lerived lipid mediators play an important 
role in the regulation of vascular tone. The initial step 
in the generation of these vasoactive substances is the 
release of arachidonic acid from membrane phospho- 
lipids. This process begins by activation of receptors 
on the cell surface, followed by G-protein-coupled 
stimulation ofphospholipase C, an enzyme located on 
the internal surface of the plasma membrane. 

Phospholipase C catalyzes the hydrolysis of mem- 
brane-bound phosphatidylinositol-2,4-biphosphate 
(PIP 2) and results in the formation of inositol 1,4,5- 
triphosphate (IP 0 and diacylglycerol. Calcium is re- 
leased from intracellular storage sites, notably the 
sarcoplasmic reticulum, through the action of  IP~. In 
association with this increase in intracellular Ca '+, 
diacylglycerol stimulates translocation and activation 
of protein kinase C (PKC). Increased Ca 2+ also 
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activates phospholipase A,, releasing arachidonic acid 
from membrane phospholipids, and this represents 
the major source for arachidonic acid. The other 
source of arachidonic acid is diacylglycerol through 
the action of diacylglycerol lipase {15,16]. 

C),c/oox)genase System. Increased arachidonic acid 
serves as a substrate for cyclooxygenase, an enzyme 
that converts arachidonic acid into cyclic endoper- 
oxides, key precursor molecules for the formation of 
prostacyclin (PGIe), a potent vasodilator; thrombox- 
ane (TxA,,), a potent vasoconstrictor; and the other 
prostaglandins (PGE,, PGFea, and PGD,). Arachi- 
donic acid is initially converted into prostaglandin 
G,, which is then converted into prostaglandin H,, 
via the peroxidase activity of the cyclooxygenase en- 
zyme [16t. Prostaglandin H e then serves as the pre- 
cursor for the above-mentioned active compounds. 
Prostacyclin is the most important product of this 
system in the vessel wall and is generated from pros- 
taglandin H, in vascular smooth muscle cells and 
endothelial cells by the action of an enzyme, 
prostacyclin synthase. Thromboxane synthesis is 
principally important in the action of platelets [16]. 

Endothelial cells are the most important sire of 
prostacyclin formation. The production of pros- 
tacyclin is stimulated by a number of physiologically 
relevant stimuli, including increased shear stress in 
the vessel wall [ 17], hypoxia [18t, and neurohumoral 
mediators, such as thrombin and acetylcholine [16] 
(Figure 9-3). Prostacyclin exerts its physiologic effect 
by receptor-mediated stimulation of adenylyl cyclase 
in vascular smooth muscle cells and, thus, increased 
intracellular cAMP levels. Increased cAMP stimu- 
lates intracellular sequestration of calcium, producing 
at decrease in the intracellular Ca -,+ levels. These effects 
are mediated by cAMP-dependent protein kinase and 
probably cGMP-dependent protein kinase [19]. In 
smooth muscle cells, a decrease in Ca e* levels leads to 
relaxation and thus vasodilation. There is also evi- 
dence tn suggest that prostacyclin may cause re- 
laxation of coronary vasculature by opening 
outward-rectifying K + channels, leading to hyperpo- 
larization and relaxation [20]. 

Lipox),ge,~ase S)'stem. Arachidonic acid is also subject 
to oxidation via the lipoxygenase system, and the 
products of this reaction, the leukotrienes, play a role 
in regulation of vascular tone. The initial step in the 
generation of these vasoactive substances is the release 
of arachidonic acid from membrane phospholipids in 
response to appropriate agonists as described earlier. 
Under appropriate stimulatory conditions, including 
the presence of Ca '~ and adenosine triphosphate, 

lipoxygenase converts free arachidonic acid into the 
unstable epoxide, leukotriene A,. This compound is 
then converted into leukotriene B. and leukotriene 
C l . 

Leukotriene C, and its metabolites, leukotrienes D, 
and E ,  increase vascular permeability and contract 
vascular smooth muscle in both large [21] and resis- 
tance [22] coronary arteries. Leukotriene B, is a po- 
tent chemoattractant for neutrophils and stimulates 
adherence of neutrophils to the endothelial surface 
[23]. Other lipoxygenase derivatives may play a role 
in modulation of vascular tone in pathologic states. 
For example, isolated aortas of diabetic rabbits con- 
tain an increased level of the lipoxygenase product, 
15-hydroxyeicosatetraenoic acid, and this compound 
impairs endothelium-dependent vasodilation and 
may, in part, explain the endothelial dysfimctinn as- 
sociated with diabetes mellitus [24]. The precise role 
of lipoxygenase products in the modulation of basal 
vascular tone, however, is not knnwn. 

Endothelium-Derived Nitric Oxide. in 1980, 
Furchgott and Zawadzki noted that acetylcholine 
treatment of isolated vessels with intact endothelium 
leads to vasodilation, whereas de-endothelialized ves- 
sels respons with vasoconstriction [25]. These investi- 
gators hypothesized that endothelial cells produce a 
relaxing factor they termed endothdium-deiled rela,xi*lg 
fa,ror. Endothelium-derived relaxing factor has now 
been identified as NO or a closely related redox form 
of NO [26,27t, which is synthesized constitutively by 
endothelial cells through the action of NO synthase 
[28]. Its release is stimulated by a variety of agents, 
including shear stress, aggregating platelets, throm- 
bin, serotonin, acetylcholine, substance P, ~.-  
adrenergic agonists, and bradykinin, all of which act 
via specific endothelial cell membrane receptors [29] 
(see Figure 9-3). 

Nitric oxide is synthesized from L-arginine by the 
action of a family of enzymes, the NO synthases [30]. 
Three distinct subtypes of NO synthase have been 
described, and they' differ in subcellular location, 
regulation, and, thus, functional roles. For the pur- 
poses of this discussion, the endothelial NO synthase, 
known as eNOS, is the most relevant. This enzyme is 
constitutively active and has a N-myristoylation site, 
which results in its localization in the cell membrane 
[31]. Agonist activation of endothelial cell membrane 
receptors leads to a transient increase in intracellular 
Ca :~. The Ca ~'+ facilitates calmodulin association with 
eNOS to allow electron transfer from NADPH,  via 
flavin groups (flavin mononucleotide and flavin 
adenine dinuc[eotide) within NO synthase, to the 
active site on the enzyme [32]. This activation 
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FIGURE 9-3. Receptor-mediated control of vascular tone. 
In response to a number of physiologically relevant stimuli, 
endothelial cells produce both arachidonic acid and L- 
arginine derivatives that modulate vascular tone. The sec- 
ondary messengers for these signals in smooth muscle cells 
are distinct and thus act synergistically to limit inappropri- 
ate vasospasm. 

leads to the production of NO in the presence of 
cofactors such as tetrahydrobiopterin and glutathione 
[33]. 

Nitric oxide activates soluble guanylyl cyclase 
through an interaction with the heme component of 
this enzyme, leading to the generation of cyclic 3',5'- 
guanosine monophosphate (cGMP) in vascular 
smooth muscle cells. The cGMP stimulates cAMP 
phosphodiesterase, causing hydrolysis of cAMP. In 
addition, cGMP stimulates cGMP-dependent protein 
kinase, leading to phophorylation of Ca-'* transport 
proteins, with the net result being a decrease in the 
intracellular Ca t+. This decrease in the intracellular 
Ca 2+ results in relaxation and, thus, vasodilation. In 
this manner, cGMP serves as a secondary messenger 
for NO. There is also evidence that NO may also exert 
its effects through the stimulation of potassium chan- 
nels [34]. 

The importance of endothelium-derived NO in 
maintaining vascular tone is illustrated by the re- 
sponse of the blood vessels to aggregating platelets. 
Vasoconstriction in response to aggregating platelets 
in isolated blood vessel preparations has been demon- 
strated and is due to platelet release of serotonin and 
adenine nucleotides as well as the generation of 
thrombin. This effect is markedly attenuated in the 
presence of intact endothelium [35]. In fact, the pro- 
cess ofplatelet aggregation actually stimulates endot- 
helial cell generation of NO as part of a feedback 

mechanism to prevent excessive vasoconstriction. 
This effect is mediated by serotonergic and purinergic 
receptors on the endothelial surface that are stimu- 
lated in response to serotonin [361 and adenine nucle- 
otides [37], respectively. Thus, the endothelium is 
important in preventing excess vasospasm in response 
to aggregating platelets. 

Endothelin. Endothelin is a potent vasoconstrictor 
peptide released from endothelial cells [38]. Three 
subtypes ofendothelins have been recognized that are 
encoded by three distinct genes [39], although 
endothelin-I is secreted from endothelial cells. 
Endothelin-1 is first synthesized as preproendothelin, 
a 203 amino acid peptide that is converted to big 
endothelin-1 (proendothelin) by an endopeptidase. 
Proendothelin is then subject to hydrolysis in the 
vascular wall by endothelin converting enzyme into 
endothelin-1. Endothelin-1 is continuously secreted 
by cultured endothelial cells, and its expression is 
enhanced when endothelial cells are stimulated by 
hyperglycemia, hypoxia, thrombin, epinephrine, and 
mediators of inflammation such as interleukin-1 [ 15]. 
In vascular smooth muscle cells, endothelin-mediated 
constriction is initiated by binding ofendothelin-1 to 
endothelin receptors on vascular smooth muscle cells 
that activate phospholipase C. This, in turn, leads to 
an increase in mositol phosphates and diacylglycerol, 
causing increased intracellular Ca "+ via mobilization 
from intracellular stores [40]. Endothelin also acti- 
vates voltage-dependent Ca t* channels in vascular 
smooth muscle as a second mechanism of increasing 
intracellular Ca -'+ [41]. Vasoconstriction caused by 
endothelin is reversed with endothelium-derived 
vasodilators such as NO [42] and prostacyclin, as well 
as exogenous nitrates [421. This functional antago- 
nism between endothelin and endothelium-derived 
NO plays an important role in local regulation of 
vascular tone. 

Renin-Angiotensin S)'stem. Renin catalyzes tile con- 
version of angiotensinogen to angiotensin I, which is 
then converted into angiotensin II through the action 
of angiotensin converting enzyme. There is growing 
evidence that angiotensin II is produced in the heart 
and blood vessels, in part through the action of local 
angiotensin converting enzyme activity [43,44]. This 
observation is based on evidence that both the renin 
and angiotensinogen genes are actively transcribed in 
peripheral tissue. In addition, angiotensin converting 
enzyme activity has been demonstrated in peripheral 
tissue by enzyme activity assay, immunostaining, and 
autoradiographic studies [45]. With respect to blood 
vessels, angiotensin converting enzyme is found in 
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FIGURE 9-4 The renia~angioeensia system and the control 
of vascular rune. Angiotensin converting erlzyme acts bo~h 
to produce angiorensin ti (AIll~ and inactivaee bradykinin. 
The fbrmer action results in vasoconstriction via AI] recep= 
rots on the smooch muscle cell surface and an effective 
increase in norepinephrine (NE) through enhancement of 
both Local and content symparSet~c activity. The inactiva- 
tion of bradykinin further promotes vasoconserierioe 
dtrough a reduction in endothdfal celt production of nitric 
oxide (NO) and prostacyclin (PGI,), 

endothelial cells [44] and, to a lesser degree, in the 
advendda [43}o Tbe wide,ranging effects of 
angiotensfn Ii in bto<xt vessels are depiceed {n Figure 
9-4. 

The vasoconstrictive effects of angiotensin II are 
mediated through multiple mechanisms~ In ~'ascalar 
smooth muscle celts, ang~0rensi~ II sdmn!ates ~olt~ 
age,sensldve Ca> channels, 1ending m a rise in the 
intracel!ular calcium and. thus, vasoconstriction [46], 
Angiotensin II also enha~aces sympathetic activky by 
stimulation of preiuncdonal angiotensin II receptors 
on adrenergic ne~e endings, leading to augmented 
local release of norepinephrine in response to adreaer-- 
g~c stimulation ~47]. In addition, angiotensia H in~ 
hibks neuronal reuptake of norepinephrine, thus 
increasing ks half-life ac the neuromuscular interface 
and enhancing the effect of central nervous system 
sympad~edc outflow. 

In addition to the generation of angi0tensin H, 
angiotensin converting enzyme is the main pathway 
for degradation of bradykinin, a pepdde that is 
formed from the kininogens, Because bradyki~dn is a 
potent stimulus for the generarion o{ endorhelium- 
derived NO, inhibition 0f the angiotensin converting 
enzyme may indirectly increase ehe local concencra 
don of NO [48]. Thus, inhibition of anglotensln 

converting enzyme would not only inhibit the direct 
efibcts of angioEeasin II (Le., vasoconstriction, cellular 
proliferation}, but may also promote the formation of 
endotheliurn~derived NO, resulring m vasodiLation. 
in this manner, local vascular angiotensin converting 
enzyme aeriv,ry may exert a dual effect on vascular 
homeostasis. 

Coot,v~ Of After/al Paten 0 
The endothelium and underlying intimal connective 
tis.sue play a pivotal rote in maintaining normal blood 
fluidity and preventing imq~proprmre thrombus for  
marion. Endothelial cells constitutively produce 
aurocrme and paracrine fi~ctors that inhibit ptarelet 
adhesion and thrombus formation, and modulate fi- 
brinoLysis In addiriom many components of the 
exrracellular matrix rhar are produced by the endot- 
helium also contribute m the regulation of 
thrombosis. Under both normal and pathotogic con- 
ditions, endothelial denudation and turnover occurs 
In response, platelet adhesion and tbrombin genera- 
lion leads rn the fbrmarion of a fibrin plug that main= 
tams vascular integrity. In rhe following sccr:,on we 
discuss the major mediators of areetia parency, 

NEURAL CONTROL OF ARTERIAL PATENCY 
As discussed earlieL blood vessels are innervated by 
sympatheric and parasympathetic neurons Parasym- 
pathetic stimulation leads to vasodiLadon_ which ap- 
pears to Be dependent on the endothelium, ]ikely as 
consequence of NO generation. These observations 
raise rite possibility that parasympathetic stimulation 
may exert a beneficial effect on plareler adhesion. 
b~. com:ras~, sympathetic stimulation causes post- 
junctional O~-adrenergic stimulation, which may, in 
theory, increase the local eoncenrrauon of aorep~- 
nephrine and reduce r~e threshold for platelet aggre- 
gation_ The pr'ecise role of neural input in modulating 
Ioca~ control of ptatelet adhesion and thrombus fbr- 
marion, however, is no~ known. 

r HUMOR AL CONTROL OF ARTERIAL PATEN CY 
There is considerable evidence to indicate that cireu- 
[ating humoral factors have an influence on pIatelet 
"tone'" and, thus, the propensity towards adhesion and 
aggregadou. "Tile fact that epinephrine stimulates 
pLareler aggregation has been known [br some time 
[49]. and infusion of epinephrine results in platelec 
act1~atlon m vivo [50}. These findings have prompted 
speculation d?ar circulating catecholarnines may 
modulate rhe ptarelet propensity for aggregarion. 
Support for this hypothesis is derived from oBserwa- 
dons rhar epinephrine release from the adrenal 
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medulla follows a circadian pattern and has been 
implicated in the timing of myocardial infarction 
[51t. 

There is also evidence that resistance vessels may 
influence systemic platelet tone. For example, Yao 
and colleagues found that inhibition of constitutive 
nitric oxide synthesis with N(Lmonomethyl-L - 
arginine (L-NMMA) induced platelet adhesion and 
aggregation to injured segments of dog coronary ar- 
tery [52]. These injured arterial segments were de- 
void ofendothelium and, thus, unable to produce NO 
[25], suggesting that systemic NO production by the 
endothelium, in part, modulates platelet function. 
Thus, circulating humoral substances may impact on 
platelet adhesion and aggregability, and play a role in 
vascular homeostasis. 

LOCAL CONTROL OF ARTERIAL PATENCY 

ArachidonicA~dProducts. A number ofarachidonic 
acid derivatives are important in the modulation of 
hemostasis. As discussed earlier, release ofarachidonic 
acid from the cell membrane leads to enzymatic oxi- 
dation of the arachidonic acid by cyclooxygenase and 
lipoxygenase to generate bioactive mediators of 
vascular function. As we discuss later, these arachi- 
donic acid derivatives also modulate local platelet 
function. 

Cyclooxygenase System. Prostacyclin is produced in 
endothelial cells by the action of cyclooxygenase and 
prostacylcin synthase, as described earlier. In addition 
to its effects on vascular smooth muscle, prostacyclin 
in also a potent inhibitor of platelet aggregation. As 
with vascular smooth muscle cells, prostacyclin acti- 
vates platelet adenylyl cyclase, leading to the genera- 
tion of cAMP. This increase in cAMP activates 
cAMP-dependent protein kinase and blunts the Ca 2* 
rise associated with platelet stimulation and, thus, 
inhibits platelet aggregation [53]. Thus, endothelial 
cell production of prostacyclin contributes to the 
maintainence of vessel patency through both vasodi- 
lation and inhibition of platelet aggregation. 

The fate of arachidonic acid is cell specific. For 
example, unlike endothelial cells, arachidonic acid 
oxidation in platelets by cydooxygenase ultimately 
leads to the formation of thromboxane A2, a potent 
stimulant of vasoconstriction and platelet aggrega- 
tion. Platelet stimulation leads to phospholipase C -  
mediated liberation of arachidonic acid, which is 
oxidized to prostaglandin He, as discussed earlier. 
Platelets, however, contain no prostacyclin synthase. 
Instead, thromboxane synthase is freely available in 
platelets and catalyzes the formation of thromboxane 

A 2 from prostaglandin H> Thus, in the blood vessel 
wall arachidonic acid release generates prostacyclin, 
whereas in platelets it generates thromboxane A,. 

Lipoxygenase System. Platelet-derived arachidonic 
acid is a substrate for both cyclooxygenase and 
lipoxygenase in the platelet [54]. The precise role of 
lipoxygenase in the local control of platelet function 
is not well defined. Inhibition of lipoxygenase en- 
hances the aggregation response to arachidonic acid, 
perhaps by making more substrate available for 
cyclooxygenase-mediated thromboxane formation 
[55]. Lipoxygenase products, such as the hydropero- 
xyeicosatetraenoic acids (HpETEs), also sensitize 
platelets to arachidonate-mediated aggregation [55]. 
Recent data by Freedman and colleagues [56], have 
shed light on the mechanism for this observation. 
These investigators found that HpETEs impair NO- 
mediated platelet inhibition, and this effect is reversed 
by glutathione peroxidase. Because platelets are 
known to produce NO during aggregation [57], it is 
possible that lipoxygenase products, such as HpETEs, 
impair the feedback regulation of platelet aggrega- 
tion by NO. 

Endothdium-Derived Nitric Oxide. Platelet adhe- 
sion and aggregation are inhibited by NO via 
mechanism(s) similiar to that for vasodilation 
[58,59]. Nitric oxide leads to an increase in the plate- 
let cGMP, blunts the calcium rise in the platelets in 
response to agonists of platelet aggregation, and re- 
duces fibrinogen binding to platelets [60]. The clini- 
cal relevance of these observations in human vascular 
disease is emphasized by observations that atheroscle- 
rotic vessels demonstrate a defect in the effective re- 
lease of endothelium-derived NO [61]. Given that 
clinical manifestations of atherosclerosis, such as un- 
stable angina [62] and myocardial infarction [63], 
involve platelet activation and thrombus formation, it 
is attractive to speculate that impaired action of en- 
dothelium-derived NO plays some role in this 
process. 

LOCAL CONTROL OF THROMBOSIS/ 
FIBRINOLYSIS 
The fibrinolytic system is responsible for feedback 
regulation of clot formation and clot dissolution. 
Plasminogen activators are principal components of 
the fibrinolytic system and catalyze the conversion of 
plasminogen to plasmin, a serine protease that cata- 
lyzes fibrin degradation [64], Tissue-type plasmino- 
gen activator (t-PA) and single-chain urokinase-type 
plasminogen activator are the two main endogenous 
plasminogen activators, and they are constitutively 
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synthesized by endothelial cells [651. In tissue 
culture, physiologic stimuli associated with clot for- 
mation (i.e., thrombin, activated protein C, and 
histamine) stimulate endothelial cell tissue-type plas- 
minogen activator production [66,67]. 

Endothelial cells also exert another level of control 
over the fibrinolytic system through the secretion of 
plasminogen activator inhibitors [68]. Plasminogen 
activator inhibitor is a glycoprotein serine protease 
inhibitor and the primary inhibitor of plasminogen 
activators in vivo. Like tissue-type plasminogen acti- 
vator, the synthesis of plasminogen activator inhibi- 
tor-I (PAl- l )  is regulated by a number of relevant 
stimuli, including thrombin [69], inflammatory 
cytokines, endotoxin, and angiorensin II [70]. 
High PAI-1 activity and low t-PA activity have 
been demonstrated in patients with coronary artery 
disease [71,72t and diabetes [73], suggesting that 
altered endothelial control of fibrinolysis may be im- 
portant in the clinical expression of coronary artery 
disease. 

Renin-Angiotensin System and Fibrinolysis. Clinical 
studies of angiotensin converting enzyme inhibitors 
in patients with left ventricular systolic dysfunction 
tbllowing a myocardial infarction demonstrate a 
significant decrease in recurrent myocardial infarc- 
tion and ischemic events [74]. Furthermore, 
hypertensive patients with high plasma renin levels, 
and presumably high angiotensin II activity, have a 
higher risk of a myocardial infarction than 
hypertensive with a normal plasma renin level [75]. 
These clinical observations led to speculation that 
there was a link between the renin-angiotensin sys- 
tem and fibrinolytic system. Vaughan and colleagues 
shed light on these speculations by demonstrating 
that angiotensin II induced the release of PAI-1 from 
cultured endothelial cells [70]. In addition, increased 
circulating levels of PAI-1 are observed following 
infusion of angiotensin II [76]. Thus, it appears that 
local angiotensin II production can cause the genera- 
tion of PAl- l ,  increasing the plaminogen activator 
inhibitor to plasminogen activator ratio, creating a 
thrnmbogenic local environment. Furthermore, an- 
giotensin converting enzyme catalyzes the degrada- 
tion of bradykinin, a stimulant for endothelial 
expression of prostacyclin and endothelium-derived 
NO. These findings lend credence to the hypothesis 
that local angiotensin converting enzyme activity 
may contribute to the development of coronary 
pathology. 

Thrombomodulin. Thrombomodulin is a cell-surface 
protein that is abundantly present on endothelial cells 
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FIGURE 9-5. The interaction nf thrnmbomodulin and 
thrombin on the endothelial cell surf:ace. In respcmse to 
activation, thrombin binds to thrombomodulin on the 
endothelal cell surface, producing a dual effect. The first is 
to catalyze the activation of protein C, ultimately produc- 
ing inactivation o( activated clotting factors Vlll and V, 
and thus, f;eedback inhibition of thrombin formation. The 
second effect is to facilitate thrombin inactivation by endot- 
helial cell endocytosis. 

and is important for endothelial cell control nfthrom- 
bin activity (Figure 9-5). Activation of the coagula- 
tion cascade leads to the formation of thrombin, 
which binds to thrombomodulin, accounting for 
50-60% of thrombin binding sites on endothelial 
cells. The thrombin-thrombomoduiin complex is 
internalized into the cell by endocytosis, leading to 
degradation of thrombin [77]. The free throm- 
bomodulin then returns to the cell surface and is 
available for binding. In addition, the thrnmbin-  
thrombomodulin complex activates protein C, a natu- 
rally occuring vitamin K~lependent anticoagulant 
[78]. Activated protein C, in the presence of activated 
protein S, rapidly degrades activated factors VIII and 
V [78-80].  Thus, thrombomodulin serves as an cn- 
dothelium-dependent physiologic anticoagulant by 
removing thrombin from the circt, lation and by acti- 
vating protein C. Activated protein C also exerts an 
anticoagulant effect by inhibition of plasminogen ac- 
tivator inhibitor [81], thus filrther promoting local 
fibrinolysis. 
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EXTRACELLULAR MATRIX 
As discussed earlier, extracellular matrix provides 
structural integrity to the vessel wall. In addition, 
the extracellular matrix of subintimal tissue plays an 
important role in the control of arterial patency. 
Glycosaminoglycans and proteins present in the 
subintimal tissue serve as cofactors for impor- 
tant antithrombotic influences as well as key mol- 
ecules for primary hemostasis, and these are discussed 
later. 

Glycosaminoglycans. Heparan sulfate and dermatan 
sulfate are glycosaminoglycans present in the extra- 
cellular matrix and subendothelial connective tissue, 
and play an important role in the maintenance of 
blood fluidity. Heparan sulfate and heparin-like 
proteoglycans are ubiquitous in the vasculature and 
are most abundant in the microvasculature, where 
they are tightly bound to endothelial cells [82}. 
Antithrombin III is a serine protease inhibitor that 
circulates in plasma, and its physiologic action is to 
neutralize thrombin. Antithrombin III inactivates 
thrombin at a slow rate; however, this inactivation is 
markedly enhanced by binding ofantithrombin-IlI to 
heparin or heparan sulfate on the endothelial cell 
surface [82]. In addition to its effect on thrombin, 
antithrombin III inactivates the activated coagulation 
factors XII, XI, X, and IX. 

Dermatan sulfate is present primarily in sub- 
intimal connective tissue and exerts an anti- 
thrombotic effect through heparin cofactor II. Hep- 
arin cofactor II is a glycoprotein present in plasma 
that is also a specific inhibitor of rhrombin. Heparin 
cofactor II neutralizes thrombin at a rate that ap- 
proaches that of the antithrombin III saturated with 
heparin [83]. Dermatan sulfate catalyzes the forma- 
tion of a heparin cofactor lI- thrombin complex, 
which enhances the heparin cofactor II-mediated 
inhibiton of thrombin approximately 1000-fold. 
Thus glycaosaminoglycans in the intimal and 
subintimal connective tissue exert antithrombotic 
properties that contri-bute importantly to the main- 
tenance of vascular homeostasis. 

Proteins. Proteins located in the subintimal tissue, 
such as vitronectin, von Williebrand factor (vWF), 
and collagen, also contribute to the maintainence of 
blood fluidity and the response to endothelial injury. 
Vitronectin is a single-chain glycoprotein found in 
plasma and platelet granules, and bound to the 
subintimal connective tissue. Plasminogen activator 
inhibitor-1 binds to and is stabilized by vitronectin in 
plasma and subintimal connective tissue within the 
vessel wall. Because plasminogen activator inhibitor- 

1 inhibits the action of plasmin, tissue-type plasmi- 
nogen activator, and activated protein C, vitronectin 
indirectly modulates fibrinolysis within the vascular 
wall [64]. 

Von Williebrand factor is another protein that is 
synthesized and expressed by endothelial cells [84]. 
The presence of vWF in plasma and subendothelial 
tissue is important for the initial response to vascular 
injury associated with the loss ofendothelium. In this 
respect, vWF has two important function: (1) vWF 
is necessary for platelet adhesion to the denuded vas- 
cular wall, particularly in high shear stress conditions; 
and (2) vWF serves as a carrier of factor VIII, a 
cofactor for activation of factor X. With vascular in- 
jury and loss of the endothelium, collagen-bound 
vWF is exposed to the circulation, and plasma vWF 
binds to the exposed collagen. This layer of vWF 
facilitates platelet adhesion to the injured vessel sur- 
face, which is mediated by the glycoprotein lb recep- 
tor on platelers. Adherent platelets become activated 
and release preformed storage granules, which result 
in platelet aggregation and the formation ofa platelet 
plug. 

Vascular Remodeling 
Endothelial injury is an obligate byproduct of both 
normal and pathologic events, such as shear stress, 
elevated blood cholesterol, and mechanical fitctors. 
Despite the fact that endothelial injury results from a 
variety of stimuli, the blood vessel response to this 
injury is, in many ways, uniform. The loss of end- 
othelium from an arterial segment initiates a cascade 
of events that begins with the accumulation of 
plarelets at the site of injury and ultimately leads 
to a focal accumulation and proliferation of smnoth 
muscle cells and their extracellular matrix. In the 
following section, the arterial response to injury is 
reviewed, with particular reference to its implica- 
tions for hemostasis and the control of vascular 
tone, 

The response to acute vascular injury can be 
divided into three stages. In the first stage, platelets 
adhere to the de-endothelialized surface of the vessel 
and become activated. As a consequence, growth and 
chemotactic factors are released and initiate the re- 
cruitment and activation of smooth muscle cells and 
mononuclear cells as the second stage of the 
injury response. In the final stage, these activated cells 
produce a number of cytokines and growth factors 
that result in smooth muscle cell proliferation and 
matrix production, leaving the arterial segment 
with a proportionally larger intima than a normal 
artery. 
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PLATELET ADHESION AND THE INITIAL 
RESPONSE TO INJURY 
Removal of the endothelium exposes the intimal con- 
nective tissue and extracellular matrix to the circula- 
tion. The presence of vWF in the subendothelial 
connective tissue facilitates platelet adhesion to the 
de-endothelialized vessel segment. Platelet adhesion 
is followed by platelet aggregation, resulting in the 
release of serotonin, adenosine triphosphate, and fi- 
brinogen at the site of injury. These platelet products 
lead to continued platelet adhesion and aggregation 
and the formation of a platelet plug. Among other 
platelet contents released during this response is 
platelet-derived growth factor (PDGF). The primary 
function of this peptide is the induction of smooth 
muscle cell migration from the arterial media to the 
intimal space. Other factors released by the platelet 
include transforming growth f:actor-~ (TGF-~), basic 
fibroblast growth factor (bFGF), and platelet-derived 
endothelial cell growth factor (PD-ECGF). 

Platelet products released at the site of arterial 
injury also impair the endogenous homeostatic func- 
tions of the vascular wall. For example, platelets also 
release an endoglycosidase that cleaves heparin 
proteoglycan from the surface of remaining endothe- 
lial cells and adjacent smooth muscle cells. Because 
heparins in the vessel wall inhibit smooth muscle cell 
proliferation, the removal of these proteoglycans by 
endoglycosidase activity renders smooth muscle cells 
more receptive to growth factors. The loss of heparins 
from the vessel wall also facilitates activation of the 
coagulation cascade because the formation of throm- 
bin-anti thrombin III complexes is reduced. 

SMOOTH MUSCLE CELL ACTIVATION 
In response to PDGF, smooth muscle cells leave the 
media and migrate to the intimal space, where they 
become activated and assume a "secretory" pheno- 
type. This migration of smooth muscle (ells is associ- 
ated with profound alterations in functional 
characteristics of both vascular smooth muscle cells 
and endothelial cells. Smooth muscle cell migration 
in response to PDGF involves the local generation of 
plasmin and an increase in the fibrinolytic activity of 
the vascular wall. Specifically, activation of plasmin 
by t-PA in the blood vessel wall is associated with 
extracellular matrix degradation [85]. Recent evi- 
dence has implicated T-cell production of 
interleukin-4 and gamma-interferon as important 
mediators of smooth muscle cell migration. 

As discussed previously, heparin and heparin-like 
proteoglycans in the blood vessel wall usually limit 
smooth muscle cell migration and proliferation. 
In the setting of vascular injury, however, endothelial 

cells are temporarily unavailable for proteoglycan 
synthesis. In addition, smooth muscle cell migration 
and proliferation are also facilitated by the removal of 
heparins in the vascular wall by the endoglycosidase 
activity derived from platelets. Thus, vascular injury 
is associated with an impaired function of the hep- 
arin-like glucosaminoglycan components of the vas- 
cular wall. 

During the migration and proliferation of intimal 
smooth muscle cells, the endothelium begins to mi- 
grate from be border zone of the injured segment. The 
absence of endothelium is an important component of 
tile proliferative response. Normally, the endothe- 
lium produces NO, which may act to limit smooth 
muscle cell migration, proliferation and, thus, inti- 
real thickening. In Fact, treatment of injured rabbit 
vessels with an NO donor prevents smooth muscle 
cell migration and intimal proliferation [86]. With-  
out an overlying endothelium, the contribution of 
NO to vascular homeostasis is lost. In addition, when 
the endothelium does regenerate, it is dysfunctional 
and, thus, may further contribute to persistent 
smooth muscle cell matrix production late in the 
response to injury. 

MATRIX PRODUCTION AND REMODELING 
With  the recovery of the endothelium and the arrival 
of smooth muscle cells in the intima, the production 
of extracellular matrix continues. The major extracel- 
lular matrix component, fibronectin, becomes replaed 
with proteoglycan. The intimal fibroblasts and 
smooth muscle (ells synthesize chondroitin sulfate 
and dermatan sulfate, principally in response to TGF- 
[3. Both of these proteoglycans promote cell migra- 
tion and proliferation, in effect further stimulating 
the proliferation of intimal components and en- 
croaching upon the vessel lumen. Eventally, endothe- 
lial cell production of heparin leads to the slowing 
of smooth muscle cell proliferation, although 
proteoglycan synthesis is not necessarily curtailed. 
The recovery of endothelial integrity is accompanied 
by an increase retention of proteoglycan in the inti- 
mal space and further intimal hyperplasia. Complete 
restoration of vascular homeostasis requires up to 6 
months. 

Conclusions 
In conclusion, blood vessels are structuraly composed 
of endothelium, vascular smooth muscle cells, and 
extracellular matrix. In addition to being conduits for 
blood, the vessel wall plays a critical role in the 
maintainence of vascular homeostasis, These include 
control of vascular tone and blood flow, control of 
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arterial patency th rough  modula t ion  of the hemo- 
static and fibrinolytic systems, and modula t ion  of 
g rowth  factors. The control  and modula t ion  of these 
physiologically impor t an t  funct ions is the sum total  
of the checks and balances of neural influences medi-  
ated by the  autonomic  nervous system, humoral  influ- 
ences mediated by circulat ing mediators,  and local 
factors generated in the vessel wall. 
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10. CORONARY VASCULAR 

PHARMACOLOGY 

Marco N.  Diaz and Richard A. Cohen 

Introduction 
This chapter reviews a basic understanding of coro- 
nary artery physiology and pharmacology. Mecha- 
nisms of physiological control of coronary blood flow 
are discussed first. This serves as a basis for a discus- 
sion of the major classes of drugs used clinically 
which affect coronary blood flow including nitrates, 
angiotension converting enzyme inhibitors, calcium 
channel blockers, and alpha- and beta-adrenergic an- 
tagonists. The mechanism ofactlon of each drug class, 
the evidence for its effects on coronary blood flow, and 
its clinical use in myocardial infarction, and acute and 
chronic myocardial ischemia are reviewed. 

Physiologic Regulation of Coronary 
Blood Flow 
Coronary blood flow is normally regulated directly in 
response to cardiac work. Although metabolic rate is 
the primary determinant of coronary blood flow, ex- 
travascular compressive forces, and local factors, in- 
cluding autoregulation, neurotransmitters, and 
endothelial factors, play a significant role (Figures 10- 
1 and 10-2). Cardiac work is determined primarily by 
contractility, tension of the myocardium, and heart 
rate. 

METABOLIC REGULATION 
Normally, coronary blood flow increases linearly as 
myocardial oxygen demand increases, primarily re- 
lated to coronary vasodilatation as a result of the 
accumulation of several metabolic mediators [1]. 
Metabolic autoregulation of coronary blood flow has 
been attributed to changes in oxygen or carbon diox- 
ide tension, vasodilator metabolites such as adenosine 
or lactate, or changes in hydrogen or potassium ions 
that accumulate in the underperfused myocardium 
and reduce coronary vascular resistance [2]. Adenos- 
ine, a strong coronary vasodilator, is formed during 
states when ATP utilization exceeds the capacity of 

myocardial cells to synthesize high-energy phos- 
phates, resulting in accumulation of AMP [1]. Local 
accumulation of potassium, hydrogen, and calcium 
ions and increased osmolality also appear to be in- 
volved in coronary vasodilatation during increased 
metabolic demand [2]. Other potential metabolic 
mediators of coronary blood flow include other nude- 
otides, prosraglandins, and kinins [2}. 

AUTOREGULATION 
The phenomenon ofautoregulation refers to the non- 
linear relationship between blood pressure and blood 
flow. Autoregulation in the coronary vascular bed 
maintains blood flow relatively constant over a range 
of blood pressure between 60 and 130mmHg [2]. 
Autoregulation may, in part, be secondary to changes 
in coronary vascular tone occurring as a result of 
myogenic responses of the smooth muscle cells to the 
varying stretch exerted by coronary perfusion pressure 
[1]. In this way, increased coronary perfusion pressure 
stimulates vascular smooth muscle contraction, re- 
sulting in increased coronary vascular resistance and 
maintenance of stable coronary flow [l] .  Several other 
mechanisms have been implicated in autoregulation, 
including metabolic factors, release of vasoactive sub- 
stances from the endothelium (see later), and ex- 
travascular compressive forces. 

PHYSICAL FACTORS REGULATING CORONARY 
BLOOD FLOW 
The arterial pressure gradient between the aorta and 
the left ventricle during diastole plays a significant 
role in determining coronary blood flow. Normally if 
the diastolic pressure is elevated, no change in coro- 
nary blood flow occurs due to autoregulation. How- 
ever, as the diastolic pressure drops to very low levels, 
the coronary bed is maximally dilated and coronary 
blood flow is then linearly correlated with perfusion 
pressure [1]. Because coronary blood flow occurs pri- 
marily during diastole, the time spent in diastole 
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correlates in a linear fashion with coronary blood flow. 
Thus, as the heart rate increases, coronary blood flow 
per cardiac cycle declines. In addition to affecting the 
diastolic filling period, an increase in heart rate results 
in increases in coronary blood flow, owing to in- 
creased myocardial oxygen demand and changes in 
aotoregulation. Systemic arterial pressure also con- 
tributes to the regulation of coronary blood flow by 
influencing myocardial wall tension and myocardial 
oxygen demand [2]. Myocardial contractility in- 

Determinants of Coronary Artery Resistance 

Supply 
Coronary Blood Flow: 

Metabolism 
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FIGURE lO-I. Determinants of coronary artery resistance. 

creases myocardial oxygen consumption as well. 
Thus, several factors that increase myocardial oxygen 
consumption mediate increases in coronary blood 
flOW, 

Once blood has entered the epicardial conductance 
coronary vessels, there is little resistance to flow until 
reaching the intramural vessels and coronary arteri- 
oles [2]. The dense capillary network of resistance 
vessels possesses sphincters that regulate flow, de- 
pending on the needs of the myocardium. This 
capillary density is reduced in left ventricular 
hypertrophy. Collateral vessels, which are anasto- 
motic connections without intervening capillary beds 
between the same or different coronary arteries, also 
influence coronary bhx~ flow. These vessels develop 
under conditions of repeated ischemia or occlusion of 
coronary arteries, and can be influenced by the same 
metabolic, autoregulatory, and humoral influences as 
the noncollateral coronary circulation, but to different 
degrees [2], 

t fUMORAL REGULATION 
Large coronary vessels have alphaL, alpha_,, beta1, and 
beta, receptors, while small vessels have predomi- 
nantly beta, receptors [1]. Circulating catechula- 
mines, norepinephrine, and epinephrine can cause 
coronary constriction by stimulating alpha- 
adrenoreceptors of conductance vessels and coronary 
resistance vessels, although coronary smooth muscle 
also possesses beta-adrenoreceptors, which mediate 
counteracting vasodilatation [ l ]. The direct action of 

Determinants of Coronary Artery Blood Flow 
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FIGURE 10-2. Determinants of cornnary artery blood flow. 
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catecholamines on coronary smooth muscle may be 
overwhelmed by their indirect effect on myocardial 
metabolism by increasing afterload, heart rate, and 
contractility, resulting in coronary vasodilatation. 
Similarly, angiotensin II produces coronary vasocon- 
striction, which is partially offset by increases in myo- 
cardial oxygen demand secondary to increased 
systemic pressure, left ventricular wall stress, heart 
rate, and contractility [1 ]. In addition, angiotensin II 
may also mediate the release of prostaglandins E 2 and 
I 2, which produce coronary vasodilatation [ 1 ]. Several 
circulating substances mediate coronary vasodilata- 
tion by increasing myocardial oxygen demand, in- 
cluding thyroid hormone, glucagon, and histamine 
[1], 

NEURAL REGULATION OF CORONARY 
BLOOD FLOW 
Coronary vessels are innervated by both adrenergic 
and parasympathetic nerve fibers. Stimulation of car- 
diac sympathetic nerves causes coronary vasoconstric- 
tion via stimulation of alpha-adrenoceptors when the 
inotropic and chronotropic effects on the myocardium 
and the direct beta-adrenoceptor effects are blocked 
[1]. As with the humoral effects of catecholamines, 
the many neural vasoconstrictor effects are over- 
whelmed by the vasodilatory effects produced by en- 
hanced myocardial metabolism [ 1]. 

Stimulation of the parasympathetic nerves produce 
both coronary vasodilatation and vasoconstriction in 
experimental animal models. The cholinergic neu- 
rotransmitter, acetylcholine, can cause direct coronary 
smooth muscle contraction, or vasodilatation via 
stimulation of endothelial cells. In intact animals 
stimulation of the vagus nerve results in bradycardia 
and a reduction in contractility, resulting in a decline 
in myocardial oxygen demand and secondary coronary 
vasoconstriction [1]. In summary, the direct effects 
of both vagal and sympathetic neural input on coro- 
nary vascular tone are modulated, to a large degree, 
by the indirect effects of neural input on myocardial 
oxygen demand and subsequent metabolic 
regulation. 

ENDOTHELIAl. REGULATION OF CORONARY 
BLOOD FLOW 
The coronary endothelium produces several vasoac- 
rive substances that play a crucial role in the regula- 
tion of coronary blood flow. Nitric oxide is 
synthesized by the endothelium via metabolism of the 
amino acid L-arginine [2], and this free radical is 
released from endothelial cells through the activation 
of multiple receptors, including muscarinic, throm- 
bin, histamine, vasopressin, alpha-adrenoceptors, and 

serotonergic receptors [2]. Nitric oxide release can be 
stimulated by acetylcholine, thrombin, bradykinin, 
thromboxane A 2, histamine, platelet aggregation, and 
catecholamines stimulating alpha 2 receptors [2]. This 
endothelial product acts on smooth muscle cell 
guanylyl cyclase to increase intracellular cyclic 
guanosine monophosphate (cyclic GMP), which sub- 
sequent[y inhibits calcium release from the sarcoplas- 
mic reticulum and entry via calcium channels, 
resulting in vascular smooth muscle relaxation [2]. 
In addition, nitric oxide causes hyperpolarization of 
the smooth muscle cell membrane, which mediates 
smooth muscle relaxation [21. The continuous basal 
release of nitric oxide contributes to normal resting 
vascular tone [2], and its basal formation is regulated 
by shear forces on endothelial cells, enabling autore- 
gulation of coronary artery diameter via changes in 
blood flow. A number of substances produced by 
endothelial cells, including endothelin, serotonin, 
and prostaglandins, may produce opposing vasocon- 
striction [2]. Prostacyclin, another prostaglandin pro- 
duced by endothelial cells, causes coronary artery 
vasodilatation by increasing smooth muscle intracel- 
lular cAMP [2]. 

Nitrates 

MECHANISM OF ACTION 
The family of compounds containing -ONO, groups, 
such as nitroglycerin, isosorbide dinitrate, and 
isosorbide-5-mononitrate, shares a potent vaso- 
dilatory effect. On a biochemical level, nitrates inter- 
act with sulfhydryl groups at the level of the plasma 
membrane to form nitric oxide or S-nitrosothiols [3]. 
These compounds then activate guanylyl cyclase to 
produce cyclic GMP [3]. As previously outlined, this 
results in protein kinase G activation, protein phos- 
phorylation, a decrease in free intracellular calcium, 
and vascular smooth muscle relaxation. Sulflwdryl 
groups are required for both the lbrmation of nitric 
oxide and for the stimulation of guanylyl cyclase. 
Nitroglycerin-induced vasodilatation can be en- 
hanced by administration of N-acetyl-L-cysteine, a 
compound that increases the availability of 
sulphydry[ groups [4]. 

The vasodilatory effect of nitrates occurs in both 
the venous and arterial circulation, but their hemody- 
namic effects are due predominantly to their effect on 
the venous circulation. The decrease in venous tone 
results in sequestration of blood in the venous capaci- 
tance bed, particularly in tile limbs, and in splanchnic 
and mesenteric circulations [3]. The decline in blood 
return to the heart reduces preload, right and left 
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ventricular volume, and wall tension. In addition to 
venodilation, the reduction in arterial tone caused by 
nitrates results in a modest reduction in afterload. 
Taken together, these hemodynamic effects of nitrates 
lead to a decline in systolic and diastolic ventricular 
wall tension and a resultant reduction in myocardial 
oxygen demand [5]. The vasodilation due to these 
metabolic effects of nitrates reinforces their direct 
effects on coronary smooth muscle. 

EFFECTS ON CORONARY CIRCULATION 
The effect of nitrates on coronary blood flow in pa- 
tients with atherosclerotic coronary artery disease in- 
volves a complex interaction between its effect on 
myocardial metabolism, hemodynamics, the endothe- 
lium, and vascular smooth muscle. It has been dem- 
onstrated by angiographic quantitative analysis that 
nitrates dilate the larger conductance coronary arter- 
ies, particularly at the site of epicardial coronary 
stenosis [6]. Elliptical or eccentric coronary artery 
stenotic lesions contain vascular smooth muscle in the 
wall, which retains its ability to vasodilate in response 
to nitroglycerin, While the magnitude of dilatation 
after nitroglycerin treatment may be small in terms of 
increased luminal diameter, it is substantial in terms 
of the reduction in stenosis resistance [6]. While 
some studies have demonstrated that this reduced 
stenotic resistance results in increased coronary blood 
flow [7], other studies have not substantiated this 
effect [8,9]. 

Despite this controversy, several studies have de- 
monstrated improved regional or ischemic zone blood 
flow in the setting of coronary atherosclerosis after 
nitroglycerin [10-12]. Cohn and colleagues demon- 
strated that nitroglycerin equally reduced the blood 
pressure-heart rate product in both patients with 
angiographic coronary artery stenosis and in those 
with normal coronary arteries [ 12]. In addition, using 
a xenon-133 washout technique, it was shown that 
nitroglycerin increased coronary vascular resistance 
and decreased myocardial blo~.t flow in patients with 
either normal or diseased coronary arteries. It is 
hypothesized that this occurs secondary to autore- 
gulation of coronary resistance vessels in response to 
reduced myocardial oxygen demand. Despite this re- 
duction in overall coronary blood flow, ischemic zone 
blood flow increased in those patients with 
angiographic collateral vessels, but not in those with- 
out collaterals. This study suggests that improved 
ischemic zone blood flow in response to nitroglycerin 
in patients with atherosclerosis may be secondary to 
increased collateral circulation blood flow. 

In addition to it effects in chronic atherosclerosis, 
nitrates also enhance coronary blood flow in patients 

with vasospastic (Prinztmetal's) angina by reducing 
coronary vasospasm [13,14]. Nitrates also reverse or 
prevent the abnormal vasoconstrictor responses ob- 
served after administration of intracoronary acetyl- 
choline and serotonin in patients with atherosclerosis 
[15,16]. It is hypothesized that nitroglycerin may 
replace the endothelium-derived relaxing factor 
(EDRF) in the diseased coronary bed where EDRF 
release is impaired [5]. In summary, improvement in 
coronary blood flow after nitrate therapy may be 
due to hemodynamic effects (i.e., decline in ven- 
tricular diastolic pressure, leading to reduced 
subendocardial compression of coronary arteries), di- 
latation of epicardial coronary arteries and stenotic 
segments, and increased collateral blood flow. In ad- 
dition, nitroglycerin can improve blood flow in the 
specific settings of coronary spasm and endothelial 
dysfunction. 

MYOCARDIAL INFARCTION 
In 1972 cardiologists at Johns Hopkins Hospital were 
the first to study the use of intravenous nitroglycerin 
in acute myocardial infarction [ 17]. In the 12 patients 
studied, an average 7 mmHg reduction in blood pres- 
sure, a significant lowering of left ventricular filling 
pressure, and a reduction in the sum oftbe precordial 
ST-segment voltages were observed. In subsequent 
studies, with higher infusion rates (15-30 mmHg re- 
duction in mean arterial pressure), antiischemic ef- 
fects as assessed by precordial ST-segment mapping 
were observed [18]. At lower infusion rates, nitro- 
glycerin acts primarily as a venodilator, lowering left 
ventricular pressure by a mean of 10mmHg (45%.), 
with little effect on mean arterial pressure. At higher 
doses, a similar (52%) lowering of left ventricular 
filling pressure is observed, but an arterial dilating 
effect is also noted (20% lowering of mean arterial 
pressure) [ 18]. The effect of nitroglycerin on left ven- 
tricular filling pressures varies according to the degree 
of left ventricular failure. Those patients with acute 
myocardial infarction without congestive failure 
demonstrate a decrease in both stroke volume and left 
ventricular filling pressure, reflecting a predominant 
lowering ofpreload secondary to venodilation. In con- 
trast, patients with severe heart failure demonstrate a 
decrease in left ventricular filling pressure, but in 
addition they experience an increase in stroke volume, 
suggesting a reduction in both preload and afferload 
[18]. Review of several trials shows that the cardiac 
output in acute myocardial infarction increases or 
remains the same with nitroglycerin therapy [19]. 
Thus, short-term infusion of nitroglycerin in acute 
myocardial infarction results in a reduction in electro- 
cardiographic evidence of ischemia and improved 
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hemodynamics, particularly in patients with conges- 
tive heart failure. 

Several clinical trails have assessed the role of ni- 
trates on outcome following acute myocardial 
infarction. Flaherty and colleagues treated 102 pa- 
tients presenting with acute myocardial infarction 
with 48 hours of intravenous nitroglycerin followed 
by nitropaste or placebo for a 7-day period [20]. In 
this study a statistically insignificant reduction in 
mortality was observed; however, a significant reduc- 
tion in the combined endpoints of in-hospital death, 
infarct extension, or new congestive heart failure was 
noted, as well as a significant increase in ejection 
fraction at 10 hours. In a study of 310 patients pre- 
senting with transmural myocardial infarction, 
Jugdutt  and Warnica demonstrated a reduced 30-day 
mortality (149~ vs. 26%, P < 0.f)l), reduced 
echocardiographic evidence of infarct expansion, and 
reduced infarct size as assessed by creatine kinase 
release [21]. A meta-analysis of pooled results of 10 
studies demonstrated that intravenous nitrates reduce 
mortality by 10-30% in myocardial infarction [22]. 
Others studies have demonstrated reduction of ven- 
tricular remodeling after myocardial infarction with 
nitrate therapy [19]. 

It must be noted that these studies were performed 
prior to the use of thrombolytic therapy. More 
recently, two large trials have examined the role of 
nitrate therapy in patients receiving thrombolytic 
therapy. In the GISSI-3 trial, patients receiving 
thrombolytic therapy for acute myocardial infarction 
did not have a significant reduction in mortality or 
reduction in the combined endpoints of mortality 
and ventricular dysfunction with transdermal 
nitrate therapy [23]. A significant reduction in the 
incidence of cardiogenic shock and a trend toward a 
reduction in postinfarction angina was observed in 
this trial. Similarly, in the ISIS-4 study no mortality 
benefit was observed with oral nitrate therapy in pa- 
tients receiving thrombolytic therapy [24]. Based on 
these large trials, nitrate therapy appears to be safe in 
acute myocardial infarction, but its indiscriminant 
use is associated with an increased frequency of epi- 
sodes of hypotension [23,24]. 

UNSTABLE ANGINA 
The pathogenesis of unstable angina involves a com- 
plex interaction between atherosclerotic plaque rup- 
ture, local platelet activation, thrombosis, coronary 
endothelial dysfunction, and vasomotion. Nitrates 
may be of benefit by reducing myocardial oxygen 
demand via reduction in preload and reduced periph- 
eral resistance [5], dilating epicardial coronary arter- 
ies [25], preventing coronary vasoconstriction 

[15,16], and inhibiting platelet function [26]. 
Given the perceived benefits of nitrates in coronary 
artery syndromes, no studies have analyzed the effects 
of nitrates compared with placebo in the unstable 
angina population. Curfman and colleagues random- 
ized 40 patients to receive either intravenous 
nitroglycerin or isosorbide dinitrate/transdermal 
ointment and found no significant difference in clini- 
cal outcomes when comparing the two strategies 
[27]. 

Nitrate tolerance can occur in the setting of un- 
stable angina and may be important with regard to 
both the hemndynamic and antiplatelet effects of ni- 
trates [28]. Because of the need to maintain nitrate 
efficacy in patients prone to ischemia over a 24-hour 
period, prevention of tolerance is important in un- 
stable angina. One approach to the problem of toler- 
ance is to infuse N-acetyl-L-cysteine (NAC), a 
sulfbydryl antioxidant known to potentiate the he- 
modynamic response to nitroglycerin, and to reverse 
or prevent tolerance {28]. In a study of 46 patients 
with unstable angina, Horowitz and colleagues re- 
ported a lower incidence of myocardial infarction in 
patients randomized to receive nitroglycerin/NAC 
compared with those receiving nitroglycerin alone 
[29]. However, the NAC/nitroglycerin-treated pa- 
tients had a higher incidence of symptomatic 
hypotension [29]. 

CHRONIC ANGINA PECTORIS 
Nitrates were first administered to patients with an- 
gina pectoris in 1879 by Murrell [30]. Since that 
time sublingual nitroglycerin has been used exten- 
sively for the treatment and prevention of anginal 
attacks. Nitrates have been shown to reduce exercise- 
induced angina and electrocardiographic ischemia in 
patients with established coronary artery disease [31 ]. 
In addition, when taken prophylactically in the sub- 
lingual, buccal, or oral forms, nitrates can reduce the 
incidence of ischemic episodes and prolong exercise 
tolerance in patients with coronary artery disease 
[32]. While nitrates are quite effective for short-term 
therapy, long-term administration is influenced by 
tolerance to both hemodynamic and anti-ischemic 
effects [32]. Tolerance develops with four times 
daily administration of isosorbide dinitrate and con- 
tinuous therapy with nitroglycerin patches [32]. 
Use of a twice-daily or three-times-daily drug sched- 
ule promotes a sustained drug effect without 
significant attenuation of efficacy [33]- Alternatively, 
use of once-daily sustained-release formulations of 
isosorbide dinitrate or isosorbide 5-mononitrate can 
eliminate drug tolerance [33]. 
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Angiotensin-Converting Enzyme 
Inhibitors 
Angiotensin-converting enzyme inhibitors (ACEI) 
prevent the conversion ofangiotensin I to angiotensin 
II by inhibiting the converting enzyme peptidyl 
dipeptidase [34]. This enzyme also inactivates brady- 
kinin, a potent vasodilator, and ACEI thereby 
promote accumulation of bradykinin. Converting 
enzyme inhibitors have in common a 2-methyl 
propranolol-L-proline moiety, which is critical for 
blocking the active site of the converting enzyme 
[35]. 

The physiologic actions of ACEI are, in large part, 
related to the lowering of angiotensin II levels. An- 
giotensin II is a potent peripheral and coronary 
vasoconstrictor, and also increases myocardial con- 
tractility by raising cytosolic calcium [36]. In addi- 
tion to the systemic effects of angiotensin II, local 
tissue renin-angiotensin systems exist in blood vessels 
and many organs, including the heart [37]. In fact, 
local generation of angiotensin II in the myocardium 
may participate in the processes of left ventricular 
hypertrophy and left ventricular remodeling [37]. By 
promoting the release ofnorepinephrine and interfer- 
ing with its neuronal reuptake, angiotensin II en- 
hances sympathetic nervous system activity [38]. 
Angiotensin lI also inhibits both central and periph- 
eral vagal activity. The increase in myocardial con- 
tractility, autonomic effects, and vasoconstrictive 
effbcts ofangiotensin II result in increased myocardial 
oxygen demand. 

By inhibiting the formation of angiotensin If, 
ACEIs promote arterial vasodilation and reduce both 
preload and afterload [36]. These hemodynamic e f  
fects lead to decreased left ventricular wall stress and 
myocardial oxygen demand [36]. ACEIs also reduce 
sympathetic tone and increase parasympathetic tone 
due to inhibition of the renin-angiotensin system and 
sympathetic nervous activity. These neural effects 
may underlie the lack of reflex tachycardia after ad- 
ministration of ACEIs. 

EFFECTS ON CORONARY CIRCULATION 
Several studies have demonstrated that ACEIs block 
angiotensin II-mediated coronary vasoconstriction 
and thus increase coronary blood flow in both humans 
and animals [36]. In addition to a direct effect, 
coronary vasodilatation after ACEI treatment is also 
mediated by accumulation ofbradykinin and prostag- 
landins [39]. Karsch and colleagues showed that in- 
travenous captopril increased coronary artery 
diameter at the site of existing atherosclerotic lesions 
(but not in normal segments), both at rest and with 

pacing-induced ischemia, in patients with chronic 
angina [40]. In the study, despite an increase in coro- 
nary artery luminal diameter, reduced left ventricular 
end-diastolic pressure, and peripheral arterial vasodi- 
latation, a significant reduction in anginal symptoms 
during pacing was not observed after ACEI therapy. 
In contrast, Ikram and colleagues showed that intra- 
venous captopril reduced the time to angina, in- 
creased the paced heart rate for the development of 
angina, and showed a trend toward increased coronary 
blood flow [41]. Thus, while ACEIs have been shown 
to have coronary vasodilatory effects, the ability of 
ACEI to reduce pacing-induced ischemia remains 
controversial. 

MYOCARDIAL INFARCTION 
A role for the renin-angiotensin system in the parho- 
genesis of acute coronary syndromes has been sug- 
gested from epidemiological evidence linking 
elevated plasma renin levels with risk of myocardial 
infarction [36]. Three recent large randomized trials 
in patients with depressed left ventricular function 
have provided data regarding ACEI treatment and 
the risk of acute coronary syndromes [42-44].  The 
SOLVD (Studies Of Left Ventricular Dysfunction) 
trial, which consisted of patients with ejection frac- 
tions of less than 35% who had symptomatic heart 
failure (treatment trial) [45] or who were 
asymptomatic (prevention trial) [43], demonstrated a 
reduction in ischemic events (unstable angina, myo- 
cardial infarction) over an average 40-month follow- 
up period in enalapril-treated patients compared with 
placebo [46]. Similarly, the SAVE (Survival and Ven- 
tricular Enlargement) trial, which randomized pa- 
tients within 3-16 days after myocardial infarction to 
captopril or placebo, also showed a reduction in risk 
of myocardial infarction [44]. Combining the results 
of the SAVE and SOLVD trials, the risk reduction in 
secondary myocardial infarction rares was 23~ (95C/c 
CI, 12-33%); P < 0.001 [36]. 

The reduction in the risk of myocardial infarction 
observed in the SAVE and SOLVD trials did not 
become apparent until 6 months after initiation of 
treatment. Likewise, the reduction in unstable angina 
observed in the SOLVD trials displayed a similar time 
course. This delay in the reduction of ischemic events 
suggests that the mechanism is unlikely to be related 
solely to the hemodynamic effects of ACE inhibition 
but may reflect antiatherogenic effects, improved en- 
dothelial function, stabilization of atherosclerotic 
plaques [36], or reduced plasminogen activator 
inhibitor-1 [,47]. 

In addition to their role in the prevention of myo- 
cardial infarction, ACEls improve on mortality in 
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patients with acute myocardial infarction. Several tri- 
als have examined the role of ACE inhibition in pa- 
tients with evidence of cardiac dysfunction after 
myocardial infarction. The SAVE trial, a large, ran- 
domized placebo-controlled trial (2231 patients), 
treated patients 3-16 days after myocardial infarction 
with ejection fractions less than 40% without symp- 
tomatic heart failure with captopril [44]. A 19% 
mortality reduction, a 37% decrease in the develop- 
ment of severe heart failure, and a 22% reduction in 
admissions for congestive failure were observed over a 
mean 42-month follow-up. Similarly, in the AIRE 
(Acute Infarction Ramipril Efficacy) study, patients 
with symptomatic heart failure after myocardial 
infarction were treated with ramipril and a 27%. mor- 
tality reduction over a mean 15-month period was 
observed [42], 

ACEIs also improve outcome in patients without 
evidence of left ventricular dysfunction with acute 
myocardial infarction. The ISIS-4 study (58,050 pa- 
tients) demonstrated that captopril given for 1 month 
after acute myocardial infarction reduced overall mor- 
tality by 7% after 5 weeks and showed a trend toward 
a 12-month mortality reduction [24]. Similarly, in 
the GISSI-3 study (19,394 patients), lisinopril 
therapy reduced 6-week mortality by 11% and de- 
creased the incidence of severe ventricular dysfunc- 
tion in patients presenting with acute myocardial 
infarction [23]. It is important to note that the use of 
thrombolytic therapy varied in these trials (SAVE 
trial, 33%; ISIS-4, 70%; and GISSI-3, 71%,), suggest- 
ing that the benefits of ACEI are present irrespective 
of the use of fibrinolysis. The CONSENSUS II trial 
was terminated early owing to excessive hypotension 
and lack of mortality benefit in patients given intra- 
venous enalapril within the first 24 hours after myo- 
cardial infarction [48]. Thus some caution must be 
exercised with ACEI therapy in the early hours after 
myocardial infarction. In summary, ACEI therapy 
reduce mortality and the development of heart failure 
in patients presenting with acute myocardial, regard- 
less of the presence or absence of congestive heart 
failure. The mechanism of the mortality reduction 
observed with ACEI therapy after myocardial 
infarction may involve inhibition of neurohumoral 
activation [44], reduced ventricular remodeling 
[49], improvement in endothelial dysfunction [50], 
antiatherogenic effects [36], or improved plaque 
stability [36]. 

CHRONIC ANGINA 
By blocking both circulating and tissue renin- 
angiotensin systems, ACEIs exert a multitude of 
theoretically cardioprotective effects in patients with 

chronic coronary artery disease. The vascular effects 
outlined earlier result in a reduction in ventricular 
wall stress and improved coronary blood flow. In ad- 
dition, reduced sympathetic stimulation would also 
be expected to reduce myocardial oxygen demand in 
patients with chronic angina. ACEIs also reduce left 
ventricular mass, which has been shown to be an 
independent predictor of coronary heart disease and 
cardiac mortality [36]. In animal models, ACEIs have 
been shown to have a direct antiatherogenic effect 
[51,52]. ACEIs also have antiplatelet effects, improve 
endothelial function, and may increase atherosclerotic 
plaque stability [36]. 

Despite the many potential mechanisms for reduc- 
tion in atherogenesis and myocardial ischemia with 
ACEI therapy, several small trials in patients with 
chronic stable angina have reported variable clinical 
benefit. Some trials have shown no impact on the 
frequency of angina [53,54], exercise-induced ST de- 
pression [55,56], or ambulatory ECG ischemia 
[54,56] with ACE1 therapy, while others have de- 
monstrated improvement in these indices [57,58]. 
Several large ongoing trials have been designed to 
better examine the antiischemic effects of ACEI in 
patients with coronary artery disease (Heart Out- 
comes Prevention Evaluation [HOPE], Study to 
Evaluate Carotid Ultrasound Changes with Ramapril 
and Vitamin E [SECURE], The Quinapril lschemic 
Event Trial [QUIET], Simvastatin and Enalapril 
Coronary Atherosclerosis Trial [SCAT], and the Pre- 
vention of Atherosclerosis with Ramapril Therapy 
[PART] trial) [36]. 

Calcium Channel Blockers 
The calcium channel blockers are a heterogeneous 
group of compounds sharing in common the ability 
to interfere with calcium entry into cardiac and 
smooth muscle myocytes. These agents can be classi- 
fied chemically into the dihydropyridine (e.g., 
nifedipine), phenylalkylamine (e.g., verapamil), and 
benzothiazepine (e.g., diltiazem) derivatives [59]. 
Calcium can enter cells by three main mechanisms: 
voltage-dependent calcium channels, receptor- 
operated channels, and sodium-calcium exchange. 
All three classes of calcium channel blockers inhibit 
calcium entry, primarily by blocking the voltage- 
dependent calcium channels. Diltiazem and 
verapamil slow the rate of opening of voltage- 
dependent calcium channels, while nifedipine reduces 
the number of these ion channels that are opening 
[60]. Verapamil also blocks alpha-adrenergic recep- 
tors and reduces calcium entry via this mechanism 
[59]. 
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Vascular smooth muscle cells are dependent on 
transmembrane calcium influx for normal resting 
tone and contractile responses [34]. By inhibiting 
calcium entry in vascular smooth muscle cells, cal- 
cium channel blockers cause vascular relaxation, re- 
sulting in a decrease in total peripheral resistance 
[61]. Force generation during cardiac muscle contrac- 
tion also depends on calcium influx during membrane 
depolarization [62]. Thus, antagonism of calcium 
entry in the myocardium can result in a negative 
inotropic effect. Calcium influx also plays an integral 
role in spontaneous depolarization of cardiac pace- 
maker cells in the sinoatrial node and conduction in 
the atrioventricular (AV) node. Calcium channel 
blockade results in reduced sinus node activity and 
slowed conduction in the AV node [60]. 

The physiologic effects of calcium channel blockers 
are, to some extent, determined by chemical class. For 
example, dihydropyridine calcium channel blockers 
have a more prominent vasodilator effect than nega- 
tive inotropic effect [60t. Diltiazem has less promi- 
nent peripheral vascular effects and more negative 
inotropic effects [4]. Verapamil has a more evenly 
balanced effect on the myocardium and peripheral 
vascular bed [4]. The chronotropic and dromotropic 
effects are greater with verapamil than diltiazem [34], 
and the dihydropyridines have little negative 
chronotropic effect, owing to peripheral vasodilata- 
tion and baroreceptor-mediated augmentation of 
sympathetic tone [63]. The so-called second- 
generation dihydrophyridine calcium channel 
blockers (amlodipine, felodipine, isradipine, nicar- 
dipine, and nimodipine) have longer half-lives and 
even greater vascular selectivity than nifedipine [4]. 

EFFECTS ON CORONARY BLOOD FLOW 
All three classes of calcium channel blockers can pro- 
duce epicardial coronary artery vasodilatation 
[64,65]. In addition, calcium channel blockers have 
been shown to prevent the effects of various stimuli 
that can induce abnormal coronary vasoconstriction. 
Brown and colleagues showed that diltiazem treat- 
ment reduced handgrip-induced coronary vasocon- 
striction as measured by quantitative coronary 
angiography [25]. The presumed mechanism of this 
effect is attenuation of receptor-activated adrenergic 
coronary vasoconstriction, which requires calcium 
entry into smooth muscle cells. In contrast to isomet- 
ric hand-grip exercise, exercise causes an increase in 
the diameter of normal coronary segments mediated 
by the increased metabolic demand [66]. Coronary 
vasodilatation during exercise overwhelms the mod- 
est increase in sympathetic tone observed with this 

type of exercise [65]. Coronary vasoconstriction oc- 
curs in diseased coronary segments in response to 
bicycle exercise [66], possibly as a result of increased 
neurogenic tone or impaired endothelial vasodilator 
function. Either nitroglycerin or diltiazem prevents 
the exercise-induced decrease in stenotic cross- 
sectional area during exercise [66,67]. 

In addition to acting on epicardial coronary arter- 
ies, calcium channel blockers also dilate coronary re- 
sistance vessels, resulting in increased coronary blood 
flow [65]. The effect of calcium channel blockers on 
collateral blood flow during acute coronary occlusion 
remains controversial, with some studies showing 
improved flow and others showing no benefit [65]. In 
chronic coronary occlusion animal models, diltiazem 
(but not nifedipine) appears to increase coronary col- 
lateral blood flow [65]. 

ACUTE MYOCARDIAL INFARCTION 
Considering the basic mechanisms of action of cal- 
cium channel blockers, it might be expected that 
these agents would have several beneficial effects in 
acute myocardial infarction. Indeed, animal experi- 
mental models of myocardial infarction have shown 
that calcium channel blockers reduce infarct size, in- 
crease endocardiaI perfusion, reduce the extent of 
myocardial stunning, reduce the incidence of 
arrhythmia [681, and counteract the deleterious ef- 
fects of intracellular calcium overload [69]. Despite 
these beneficial effects in animals, clinical trials of 
calcium blockers in acute myocardial infarction have 
shown only variable benefit. This variability, in part, 
correlates with the heterogeneous effects of these 
agents on heart rate and the inotropic state of the 
myocardium. 

Three large trials have examined the effect of 
nifedipine in acute myocardial infarction [70-72}. 
None of these trials demonstrated a reduction in mor- 
tality or reinfarction, and two of the three trials were 
halted in progress due to neutral or adverse outcomes. 
Pooling the data on 4731 patients studied in these 
trials, 7.7% died in the nifedipine group compared 
with 7~  in the placebo group [73]. In addition, there 
was a trend toward a higher reinfarction rate in the 
nifedipine-treated patients (3.4 vs. 3.0~:) [73]. 

The Multicenter Diltiazem Postinfarction Trial 
was a randomized placebo-controlled trial examining 
the role of diltiazem treatment in myocardial 
infarction [7d]. In this large trial of patients with 
both Q-wave myocardial infarction (n = 1757) and 
non-Q-wave myocardial infarction {n = 634), there 
was no overall mortality benefit in the diltiazem- 
treated group. Prospectively planned subgroup analy- 
sis revealed an excess mortality in patients with [eft 
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ventricular dysfunction and pulmonary congestion 
(20% of total population) treated with diltiazem. In 
the remaining 80% of patients, diltiazem treatment 
was associated with a 27% reduction in nonfatal 
reinfarction and death. In the subgroup of patients 
with non-Q-wave infarc{ion, diltiazem was associ- 
ated with a significant reduction in death and 
reinfarction over long-term follow-up (43% at 1 year 
and 34% at 4.5 years) [75]. Thus, treatment with 
diltiazem appears to be beneficial in patients with 
myocardial infarction who have intact left ventricular 
function an&or non-Q-wave events. 

The two large Danish Verapamil Infarction Trials 
have provided insight into the role of verapamil in 
myocardial infarction. The DAVIT-I trial (3500 pa- 
tients) compared verapamil with placebo early after 
myocardial infarction and demonstrated no survival 
difference after 6 months follow-up [76]. In contrast, 
the DAVIT-II trial (1800 patients) treated patients 
1-3 weeks after the acute event and noted a signifi- 
cant mortality reduction (11% vs. 13% with placebo) 
after 16 months [77]. Thus, verapamil appears to be 
safe in myocardial infarction and may provide a mod- 
est mortality reduction. In summary, there may be a 
role for rate-slowing calcium blockers in the setting 
of acute myocardial infarction. Patients must be 
screened carefully for evidence of left ventricular dys- 
function when considering diltiazem. Nifedipine ap- 
pears to have no role in the treatment of acute 
myocardial infarction. 

UNSTABLE ANGINA 
Several studies have demonstrated the effectiveness of 
calcium channel blockers in controlling anginal 
symptoms in patients with unstable angina [78-80]. 
However, Held and Yusuf pooled data from all ran- 
domized trials utilizing calcium channel blockers in 
unstable angina and found no reduction in mortality 
or myocardial infarction [73]. In addition, some 
classes of calcium channel blockers may be harmful 
in the setting of unstable angina. For example, the 
Holland lnteruniversity Nifedipine/Metoprolol Trial 
(HINT) was a large, double-blind, placebo-controlled 
study comparing the use of nifedipine alone, 
metoprolol alone, or the combination in the manage- 
ment of unstable angina [80]. The study was halted 
prematurely owing to a greater incidence of nonfatal 
myocardial infarction in the first 48 hours among 
patients treated with nifedipine alone compared with 
those treated with metoprolol or the combination of 
nifedipine and metoprolol. While monotherapy with 
nifedipine may be deleterious in unstable angina, 
adding nifedipine to nitrates or beta-adrenoceptor 
blockers reduced the incidence of myocardial in- 

farction, death, or the need for emergency bypass 
surgery in one study [79]. In this study, the patients 
with presumed vasospastic angina associated with 
transient electrocardiographic ST-segment elevation 
obtained the most benefit from the addition of 
nifedipine to beta blockers and nitrates [79]. 

STABLE ANGINA 
Several controlled trials have demonstrated that all 
three classes of calcium channel blockers are effective 
in reducing anginal attacks, the need for nitroglyc- 
erin, and improving exercise treadmill time in pa- 
tients with stable angina pectoris [60]. The potential 
mechanisms for reduction of angina by calcium chan- 
nel blockers include improved coronary blood flow, a 
reduction in heart rate, reduced arterial resistance and 
contractility, and prevention of coronary vasospasm 
[60]. The degree to which any one of these mecha- 
nisms predominates depends on the class of agent and 
the dosage utilized. When the three agents were com- 
pared in one nonrandomized trial, diltiazem and 
verapamil were more effective than nifedipine when 
used as single agents [81]. 

Adrenergic Blockers 

BETA-ADRENORECEPTOR BLOCKERS 
In 1948 Ahlquist hypothesized that the effects of 
catecholamiues were mediated by activation of dis- 
tinct alpha and beta receptors [82]. By the late 1950s, 
Sir James Black and colleagues synthesized pro- 
pranolol, the first competitive inhibitor of the 
beta-receptor [83]. Numerous additional beta- 
adrenoceptor antagonists have since been synthesized 
and can be distinguished by the following properties: 
relative affinity for beta, and beta2 receptors, intrinsic 
sympathomimetic activity, additional blockade of 
alpha-adrenergic receptor, differences in lipid solubil- 
ity, and pharmacokinetics [83}. Propranolol has 
equal affinity for beta~ and beta e receptors, whereas 
metoprolol and atenolol are more selective for 
the beta,-adrenoreceptor than for the beta2- 
adrenoreceptor [83]. Unlike propranolol, pindolol is a 
beta blocker that has intrinsic sympathomimetic ac- 
tivity, implying the ability to activate partially beta 
receptors in the absence of catecholamine st imulat ion 
[83]. Labetalol is an example of a beta-blocking agent 
with alpha-adrenoreceptor blocking properties [83]. 

The pharmacological effects of beta-adrenoreceptor 
blockers are determined by their ability to blunt the 
effects of catecholamines on effector tissues (the heart, 
arteries, arterioles of the skeletal system, and bron- 
chi). Catecholamines normally increase cardiac 
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contractility and heart rate by stimulating the beta~ 
receptor and cause peripheral vasodilatation and 
bronchial relaxation via stimulation of the beta, re- 
ceptor [83]. Accordingly, beta,-adrenoreceptor an- 
tagonists slow the heart rate and decrease myocardial 
contractility [83]. The effects of betal-adrenoreceptor 
blockade on contractility and heart rate are propor- 
tional to the degree of sympathetic stimulation [83]. 
For example, when the sympathetic system is acti- 
vated during stress or exercise, beta blockers greatly 
attenuate the expected rise in heart rate, while at rest 
the effect of these agents on heart rate is quite modest, 
Short-term administration of beta-adrenoreceptor 
blockers increases peripheral resistance as a result of 
blockade of vascular beta: receptors and compensatory 
sympathetic reflexes that activate vascular alpha- 
adrenoreceptors [83]. In contrast, long-term use of 
beta-adrenoreceptor blockers is associated with a re- 
turn of the peripheral resistance to baseline values 
[83]. In hypertensive, but not nonhypertensive, indi- 
viduals, beta blockers may lower blood pressure by 
attenuating the sympathetically stimulated release of 
renin from the juxtaglomerular apparatus in the kid- 
ney [38,.14]. Interestingly, chronic exposure to beta- 
adrenoreceptor antagonists can result in an increase in 
the number of available beta-adrenoreceptors. Thus, 
upon withdrawal of the drug, tissues may be super- 
sensitive to adrenergic stimuli owing to this 
upregulation of receptors [83]. 

Coronary Blood Flow. The effects of beta- 
adrenoceptor blocking drugs on coronary blood flow 
are varied. Heart rate slowing with beta blockers can 
enhance coronary blood flow by allowing more time 
in diastole for coronary blocd flow to occur [84]. In 
addition, some investigators have demonstrated that 
beta-blocking agents can improve myocardial oxygen 
supply by improving coronary collateral blood flow 
[85,86]. Other investigators have not supported these 
findings [68]. In some patients who are prone to 
coronary spasm, beta blockers may increase myocar- 
dial ischemia and symptoms of angina [84], an effect 
that may occur secondary to unopposed alpha- 
adrenoceptor stimulation [87]. 

Myocardial Infarction. Beta blockers may improve 
outcome in myocardial infarction by lowering myo- 
cardial oxygen demand (decreasing heart rate, blood 
pressure, and myocardial contractility) during periods 
of reduced coronary perfusion. Early administration of 
beta-blockers in the setting of myocardial infarction 
reduces infarct size [88], lowers the incidence ofven- 
tricular fibrillation [89], and reduces overall mortal- 
ity at 7 days (4.3% placebo vs. 3.7% atenolol treated; 

ISIS-I) [90}. The benefits of early beta-blockade in 
acute myocardial infarction have subsequently been 
shown to extend to patients receiving thrombolytic 
therapy (TIMI liB) [91]. In the TIMI trial a subgroup 
of patients were randomly assigned to receive intrave- 
nous metoprolol followed by oral metoprolol or oral 
metoprolol alone started on day 6. Although early 
beta blockade offered no benefit over late administra- 
tion in improving left ventricular function or reduc- 
ing mortality, patients receiving early intravenous 
metoprolol had fewer nonfatal infarctions and less 
recurrent ischemic events at 6 days. 

The long-term use of beta blockers after myocar- 
dial infarction has been supported by two large clini- 
cal trials. In the Norwegian Multicenter trial in 1884 
patients, there was a significant reduction in mortal- 
ity (16cX placebo and 10.4% timnlol) and reinfarction 
(14% placebo and 10% timolol) in patients treated 
with timolol for an average of 17 months after myo- 
cardial infarction [92]. Similarly, the Beta Blocker 
Heart Attack Trial (BHAT) showed a mortality re- 
duction (9.8% placebo vs. 7.2c~ propranolo[) and a 
reduction in reinfarction (5~ placebo vs. 4% 
propranolol) after approximately 2 years of follow-up 
[93]. In summary, in patients with acute myocardial 
infarction, early initiation and subsequent continua- 
lion of beta-blocker therapy reduces mortality, infarct 
size, and recurrent ischemia. Thus, beta blockers 
should be given to all patients after myocardial 
infarctinn without contraindicarions (bradycardia or 
atrioventricular block, clinical congestive heart fail- 
ure, hypotension, or bronchospasm). 

Unstable Angina. In unstable angina, a combination 
of coronary plaque rupture, thrombosis, and coronary 
spasm leads to reduced myocardial blood flow. 
It would be expected that the negative chronotropic 
and negative inotropic properties of beta blockers 
would reduce myocardial ischemia in this setting. 
However, unlike calcium channel blockers, which 
improve coronary vasospasm, beta blockers may, in 
theory, worsen coronary spasm. For these reasons, 
several studies have compared beta blockers with 
calcium channel blockers in the treatment of unsta- 
ble angina pectoris. The Holland lnteruniversity 
Niledipine/Metoprolol Trial compared nifedipine 
and metoprolol in preventing recurrence of ischemia 
or infarction in 515 patients presenting with unstable 
angina. In this study, metoproloI ahme or in combi- 
nation with nifedipine resulted in a reduction in angi- 
nal symptoms and recurrent ischemic events [80]. 
Theroux and colleagues randomized 100 patients 
with unstable angina to receive propranolol or 
diitiazem, and found that both drugs were equally 
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effective in reducing the number of chest pain epi- 
sodes without  any difference in long-term cardiac 
event rates [78]. A third study demonstrated that the 
addition of propranolol to nifedipine in unstable an- 
gina reduced the frequency of both symptomatic and 
silent ischemic episodes [94]. Thus, it appears that 
beta blockers are effective in the treatment of unstable 
angina when used alone or in combination with ni- 
trates and calcium channel blockers. 

Stable Angina Pectoris. Angina pectoris occurs when 
oxygen demand exceeds supply and is often precipi- 
tated by conditions that increase sympathetic tone 
[95]. This concept led to several clinical trials with 
beta-adrenergic blocking agents in patients with 
chronic angina pectoris. Numerous studies have dem- 
onstrated that beta-blocking agents reduce anginal 
frequency, nitroglycerin consumption, heart rate, sys- 
tolic blood pressure, and electrocardiographic ST- 
segment deviation, and improve exercise tolerance in 
patients with angina [95]. There are no data confirm- 
ing an improvement  in long-term outcome in pa- 
tients taking beta-blocking agents for chronic angina; 
however, one study showed a trend toward a reduc- 
tion in cardiac events [96]. 

ALPttA BLOCKERS 
Two distinct alpha-adrenoreceptors have been identi- 
fied in vascular tissue: alpha~ and alpha,, adreno- 
receptors. The alpha I adrenoreceptor exists on 
postjunctional synapses of smooth cells and mediates 
vasoconstriction. In contrast, the alpha,, adreno- 
receptor (of which there are two subtypes, a and b) 
is located on sympathetic nerve endings, where 
it modulates norepinephrine release by a negative- 
feedback mechanism. Some blood vessels also possess 
post junctional alpha, adrenoreceptors [87]. 

Activation of both postjunctional alpha adreno- 
receptors results in an increase in intracellular ionized 
calcium [87t. Alpha2 adrenoreceptor activation limits 
the availability of ionized calcium for release of nore- 
pinephrine, possibly through regulation of neural 
cyclic AMP [87], In coronary as well as noncoronary 
vessels, selective blockade of alpha, adrenoreceptors 
with prazosin results in inhibition of sympatheti- 
cally mediated vasoconstriction [97]. In contrast, 
phentolamine, a nonselective alpha-adrenoreceptor 
blocker, inhibits alpha~ and alpha2 receptors, result- 
ing in inhibition of vasoconstriction and enhanced 
release of norepinephrine, which may act on beta 
adrenoreceptors to enhance further vasodilatation 
[97]. Alpha-blocking agents have been widely used as 
antihypertensive agents because of the vasodilating 
effect [87]. In addition, prazosin has been shown to be 

useful in refractory coronary artery spasm in humans 
[98t. Because alpha blockers reduce afterload, they 
may reduce myocardial oxygen demand in ischemic 
states [87]. However, alpha blockers have not been 
utilized as primary agents for the treatment of myo- 
cardial ischemia as yet. 
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1 1. E X P E R I M E N T A L  MODELS OF 

C O R O N A R Y  ARTERIAL RESISTANCE 

A N D  B L O O D  FLOW 

William P. Santamore 

Introduction 
In this chapter, experimental preparations that have 
been used to examine facets of coronary artery resis- 
tance and its effects on blood flow are reviewed. 
Before discussing the experimental models, the 
characteristics of human coronary vessel - the charac- 
teristics that we are trying to model in our experi- 
mental studies - are reviewed. Also, because most 
clinical problems involve restriction of blood flow 
through the large epicardial coronary vessels, the fo- 
cus is on these large coronary arteries and not on 
small-vessel disease models. Remember that there are 
no perfect experimental models; they all have short- 
comings. The biggest shortcoming is using models 
to address questions the models were not designed to 
answer. 

Characteristics of Human Stenoses 
Morphologically, most human coronary lesions have 
some normal wall segments and, thus, may exhibit 
dynamic characteristics. In a postmortem study, 
Vlodaver and Edwards observed that 70% of athero- 
sclerotic lesions are eccentric with some normal wall 
segment [ i]. Freudenberg and Lichtlen examined 384 
stenotic coronary segments postmortem and observed 
that 74% of all obstructions showed a normal wall 
segment [2]. Thus, based on these studies, 70-74% of 
human coronary lesions are eccentrically shaped with 
normal wall sections. In another study from Edwards' 
laboratory, the mean disease-free wall are length mea- 
sured between 17% and 23% of the total vessel cir- 
cumference in eccentric coronary artery lesions, but 
the amount of normal arterial wall is variable (Figure 
11-1) [31. For example, for an 80% stenosis one post- 
mortem case had only a 2% disease-free wall segment, 

whereas another case had 38% of the wall disease 
free. These large variations in the proportion of nor- 
mal wall present at the stenotic site might help to 
explain the clinically observed variations in stenotic 
vasomotion. 

Consistent with these morphological observations, 
many clinical studies have shown vasomotion within 
an arterial stenosis. Brown et al., who pioneered quan- 
titative coronary angiography, observed exaggerated 
stenotic vasomotion in response to isometric exercise 
and to isosorbide dinitrate [4]. Tousoulis et al. in- 
fused serotonin directly into the coronary arteries [5]. 
One hundred percent of complicated stenosis and 
50% of concentric stenoses constricted by over 20%. 
However, the magnitude of constriction was greater 
at eccentric stenoses than concentric stenoses, and 
was greater in complicated stenoses than in eccentric 
stenoses. Gage et al. studied patients with classic 
angina pectoris who performed symptom-limited su- 
pine bicycle exercise during cardiac catheterization 
[6]. During exercise, the luminal area of the normal 
coronary segment increased, while, in contrast, 
stenotic luminal area decreased [6,7]. 

Nabel et al. studied the response to the cold pressor 
test using quantitative angiography and Doppler 
flow velocity measurements [8]. In patients with 
angiographically normal coronary arteries, the cold 
pressor test produced vasodilation and increased flow 
by 65%. In patients with mild coronary artery dis- 
ease, the cold pressor test dilated normal segments 
but constricted irregular segments, which resulted in 
an attenuated flow increase of only 15%. In patients 
with severe coronary artery disease, the cold pressor 
test constricted irregular arterial segments and re- 
duced flow by 39%, but still dilated normal arterial 
segments. Thus, catheterization studies have proven 
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that coronary stenoses can exhibit vasomotion and 
that different segments of the coronary artery can 
have opposite responses to the same stimulus. 

Vasomotion is an important component in many 
cases of angina pectoris, as demonstrated by variable 
thresholds for ischemia, ischemia unrelated to work 
load, and variant angina [9-13].  In patients with 
chronic stable angina, Deanfield et al. found that an 
increase in heart rate was uncommon prior to the 
onset of myocardial iscbemia [9]. Rocco et al. found 
that the increased frequency of early morning electro- 
cardiogram (ECG) ST depression was not explained 
by increases in activity, mental stress, or heart rate 
[12]. Chiechia et al. found that, prior to ischemic 
episodes, the heart rate, left ventricular pressure, peak 
dP/dt,  aortic mean and systolic pressure, and 
pressure-rate product were unchanged in patients 
with rest angina [11]. Benhorin et al. observed a 
second prominent  peak in ischemia between 6 and 9 
p.m. [14]. This peak had a low threshold, suggesting 
that the mechanism of ischemia is probably reduced 
coronary flow due to increased coronary tone. 

Not  only can coronary artery stenoses constrict, but 
they are capable of exaggerated constriction as com- 
pared with normal arteries or normal arterial seg- 
ments. In 18 patients with resting and exertional 
angina, Reiber et al. observed that mean minimal  
diameters of 20 stenotic lesions decreased to 1.0 mm 
after 0 .4mg  ergometrine, and then increased to 
2 .7ram after 3 m g  isosorbide dinitrate [15]. In pa- 
tients with positive ergonovine tests, Freedman et al. 
found that the normal arterial segments constricted 
by 15c~ (SD), whereas the stenotic segments con- 
stricted by 8 3 ~  [17], Kaski et al. observed that dur- 
ing spontaneous coronary spasm or ergonovine 
challenge, the degree of vasoconstriction observed in 
the spastic segments far exceeded that in the normal 
arterial segments [16]. During intravenous ergono- 
vine, the luminal diameter of spastic segments was 
reduced by 92%, while the luminal diameter of 
nonspastic proximal segments was only reduced by 
18c~:. Thus, exaggerated diameter shortening occurs 
within many arterial stenoses. Reiber et al.j Freedman 
et al., and Kaski et al. observed diameter reductions of 
63 -92% within the arterial stenosis, while in the 
nonstenotic segments, vasoconstriction reduced the 
diameter by 15-2OeA [15-17] .  In comparison, the 
maximal vasoconstriction-induced diameter shorten- 
ing that occurs in nonstenotic coronary arteries, even 
under conditions that increased the sensitivity of the 
artery to vasoconstrictors (e.g., endothelial denuda- 
tion) ranged 20 -30% [18]. This value is far less than 
the observed diameter reductions that can occur 
within coronary artery stenoses. 
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FIGURE l l-l. Ratio of disease-fi'ee wall arc length to total 
vessel circumference compared with the severity of obstruc- 
tion of the coronary lumen. *Single values. Mean value ± 
SD in 100 cross sections of eccentric coronary artery athero- 
sclerosis. % free wall = percent of the uninvolved wall of 
total vessel circumference. (From Saner et al. [31, with 
permission.) 

In summary, the literature shows that most human 
coronary artery stenoses are capable of vasomotion, 
cardiac catheterization studies have demonstrated 
vasomotion, many cases of angina pectoris have a 
vasomotion component,  and exaggerated constriction 
can occur with a stenosis. The experimental models 
described here represent an at tempt to examine these 
aspects of coronary arteries, generally in acute experi- 
mental preparations. 

Theoretical Models 
Theoretical analysis can examine wide ranges in val- 
ues, difficult experimental situations, and pathologi- 
cal conditions. As an author of several theoretical 
analyses, it is my personal view that theoretical analy- 
sis should never be viewed as proof. Rather, theoreti- 
cal analysis should test possibilities, provide insight, 
and aid in the design of experimental and clinical 
studies [19-21] .  

Wi th  these limitations in mind, we modeled the 
coronary circulation as two resistors in series: proxi- 
mal resistance offered by the proximal coronary artery 
stenosis, and flow resistance offered by the coronary 
circulation distal to the stenosis. Standard hemody- 
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namic equations were used to express the pressure and 
flow relations across the coronary stenosis. Our 
unique contribution was that we expressed the cross- 
sectional area in terms of the vessel circumference 
[19]. By using this approach, we could incorporate 
arterial wall characteristics into the stenotic model. 
As in most human stenoses, the vessel wall within the 
stenosis was composed of both normal and rigid 
sections. 

This theoretical analysis suggested that intra- 
luminal pressure changes within the stenosis sig- 
nificantly affected the hemodynamic responses. 
Decreasing aortic pressure or decreasing distal coro- 
nary arterial resistance decreased pressure within the 
stenosis. In turn, this reduction in stenotic pressure 
caused a decrease in the luminal area and increased 
the sensitivity to vasoconstriction [19]. In other 
words, to increase the hemodynamic resistance and 
decrease flow through a vessel, the luminal area must 
be decreased. The ability of a vasoconstrictor to 
shorten the smooth muscle is inversely related to 
the afterload - -  the intraluminal pressure. Interven- 
tions that decrease the intraluminal pressure theoreti- 
cally would increase the effective strength of a 
vasoconstrictor. 

In another study, we wanted to determine how 
much plaque rupture with subsequent thrombus 
formation was needed to occlude a coronary artery 
and how much was needed to cause a myocardial 
infarction [20]. For a dynamic stenosis, this analysis 
assumed that plaque rupture would induce proximal 
coronary artery vasoconstriction and that autore- 
gulation would occur. This model suggested that a 
stenosis capable of vasomotion needed significantly 
less thrombus formation for total vessel occlusion as 
compared with a geometrically fixed stenosis. 

In Vitro Models 

ARTERIAL RING PREPARATIONS 
This relatively simple preparation has been and will 
continue to be a mainstay of pharmological examina- 
tion of arteries. A big advantage of this preparation is 
that tissue can be obtained from many sources. The 
tissue can be obtained from slaughterhouses, from 
normal experimental animals, and from experimental 
animals that have been preconditioned, undergone 
hypertrophy, high cholesterol diets, etc. Because we 
are primarily interested in human responses, the ar- 
teries can also be obtained from discarded human 
tissue: umbilical arteries and veins, excess segments of 
arteries and veins obtained during bypass operations, 
and from transplant operations. A good friend and 

colleague, Dr. Bob Ginsburg, obtained the recipients' 
heart during heart transplantation and then went 
to his laboratory in the basement of the Standford 
Medical Center to study human coronary artery 
responses [22]. 

While the exact methods vary, most arterial ring 
preparations use the following approach. This is de- 
picted in Figure 11-2 for human arterial graft speci- 
mens. Attention and care is given to maintaining and 
not disrupting the integrity of the endothelium. The 
vessels are immediately placed in an oxygenated 
physiological salt solution maintained at 4°C and 
then transferred to the laboratory. The artery seg- 
ments are then cut into 2-3 mm long ring segments, 
or helical strips, and mounted on wire hooks passed 
through the lumen. The tissues are immersed in 
water-jacketted organ baths containing Krebs solu- 
tion (34-37°C). 

After setting the initial resting tension, drugs 
are added to the baths in a cumulative fashion, and 
changes in isometric tension are measured with a 
force-displacement transducer. Two measurements 
quantified arterial ring segment reactivity to different 
vasoactive drugs: maximum developed tension and 
sensitivity (ECs,). This easy preparation and these 
measurements have provided us with a wealth of in- 
formation on the vasculature. 

The limitations of ring preparations are that they 
do not simulate or measure hemodynamic responses. 
Most vascular smooth muscle studies use isolated 
arterial ring or strip preparations, studied under 
isometric or isotonic contractions. These studies 
implicitly assume that the observed responses and 
contractions will be similar to human arteries. In 
large conduit arteries, the primary force opposing 
constriction is systemic pressure. Localized contrac- 
tions in large arteries do not alter systemic pressure. 
Thus, this contraction is probably similar to isotonic 
contractions. In stenotic coronary arteries, however, 
small changes in cross-sectional area cause large de- 
creases in stenotic distending pressure. This decrease 
in afterload further increases shortening, with a fur- 
ther decrease in cross-sectional area and (stenotic) 
pressure [23]. Thus, unlike rings or normal arteries, 
contraction within an arterial stenosis is neither iso- 
metric nor isotonic; nor is the contraction a combina- 
tion of isometric and isotonic contractions. Rather, 
the contraction is shortening with decreasing load 
(heterotonic), a unique contraction present only in 
stenotic arteries [24,25]. Because of this unique 
contraction, arterial ring preparations cannot predict 
responses to very basic interventions, such as vasocon- 
striction, vasodilation, and endothelial denudation 
[181. 
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FIGURE 11-3. Hemodynamic effects of increasing 
concentration of norepinephrine in a nonstenotic, endothe- 
lial denuded carotid artery. Proximal pressure and 
distal pressure are shown. (From Tulenko et al. [24], with 
t~ermission.) 

stenosis, even in a denuded vessel, maximal vasocon- 
striction had negligible effects on the pressure gradi- 
ent across or the flow through the vessel, despite the 
reduction in arterial diameter. In all of my experience, 
I have never been able, nor do I know of, any other 
studies in which vasoconstriction within a large- 
conduit  artery has reduced flow through the artery. 
No vasoconstrictor (thromboxane, endothelin, cal- 
cium), concentration, combination of vasoconstric- 
tion, and endothelial dysfunction can induce enough 
smooth muscle shortening to cause a sufficient de- 
crease in luminal area to result in a pressure gradient 
or flow decrease. 

Thus, for the constant-flow experiments, the distal 
segment remains unattached to the perfusion system. 
The arterial responses are recorded as changes in the 
proximal perfusion pressure [26]. While  this makes 
for easy measurement, the physiological relevance of 
the resulting vascular constriction is questionable. 
The proximal part of the artery is constricting against 
an increasing load, while the distal portion is con- 
stricting against a decreasing load. For this reason, 
the author would not recommend this preparation. 
For the constant perfusion pressure experiments, the 
arterial response is generally recorded as some change 
in arterial dimensions. Earlier experiments used strain 

gauges to assess dimensional changes [27]. More re- 
cent studies have used ultrasonic crystals or video 
detection to directly measure arterial dimensions. 

In Vivo Preparations 

ACUTE APPROACHES 
In the normal coronary' circulation, changes in blood 
flow are usually caused by changes in small-vessel 
resistance. Thus, measuring coronary blood flow by 
itself does not provide information about large epicar- 
dial coronary-artery responses. To circumvent this 
problem, the initial studies also measured the pres- 
sure in a distal portion of the coronary artery. In a 
typical protocol, coronary blood flow was measured 
by an electromagnetic flow probe; pressure transduc- 
ers were inserted into the arch of the aorta and into a 
distal apical branch of the left anterior descending 
coronary artery to measure aortic pressure (coronary 
perfusion pressure) and peripheral coronary pressure, 
respectively. Large coronary, artery end-diastolic resis- 
tance and small coronary end-diastolic resistance were 
computed from end-diastolic coronary blood flow and 
the coronary artery pressure gradient [28]. 

Using this approach, differences in large proximal 
and smaller distal coronary arteries responding to 
pharmacologic agents were observed. For instance, at 
normal perfusion pressure, nitroglycerin injected di- 
rectly into the coronary artery caused a transient fall 
in small-vessel resistance and a prolonged decrease in 
large-vessel resistance. During ischcmia, when small 
vessels autoregulated and small-vessel resistance was 
minimal,  nitroglycerin lowered only large-vessel re- 
sistance [29,30]. 

In later studies, large coronary artery reactivity was 
directly assessed by measuring arterial diameters with 
ultrasound crystals (Triton, San Diego, CA). For ex- 
ample, Vamer and colleagues implanted ultrasonic 
dimensional crystals on the circumflex artery' in calves 
[31-33].  Proximal to the dimensional crystals, a 
Silastic catheter was implanted in the coronary, artery. 
For pressure measurements, catheters were implanted 
in the descending aorta and left atrium, and a solid- 
state pressure transducer was placed in tile left ven- 
tricle. The experiments were conducted 2 - 4  weeks 
after the operation in conscious calves. Using this 
approach, Vamer and colleagues investigated the 
regulation of coronary resistance vessels and large 
coronary arteries [33]. The major advantage of this 
preparation is the observations on vascular responses 
can be made in conscious animals. The disadvantages 
are the difficulty in the experimental preparation and 
that only normal arteries are studied. 
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STENOTIC MODELS 

External Constrictors. The most commonly used 
acute model of an arterial stenosis is an external con- 
strictor. Al though the exact details vary, the methods 
are as follows: The left anterior descending or circum- 
flex coronary artery is exposed, and a flow probe is 
placed on the proximal part of  the artery. The circum- 
flex artery tends to be easier to prepare because the 
proximal artery is embedded in a fat pad with few side 
branches. The left anterior descending coronary artery 
has many side branches, the septal branches of which 
are the most difficult to occluder and sever. Distal to 
the flow probe, an external occluder is placed on the 
artery. The occluder can be a balloon type (In Vivo 
Metric, Healdsburg, CA), a plastic constrictor, or just 
a snare (suture, wire, or umbilical tape). 

Establishing the amount  of constriction and doing 
it reproducibly can be difficult. The relationship be- 
tween the percent stenosis and flow is very steep [34]. 
An 85% or greater reduction in cross-sectional lumi-  
nal area is needed before resting blood flow begins to 
decrease. Anyone who has tried to use an external 
constrictor develops an appreciation for this steep 
relationship between percent stenosis and flow. Tile 
artery is constricted more and more, with no effect on 
flow. Then, a slight further constriction leads to an 
almost total cessation of flow. 

In most experiments, the goal is establish an 8 5 -  
95e)~ stenosis. Because this is not directly measured, a 
variety of approaches have been used. The most com- 
mon approach is to constrict the artery until reactive 
hyperemia is abolished. Another easy approach is to 
place a tube with the desired cross-sectional area on 
the artery, tie the artery and tube, and then remove 
the tube. Personally, I prefer to measure the pressure 
distal to the obstruction [35]. As the coronary 
artery is constricted, the distal coronary vasculature 
dilates to maintain resting coronary blood flow. 
The flow is maintained, but this is at the cost of 
the coronary pressure. Thus, the pressure falls 
before the coronary blood flow decreases; the 
pressure measurement is more sensitive than the flow 
measurement. 

Vasoreactivity of External Constrictors. The above- 
mentioned models show the consequences of an arterial 
stenosis on the distal coronary circulation. In other 
words, these models tell us how the effects ofa  vasodi- 
lator or vasoconstrict on the distal coronary circulation 
is attenuated by the proximal upstream stenosis. 
Thus, for example, we can study how the vasodilation 
effects of dipyridamole are attenuated, as the severity 
of the proximal upstream stenosis increase. 
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FIGURE 11-4. Typical stenotic hemodynamic response to 
coronary artery vasoconstriction with an external circumfer- 
ential snare (top) and with an intraluminal obstructional 
(bottom). (From Santamore et al. [35], with permission.) 

However, this tells us nothing about large-vessel 
reactivity itself; about how, for example, dipyri- 
damole affects the stenosis. In fact, all external constric- 
tors (plastic occluder, snare, or external balloon 
occluder) are completely nonresponsive to proximal coro- 
nary artery vasodilation and/or vasoconstriction [36}. 
Figure 11-4 (top panel) shows the vasoconstriction 
response when an external snare is used to create a 
stenosis [35]. In this example, a coronary artery was 
perfused in vitro. An external constrictor created a 
pressure gradient across the artery. To induce vaso- 
constriction, the perfusate was switched from a nor- 
mal physiological salt solution to a high-potassium 
salt solution. The artery was totally nonresponsive to 
vasoconstriction, and neither distal pressure nor flow 
decreased. 

In the author's experience, no vasoconstrictor or 
combination of vasoconstrictors has resulted in a de- 
crease in distal pressure or flow when an external 
constrictor is used. Conceivably, the external snare 
shortens the circumferential vessel fibers to a maximal 
degree, so that no further shortening is possible by 
vasoconstriction. This observation may be relevant to 
the clinical situation in which, al though two patients 
may have a similar degree of stenosis, only one patient 
exhibits coronary artery spasm. Thus, all external con- 
striction devices are nonresponsive to vasoconstric- 
tion. This l imitation needs to be kept in mind when 
using external constrictors. Given the fact that 
human coronary artery stenoses are capable of 
vasomotion, this is a very severe l imitation of external 
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cons:r~cror srenoric models. Further. most of these 
models have little, if  any, interac:mn with the blood 
elements. The noteabte excepnoe is the mode! deveL- 
oped by John  Foils. 

Felts Model. With  this model, d:e mechanisms of  
p{a~elet interaction with endothelial and medial dam- 

aged stenosed atterms can be reproducibily studied 
[36,37]. The key element.~ m the Felts model  are 
vessel injury, a long lengd:  of  s~enosis, and severe 
stenosis The artery is compressed with a vascular 
clamp m produce endothelial and medial injury. 
Then. an encircli~:g plastic cylinder (4 m m  or longer 
in length~ is placed around :he outside of the iniured 
artery, producb~g a "critiea{ srenosis/ '  Acute plate{el 

thrombus £ormarion begins re occur in the stenosed 
lumen. This causes the coronary flow to decline and 
reach zero (or near zero) ~ow_ Then. the thrornbus is 
embolized rare the distal circulation and flow :s r~-- 
stored. This occurs repeatedly, causin~ evchc flow 
reductions. These cyclic flow redactions can be made 
Iarger and made m occur more frequently by increas- 
ing in r ive  pJatelet activity. 

The Felts model  is a ve~3' good mode./~o study p/a~e/e~ 
Dteracfion.~ and has been used ex:ensivelv ~br this pur- 
pose. As for the exac: relationship of this model to the 

pathophysioLogy orang ma. the author has a few reser- 
vauons. The model  is totally nonresponsive re vaso- 
consmc: ion .  The plate}el plugging occurs only m 
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higb-potassmm solution caused a large decrease in 
disrat pressure and flow, 

This is due only animal model in which proximal 
coronary ar:e D' constr,ct:on alone {vasocor~srrictlon 
along the first 3 c m  of rhe coronary at: try) has been 
able re reduce f{o~ through t t3e vessel  This 
[nrratuminal stenosis has both qualitative and quami-  
tative responses similar re human arterial s:enoses 
[44] The maF~r disadvantages of these preparatmns 
are that they are mor~ difficult re use than an externM 
constrictor and that  the ardfical surface makes blood 
e{ement flow inreraction~ irrelevant to study. 

tntra/umina/ Ob.rtructio~.;. Simialr ro human 
srenoses, we developed a srenoric mode[ that  resDo::ds 
to vasoconstriction and pressure changes [36,40,41]. 
To achieve this. we created an intraluminai srenos:s 
by inserting either a rubber ph~g (Figure I / -5 )  or a 
partially inflated angiop~asry balloon catheter rote 
the coronary artery {2i,42,45].  Like the external 
constr:ct ,on, the in:raLumina[ obstruct:on decreased 
flow and caused a pressure gardie:~: across the vessel. 

[Jsmg the same artery as illustra:ed m the cop 
panel of Figure 11~4, the bo t tom panel shows the 
vasoconsrricrion response when the artery was par- 
tially obstructed bv an intra[uminal srenos~s. The 
initial stenottc resis:ance, flow. and dis~aL pressure 

were almost identical for stenoses created by either an 
external snare (top panel) or an intratuminal obstruc~ 
don  (bottom panel?. Yet the intraluminal obstruction 
was responsive re vasoconsrricr:mn: Switching rn the 

[38,39]o Thus, it is unclear wheal:or subsequen: plate- 
let acrwacm*: {s due ~o the hemodvnam~c conditions 
presets: in the arterial stenosis or the" clot~ing cascade 

caused by the arreriat damage, 

menr ro D Top: A transverse recision was made in the distal 
end of artery. The plug was inserted and adva:lced rerro- 
~{radely rote the vessel This procedure w~ done while the 
arrow was perfused :ruder pressure to minimize collapse of 
the vessel during the msemot: procedure. Longitudinal 
(middLe) and cross-seermna[ ~bottom} views of the ste,:otic 
plug sutured in prate are shown. (From Tulenko et N. [24], 
with permJ~sion.~ 

very severe stenoses (grea:er rhan 95% area reduction:> 
wi th  extensive endotheLiaL and vascular damage FIGURE tl-5 Insertion of silicone ph:g mm arterial sea- 
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UNIQUE CONTRACTION WITHIN A STENOSIS 

[/sing this intraluminal stenotic model, we have de- 
termined that a unique type of constriction occurs 
within a stenotic artery, information that would be 
unobtainable with an arterial ring preparation or with 
an external constrictor. Figure 11-6 shows the pattern 
of constriction that we believe occurs within normal 
and stenotic coronary arteries. Figure 11-6 presents 
the pressure-diameter  relation for a dilated and con- 
stricted coronary artery [27]. The force opposing arte- 
rial constriction is the intraluminal pressure. In 
normal (nonstenotic) arteries, this pressure is the sys- 
temic arterial pressure, which is relatively constant. 
Localized contraction does not change systemic pres- 
sure, and therefore does not change the afterload for 
the vascular smooth muscle. Vasoshortening occurs 
along isopressure lines. 

Wi th in  a stenosis, the pressure is initially less than 
systemic pressure, which by itself results in greater 
shortening for any given amount of agonist [27]. 
More importantly,  local vasoconstriction further de- 
creases this pressure [45]. Thus, in a stenotic artery, as 
the artery begins to shorten, the stenotic pressure 
oppnsing vasoconstriction decreases dramatically (see 
Figure 11-6). This decrease in stenotic pressure leads 
to turther diameter shortening, with a resulting de- 
crease in cross-sectional area and stenotic pressure - -  
a positive feedback mechanism. Thus, within a 
stenosis a unique type of constriction occurs. When 
the artery contracts, it is able to change its own 
afterload - -  a phenonemon that does not happen in 
other large conduit arteries. 

Using this model, we observed that in a stenotic 
artery, the entire response or the vast majority of the 
response occurs at one incremental dose of the agonist. 
As increasing doses of vasoconstrictor are adminis- 
tered, one dose is reached at which flow rapidly 
and abruptly decreased to near or total occlusion 
(all or none) [25,'~6]. W e  measured an increased 
vasoshortening within the stenoses. This increased 
shortening occurred wben the stenotic arterial dis- 
tending pressure decreased [23]. We  observed that 
nitroglycerin was much more effective when given 
before, rather than after, vasoconstriction. Af}er vasos- 
pasta, greater concentrations of nitroglycerin were 
required to reestablish flow compared with the concen- 
tration required to prevent spasm [23]. Lastly, with 
endothelial denudation we observed apparent changes 
in the sensitivity to vasoconstrictors, even without real 
changes in sensitivity of the arterial smooth muscle 
[24]. None of these response patterns occurred in 
isometrically or isotonically contracted vascular tissue. 

Our studies showed the inability of isometric arte- 
rial rings, normal conduit arterial contractions, or 
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FIGURE ll-6. Graph of the decrease in initial intraluminal 
pressure due to the effects of atherosclerotic plaque in at 
stenotic artery. This initial decrease in intraluminal pres- 
sure makes constriction more effective. Further, localized 
vasoconstriction decreases the intraluminal pressure. As the 
vessel constricts, the pressure decrease leads to further vessel 
shortening. Thus, the constriction is along a decreasing 
pressure line. The combination of an initial decrease in 
intralumina[ pressure together with pressure decreases as 
the vessel constricts causes exaggerated constriction within 
the stenosis, (From Ghods et al. [25], with permission.) 

external snares to predict stenotic arterial responses to 
basic interventions, such as vasoconstriction, vasodi- 
lation, and denudation [46]. As stated at the begin- 
ning of this chapter, the limitations of each method 
must be kept in mind. Using an arterial ring prepara- 
tion to examine hemodynamic response can be very 
misleading. 

Chronic Models 
Other  chapters cover the pros and cons of the many 
atherosclerotic models. Thus, the rabbit and minia- 
ture pig modeJs are discussed only briefly here. In the 
rabbit model, the endothelium is damaged generally 
by rubbing an inflated balloon catheter against the 
endothel ium in the lilac artery. The rabbit is then 
placed on a high-cholesterol diet and develops athero- 
sclerotic lesions within 2-'3 weeks. While  this model 
has many disadvantages, the technique is relatively 
simple and reproducible. For the hemodynamic point 
of view, the lesions that are produced can partially 
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obstruct the arterial lumen and can respond to pres- 
sure and vasoconstriction. In this respect, the lesions 
are similar to human stenoses. A major limitation is 
the size of the arteries. Even the lilac arteries are 
significantly smaller than human coronary arteries. 

Using this model, we have observed not only quan- 
titatively, but also qualitatively, different responses 
between arterial rings and whole artery responses 
[46]. In arterial rings, (1) normal and hyperchol- 
esterolemic arterial rings developed more isometric 
tension and were more sensitive to norepinephrine 
than stenotic arterial rings, (2) all arterial rings 
vasodilated in response to nitroglycerin, and (3) 
changes in isometric tensions occurred over a 1000- 
fold change in norepinephrine, serotonin, and nitro- 
glycerin concentrations. In perfused normal and 
hypercholesterolemic arteries, (1) flow was unaltered, 
even at the highest norepinephrine or serotonin con- 
centration; (2) in stenotic arteries, norepinephrine 
and serotonin decreased distal pressure and flow; (3) 
nitroglycerin did not always successfully dilate 
stenotic arteries and thereby re-establish flow; and (4) 
in stenotic arteries, most of the hemodynamic re- 
sponse occurred at one incremental dose of vasocon- 
strictor or vasodilator. 

The above-reported results demonstrate that the 
choice of experimental models can influence conclu- 
sions. If one just examined arterial rings, the conclu- 
sions would be very different than perfused artery 
results. Selection of the experimental model influ- 
ences the conclusions. Limitations need to be consid- 
ered when selecting an experimental model and when 
making conclusions. 

MINIATURE PIG MODEL 
From the hemodynamic point of view, the best ani- 
mal model, in the author's opinion, is the miniature 
pig, as developed by Nakamura and coworkers [47]. 
In their model, G6ttingen miniature pigs were 
subjected to cholesterol feeding, balloon-induced 
coronary arterial denudation, and x-ray irradiation. 
Five months later, coronary spasm was induced. 
Nakamura and colleagues have used this model to 
examine the mechanisms for coronary artery spasm, 
agents that induce spasm, endothelial function, and 
how the mode of onset and the duration of coronary 
spasm influence the progression of organic coronary 
stenosis and acute myocardial infarction [48-51]. 

The fact that the coronary arterial lesions are simi- 
lar in size to human arteries is an important strength 
of this model. Further, with this model large coronary 
artery vasoreactivity, interactions between the 
stenosis and blood elements, and interactions between 
vasoreactivity and blood elements are all possible. 

The major problems with this model are that it is 
difficult to create and expensive. 

Human Model 
In a chapter devoted to experimental models, it might 
seem strange to mention the human model. But, 
given the cost and time needed to develop a quality 
large-animal research laboratory, the support system 
already in place in human cardiac catheterization 
laboratories, and recent technological advancements, 
more direct observations on humans are to be ex- 
pected. The major limitation in human studies is 
that interventions that are potentially dangerous can- 
not be performed. Sometimes examining things 
that are detrimental can provide insight into the dis- 
ease and potential treatment. Lastly, keep in mind 
that to fully characterize large-vessel hemodynamics 
three variables are needed: flow through the vessel, 
the pressure drop across the vessel, and the luminal 
area. 

As mentioned earlier, Greg Brown pioneered quan- 
titative coronary angiography. Thus, dimensional 
measurements have been available for many years, and 
recent advances may make this analysis possible in 
semi-real time [52]. Another technique to measure 
coronary dimensions is intravascular ultrasound, 
which has been used to study epicardial coronary 
vasomotor tone in cardiac transplant recipients and to 
assess coronary vasomotion and endothelial function 
in patients with mild atherosclerosis [53,54]. For 
coronary imaging, a 4.3F ultrasound catheter is 
positioned within a coronary artery segment, with 
imaging provided by a 30-MHz transducer. Ultra- 
sound allows continuous determinations of vessel 
size and morphological characteristics. Given the size 
of the catheter, however, the ultrasound approach 
cannot be used to assess vasomotion in severely, 
or even mildly, stenosed arteries. In other words, 
given that a 85-90% reduction in luminal area 
is needed before resting blood flow is affected, a 
4.3F ultrasound catheter will reduce flow through 
a minimally stenotic vessel and may even occlude the 
vessel. 

Advancements in Doppler flow velocity systems 
make the measurement of coronary blood flow pos- 
sible in most cardiac catheterization patients. The 
Doppler flow system consist of a 0.014- to 0.018-in. 
diameter flexible, steerable guide wire with a 12- 
MHz piezoelectric ultrasound transducer integrated 
into the tip [55]. Investigators have used the Doppler 
flow velocity system to make clinical descisions, such 
as whether to defer angioplasty in patients with 
angiographically intermediate lesions [56]. 
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The last vital measurement  is pressure. Several 
studies have measured translesional pressure gradi-  
ents [56-381.  After recording the translesional flow 
velocity data, a 2.2F infusion catheter  (Ttracker 18, 
Target  Therapeut ics)  was advanced over a guide wire 
beyond the stenosis into the distal  por t ion of the 
coronary artery. The  guide wire was removed, and 
phasic and mean pressures in the distal  arterial seg- 
men t  were recorded using fluid-filled tub ing  and 
standard transducers.  

In some very impressive studies, Mor ton  Kern and 
colleagues have combined  dimensional  data wi th  flow 
and pressure measurements .  W h i l e  these investiga- 
tors and the i r  efforts to measure translesional pressure 
should be commended ,  the l imi ta t ions  mus t  be kept  
in mind.  To measure distal  coronary artery pressure, 
the catheter  must  be placed th rough  the stenotic seg- 
ment ,  tha t  is, the catheter  partial ly occludes the ar- 
tery. Even a very small 1 -mm diameter  catheter  
obstructs  over L0% of a normal  coronary artery lu- 
men. Given that  a 7 3 - 8 0 %  reduct ion in luminal  area 
is needed before a pressure gradient  develops across a 
stenosis, the pressure catheter  will fur ther  obst ruct  
the lumen and thereby affect the resul t ing pressure 
measurement .  This  artifact is hard to remove because 
the translesional pressure gradient  is not constant  bu t  
is related to the square of  the flow rate. This problem 
is compounded  by the inabil i ty  to s imultaneously 
measure pressure and flow. These two factors can lead 
to very erroneous measurements .  Unt i l  advancements  
in pressure measur ing techniques are made, this au- 
thor  would highly recommend not  making  this  mea- 
surement .  A pressure measur ing catheter  needs to be 
0.5 m m  in d iameter  or less, the size of the Doppler  
flow wire. 
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Introduction 
The acute coronary syndromes include unstable an- 
gina, myocardial infarction (both non-Q-wave and 
Q-wave), and sudden ischemic death. Common to all 
these syndromes, in a majority of cases, is the event of 
plaque disruption. Thrombus generated as a result of 
plaque disruption is clinically manifested as one of 
the acute coronary syndromes. Hence, there is consid- 
erable overlap amongst the syndromes, and the dis- 
tinction may simply be the amount of thrombus 
generated and the presence of collateral circulation. 
Though many theories have been advanced to eluci- 
date the events leading to plaque rupture, the tempo- 
ral determinants of the final event remain a mystery. 
In this chapter we discuss the various hypotheses 
regarding the events of plaque rupture, the clinical 
data regarding the acute coronary syndromes, and 
how these relate to our current understanding of the 
pathogenesis of the acute coronary syndromes. 

Although the event of plaque rupture is sudden 
in nature, the platform on which it occurs, the 
atherosclerotic plaque, has been present for a long 
time. In the United States atherosclerotic lesions 
have been found in 90% of people who are over 30 
years of age [1]. Hence, prior to discussing plaque 
rupture it is important to briefly discuss the process of 
atherosclerosis. 

Formation of the Atherosclerotic Plaque 
The process of atherosclerosis involves an interaction 
amongst the cellular blood elements and the injured 
vascular wall. Resulting from these interactions are 
various pathologic phenomena, such as inflammation, 

proliferation, necrosis, and calcification/ossification. 
Thrombus formation may be important in the early 
stages of the atherosclerotic process, but a flow- 
limiting thrombus usually occurs only with mature 
atherosclerosis [2]. The early stages of atherosclerosis 
occur over a prolonged period of time, during which 
the patient is without symptoms related to these pro- 
cesses [3]. Indeed, slow progression of coronary dis- 
ease can result in symptoms, late in its course, once 
the luminal diameter becomes flow limiting. In these 
cases the initial symptoms tend ro be related to exer- 
tion, when there is an imbalance between myocardial 
blood supply and demand. 

The earliest visible lesion of atherosclerosis is the 
fatty streak. On gross examination, this appears as an 
area of yellowish discoloration. Microscopically, this 
relates to the presence of foam cells, which are lipid- 
laden macrophages/monocytes or smooth muscle 
cells. The lipid within these cells is mostly in the 
form of cholesterol and cholesteryl ester (primarily 
oxidized LDL). Fatty streaks are found at points of 
turbulence and disturbed flow patterns in the 
coronary arteries, particularly at bifurcations. Fatty 
streaks are apparent on walls opposite flow dividers in 
the coronary tree, and also at bifurcations of the ca- 
rotid and brachiocephalic circulations [4-6]. These 
are the regions that are subjected to significant hydro- 
dynamic stresses. Taken together, these stresses con- 
stitute the theology of the flowing blood. 

The further progression of the coronary atheroscle- 
rotic plaque is variable and is dependent on the coro- 
nary risk factors. The fatty streaks may progress to the 
more advanced lesions of atherosclerosis, known vari- 
ably as fibrous plaques, atheromas, fibroatheromas, 
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and/or complicated Jesions [7}, The progressio~l is 
accelerated m individuals with coronary risk factors. 
such as tobacco use~ hypertension, hyperlip{demia, 
and a family history of-early atherosderosis [4}. Re- 
crudely, a scheme re ~ype the advanced lesions nf 
atherosclerosis has been proposed, base~ o~a the hisrob 
ogy of: the plaque iS}. The lesions are considered 
;~dvanced when the accurrm]ation of- lipids and cellu- 
lar components  leads re structural disorganization, 
intirna! d~icke~ing and distortion of the arterial 
wMt These !esions may ~mt necessarily result m a 

crkical narrowing. The clinical ~mportance of dmse 

FIGURE 12-L Schematic showing cross sections from an 
identical area in d~e proximal le{r anterior descendk*g after? 
(LA[}). The morphology {# the inrmla raHges from adaptive 
inrima~ thickening :~ a type %;I lesion in advanced athero- 
sclerosis (Used with perm*~smn of ~he Americau Heart 
Assocmtlon: ~:rom Slaty et al {l 1}j 

lesions relates to the l~act that while these lesions can 
be clinically silent, complicariorls can develop sud- 
denly The initial fatty streak and intermediate 
lesions have been typed as [, I1, and II1. and the 
advanced lesions are classified as types IV, V, and VI 

I91 (Figure 12-D. 
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TYPE IV LESION 
In these lesions there is a significant accumulation of 
extracellular lipid, which occupies an extensive, 
but well-defined region of the intima. This lipid 
accumulation is termed the lipid core. Fibrosis is not 
a prominent characteristic, and surface disruption 
with thrombosis is not present. The type IV lesion is 
also known as an atheroma. Even though the lipid 
core thickens the artery wall, the atheroma usually 
does not cause significant luminal narrowing because 
there is a compensatory increase in the external 
boundary of the arterial wall [10]. The region 
between the lipid core and the intimal surface is 
mostly composed of proteoglycans, and macrophage 
foam cells. Because there are few fibromuscular 
elements in this region, it is susceptible to the forma- 
tion of fissures and conversion of the lesion to a 
more advanced form, Furthermore, the periphery of 
the type IV lesion is vulnerable to rupture because 
there is a great concentration of macrophages in this 
area. 

TYPE V LESION 
These lesions are characterized by an increase in fi- 
brous tissue. When this increase in fibrous tissue is 
combined with a lipid core, the lesion is called a 
fibroatheronm. The fibroatheroma contains the acti- 
vated smooth muscle cells that have adopted the pro- 
liferative phenotype [5]. This is the characteristic 
lesion ofatherosclerosis. These cells are also capable of 
ingesting cholesterol and becoming foam cells, hence 
serving to continue the atherosclerotic process. A fi- 
brous cap covers the fibroatheroma and is composed of 
smooth muscle cells and connective tissue. The type 
V lesion can be further classified depending on the 
amount of lipid and calcification [8]. These lesions 
result in a greater degree of luminal narrowing, and 
this is in part due to the size of lipid core and in part 
due to the amount of reparative connective tissue that 
forms in response to the obliteration of the 
normal architecture. These lesions may also develop 
fissures, hematoma, and/or thrombus. They may be 
clinically significant, even without these secondary 
features. 

TYPE Vl 
When type IV and V lesions become ulcerated and 
disrupted, and develop a hematoma or hemorrhage, 
they are termed type VI or complicated lesions. The type 
VI lesions are further subdivided based on the super- 
imposed features. Needless to say, these lesions are 
the final common pathway for the pathogenesis of the 
acute coronary syndromes. 

Unstable Plaque 
Unstable plaque is a term describing the vulnerable 
plaques that are susceptible to the process of plaque 
disruption. These unstable, "vulnerable" plaques of- 
ten possess four characteristics: a large lipid core, a 
decrease in fibrous cap thickness, increased inflamma- 
tory cell content, and mild to moderate stenosis. Vul- 
nerable plaques rupture when exposed to different 
stresses. These stresses are related to plaque size or 
configuration. 

Early theories regarding intraluminal thrombus 
formation hypothesized damage to the nasa vasorum 
as the cause of plaque rupture. Intraplaque hemor- 
rhage leading to thrombus formation was felt to be 
the major event. More recent data have indicated that 
this is an uncommon cause of intraluminal thrombus 
formation. In most situations the inciting event is the 
disruption of the fibrous cap [11]. Exposure of the 
underlying elements to the flowing blood is a potent 
thrombogenic stimulus. The collagen fibers con- 
tained in the fibrous cap, when exposed to blood, 
stimulate platelet aggregation [12]. The soft material 
in the plaque, the lipid-rich gruel, when exposed to 
the blood elements is also extremely thrombogenic 
[2]. An acute increase in shear forces, which can occur 
during plaque disruption, further magnifies the 
extent of platelet aggregation [13]. Mechanisms of 
platelet activation, triggered by the above-mentioned 
chain of events, include adenosine diphosphate, 
thromboxane, and thrombin/collagen pathways, lead- 
ing to exposure of the glycoprotein lib/Ilia receptor 
[14]. Activation of the coagulation system results in 
thrombin formation, and the red cells and fibrin at- 
tach to the mass of platelets. Typically, the arterial 
thrombi consist mostly of platelets at the proximal 
end, and fibrin and red cells at the distal end. Occlu- 
sion of the lumen is related to the fibrin tail of the 
thrombus. 

MILDLY TO MODERATELY STENOTIC PLAQUE 
As mentioned earlier, although the events of plaque 
disruption are well understood, the temporal triggers 
that result in the event are not well described. Plaque 
rupture is not a random event in that not every plaque 
has the same risk of rupture. Retrospective studies 
by Ambrose et al. and Little et al. have shown that 
lesions that gave rise to new myocardial infarctions 
were noted to be only mildly or moderately stenosed 
on previous angiograms [15,16]. These data were 
later confirmed in other studies by Giroud et al. and 
Noboyushi et al. Giroud et al. appropriately pointed 
out, though, that this may simply have been due to 
the fact that in their study moderate stenoses out- 
numbered the more severe stenoses by a factor of 14. 
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Hence, the relative risk of a severe stenosis leading 
to acute occlusion or myocardial infarction was five 
times that of any other segment in their study 
[17,18t. 

Prospective data from the CASS study analyzed 
2938 coronary artery segments (n = 298 patients), 
none of whictt were bypassed during the study. 
Repeat angiography was performed 5 years after en- 
trance into the study, and factors associated with 
disease progression were evaluated. Only 89 segments 
(3%') had an 81-95% stenosis at baseline. Twenty- 
four percent (n = 21 segments) of these became 
occluded during the 5-year follow-up, as opposed to 
13% (n = 370 segments) of the segments that had a 
less than 80% stenosis at baseline. In this study the 
less severely diseased segments outnumbered the 
severely diseased segments by a factor of 32, and 
thereby gave rise to a greater number of occlusions 
[19]. Hence, whether moderate lesions possess char- 
acteristics that make them inherently more likely to 
rupture remains debatable. 

It is clear that the more stenosed a vessel, the more 
likely it is to go onto total occlusion in the future. 
These events, however, tend to be clinically silent 
due to the presence of collateral circulation. Con- 
versely, it is the absence of collaterals that makes a 
total occlusion resulting from a previously moderate 
stennsis a clinically significant event, that is, a myo- 
cardial int;arction. Furthermore, angiography seems 
to be a poor predictor of the site of future plaque 
rupture, because many total occlusions arise from 
vessels that on prior angiography had no apparent 
stenotic lesion. In assessing the significance of these 
angiographic data, one must realize that angiography 
underestimates the degree of atherosclerosis com- 
pared with pathology and intravascular ultrasound. 
The fitct that a plaque is not significantly stenotic 
does not mean that it is not a large plaque. However, 
one has to consider plaque composition rather than 
plaque size, as determined by angiography, to explain 
further the propensity of certain plaques to rupture. 
There are certain features of a plaque that have been 
found to be associated with increased incidence of 
rupture. 

LIPID CORE 
The degree of lipid present in a coronary plaque is 
extremely variable. Stenotic plaques contain a larger 
amount of fibrous tissue than soft gruel; however, 
pathologic studies have shown that culprit lesions 
in acute coronary syndromes have a greater percentage 
of lipid within the atheromatous core than non- 
cul-prit lesions [20]. Postmortem examination on 
patients with coronary disease revealed much larger 

atheromatous cores in coronary segments with plaque 
disruption than in those with an intact surface [21]. 
Davies et al. studied aortic plaques and identified a 
critical threshold; a plaque with an atheromatous core 
occupying greater than 40% of the plaque area at its 
midpoint was much more susceptible to rupture [22]. 
In ulcerated (disrupted) plaques, the size of the lipid 
pool exceeded 40% in 91%, of cases compared with 
11%, of intact plaques. 

The lipid core consists of extracellular lipids, par- 
ticularly cholesterol and cholesteryl esters [23,24]. It 
appears to develop from the confluence of small iso- 
lated pools of extracellular lipids that are found in 
the early lesions of arherosclerosis [1 l]. The increase 
in the amount of lipid probably occurs due to a con- 
tinuous movement of lipid from the plasma into the 
atheromatous core. 

Plaque lipid content is an important determinant 
of plaque rupture. This is supported by two sources of 
data. Animal studies have shown a decrease in the 
plaque lipid content, in addition to other chemical 
changes, while being maintained on hypolipidemic 
therapy [25,26]. Decreasing serum lipids, either by 
hypolipidemic therapy or by other mechanisms, in 
humans has been shown to decrease the number of 
acute coronary events [27-31]. Brown et al. per- 
formed angiographic fnllow-up as a part of a lipid 
regression trial and showed that, even though there 
was a signiticant decrease in clinical events, there was 
only a small change in the angiographic stenosis. 
Once again, the emphasizes that plaque composition, 
rather than size, may be a determinant of plaque 
rupture [32]. It has been hypothesized that with 
lipid-lowering therapy the liquid cholesterol content 
of the plaque decreases, hence raising the relative 
concentration of crystalline cholesterol. The increase 
in the crystalline cholesterol concentration increases 
the stiftness of the lipid pool, allowing fi~r better 
plaque stabilization, and makes the plaque less likely 
to rupture [24]. 

FIBROUS CAP 
The content and thickness of the fibrous cap is 
a feature to consider when discussing plaque 
disruption. 

Fibrous Cap and lnflammato~ 3 Cell 
Content. Collagen fibers provide tensile strength to 
the cap and are an important component of stable 
plaques. Ruptured aortic plaques, however, have been 
found to have significantly fewer collagen fibers, and 
hence smooth muscle cells [22,33]. The reasons fi)r 
this lack of smooth muscle cells, however, have not 
been adequately explained. T lymphocytes, which are 
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also found in abundance at sites of plaque disruption, 
may contribute to the absence of the collagen fibers, 
through the elaboration of gamma interferon, a 
cytokine that has been shown to markedly decrease 
the ability of human smooth muscle cells to express 
the interstitial collagen genes in both the quiescent 
and the activated states [34,35]. 

As discussed earlier, foam cells are an important 
constituent of any atherosclerotic plaque. The thin- 
nest area of the plaque is usually at the interface of 
the fibrous cap with the normal arterial wall, which is 
often the site of disruption. This is also the area of 
greatest macrophage infiltration [361. The macroph- 
ages at this site are activated, suggesting ongoing 
inflammation [37]. Multiple studies have reviewed 
the histopathology of ruptured plaques layered with 
thrombus (postmortem data) and plaques from pa- 
tients with acute coronary syndromes (atherectomy 
samples). A majority of these plaques rupture at these 
so-called shoulder sites, where the cap meets the nor- 
mal wall, and show a significant infiltration of foam 
cells [2,36-38]. 

Macrophages may play a role in plaque rupture 
through expression and secretion of metallopro- 
teinases. One of the metalloproteinases is a collage- 
nase and may be involved in plaque destabilization. 
Recent studies have shown the presence of metal- 
loproteinases in human coronary plaques, and in- 
creased monocyte tissue factor expression has been 
demonstrated in coronary artery disease [39-441. 
Furthermore, mast cells have also been identified at 
the shoulder regions, and the greatest numbers are 
found in the advanced atheroma [43]. In vitro, the 
tryptase produced by the mast cells has been shown 
to activate prostromelysin, a metalloproteinase pro- 
duced by macrophages in atherosderotic plaques 
[41,46J. When activated, prostromelysin can degrade 
the extracellular matrix [47J. Moreover, activated 
stromelysin can also activate procollagenase, a precur- 
sor of collagenase [48]. Chymase, another proteolytic 
enzyme produced by mast cells in some atheromas, 
can further cleave and activate procollagenase [491. 
Hence, both tryptase and chymase produced by the 
mast cells may initiate a set of events that leads to 
degradation of the extracellular matrix, thereby desta- 
bilizing the shoulder region. Tissue factor expressed 
by macrophages may initiate thrombus formation, 
through the fbrmation of a complex with factor VII, 
which activates factor X or factor IX, intrinsic and 
extrinsic coagulation pathways, leading to thrombin 
generation and fibrin formation. 

Cap Thickness and Plaque Stress. The thickness 
and stiffness of the cap are key determinants of the 

amount and distribution of the stress experienced by 
the plaque. Wall tension in the blood vessel is related 
to the radius and the luminal pressure, as stated in 
Laplace's law. Circumferential wall stress is equal to 
the product of the radius and the pressure divided by 
the cap thickness. For an equal outer vessel diameter, 
plaques with mild to moderate stenoses will experi- 
ence a greater overall wall tension, because of a larger 
inner lumen, when compared with more severely 
stenosed vessels under similar conditions of blood 
pressure and cap thickness [2]. The plaque compo- 
nents are responsible for bearing the imposed stresses, 
a property that is influenced by cap thickness and 
plaque contents. The stresses are redistributed to 
other areas if the components within the wall (the 
lipid core) are unable to bear the load. These adjacent 
areas include tile shoulder regions, where the plaque 
meets the normal wall [36]. Hence, the stiffness of 
the gruel, within the plaque wall, is an important 
determinant of the response to the imposed stress. 
The stiffer the lipid core, the more stress it is able to 
bear, and the less is redistributed to the shoulder 
regions [261. 

Computer-simulated models of plaques have 
shown that the areas of peak stress are usually concen- 
trated in the shoulder regions when significant 
amount of soft lipid is present in the plaque. These 
findings have correlated well with pathological stud- 
ies, which then identified the site of plaque rupture 
[36]. Cheng et al., using an elegant computer model, 
demonstrated that a significant number of plaques 
(58%) indeed rupture at points of peak circumferen- 
tial stress [50]. The thickness of the cap is then also 
important in determining the circumferential ten- 
sion. The thicker the cap, the less the peak circumfer- 
ential stress [51]. The stiffness of the plaque lipid 
pools (gruel) is determined in part by the amount of 
cholesterol monohydrate crystals. As mentioned ear- 
lier, the amount of cholesterol monohydrate crystals 
increase relatively during the early phase of regres- 
sion, making the plaque stiffer; this ability to bear 
stress makes the plaque more stable [26]. 

However, plaques may rupture at sites other than 
those predicted by the computed models. This may 
occur because of the presence of inflammatory cells 
within the unstable plaque [36,50]. Inflammatory 
responses within the unstable plaque may serve to 
weaken certain areas of the cap, making it more sus- 
ceptible to rupture. It has also been suggested that 
plaque disruption may also be related to the cyclic 
stretching, compression, bending, flexion, shear, and 
pressure fluctuations that occur in the coronary artery 
[52]. This type of load, when applied repeatedly, may 
serve to weaken the plaque and may ultimately lead 
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to sudden fracture of the plaque due to cap fatigue, a 
situation similar to the repetitive bending of a paper 
clip that weakens it until it suddenly breaks. If 
fatigue does play a role in plaque disruption, then 
reducing the frequency (by reducing the heart rate) 
and magnitude (flow and pressure related) of loading 
should result in less plaque disruption [53]. 

OTHER PATHOGENETIC MECHANISMS IN 
UNSTABLE ANGINA 

Inflammation. Though most cases of unstable angina 
appear to result from plaque rupture and subsequent 
thrombosis, recent evidence suggests an additional 
role for inflammatory cell reaction as a pathogenetic 
mechanism. Activation of leukocytes has been de- 
scribed in patients with unstable angina [54-58]. 
Increased levels of C-reactive protein were noted by 
Berk et al. in patients with unstable angina [56]. 
Liuzzo et al. described elevated levels of C-reactive 
protein in patients with unstable angina, but without 
evidence of myocardial necrosis. Patients with el- 
evated C-reactive protein also had worse in hospital 
outcomes than those with normal levels [57]. A 
significant increase in the expression of neutrophil 
and monocyte adhesion molecule CD11b/CD18 was 
noted by Mazzone et al. in the coronary sinus blood of 
patients with unstable angina compared with patients 
with stable angina [58]. Dinerman et al. have found 
increased levels of neutrophil elastase in patients with 
unstable angina compared with controls [55]. 

Histopathologic specimens also show an inflamma- 
tory cell reaction in patients with unstable angina. 
Areas of plaque disruption are usually found to be 
infiltrated with inflammatory cells [37}. Patients 
with unstable angina and non-Q-wave myocardial 
infarction more frequently have macrophage-rich 
sclerotic tissue and macrophage-rich atherosclerotic 
material in atherectomy samples [38]. We feel, 
however, that there is an interrelationship between 
thrombosis and inflammation. It is very difficult to 
separate thrombosis and inflammation. Inflammation 
in unstable angina may lead to plaque disruption and 
thrombus formation, as outlined earlier, or it may be 
secondary to thrombosis. Furthermore, prolonged 
ischemia may lead to activation of white blood cells, 
as recently shown by de Mazzone et al. [58}. 

Smooth Muscle Cell Proliferation. Flugelman et al. 
evaluated atherectomy samples to assess if mecha- 
nisms other than plaque rupture were operative in the 
conversion of stable angina to unstable angina [59]. 
They reviewed the histopathology and immunocy- 
tochemistry of plaques retrieved from patients whose 

lesions did not show any thrombus on angiography. 
Thrombus was retrieved in only 34% of patients with 
unstable angina, and a smooth muscle predominance 
index was only slightly lower than patients with 
restenosis (1.4 vs. 1.7). The expression of acidic FGF 
and basic FGF was noted in 80-100c~ , of unstable 
angina and restenosis specimens. Hence, they pro- 
posed that in a subset of patients with unstable an- 
gina, smooth muscle cell proliferation may lead to 
gradual luminal narrowing through plaque expansion 
and give rise to unstable symptoms. 

Anatomic-Pathophysiologic Correlates of the 
Acute Coronary Syndromes 
Having discussed the features of the atherosclerotic 
plaque that may make it vulnerable to rupture, we 
now turn our attention to the clinical correlates of the 
acute coronary syndromes. The particular syndrome 
that develops depends on the amount ofischemia and/ 
or necrosis produced by the obstruction. The factors 
that determine the degree of ischemia and/or necrosis 
produced include the degree of obstruction present 
after plaque rupture, the relative acuteness of the 
obstruction, the duration of the total occlusion, 
and the ability to recruit collaterals. Over the years 
much clinical data have been accumulated regarding 
the acute coronary syndromes. These data have come 
in the form of therapeutic trials, angiographic and 
angioscopic, and biochemical studies. In the remain- 
ing portion of this chapter we review these data and 
develop a cohesive approach to understanding the 
pathogenesis of the acute coronary syndromes. We 
discuss each syndrome individually and present the 
currently available data on it. 

UNSTABLE ANGINA 
The term unstable angina usually incorporates all the 
following clinical scenarios: new-onset angina, angina 
at rest, or any increase in the anginal pattern. Un- 
stable angina may also occur soon after a myocardial 
infarction. For new-onset angina to be classified as 
unstable, it should be present on mild exertion or at 
rest. The very name of the syndrome, unstable angina, 
implies an instability or a changing anginal pattern, 
possibly leading to myocardial infarction. On the 
level of the plaque, unstable angina can result from 
two scenarios. Plaque rupture can occur, and a new 
lesion or a transient total occlusion gives rise to symp- 
toms, or plaque growth, which has been occurring 
chronically and can progress to the point of critical 
stenosis. In either situation when the demand in- 
creases, the supply is limited and angina occurs; this 
scenario probably also accounts for a significant num- 
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Ft(}[IRE [2 2 Diagrammed on the rap are the m~st cart> 
men  lesion morphologies (C,M.) seen in patients presenm~g 
with unstable angina "line simple discrete lesions are disr iw 
~uished from the cnmplex lesions. A filling defter (FD) may 
be seen proximal or distat re any bison Wherl  a FD i~ noted 
Jn a bsirm wkh  s~mp[e m~rphology, ir ~s au tomadca lb  
classified as complex. (Used with permission {r{~m F~mra 
Publishing.] 

be; o} ~ patJents with new-onset exertiona[ ang[na. In- 

te resrm~ly~ u a r m w m g  by plaque a lone  was ~{mi[ar 

on pa tho log i ca l  ana lyses  f rom par ie r l~  w k h  u n s t a b l e  

ang i na ,  myoca rd i a l  in~qrcrion, and  s u d d e n  ischemic 
dead~; h o w e v e L  p a t i e n t s  w i t h  ues rab le  m i g m a  had  

a h i g h e r  f r equency  o f  more  severe a a r r o w i a g s  

[60]  T h e  r e m a i n d e r  o f  t he  d i s c u s s i o n  on  u~.stable 

an~ lna  concen t r a t e s  op, rcsr ang ina  and  c rescendo  
ang i  an. 
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A~,gmgraphD Corre/ate.~ 9 < Umtc:bIe A~gi,:a. Plaque 
disrupeion wurh thrombosis is * he cause of mos[ eases 
of enstab[e angina presenting either as res~ pain or as 
an acute change m previo,sly stable angina {61}. 
Angiography in these patients reveals a stenosls 
rhar is grear~r tha~ 7(l~i but iess than 100~ :  only 
~0-20% are found to have a total oechxmon. The 
.frsr systematic evaluation of coronary morphoIogy 
m pat~en~s with unstable an~ma was perfi~rmed by 
Ambrose et al in 1985 [62]. They reviewed the 
morphology of coronary ster~oses m i10 patients 
wkh  either stable or unstable angma. In pat iems wh h 
unstable angina, an asymmetric or eccentric narrow- 
mg wi th  irreguiar borders and/or a narrow neck 
was noted in 54% of bsions~ as compared wkb 79:. of 
lesions m par~en~s with stable angina. When  
venrriculograph~e and climcal crirerm wvrc used m 

identi@ the vessel responsible for the ischernic syn- 
drome. ~his morphology was presen~ in 7 I ~  of the 
culprit  or angina-pr{kqucing lesions. "fh~s lesion mor- 
phology was classified as ~ype fI eece~?rrie ~o dbxm 
guish it from t1~e sm{~oth eccenmc (~ype I eccentric~ 
or concentric mo~phoJogy f<mnd in p~±rwm~ w~th 

FK~URE i2-4. The photograph u~p illustraees a s~mp[e 
bsion in the prox?mai bit clrc~trnflex artery m the RAn 
caudal proiecnom The arrow points ro a severe, but concea- 
fri~ narrowlng~ 

seable angina. Various other studies have <ord]rmed 
these findings, ahho~<gh different terms ha~e been 
used ro define the Iesions. now colbctivelv termed 
c.,zylex/esioy~s [63,64] (Figures 12-2 to 12-4), 

Inrraluminal thrombus has also been demonstrated 
ml angiography m patients wi th  unstable a~g inn (65 

- ( U "  

68]. The reported prevabnce varies from lg4 ro 73 >.  
This wide variado~ results from various iactots mo 
d u d i n g  d~e use of" heparim the definition of unstable 
angina, ~l~e duration of the syndrome, the ~iming of- 
the angiogram from ~he las~ epimde of- pain, and the 
definition of a~glographic thrombus itself (pardcu- 
iady in vessds that are less than 1005% occluded). 
U~fforrunately, there is no standard deflnkion fo~ a 
diagnosis of intracoronarv thrombus,  and there has 
been great overlap {n the definitior~s of intraconmarv 

d~rombus and c o m p b x  bsioos° 
The t iming of the angiogram from the ~as¢ episode 

of pain ~s a crkical fiactor in defining ehe incidence ot 
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FK}:JRE i2--4 A c o m p I c x  iesio~, in the  m i d p o r : i o n  of the 

~ef't a n t e r i o r  d e s c e n d i n g  c o r o n a r y  a r t e ry  a~ seer: it: t he  R A O  

cra~?ial proiecr~om T h e  a r r o w  p m  n:s  to an  o v e r h a n g i n g  edge  

~>n ~he p r o x i m a l  :~orr~on o f  the  lesion 

mrracoronarv th rombus  on ;mg:ography. J;re~ man ev 
al. evaluated 8(} pat ients  w i th  unstable  angina  and 
randomized r~em to ei ther  ear] y a~agiography (wi th in  
24 hours of hospi:a] admission) or narer angiography 
~within l week of hospiralization~ Pat ients  wi th  on- 
goiHg chest pare crossed over r o a  {are urgent  group. 
T h r o m b u s  ~,as detected in 43% of  the  pa: ients  in the  
early angiographic  group,  73% {~f the par:eros in the  
late urgen:  group,  and 2152 of the  pat ients  m the Ia~e 
eDctive group {69]. £his s tudy emphasizes the dy-- 
namic nature  of t h rombl  in the  coronary c{ teL:in, ion of  
paeienrs wi th  uns~abD angina,  and heips part ly ex-- 
plain the mixed responses :o ~hrornbolyric therapy in 
parie~:s wid~ unstable  angina  tsee laeerL 

Furthermore.  this  study also showed that  the pres~ 
ence of inrracoronary rh rombus  and complex coronary 
morphology were s :roagty associated w k h  in-hospital  

cardiac events (death. myocardmt infarction, and u >  
gen t  revasculariza~{o~L Such cardiac events occurred 
in 73% of ~he group wi th  [ntracoronar-y t h rombus  
and in 55% ot: the group wi th  comp[e× coronary 
mm~phology_ MuKivesset disease was present in 58% 
o{ the pat ients  ha%rig cardiac even:s. Only t 7 ~  o£ 
pat ients  wi thou t  any of-:hese angiographic  features 
had cardiac evenrs. 

7~fu]~iple regressto~: ann }sis indicated mrracor 
ot:a W th rombus  rn be the  best predic:or  of cardiac 
events. Left ma{n c{}nma W artery disease, which is 
ff~und in 3 - 1 0 %  of uns tabD angina  paelenrs m most  
angmgmphic  s:udies bur  was as h igh  as 25% m 
:me study_ w e r e  excluded Dora this  analysis {70]. 
In another  study rehe ing  prognosis ro morphology° 
Bugardini  e:  at. reported :-hat pat ients  having m~ 
hospital  cven:s were ar least twice as likely a :  have 
comple× corona W morphology when compared wi th  
pa: ients  with  a fiavorable ou:come (949~ vs 43%.  
respecI:Ively). 

The  association betwee~ corona W morphology and 
i t>hospital  ou[come was even more signifiean: when 
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complex coronary morphology was coupled with 
ischemia on 24-hour continuous electrocardiographic 
monitoring [7 l] .  A more recent retrospective analysis 
of the patients in the Unstable Angina Study Using 
Eminase (UNASEM) study group, however, failed to 
correlate the presence of thrombus or complex lesion 
morphology with clinical outcome, even though car- 
diac events occurred in 63% of the total group [72]. 
This study included a selected group of patients, and 
the primary goal was to look at efficacy of throm- 
bolytics in unstable angina, and not to correlate 
angiography with clinical outcome. 

Dissolution of the thrombus and stabilization of 
the complex plaque then become key therapeutic 
maneuvers in treating unstable angina. Ongoing 
chest pain and ischemia after admission on therapy 
probably represent a group of patients in whom tran- 
sient episodes of decreased perfusion precipitated 
by ongoing thrombus formation, due to a persistent 
hypercoagulable state, and/or increased vasomotion 
occur at or distal to the lesion site. Merlini et al. 
prospectively evaluated the degree of coagulation sys- 
tem activity, as measured by FI+ ~ and FPA assays, in a 
population with unstable angina or myocardial 
infarction [73]. They found elevated levels of both 
compounds in the early stages of acute myocardial 
infarction and in unstable angina; persistent elevation 
of FI+ 2 was also noted for up to 6 months after the 
event, whereas FPA levels returned to normal soon 
after the acute events. The persistent elevation of 
F,._,, a compound found earlier in the coagulation 
cascade, indicated that the abnormalities of the hemo- 
static mechanism were present long after clinical sta- 
bilization in patients with acute coronary syndromes. 
This persistent hypercoagulable state was indepen- 
dent of coronary artery atherosclerosis or drug inges- 
tion. This study also raised the interesting issue of 
whether a hypercoagulable state could predate the 
onset of the acute coronary syndromes. This is cur- 
rently under investigation in the Northwick Park 
Heart Study II. 

Angioscopic Correlations in Acute Coronary 
Syndromes. Although coronary angiography is quite 
specific for detecting intracoronary thrombus, its sen- 
sitivity is not as good. This has been shown in various 
studies comparing angioscopy with angiography [74-  
77]. Moreover, recent studies comparing angioscopy 
with intracoronary ultrasound continue to show the 
superiority of angioscopy in defining lesion character- 
istics [78]. Sherman et al. performed intracoronary 
angioscopy during coronary artery bypass surgery in 
patients with unstable and stable angina [79]. None 
of the 17 arteries in patients with stable coronary 

disease had either a complex plaque or thrombus. In 
the culprit vessels of patients with unstable angina, 
the three patients with accelerated angina had com- 
plex lesions, while all seven with angina at rest had 
thrombi. Coronary angiography correctly identified 
the absence of complex plaque and thrombus in 22 
vessels but detected only one of four complex plaques 
and one of seven thrombi. 

Mizuno et al. performed angioscopy during coro- 
nary arteriography to elucidate the types of lesions 
found in the various acute coronary syndromes 
[80]. They studied 10 patients with unstable angina, 
and thrombi were observed in 9 of the 10 patients. 
Mural, non-occlusive thrombi were noted in 80% of 
the patients with unstable angina, as compared with 
21% of patients with myocardial infarction. Con- 
versely, occlusive thrombi were noted in only 10% of 
patients with unstable angina as opposed to 79% 
of patients with acute myocardial infarction. These 
data are similar to those reported in various patho- 
logical studies. 

In another study Mizuno et al. performed angios- 
copy in patients with unstable angina and acute myo- 
cardial infarction in order to define the character of 
the intracoronary thrombi [81]. The procedure was 
performed within 48 hours after an episode of rest 
pain in patients with unstable angina and within 8 
hours of onset in those with acute myocardial 
infarction. Coronary thrombi were found in all but 
two patients, one in each group. Seventy-one percent 
of patients with unstable angina had grayish-white 
thrombi, as compared with none in the group with 
acute myocardial infarction. Reddish thrombi were 
found in all the patients with acute myocardial 
infarction, as opposed to 28c~ of the patients with 
unstable angina and thrombi. These differences in 
the appearance of thrombi relate to the different 
composition of the thrombi found in these two 
acute coronary syndromes. On pathological analyses, 
Kragel et al. found the grayish-white nonocclusive 
thrombi of unstable angina to consist mostly of 
platelets, and the reddish occlusive thrombi of acute 
myocardial infarction to consist mostly of fibrin 
[82]. 

More recently, Silva et al. used angioscopy to dis- 
tinguish unstable lesion characteristics in diabetic 
and nondiabetic patients [83]. They found a much 
greater percentage of ulcerated plaques and thrombi, 
94%, of each, in diabetic patients with unstable 
angina than in nondiabetic patients with unstable 
angina (60% ulcerated plaques and 55% thrombi). 
This finding is consistent with the disproportionately 
higher incidence of acute coronary events seen in the 
diabetic population [84,85]. 
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Progression of Coronary Artery Disease in Unstable 
Angina. A major angiographic feature present in pa- 
tients with unstable angina is the angiographic pro- 
gression of coronary disease. In one study by Moise et 
al., 76% of patients with a new diagnosis of unstable 
angina had progression of coronary artery disease on a 
second angiogram compared with 33% of control 
patients with stable angina. Thirty-eight percent 
of unstable patients demonstrated progression to 
obstructive coronary lesions from previously healthy 
lesions [86]. 

Ambrose et al. also noted angiographic progression 
of stenosis severity in a group of patients with new 
unstable angina who had undergone prior angio- 
graphy [87]. Disease progression was noted in 75% of 
patients, and the culprit lesion was less than 50% on 
a previous angiogram in 72~:. In patients with 
unstable angina who clinically stabilized and were 
awaiting "elective" coronary intervention, Chen et al. 
noted significant disease progression, particularly of 
complex lesions over an 8-month period. Progression 
was frequently associated with a coronary event and, 
angiographically, with development of a new total 
occlusion [88]. 

TREATMENT STRATEGIES IN UNSTABLE 
ANGINA: A PATttOPItYSIOLOGIC APPROACH 
Based on the pathogenesis of unstable angina, let us 
examine the various therapeutic options that have 
been used in the treatment of unstable angina. 

Thrombolysis in Unstable Angina. Thrombolytic 
therapy has been well established as an effective 
treatment for myocardial infarction. Because plaque 
disruption with thrombus formation is the most 
frequent pathophysiologic mechanism in unstable 
angina, treatment of this syndrome with rhrom- 
bolytics would also seem a logical approach. Various 
trials have looked at the effect of thrombolytics on the 
unstable plaque, and although variable clinical and 
angiographic results have been observed, little 
overall benefit has been demonstrated [68,88-93]. 
Even though some clinical benefit was demonstrated 
in some patients, it was often unrelated to the anglo- 
graphic percentage change in the stenosis [94]. 
Trials that included totally occluded vessels, such 
as UNASEM, which randomized to anistreplase 
(APSAC) or placebo, did demonstrate a significant 
improvement in the angiographic appearance of the 
lesion; this improvement was entirely due to the in- 
clusion of the totally occluded vessels [95]. Other 
studies have shown similar results when totally or 
subtotally occluded vessels were included in the 
analysis [94]. However, trials using quantitative 

techniques before and after thrombolysis showed no 
significant angiographic improvement. Ambrose et 
al. and Topoi et al. found no significant differences in 
percentage stenosis after thrombolysis [89,90]. 

The controversy regarding the effect of throm- 
bolytics in unstable angina and non-Q-wave 
myocardial infarction was essentially settled in the 
Thrombolysis in Myocardial Infarction III (TIMI III) 
study. In TIMI IIIA, 306 patients were randomized 
to receive intravenous r-tPA or placebo, and coronary 
angiography was performed before and after therapy 
[96]. A substantial improvement was noted on tile 
morphology of the culprit lesion in l 5% or the group 
receiving r-tPA and in 5% of the group receiving 
placebo. The clinical relevance of this finding failed 
to be demonstrated in the larger TIMI IIIB trial, a 
study that examined the potential benefit of r-tPA 
compared with placebo, as well as an early invasive 
strategy versus a conservative strategy in 1473 pa- 
tients [97]. No benefit for r-tPA was demonstrated 
for the combined endpoint of death, myocardial 
infarction, or failure of initial therapy at 6 weeks. 
Interestingly, fatal and nonfatal myocardial infarction 
after randomization occurred more frequently in the 
r-tPA group, along with an increased number of 
intracraniai hemorrhages. 

The investigators, therefore, concluded that the 
addition of r-tPA to the treatment regimen of un- 
stable angina and non-Q-wave myocardial infarction 
was of no benefit, and may even be harmful. Other 
studies have shown that thrombolyrics administered 
concurrently with heparin in unstable angina resulted 
in an increased number of myocardial infarctions 
[98]. It is likely that the main reason for this lack of 
efficacy is related to the fact that a thrombus, if 
present, is platelet rich with little fibrin and is thus 
resistant to the effects of thrombolytics. 

Antiplatelet/Antithrombotic Therapy in Unstable 
Angina. Antiplatelet and antithrombotic therapy re- 
main the mainstay of treatment of unstable angina 
and non-Q-wave myocardial infarction. The clinical 
benefits of these therapies are well established, with 
the first randomized studies being published in 1983 
[99-102]. The two agents that formed the corner- 
stone of this approach were aspirin and heparin. More 
recently, however, there has been a growing interest 
in other agents. This interest has been stimulated for 
various reasons: 

1. An increase in thrombin generation and activity is 
common in acute coronary syndromes [73]. 

2. Thrombin is involved in both platelet aggregation 
and the clotting cascade [103]. 
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3. Heparin is unable to bind clot-bound thrombin, 
and it has its primary effect on circulating 
thrombin [104]. 

4. Heparin is also susceptible to neutralization by 
activated platelets [ 105,106]. 

5. Neither aspirin nor heparin is completely able to 
eliminate the risk of death, nonfatal myocardial 
infarction, and recurrent ischemic pain in patients 
with unstable angina [97]. The protection af- 
forded by these agents is not complete, and refrac- 
tory angina occurs in 10-15% of the patients 
despite the use of these agents. 

6, Heparin therapy is erratic and cumbersome, 
requiring frequent monitoring of the coagu- 
lation profile and frequent boluses, and rare 
cases can be complicated by heparin-induced 
thrombocytopenia. 

A new class of agents, called dire,t antithrombins, 
have recently been studied and show promise as addi- 
tional agents for the treatment of unstable angina. 
These agents provide a more controlled prolongation 
of the partial thromboplastin time (PTT), without 
the peaks and troughs noted with heparin therapy. 
Most of the preliminary data regarding the efficacy of 
these agents are from trials looking at clinical end- 
points, and there has been little angiographic correla- 
tion. However, hirudin was compared with heparin in 
an angiographic trial conducted by Topol et al. [ 107]. 
Patients presenting with ischemic pain and electro- 
cardiographic changes at rest who had angiographic 
thrombus were eligible for the study. Two different 
heparin doses were compared with four different hiru- 
din doses. The average cross-sectional area of the cul- 
prit lesion improved more in tile hirudin-treated 
group. 

Other indices of lesion improvement, such as mini- 
real luminal diameter, and changes in the minimal 
cross-sectional area were also noted to be better in the 
hirudin-treated patients. A slightly greater number of 
patients demonstrated TIMI peri:usion grade III flow 
in tile hirudin group as compared with heparin (25% 
vs 199~) on the day-5 angiogram. Furthermore, even 
though the study was not designed to assess clinical 
endpoinrs, the composite endpoint of death, myocar- 
dial infarction, or recurrent angina occurred in 24.0% 
of heparin-treated patients and in 14.6% of hirudin- 
treated patients. The incidence of postrandomization 
myocardial infarction was also lower in the hirudin- 
treated group. 

These data taken together indicate that resolution 
of intracoronary tbrombus, as judged by improved 
lesion severity, is associated with clinical benefits in 
patients with unstable angina and non-Q-wave myo- 

cardial infarction [108]. Other trials, such as GUSTO 
II, are examining the clinical benefits of hirudin in 
patients with unstable angina [109,110]. 

The effects of antiplatelet therapy in unstable 
angina may, in part, be due to the inhibition of 
thrombin generation that has been reported to be 
increased in patients with unstable angina [ 111,112]. 
Aspirin DL-lysine was found to decrease thrombin 
generation, as measured by a decrease in the 
levels of thrombin-anti thrombin III complexes 
[113]. Thrombin-induced platelet aggregation may 
be a key factor in disease progression in patients with 
unstable angina. Lam et al. found increased disease 
progression over a 2-year period in patients found to 
have platelet hyperaggregability [114]. 

More recently, there has been an increasing interest 
in another category ofantiplatelet agents, the GPIIb/ 
l l la  receptor antagonists. The various compounds in 
this group include monoclonal antibodies, cyclic pep- 
tides, and peptido-mimetic agents [l  15]. The use of 
c7E3 Fab (abciximab), a monoclonal antibody in pa- 
tients with refractory unstable angina, significantly 
reduced the number of ischemic episodes compared 
with heparin. Angiographic improvements seen with 
the abciximab, however, were not significant and may 
have been a factor of the small numbers studied 
[116]. Various other trials, some published and some 
in progress, are evaluating the use of these agents in 
acute coronary syndromes. Most of these trials are 
directing attention towards clinical endpoints, or the 
use of these agents as adjunts to percuraneous coro- 
nary intervention [115]. Most of the published data 
thus far include only trials evaluating the potential 
role of these agents as adjuncts to percutaneous corn- 
nary intervention, such as the EPIC and the recently 
terminated EPILOG trials ofcTE3 Fab ~1171. How- 
ever, preliminary data from other trials show great 
promise for the use of these agents in acute coronary 
syndromes [l  18,119]. 

NON-Q-WAVE MYOCARDIAL INFARCTION 
Non-Q-wave myocardial infarction is a syndrome 
that pathogenetically lies between unstable angina 
and Q-wave myocardial infarction. The hallmark of 
non-Q-wave myocardial infarction, as implied by its 
name, is the absence of Q waves on a 12-lead electro- 
cardiogram in the presence of myocardial necrosis. 
Pathologically, this does not necessarily imply a 
nontransmural infarction. The amount of myocardial 
necrosis, however, is less than Q-wave myocardial 
infarction, but the ischemic episode is of longer dura- 
tion than in unstable angina [120]. Non-Q-wave 
myocardial infarction usually evolves from one of 
three conditions: 
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1. There may be a new persistent total occlusion of an 
artery, usually with recruirable collaterals that 
limit myocardial necrosis. 

2. Transient total occlusion may occur with sponta- 
neous recanalization, thereby limiting the amount 
of necrosis. 

3. Multiple episodes of occlusion and reperfusion 
followed by a prolonged episode of occlusion 
(ischemic preconditioning) are present [ 121 ]. 

4. In the setting of significant multivessel disease, 
transient hypotension could result in areas of 
subendocardial necrosis, because myocardial de- 
mand may outstrip supply, 

As most infarct-related arteries are patent in this 
setting (see later), a shorter duration of total coronary 
occlusion followed by spontaneous reperfusion 
distinguishes this entity from Q-wave myocardial 
infarction in a majority of cases. 

A ngiographic Correlates c~Non-Q- Wave Myocardial 
Infarction. Because non-Q-wave myocardial infarc- 
tion as a clinical syndrome is intermediate between 
unstable angina and Q-wave myocardial infarction, it 
is little surprise, then, that the angiographic findings 
fall somewhere between unstable angina and Q-wave 
myocardial infarction. The number of culprit vessels 
is similar in unstable angina and Q-wave myocardial 
infarction [122]. Total occlusion is seen more fre- 
quently than unstable angina, but less frequently 
than Q-wave myocardial infarction; 60-80% of the 
vessels are patent on angiography in non-Q-wave 
myocardial infarction [123,124]. In patients with 
patent infarct-related arteries, the angiographic mor- 
phology is similar to that seen in unstable angina 
[123]. In approximately 65% of the infarct-related 
arteries, a complex lesion is present (type II eccentric 
plaque). The major difference from unstable angina is 
the presence of more intracoronary thrombus (appear- 
ing as filling defects) in non-Q-wave myocardial 
infarction [123]. 

Serial studies in patients with non-Q-wave myo- 
cardial infarction have shown significant progression 
in lesion severity when compared with previous 
angiograms. Little et al. found that progression 
often occurred from lesions that angiographically had 
less than a 50% reduction in diameter [16]. However, 
in another smaller series by Ambrose et al., more 
severe lesions were also present [15]. Klein et al. 
compared preinfarct and postinfarct angiograms in a 
group of patients with Q-wave and non-Q-wave 
myocardial infarctions. Patients with non-Q-wave 
myocardial infarction had pre-existing stenoses that 
were either severe, mild (less than 20%), or absent on 

the preinfarct angiogram. This variability is ex- 
plained by the different mechanisms (see earlier dis- 
cussion) that result in non-Q-wave myocardial 
infarction. 

Q-WAVE MYOCARDIAL INFARCTION 
Q-wave myocardial infarction results from sudden 
total occlusion of a coronary artery, resulting in a 
sudden cessation of myocardial blood flow without a 
major change in myocardial oxygen demand. The 
result is myocardial necrosis, the degree of which is a 
function of recruitable collaterals, the duration of to- 
tal occlusion, and the size of the coronary bed being 
perfused by the culprit vessel. The ability to acutely 
recruit collaterals is usually less, and the duration of 
total occlusion is usually longer in patients with Q- 
wave myocardial infarction than in patients with 
non-Q-wave myocardial infarction. The net result is a 
larger amount of myocardial necrosis in the patients 
with Q-wave myocardial infarction. On pathologic 
analyses from patients dying with major coronary 
thromboses, a disrupted atherosclerotic plaque is 
found in 75% of the patients, while superficial inti- 
mal injury is noted in the remaining 25% [126]. The 
extent of lysable thrombus is greater in Q-wave myo- 
cardial infarction than unstable angina, and the im- 
portance of this is evident from the results of the 
various trials showing the benefit of thromboiytic 
therapy in acute myocardial infarction [127,128]. 
As mentioned previously, thrombus found at sites 
of arterial injury (as in unstable angina) is platelet 
rich, while thrombus extending distally from the 
site of plaque disruption and occluding the lumen is 
red cell and fibrin rich. The appearance of these 
thrombi compared with those found in other acute 
coronary syndromes has been previously discussed in 
this chapter. 

Perturbations in the blood coagulation system and 
blood flow play an important role in the pathogenesis 
of myocardial infarction, in addition to vascular in- 
jury. Elevated fibrinogen and factor VII levels corre- 
late with a risk of subsequent myocardial infarction 
[129,130t. Tobacco smoking, which can increase fi- 
brinogen levels and increase platelet aggregation, is a 
well-known risk factor for acute myocardial infarction 
[131]. The role ofplatelet  aggregation as a risk factor 
for acute myocardial infarction is further supported 
by the demonstration that aspirin can reduce this risk 
[132]. Furthermore, acute myocardial infarctions 
tend to have a peak in the morning hours, when an 
upright posture may result in increased platelet 
aggregability [l  33]. Overall, a large thrombus bur- 
den is not necessary for an acute myocardial infarction 
to occur. Vascular injury can result in the formation 
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of a platelet thrombus and local vasoconstriction. In- 
creased vasomotion at this site can then lead to stasis, 
and formation of a fibrin-rich thrombus, which subse- 
quently grows and becomes occlusive. Hence, in the 
initial stages only a small amount of thrombus may 
be necessary for an acute myocardial infarction to 
occur in the presence of a dynamic stenosis [134]. 

Angiographic Correlates of Q-Wave Myocardial 
Infan'tion. Total coronary occlusion remains the 
overwhelming angiographic finding in the early 
hours after the onset of an evolving Q-wave myocar- 
dial infarction. De Wc~x] et al. found that 84%. 
of their patients had total occlusion of the infarct- 
related coronary artery within 6 hours of the onset 
of infarction. This frequency decreased to 63% 
when angiography was performed 12-24 hours 
after the onset of the event [135]. Needless to say, 
intracoronary thrombus is nearly universally demon- 
strated on angiography in this patient group [136- 
140]. Reperfusion or patency rates with the various 
thrombolytic agents vary from 60% to 80% when 
these agents are given either intravenously or directly 
into the coronary artery. These rates are dependent on 
several factors, including fibrin selectivity, with the 
nonselective agents having a lower recanalization rate, 
and the timing of therapy since the onset of symp- 
toms; recanalization rates diminish as the time 
from symptom onset increases [141]. In addition 
to recanalization rates, the flow grade distal to the 
lesion at 90 minutes after the administration of 
the thrombolytic is becoming increasingly important 
in predicting short-term prognosis. TIMI III flow 
grade (normal antegrade flow and normal washout in 
the culprit vessel) was only achieved in 54%, of the 
patients receiving rt-PA and intravenous heparin in 
the GUSTO I trial [142]. A critical finding in this 
study was the relationship between TIMI III flow and 
30-day mortality and left ventricular function. Irre- 
spective of the thrombolytic agent used, the 30-day 
mortaliry was 4.4% in the TIMI II1 group compared 
with 8.9% in the group with either TIMI 0 or TIMI 
I flow (T1MI 0, totally occluded vessel with no 
antegrade flow; TIMI I, slow antegrade flow with 
incomplete filling, and persistence of dye in the vessel 
as other vessels wash out). TIMI II flow (slow but 
complete antegrade flow) did not portend a signifi- 
cantly improved prognosis over TIMI 0 and TIMI I 
flOW. 

The coronary artery morphology in patients under- 
going successful thrombolysis, and in patients with 
acute or recent myocardial infarction with patent 
infarct-related arteries, is usually complex, with ir- 
regular and/or ulcerated plaques in the majority of 

cases [143]. Wilson et al. studied culprit lesions in a 
group of patients with recent myocardial infarction 
and with patent infarct-related arteries. An irregular- 
ity noted in the lesion was felt to suggest a role for 
ulceration or plaque disruption as a cause for the 
infarction. An ulceration index was defined for these 
lesions. Lesions responsible for myocardiaL infarction 
were noted to have a significantly different ulceration 
index compared with those found in patients with 
stable angina [144]. 

Brown er al., using videodensitometric techniques, 
found a distinct translucency overlying a less translu- 
cent plaque in patients with patent infarct-related 
arteries after tbrombolysis. This translucency was felt 
to be nonlysed thrombus on top of the ruptured 
plaque [145]. The residual thrombus and the irregu- 
lar morphology seen in the early hours after 
thrombolysis undergoes significant remodeling over 
the ensuing few days. Davies et al. compared lesion 
morphology on day 1 and day 8 in a group of patients 
who had received intravenous thrombolysis. They 
found eccentric lesions as well as a globular and linear 
filling defect on day l. Using Wilson's ulceration 
index, restudy at day 8 revealed a significant decrease 
in the ulceration index, and in the number of filling 
defects if the patients had been maintained on heparin 
therapy [146]. 

In the Antithrombotics in The Prevention of 
Reocclusion in Coronary Thrombolysis (APRICOT) 
study, nearly half of the initially complex lesions 
became smooth, with an increase in the luminal di- 
ameter, within 3 months [147]. The ulceration index 
has also been found to be predictive of clinical insta- 
bility in the days following myocardial infarction. 
The patients with a higher ulceration index required 
more frequent and urgent medical intervention, in- 
cluding bypass grafting, or angioplasty, while those 
with a lower index stabilized on medical therapy 
[148]. Lesions felt to be thrombotic and complex on 
angiography have been repeatedly confirmed on 
angioscopy [ 128,149]. 

A ngiographi,: Progession of Coronary Artery Disease 
and Myocardial Infarction, As mentioned toward 
the beginning of this chapter, various studies have 
indicated that the degree of stenosis as detected by 
angiography that precedes a myocardial infarction is 
usually mild to moderate. Similar data have been seen 
in the thrombolytic era. Brown et al. demonstrated 
that the underlying stenosis in 32% of patients re- 
ceiving thrombolytics was less than 50%, and in 66% 
ir was less than 60% [145]. In the TIMI and TAMI 
(Thrombolysis After Myocardial Infarction) trials, 
however, approximately I 0 - 1 5 ~  of patients were 
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found to have a less than 50% stenosis within 48 
hours after successful thrombolysis [ 150,151 ]. 

It is important to understand, as mentioned earlier, 
that the finding of a mild or moderate stenotic lesion 
at the site of an index infarction may simply be a 
reflection of the greater number of such lesions in the 
population, as opposed to an inherent characteristic of 
mild and moderate plaques. Nevertheless, it is clear 
that patients with previously severe stenoses who go 
on to total occlusion often do not infarct but occlude 
asymptomatically [152]. In these patients recruitable 
and/or already active collaterals, because of the under- 
lying severe stenosis, prevent or limit the size of 
the infarction. While it is extremely difficult to be 
sure how often a mild to moderate stenosis leads to a 
myocardial infarction, suffice it to say that in a major- 
ity of cases of large infarctions, the underlying lesion 
is less than severe. Because these lesions are not hemo- 
dynamically significant, no collaterals are formed or 
recruited, and the abrupt plaque disruption with 
thrombotic occlusion results in sizable infarction of 
the unprotected bed. 

MEDICAL TREATMENT STRATEGIES IN 
Q-WAVE MYOCARDIAL INFARCTION 
It is no surprise, given the pathophysiology of Q-wave 
myocardial infarction and the anatomic correlates of 
this syndrome, that thrombolytics are the mainstay of 
medical therapy in these patients. In contrast to un- 
stable angina, thrombolytics have shown great benefit 
in treating acute myocardial infarction when total 
coronary occlusion is present [127,128,153,154]. The 
two main agents currently being used are streptoki- 
nase and rt-PA. At least for rt-PA, intravenous hep- 
arin is required for the frst 24-48 hours. Aspirin 
should be given acutely to all patients with myocar- 
dial infarction. 

The superiority of rt-PA over streptokinase was 
shown in GUSTO I, in which this agent was admin- 
istered in an accelerated fashion over 90 minutes 
[ 155]. This trial showed a higher 90-minute patency 
rate and a small, but statistically significant, decrease 
in mortality for rt-PA compared with streptokinase. 
As mentioned earlier, the 90-minute pateney with 
TIMI grade 3 flow is a good marker of mortality. 
Hence, efforts are now being directed toward increas- 
ing the 90-minute patency with TIMI 3 flow for rt- 
PA and streptokinase. 

To this end, newer investigations are focusing 
on using these agents concurrently with newer 
antithrombotic and antiplatelet agents. In TIMI 5 
hirudin or heparin was given with rr-PA [156]. At 
90 minutes there was a nonsignificant trend favoring 
infarct artery patency of hirudin versus heparin (65% 

vs. 57%). At 18-36 hours, however, there was a clear 
beneft for hirudin - -  62% versus 49% for heparin- 
treated patients. Death or reinfarction occurred in 
16.7% of heparin-treated patients and in 6.9% of 
hirudin-treated patients. Major hemorrhage occurred 
in 23% of the heparin-treated patients and in 17% of 
hirudin-treated patients. 

The HIT study looked at three different doses of 
hirudin in conjunction with rt-PA and aspirin [157]. 
There was no heparin comparison arm. Sixty-one per- 
cent of patients in the highest hirudin dose group 
achieved TIMI 3 flow at 90 minutes. Major spontane- 
ous hemorrhage was noted in 2.4% of patients in the 
highest dose group. 

TIMI 6 studied three different doses of hirudin 
with streptokinase and aspirin, compared with hep- 
arin, aspirin, and streptokinase [158]. The trial was 
not powered to detect differences in efficacy, but fa- 
vorable trends were observed for hirudin. Death, 
reinfarction, congestive heart failure, and cardiogenic 
shock occurred in 11.6% of the hirudin patients re- 
ceiving the highest dose, compared with 17.6% of 
heparin-treated patients. Major hemorrhage rates 
were similar - -  5.7% for hirudin versus 5.6% for 
heparin. 

Given the data from the above-mentioned phase II 
trials, hirudin was subsequently investigated in large 
scale phase 11I trials. These included TIMI 9A, 
GUSTO IIA, and HIT llI [159-161]. Intracranial 
hemorrhage in TIMI 9A was similar for hirudin and 
heparin (1.8% vs. 1.9%,). Major spontaneous hemor- 
rhage, however, was 8.9% for hirudin and 4.9% 
for heparin. In GUSTO I1A, intracranial bleeding 
occurred in 2.2% of hirudin-treated patients and in 
1.5% of heparin-treated patients (P = NS). Similar 
increased bleeding rates were observed in HIT III. 
This resulted in major protocol changes, which urged 
for lower doses of heparin and hirudin when adminis- 
tered with thrombolytics. Hence, even though the 
newer regimens show greater patency rates, their 
overall efficacy maybe limited by the bleeding risk. 

Various other trials are ongoing looking at the 
concurrent use of GPllb/lIIa inhibitors with throm- 
bolytics. These include TAM1 8 with Abciximab 
(phase I/1I), IMPACT AMI with Integrelin (phase II), 
PARADIGM with Lamifiban (phase II), and PARA- 
GON Pilot with Lamifiban (phase I/II) [115]. We 
eagerly await the data from these studies. 

Sudden Ischemic Death 
Sudden death in the coronary disease patient occurs 
via two mechanisms. The first is due to poor left 
ventricular function and scar, often from previous 
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myocardial infarction. In this setting, the scar pro- 
vides the arrhythmogenic substrare in the form of a 
reentrant loop, which when activated results in ma- 
lignant ventricular arrhythmias. Coronary ischemia is 
usually not an important factor in this group of pa- 
tients. The second mechanism involves the sudden 
occlusion of a coronary artery by a thrombus. In this 
group, sudden coronary ischemia is an important 
factor, hence the term sudden B,hemic death. On 
pathologic analysis there is an overlap between pa- 
tients dying from sudden death and those dying 
after a myocardial infarction. Furthermore, ap- 
proximately one third of patients who survive an 
episode of sudden death, from either mechanism, are 
tbund to have a concurrent myocardial infarction 
[162]. 

In sudden ischemic death, the finding of intra- 
luminal thrombus is variable. Some studies have 
tbund it infrequently, while Davies et al. found an 
intraluminal thrombus in 74% of patients [163- 
[65]. A more recent study by Farb et al. examined the 
frequency of active coronary lesions, inactive coronary 
lesions, and myocardial infarction in patients who 
died from sudden cardiac death [64]. They found 
active coronary lesions (defined as disrupted plaques, 
luminal fibrin/platelet thrombus, or both) in 57% 
of the cohort. Most of the patients (94%) with active 
coronary lesions had thrombus present, either alone or 
with disrupted plaque. In another study, patients 
with sudden ischemic death and intracoronary throm- 
bus were more likely to have single-vessel disease, 
acute myocardial infarction, and a recent history of 
clinical ischemia [166]. This group is distinct from 
the group with scarred left ventricles, who tend to 
have multivessel disease and a longer history' of 
ischemia/myocardial infarction. 

ANGIOGRAPHIC CORRELATES OF 
SUDDEN ISCHEM1C DEATH 
There are two major drawbacks in analyzing anglo- 
grams in patients with sudden death. First, the 
angiograms are performed in survivors, a group that, 
by surviving the event, is in a different prognostic 
category than nonsurvivors, Inherent in this may be a 
more "benign coronary morphology." Second, many 
of the studies combine all surviving patients with 
sudden death, regardless of the mechanism. Though 
nor absolutely perfect, there may be a way to tease out 
the group of patients who survive sudden death 
caused by sudden thrombotic occlusion. This group 
of patients tends not to have inducible ventricular 
tachycardia on electrophysiologic study, whereas 
patients with sudden death from scar tend to be 
inducible. When these former patients are studied 

angiographically, approximately 50-65% have com- 
plex lesions that are either irregular or eccentric ir- 
regular, compared with only 19-25% of patients in 
the latter group [60,167]. 

Conclusions 
The clinical presentation of the acute coronary syn- 
dromes spans a spectrum that includes unstable an- 
gina, non-Q-wave myocardial infarction, Q-wave 
myocardial infarction, and sudden ischemic death. 
All syndromes share, in most cases, a common 
pathophysiologie mechanism of plaque disruption 
and tbrombus formation. The differences in the clini- 
cal presentation of the different syndromes is deter- 
mined by the suddenness of the o~clusion, the degree 
of occlusion, the duration of the occlusion, and the 
ability to recruit collaterals. These differences are 
important because they determine the response to 
therapy. 

The clinical experience with these syndromes has 
nnt only been important in treating the disease pro- 
cess but has also been critical in understanding the 
disease process. Early pathologic studies found evi- 
dence of thrombus on autopsies of patients who died 
from myocardial infarctions. In these cases, thrombus 
was felt to be a result of the postmortem changes, 
rather than a cause of the infarction. It was not until 
angiography was performed during ongoing 
infarctions that the hypothesis changed and thrombus 
formation took center stage as the cause of myocardial 
infarction. These findings were further corroborated 
by angioscopy. 

Similar findings were then noted in the other acute 
coronary syndromes, and thrombus formation became 
the c o m m o n  thread that bound together all the 
syndromes. Pathologic studies at the cellular level 
showed a disrupted vessel architecture, with plaque 
and thrombus, establishing the importance of plaque 
disruption and thrombus fbrmation. Other studies 
suggested the importance of the lipid content of 
tile plaque as an important determinant of plaque 
disruption. 

Armed with these data, investigators around the 
world designed the various therapeutic trials we have 
discussed in this chapter. For the most part, the trials 
have been successful, further supporting the hypoth- 
eses generated from earlier clinical experiences. When 
the trials were not successful, reasons were sought and 
the subtle differences amongst the acute coronary syn- 
dromes were elucidated. The field of acute ischemic 
coronary disease has moved forward rapidly in the last 
15 years. The ability to arrive at a hypothesis and be 
able to test it in the angiography suite, or in a large 
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pat ient  populat ion,  has been extremely impor t an t  in 
the advancement  of this  field. 

In the clinical arena, the emphasis  will remain on 
two major  aspects of the disease: prevent ion and treat- 
ment .  Acute  coronary events remain the largest cause 
of death  in the Uni ted  States. The  importance of risk 
factor control  in prevent ing  acute coronary events has 
been shown in many trials and stresses the  impor tance  
of aggressive risk-factor modification in the popula-  
t ion at risk for coronary events. Newer  therapeut ic  
agents  and strategies are constantly being developed 
and tested, and the cardiac catheterizat ion laboratory 
and the coronary care units  are taking on an increas- 
ing role in evaluating these strategies, The clinical 
experience gained in this disease will remain an im- 
por tan t  teaching tool for the generat ions of physicians 
to come. 
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13. PLAQUE DISRUPTION A N D  

THROMBOSIS: MODELS TO EVALUATE 

ACUTE CARDIOVASCULAR EVENTS 

George S. Abela and Joel D. Eisenberg 

Introduction 

BACKGROUND 
Although the concept of plaque disruption leading to 
arterial thrombosis is not novel, it was not accepted as 
a critical pathophysiologic event for many years. In 
fact, early publications suggested plaque disruption 
and thrombosis to be the mechanism underlying 
acute cardiovascular events [ 1-4].  A historical report 
in 1912 provides an example of acute plaque disrup- 
tion and thrombosis that was demonstrated by an 
autopsy performed immediately after sudden death 
[1,5]. A subsequent report by Herrick of that event 
described an ulcerated atheromatous plaque extrud- 
ing into the arterial lumen and a plugged coronary 
artery. Two decades ago, similar observations were 
made by DeWood et al. in patients undergoing coro- 
nary artery bypass surgery for acute myocardial infrac- 
tion [6]. Subsequently, similar observations of 
intracoronary thrombi were made during cardiac 
catheterization of patients with acute myocardial 
infarction [7]. The advent of interventiunal diagnos- 
tic procedures allowed in vivo detection of the patho- 
logical processes. Coronary angioscopy could detect 
intra-arterial thrombi, and intravascular ultrasound 
(IVUS) could define arterial wall morphology [8 - I  1 ]. 

MORPHOLOGIC EVIDENCE OF 
PLAQUE DISRUPTION AND 
THROMBOSIS IN ttUMANS 
In the early 1960s, Constantinides demonstrated in an 
autopsy study that the majority of plaques beneath a 
flesh thmmbus  were fissured and disrupted [12]. This 
report was not popularized because the teaching at 
that time did not emphasize the role of thrombusis in 
acute myocardial events. Subsequent work by Davies 
et al. has shown that the composition of plaques at 

increased risk for disruption had three distinct charac- 
teristics [13]. These included lipid accumulation in 
both the extracellular matrix and within the macroph- 
ages, a relatively low smooth muscle cell count, and an 
increase in the number  ofmacrophages in lesions that 
had undergone disruption. Also, a thin collagenous 
caps was considered an important feature of vulnerable 
plaques. The common site of plaque disruption is 
often at the corners of the lesion, where inflammatory 
cells seem to aggregate [ 12,14-16}. 

Other mechanisms of plaque disruption and 
thrombosis have been proposed. These include the 
triggering by arterial vasospasm and intraplaque 
hemorrhage. In the presence of an eccentric plaque, 
vasospasm can cause asymmetric contraction of the 
arterial arterial wall. This can result in the building of 
stresses at the plaque-normal  arterial wall interface, 
resulting in tears and/or the squeezing out of. 
atheromatous material ira an eruptive Fashion. This 
has been compared to a "'volcanic eruption," in which 
the plaque cap is torn and the gruel material is ex- 
truded into the arterial lumen [17,18]. 

The mechanism, proposed by Barger, suggests that 
hemorrhage from the vasa wlsora into the plaque in- 
creases the mtraplaque pressure, leading to disruption 
[ 19]. This is supported by evidence of increased num- 
bers of vasa vasora in the vicinity of plaques. These 
vasa vasora are very fragile and often penetrate from 
the adventitia into the media of the arterial wall. 
While  evidence from autopsy studies supports this 
finding of hemorrhage into the plaque, it is ohen a 
less common occurrence compared with those that 
appear to have only a tear without hemorrhage or an 
underlying inflammatory process. 

It is likely that more than one mechanism or a 
combination thereof is responsible for plaque disrup- 
tion and tlm)mbosis. Epidemiologic data reveal a 

20 = 
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clustering of: acute myocardial events in the early 
morning hours, Thus, a circadian rhythm for acute 
eve(~s may be related eosy mpathetic discharge and/or 
elevation in blood pressure [20]. Other  tr iggers of 
acute myocardial events may be contr ibut ing to 
plaque disruption and thrombosis. At pteset~r, ic is 
only possible to accoun~ (o¢ an associated trigge~ in 
tess than 20% of acute events. There~bre, in order to  
understand the pathophysiology of plaque disruption 
and thrombosis, mode~s could be a h~ghty valuable 
source of  informadom 

Be~ach ~1'1oriels o)c PMque Dis;up#o, 
The law of  Laplace describes the basic physiologic 
conditions that determine stress (C~) on the arterial 
wall. This  is derived from the  produce of arterial 
lumen radios (r in era) and pressure (p in dynes/tin ) 
divided by watt thickness (h in cm} as f;allows: 

p * r  
fY 

h 

Thus, a steno~s that reduces lumen radius and in- 
creases wall thickness paradoxicaEy enhances arterial 
plaque stability [21]. 

To evaluate this scenario specifically for arreries 
wkh atheroscleroric plaque, Lurer et at_ us~xt finite 
elemertt analysis by computer  modeling to demur> 
strafe that plaque cap thickness and the underlying 
intramural lipid pool size can influence the sEress 
developed aE rhar site [22], This was perturmed using 
two-dimensional cross sections ofdiseased vessels that 
were used to evaluate plaque morphology The analy- 
sis compared biomechanical paramerers from rJormal 
and diseased vessels and determined ~:he stress distri- 
bution within the plaque aL a mean lumen internal 
pressure of 110 m m l t g  

Results demonstrated that if luminal area reduc- 
t~or~ w a s  7(}{)~. the m a x * m u m  circmnfcrencia[ ~tress 
normalized ro t l0mml ,  tg ( r J , j P )  increased from 
6°0 to 24.,q as the thickness of the lipid pool was 
increased from 38% m 5.'i~5 of ehe plaque thicknes< 
When the llpid pc*~] thickness was col?slant, increas- 
hlg the stenosls severkv from 70% ro 9 t %  hv incr- 
easing rhe flhrou~ cap thickness decreased the o.,~jP 
from ? L 8  co 4.7. ~q~en uo hpid pool was present and 
the stenosis severity was increased from 709gv to 99%, 
O.~,,/'P decreased from 3.3 ~u 4.7. Thus. reducing 
the fibrous cap thickness dramatically increased peak 
circm:oDrential stress in the plaque, whereas mcrea> 
mg the stenosis severity decreased peak stress in 
the plaque. Examples of the method are stmw~ m the 
atheroscleroti~ rabbit arteries used as a m(~el  for 
disruption and thrombosis described later (Ftgure 
t3- t ] ,  

In amxher study Richardson et al. used computer  
model ing to demonstrate d]at die common sites of 
plaque disruption were the attachment sites of the 
plaque cap to t h e  normal arterial wall. These sites 
were shown to constitute areas of  high stress, This was 
especian.ly the case in the presence of calcium or o~her 
stiff: mareriais that produced a great locM tensile stress 
differential with adjacent softer tissues [23}. 

However,  to irnpEcate blood pressure elevation ~ a 
tr igger of plaque disruption in humans using these 
data required over a t0-foid e!evatkm in the normal 
blood pressure ieveh~ Thus, ~l~e likelihood f~t plaque 
disruption m be related only to mechanical stress is 
not great under normal or even abnormal physiologic 

FIGURE 13 i  Ffli[e dement  c;]~h oicross~Ct~Oi~,~d ~rle- 
r~al ~Fc'cimen fr~rr* atherosc]ee~tic plaque m a rabbit aurta. 
Tap :  I)Jagram o{ the geometrY, c~t rbe arverlal wall altd 
piaque Plane-strata eDments ate shov,'t* fol7 the arterial wM| 
and _*l:vqu¢. Midd|e:  Contour map ot the Lifcumt~.rer~rial 
srres~ model (m Pasc~kL M,,ximur'O circnmferentla[ s~ress 
aormMized by luminal aressure (t7 o.fP) ~as greatest a[ 1, 
o'cbwk, as showr~ by tee red markiag~ of the circumferential 
~tltss k¢'y Botq:om: Corresponding :ro<~ *ection a~ xrber:J- 
scleror< anr[a stained wkh hemaroxwlm and eosiH {~'[a~J]L- 
ne,~oon Xal]). (Reprinted courtesy ot G, Abelao 
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FIt}URE I ~-2_ Top: Gross image ot an atherosduro~ic aorta 
with exposed intima] surtace demonstrating four large 
t;larctce-rich thrombi. Bottom: |ti~sher magaifit:wtion ~f 
the pl~ttcIct rhrr)mbi shown ar the cop. (Reprinted courtesy 
of G Abela.., 

blood pressure. Subsequent  stltdJes have demon° 
strated that  degenerari ;m of the fibrous plaque cap by 
enzymatic lys/s may con t r ibu te  to its mechanical 
instability. This  was demoHstrated by the higher  
cor~cenrration of inflammatory celt~ prcsem ae the 
disrupted s~tes [12,14,151. Expressiot~ of metal-  
lothionen proteins :rod coHagenases b~ macrophages 
may result in the lysis of the plaq~m cap [2/tL Atso° 
plaques tha t  were disrupted often had F~-wer smooth 
muscle cells [23.26].  These data indicate tha t  the 
plaque cocnpos~tion and metabol i sm may also co, l-  

tr ibute  m ,ts s tabil i ty or vulnerabil i ty  to d is rupt ion  
and thrombosis .  

A nima/?docleZ; ~f P&que Disruptio,~ 

RABBIT MODEL OF PLAQUE 1)ISRUPTION 
AND "i'} [ROMBOSIS 
Constant in ides  and Chakravart i  developed an aehero- 
sclerotic rabbi t  model to demot~strate the role 

ot plaque disrupt ion in the deveh~pmenr of a 
p[atelet-r ich th rombus  [27-29] ,  Their  hypothesis  
was that  ~wo basic elements_ vasospasm and a 
p r o t h r o m b o t k  state, would be uecessary ro reduce 
plaque disruprioH and thton'~bosis. They pulse-fed 
rabbi ts  wi th  an atherogenic  diet  a l ternat ing wi th  pe- 
riods o( normal chow The rationale was tha{ the 
artery WOklld heal and scar eo  form a fibrous cap over 
a !ipid pool, resembl ing the human lesions. Another  
adx.an~age of the pulsed diet wa_s that  the rabbits  
seemed eo survive longer bec~mse a Jar Re toad o f c o n -  
Emuous lipid feeding resulted m fatty infiltration of 
the liver zmd death  Irum ~epat~tis and starvation. 
Thus.  rabbits tha t  liv~d kruger developed more ad- 
vanced arherosclerotic lesiot+s tha t  were similar to 
those seen it] humans+ Similar results have been 
achieved usm}g a tow cholesterol content  m rabbi t  
tecd for up to 5 years or more [30] 

PtIARMACOLOGIC TRIGGER 
Tile t r igger  used to induce plaque disrupt ion was a 
cocktail of pharmacologka l  agents tha t  s imulated 
the  condi t ions k~l,)wrt co be associated with unstable 
syl~dromcs m humans.  The t r igger  was corcq>t~sed of 
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FI(;URE 13 ~,. Bar graph showing the percentage of arterial 
sur~i~ce area covered by white thrombus. The greatest 
~ . m o u n t  o f  thrombus was present in samples from groups 11I 
and IV, and the least in those from group l (error bars 
indicate S[:.M). (Reproduced with permission (tom the 
American t Icart Association and the author.) 

an injection of histamine, which induces vasoconstric- 
tion m rabbits [3 l ] .  The other agent was Russell's 
viper venom (RVV), which in the doses used has no 
direct platelet eft;c-ors; however, it does act as a 
procoagulant, activating fb.ctor X and V [32]. In his 
model, Ctmstantmides also injected calcif}erol in an 
a t tempt  to enhance calcification and endothelial 

injury, but this was subsequently discontinued. 
Constantinides tried several vasoconstrictor agents, 
including norepinephrine and vasopressin, with often 
less effective results [27]. Russell's viper venom and a 
vasoconstrictor agent used alone were not very effec- 
tive in causing plaque disruption and thrombosis. 

In order to develop a model of plaque disruption 
and thrombosis, Abela et al. [33] re-evaluated the 
atherosclerotic rabbit model. However,  because the 
model required a long preparation t ime (over 1 year) 
and had a low yield of disruption and thrombosis (less 
than 50%), modifications were introduced to improve 
the outcome. This was evaluated by inducing differ- 
ent types of plaque in the rabbit. Thus, plaques were 
induced primarily in the thoracic and abdominal 
aorta (1) by a high cholesterol diet alone, (2) by 
mechanical balloon injury of the artery alone, or (~) 
by a combination of a high-cholesterol diet and bal- 
loon injury. Triggering was at tempted by injection of 
RVV and histamine. This resulted in platelet-rich 
thrombi superimposed on ~bcal plaque disruption 
(Figure 13-2), 

A total of 41 New Zealand Whi te  ( N Z W )  rabbits 
w e r e  exposed to one of fbur preparatory regimens; 
Group I (n = 9) was fed a regular diet for 8 months; 
group 1I (n = 13) was fed a diet of 1~4 cholesterol 
for 2 months, alternating with 2 months of a regular 
diet for a total of 8 months; group II1 (n = 5) 
underwenr balloon-induced arterial wall injury, fol- 
lowed by a regular diet for 8 months; anti group IV (n 
= l.t) underwent balloon-induced arterial wall injury, 
aod then received a diet of 1% cholesterol for 2 
months, tbllowed by a regular diet fbr 2 months, for 
a total of 4 months. Group IV was maintained fnr half 
the t ime (.t months) when compared with the other 
groups (8 months) in order to demonstrate that the 
modified rabbit model is more efficient and less 
costly. 

T A B I . E  1 ~ - I  

Surf:ace area (ram:) 
(mean +_ SD) 

Predominant Endothelial with thmmbus/ [ tismlogy 
group Diet dehridement no. triggered Thrnmbus Plaque type ~ 

1 Reg" N o  1 ;9 2 0 0 
I1 Chol ~' No ";/1 ~ 15 +- 19 1969 +- 699 1 
11l Reg Yes 5/5 223 +- 119 2209 +" 262 2 
lV Chot Yes 10/14 263 +' 222 2366 +" 46-i :, 

'Regular 

I :: dloZ£,,,tcrol 
[ l,~tiiIogy types: t) = normal  artery; I = h~arn~ plaque; 2 = fibromus~ uLlr plaque: ', = mixed foamy and l ibr(ms (Reproduced wi th  t-,:rmisslim from the American 

] leapt asso~lat Ion and tht: author)  
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FIGURE 13-4 Top; Light rmcrograph ~)om {hnrac~c 
:mrra ~fa rabb~r m gwup H. An ac~'umuh~tiot~ of macroph- 
ages fl~rms a subinrimal lesion The ~)am cells appear 
to have a very thin cap, bulging into the h~men of fhe 
vessel (azocarmh.~e-aaibm: blue, magnification ×505. 
Bottom: Light m*erograph of large thrombus attached 
ro the luminal surtace of the thoracic aurea m rabbit 
from group IV. A cavitation ts seen below the thrombus, 
and ~he intimal surf:ace is -narkedlv thinned (Masson's 
~ridtrome, magnification xt6~. (Reproduced with 
permisaioa from the American H~arr Association and the 
authorJ 

After comple t ion  of the preparator? regimen,  trig- 
gering of  plaque d i s rup t ion  and thrombosis  was ar 
t empted  by in.jecrton of R*VW (0.15 mglkg ,  IP) and 
hisramhie (0.02 mg/kg ,  IVk In group L rmrmal con~ 

trol rabbi ts  w i t h o m  atherosclerosis, ouly one small 
th rombus  was noted in one of  nine rabbits .  In  group 
[L cholesterol-fed rabbits,  th rombosis  occurred in 3 of 
13 rabbits.  T h r o m b u s  occurred in all rabbi ts  in g roup  
[II (5 of 5) and in 10 of l/~ rabbits  in g roup  IV. 
Al though  the t)'equency of thrombosis  was nor sig- 
nificantly different  between groups I and II. possibly 
due ro a small  sample size. i t  was significantly differ- 
cur among atl four groups (P < 0.001).  Also. the 
amount  of chrombus format ion wa~ ~ignificantly dif-. 
t~ereut among  all four group5 (P < 0.001}. Rabbi t s  
wi th  a theromatous  plaques (~hose in group~ 1I and 
[V~ demons t ra ted  plaque d is rupt ion  and an overlying 

piatelet-r ich th rombus  *ormation similar  to that 
observed in pat ients  wi th  acute coronal3.- syndromes 
The  surtace area covered by th rombus  was 2 r a m  in 
group L 13.3 ± 19.2 mme in g r o u p / 1 , 2 2 3  ± 119 m m  
in group III, and 263 ± 222 ram" iri group IV. Rab- 
bi ts  in groups III and IV had the ~greatest amoun t  of  
th rombus ,  and th is  amoun t  was s ignif icandy grearer 
than  in rabbi ts  in groups I and II (P < 0.001 and P < 
o.o3,  respectively; Figure 13-3), 

Histologic  analysis us ing l ight  microscopy of 
ptaq ae from the  various groups demonst ra ted  the  fob 
lowing: normal vascular morpholo~gy in group I, pre~ 
dominance  of fi~am cells in the  in~ima m group  IL 
f ibromuscular  p laque in group III, and muscular  wi th  
p redominan t ly  fbam cell inf i l ta t t ion m group IV 
(Table 13-1: Figure t3-4}. 

The  d i s t r ibu t ion  of plaque }or each grot,p is shown 
in Figure l ~ 5 ,  Individual  comparisons showed a 
larger amount  of plaque m. tabbi~s from groups III 
and tV ~han in those in group II (P = 0.04 and P 
0 .001.  respectively). Also. the total  cholesterol cow 
renc m the aortic tissue in group IV (16 ± 7 ,2 rag /g )  
was s ignif icandy greater than in group II (2.8 ± 
1 .6rag/g;  P < 0.0001).  A slgniIicant but  no~ h igh  
correlat ion (r = 0.34;  P < 0.03 ) was found between the 
amoun t  of cholesterol in the  arterial tissue and the 
amounr  of thrombosis  tha t  developed in the two 
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FIGURE 1 -;-5. I~ar graph shows percent of surface area of 
abdominal aorta and i[iac arteries covered by plaque as 
determined by vklen planimetry. Rabbits m group 1 had 
total absence of plaque, those in group 1I had an intermedi- 
ate amount, alad those in group lI and IV had the greatest 
amount of plaque (error bars indicate SEM). (Reproduced 
with permission from the American tteart Association and 
the author.) 

groups. Also, coronary occlusions nccurred in the 
majority of rabbits. These were induced by platelet- 
rich thrombi in intermediate-size arteries (10-20  Jam 
in diameter: Figure 13-6). Other  organ systems, 
including the kidney and lung, were examined tbr 
intarction and vascular thrombosis, but these were 
not detected. 

Endothelial dysfunction was shown to occur in rab- 
bits during triggering of plaque disruption (a~bela 
and Myiamoto, unpublished). The role of endothelial 
flm(tion and integrity is currently being assessed m 
the setting of acute myocardial infarction m humans. 
Evaluation of endothelial flmction was tested alter 
administration of RVV intraperitoneally at 24 and 
18 hours prior to sacrifice in 5 N Z W  rabbits. Carotid, 
lilac, anti femoral arteries isolated from rabbits 
with and without RVV were mounted in a perfusion 
chamber with constant flow at 6 0 m m H g .  Vascular 
responses to norepinephrine (NE, 1-3jaM), acetyl- 
choline (AC, 5JAM), and nitroprusside (SN, 5jaM) 
were monitored and measured using a video- 
computerized system. Vasorcactivity to NE and SN 
was not significantly dit}erent between both arteries 

exposed to RVV and untreated cuntro[s. However, 
vasodilatation to AC varied with the arterial site. 
RVV significantly impaired the endothelial funttion 
of lilac and femoral arteries. (Figure 1~,-7). Thus, 
endothelial function in arteries overlying atheroscle- 
rotic plaque could become severely impaired by RVV 
and enhance the potential fi~r plaque disruption and 
thrombosis. 

Studies to Prevent Plaque Disruption 
and Thrombosis 

F.FFECT OF ANTIOX1DANTS 
In a preliminary study, 16 rabbits were prepared by 
feeding a 1 (;4~ cholesterol diet and balloon endothelial 
injury. After i months, eight rabbits received ~- 
carotene (30m/kg IV) 1 week prior to ttle pharma- 
cological trigger described in the earlier study. The 
remaining eight did not receive ~-carotene. Al- 
though, the mean surt:,tce area of thrombus (78.6 ___ 
38.9 vs. 5().'3 _+ 25.9) and the number of thrombi 
(5.0 --_ ,i.3 vs. 2.3 -+ 1.3) were less in the ]3-carotene 
treated rabbits, these did not achieve statistically sig- 
nificance (Abela and Ma, unpublished), l towever, 
since there are variations between antioxidants m 
their effect on the athernsclerotic process, further in- 
vestigations in tbis area may be warranted. 

EFFECT OF ASPIRIN, A BETA I~I.OCKER, 
AND EPINEPtlR1NE 
Other  investigations were conducted using this 
model to evaluate the effects nfaspirm, a beta blocker, 
and chronic administratinn of epinephrine on plaque 
disruption and thrombosis (Abela and Piccm, unpub- 
lished). None of these interventions appeared to have 
an effect on plaque disruption. Aspirin and a beta 
blocker (esmolol) given prior tl) tr iggering did not 
result in a reduction of thrombi fi)rmed. Also, ¢ hronic 
administration of epinephrine given intravenously 
daily fi)r 1 week prior to tr iggering did not influence 
the disruption event rate. These data suggest that 
vasoreactivity of the arterial wall may be the i~redomi - 
nant f:actor in the model. The intravenous use of 
epinephrine may have a transient constrictor re- 
sponse, but in the absence of RVV woukl not lead to 
an event, as had already been shown by earlier work of 
Constantinides [25,26]. 

Other Modek 
The Folts model has been invaluable in assessing en- 
hanced platelet deposition in dog and pig coronary 
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FIGURE 13-6. Upper panels: Gross image of heart 
9;i:h antero-apica[ and septal m}ocardia] i*lfarction 48 
hours following triggering with RVV and histamine 
(mphenyttetrazoIium chloride staining for viable mvocar 
diumJ. L~wer left: Coronary artery (20btm in diameter~ 
with orgamzing plate[el-rich ncclusive thrombus (Massons 
Trichrome slam; magnifico:loll 5f}×'l. Lower Right: Micro- 
gEaph ot: infarct zone demonstrating ear!v inflammatory" 
cellular infiltration {dense blue line) (oltowing myocardial 
necrosis (hematoxylin and eosin magnification 50×), 
(Courtesy of- G. Abela.) 

arteries; however, it requires both endothelial injury 
and the production of a high-grade stenosis [34]. The  
model provides a means of cwaluaring the interaction 
between ptatelets and the damaged arterial wall. The 
procedure is performed on the circumflex corona W 
artery m an anesthetized open-chest dog or pig. The  
artery is dissected and a flow probe is placed on it. 
Arterial injury ~s induced by a clamp distal to the flow 
probe. An encircling plastic cylinder is placed around 

the injured part of the artery to prod uce a high-grade 
stenols. Following this procedure, the flow in the 
vessel becomes cyclical due to the formation and im- 
mobilization of  platelet thrombi in the injured and 
stenosed porrmn o~ the artery. [;sing various drugs 
that influence platelet ac[lviry, the cyclical flow can 
be improved (i e.. with aspirin)or worsened (i.e.. with 
catecholaminesk Thus, the model  provides an method 
of evaluating and studying mechanisms that enhance 
or inhibit arterial thrombosis in injured or dysfunc- 
tional endothel ium overlying stenosed arteries. 

gadimon er al, developed a flow chamber to t ra in  
ate platelet deposition on activated arterial surfaces 
[33]. This system was used to study :he influence 
of flow and shear stress on platelet deposition on 
selected biological surfaces. This was accomplisLled 
using an ex-vivo perfusion chamber system m which 
de-endothelia[ized pig aorta and collagen type I 
bundles from Achilles tendon were exposed to either 
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FIGURE 13-7. Bar graph displaying vasomotor response to 
acetylcholine in rabbit carotid arteries (n = 7 RVV, 
n = 6 control), lilac arteries (n = 6 RVV, n = 4 control), 
and femoral arteries (n = 8 RVV, n = 8 control). Shaded 
bars indicate the mean +- SD of control arteries, while 
black bars indicate arteries from rabbits treated with 
RVV. Results demonstrate that RVV significantly 
impairs vasomotor relaxation to acetylcholine in the 
lilac and ffmoral arteries. (Reprinted courtesy of G. 
Abela.) 

native or heparinized pig blood. Flow rates were ad- 
iusted to provide shear rates of tO6-3380/s .  On  
de-endothelialized vessel wall, platelet deposition in- 
creased with exposure t ime and shear rate. At high 
shear rates and long exposures (over 10 minutes), 
platelet deposition decreased from maximal values, 
indicating embolization of platelets. Collagen from 
tendon continued to have progressive accumulation of 
platelet deposition. Deep arterial injury involving the 
media of the artery resulted in greater platelet depo- 
sition compared with more superficial injury limited 
to the intimal layer. This model provides a useful tool 
but has some limitations by being ex vivo. 

Methods to Detect Vulnerable Plaques 

ANGIOGRAPHY 
The detection of vulnerable plaques could provide a 
means of testing and implement ing a preventive 
management.  Angiography, which is the most com- 
monly used diagnostic technique to define coronary 
artery anatomy, cannot predict which atheroslcerotic 
lesions are most likely to undergo disruption and 
thrombosis [7,36]. Reports have demonstrated that 
vascular stenosis is not correlated with a predilection 
to develop a myocardial inl;arction. In fitct, over 5()~)~ 

of lesions that were angiographically measured as 
_<50% stenosis were the ones that developed total 
vascular occlusion and myocardial infarction [ 18,36]. 
Thus, it is clear from these investigations that other 
diagnostic technologies were necessary to identify 
plaques that were vulnerable to disruption and 
thrombosis. 

INTRAVASCULAR ULTRASOUND 
Intravascular ultrasound (IVUS) provides imaging of 
the arterial wall morphology in vivo. Thus plaques 
with thin fibrous caps may be detected. The lesion 
morphology is displayed in cross-sectional views 
showing the fibrous caps overlying a lipid-rich core. 
IVUS has several advantages. It can be performed 
rapidly and safely in a blood-filled medium. The dis- 
advantages of IVUS are its invasive nature and the 
l imited resolution with a beam pulse width of 
300g tin, which makes it difficult to detect plaques 
with thinner caps [37]. This could be important,  
given that the lesions with plaque cap thickness less 
than 300btm are mechanically unstable [22]. 

ANGIOSCOPY 
Anginscopy of the coronary arteries provides high- 
resolution images of the intimal surface of the arterial 
lumen. One important observation made recently was 
that plaques associated with unstable cardiovascular 
syndromes had a yellow color [9,38]. This led to a 
study by Myiamoto e ta[ . ,  which demonstrated that 
the yellow color was due to tile reflection of yellow 
color of the lipid core of the plaque through a thin 
fibrous cap [39]. The hypothesis was that tile plaque 
coLor was yellow because a thin cap was transparent to 
the yellow core of tile lesion. In both an artificial 
model of plaque and subsequently in human plaque, 
a high correlation could be shown between the fibrous 
plaque thickness and yellow color saturation. This 
relationship was present if plaques caps were 
<300lAin (Figure 13-8). Greater plaque cap thickness 
had a white color. Coincidentally, a study by Loree et 
al. demonstrated that at a cap thickness of 300fire 
biomechanical tests demonstrated that plaque cap l-ra- 
gil i ty became markedly increased [22]. 

The advantages of angioscnpy is that it provides a 
means of direct assessment of the pathological pro- 
cess. However, the disadvantage is its invasive nature, 
which also adds more t ime to the interventional pro- 
cedure. Also, angioscopy involves interruption of 
blood flow and displacement of the blood column in 
the artery in order to visualize the plaque. This can 
intensify the ischemia and may induce ventricular 
arrhythmias. 



1 ~. PLAQUE DISRUPTION AND THROMBOSIS 215 

100 

o 80 

60 

40 

0 
- -  20 

* " 

rZ= 0]0861 

° o 

oo . . . . .  ; .05 .I .15 .2 .25 

Cap Thickness (mm) 
.3 

FIGURE 13-8. The relationship between the cap thickness 
and the percent yellow saturation of plaques is shown for 
plaques with caps -<300gtm. There is a strong inverse corre- 
lation between these two variables, r 2 = 0.86; y = -313X + 
87; P = 0.0001. (Reproduced with permission of SPIE and 
author.) 

OTHER DIAGNOSTIC TECHNIQUES 
Other techniques are being investigated for purposes 
of detecting vulnerable plaque. These include 
magnetic resonance, radiolabeled low-density 
lipoproteins (LDL), infrared, and fluorescence of 
plaque with a high lipid content. All of these ap- 
proaches are currently investigational. 

Magnetic resonance imaging (MRI), as a "bio- 
chemical imaging" tool, offers the potential to com- 
bine anatomic information in conjunction with 
plaque composition. Cholesterol-rich plaques exhibit 
a very short T2 (relaxation time of transverse magne- 
tism) as compared with the triglyceride-rich adventi- 
tia. This was elegantly demonstrated by Toussaint et 
al. utilizing ex-vivo arterial segments [40]. These 
were imaged in a high field-strength (9.4 Tesla) mag- 
net utilizing a fast spin echo technique to maximize 
the contrast between the cholesterol-rich pool and 
other arterial wall components. 

The non-invasive nature of MRI lends itself to 
serial studies. Skinner and colleagues have demon- 
strated serial changes in the rabbit aorta, with fine 
detail [41,42]. Measurement of the thickness of the 
fibrous cap, combined with the area of the lipid pool, 
might afford an index of vulnerability. The limitation 

of MRI, at present, is the field strength of the 
magnets now available at most centers (1.5 Tesla). 
Anatomic detail in adults, particularly in the coro- 
nary circulation, requires further improvements in 
resolution. However, surface coils with a higher 
field strength could be utilized in the carotid and 
peripheral circulations. 

The concept of a radiolabeled accumulation of 
cholesterol and cholesterol esters preceding plaque 
disruption has led to an interest in measuring LDL 
flux in and out of lesions. The labeling of LDL with 
1-123 and performing subsequent scintigraphy to 
quantitate this flux offers the promise of noninvasive 
follow-up and monitoring of drug intervention 
[43]. 

Attention to inflammation as the final common 
pathway to plaque disruption has led to the potential 
of detecting differences in temperature within the 
plaque, as an index of increasing macrophage activity. 
Basic work with surgically explanted carotid lesions 
has confirmed this concept [44]. 

Ye and Abela used the same atherosclerotic rabbit 
model described earlier to demonstrate that 13- 
carotene can be used to attenuate normal arterial 
wall fluorescence and to identify lipid-laden plaques. 
13-carotene, which is highly lipophilic, is preferen- 
tially absorbed into the plaque when compared with 
the normal surrounding intima [45]. This was dem- 
onstrated by a 17-fold attenuation of laser-induced 
fluorescence by plaque with 13-carotene when com- 
pared with the surrounding normal artery. Also, in 
another study conducted in atherosclerotic plaque 
from human aorta, plaque with fissures had a signifi- 
cantly greater attenuation of fluorescence when com- 
pared with plaque with smooth, thick collagen caps 
[46]. 

In a preliminary study, an SERP-1 viral serine 
proteinase inhibitor with anti-inflammatory activity 
was used to reduce acute macrophage infiltration and 
plaque growth after balloon injury to the aortic 
wall in the rabbit model [47]. Laser-induced 
fluorescence (LIF) was used to detect early changes in 
the aortic wall after SERP-1 and balloon injury com- 
bined with a high-cholesterol diet. LIF spectra were 
recorded during 308-nm excitation. A significant de- 
crease in normalized LIF emission intensity was 
detected in SERP-l-treated aorta. This was corre- 
lated with the fatty plaque content in the aorta. Thus 
LIF may be useful in the assessment of the arterial 
wall for detection of macrophage-rich atherosclerotic 
plaques. 

Future improvements in technology will allow 
for improved imaging of the anatomic detail of 
atherosclerotic plaques with intracoronary ultra- 
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sound and MRI.  Thus,  data on plaque morphology,  
compl imen ted  by biochemical  informat ion from 
radiolabeled techniques,  fluorescence, and/or MRI,  
could provide tss wi th  more clues about  the behavior 
of atherosclerotic plaques. 
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14. DEVELOPING ANT IT HROMB OT IC 

A N D  THROMBOLYTIC AGENTS: THE 

ROLE OF EXPERIMENTAL MODELS 

Richard C. Becker 

Introduction 
Thrombosis is a common and unifying phenomenon 
among persons with atherosclerotic coronary artery 
disease and occurs typically at discrete sites of vas- 
cular injury, defined pathobiologically as loci of 
endothelial cell disruption or dysfunction and overt 
atheromatous plaque rupture. Over a century ago, 
Rudolf Virchow suggested the now classical triad of 
associated factors leading to pathological thrombosis: 
(1) stasis of blood flow, (2) abnormalities of the blood 
vessel wall, and (3) a procoagulant state. Accordingly, 
researchers and scientists over the years have devel- 
oped experimental methods that apply one or more 
of these sacred tenants. Models have also been devel- 
oped that can be used in the study of treatments for 
vascular thrombosis. The recent focus has been on 
antithrombotic and thrombolytic agents. 

To study vascular thrombosis experimentally, it is 
essential that the thrombi produced are consistent 
and reproducible. Evaluation of experimental, pre- 
ventive, and therapeutic measures also depends 
strongly on this methodological requirement. Fur- 
thermore, the reliability of each method and the con- 
clusions drawn are influenced directly by the 
procedure used and in strictest terms, should be ap- 
plied solely to thrombi produced by similar methods. 
This chapter covers an assemblage of experimental 
methods that have been used in the study and the 
development of antithrombotic and thrombolytic 
agents as they apply to vascular thrombosis in general 
and coronary arterial thrombosis in particular. 

Venous Thrombosis Models 
Early venous thrombosis models were based on 
Wessler's principle that combined stasis of blood flow 
with activation of the clotting system. The latter was 

direct and included tile injection of serum or serum 
products. The original Wessler model was as follows 
[1]: Dogs 18-23 kg in weight were anesthetized with 
Nembutal ®, (pentobarbital). A segment of jugular 
vein 3-6cm in length was freed from its surrounding 
structures and its tributaries were ligated. Canine 
serum from another animal (-100cc) was infused 
through a distant antecubital vein. One minute later, 
the isolated jugular vein segment was clamped. A 
large red clot typically formed within 60 seconds. 

More recent animal models have combined 
vascular injury as a physiologic activator of throm- 
bosis with blood stasis; however, modifications of 
the original Wessler model still utilize injectable 
thrombogenic challenges, including thromboplastin, 
activated prothrombin complex concentrate, Russell's 
viper venom, and factor Xa [2]. The resulting throm- 
bus is fibrin rich and can be graded visually on a scale 
of 0 to 4+ (4+ representing full thrombus formation 
without free erythrocytes). 

Inferior Vena Cava Ligation Model 
The inferior vena cava thrombosis model was devel- 
oped for use in small animals and combined vascular 
injury and stasis [3]. Female Wistar rats (180-220g) 
are anesthetized. Intravenous hypotonic saline 
(0.225% NaCI), 2 mL/200g is then given via a femo- 
ral vein (right or left) to produce mild vascular injury. 
Approximately 1 minute later, the inferior vena cava, 
exposed through a midline abdominal incision, is 
isolated and a tight ligature is placed below the left 
renal vein. The abdominal cavity is closed, reopened 
10 minutes latter, and the inferior vena cava is ligated 
2 cm below the original ligature. After ligating major 
side branches, the isolated venous segment is resected 
and opened longitudinally in a Petri dish. The throm- 
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bus is removed wi th  ~brceps and placed in a wet 
chamber/Petr i  dish conta ining saline-soaked filter 
paper. The  th rombus  is weighed 2 hours later. 

The inferior w.na cava thrombosis  model  has been 
used ro mvesr,gare ant icoagulants ,  ehrombolytics.  
and anriplateDts  agents.  The res~ agen~ ~s typically 
adminis tered  intraveno~sly th rough  a canmflated 
temoral  vein approximately 5 minutes  before vascular 
m lury is produced. A[thougfi  an uncomplicated pro- 
cedure, several potent ia l  l imi ta t ions  wi th  this model 
have been recognized: (1) There ~s p~o(ound s[ inmla-  
l ion of  coagulation when the  peritoneal cavity is en- 
tered. (2) accessibilit> (of tes~ drugs) ~o the  t h rombus  
is l imited,  (3) quan t i t a t ion  of an r i tb tombot i c  and 
thromboly t ic  eff)'cts is difficult, and, (4) hypom m c  
saline-reduced vascular i n j u ®  is inconsistent .  

a@guiar Vein 7~romhosLr ?do&'/ 
Further  deveiopmer~rs and var iauons of the original 
Wessler model have yielded a smlpIe, quantlrat~ve. 
and teptoducible  model rhac can be used ro mvesri :  
ga~e tbrombolvt~cs and anticoagulants .  Min imal  sur:  
gical mtervenr lon  ~s required, and the  technical 
failure rate is less than 10% {4]. In most  insran(es 
r abbks  am used~ however., models using o ther  animals 
have been developed { 3 }. 

Arl externM Blgular vein from a New" Zealatld 
whi te  rabbi t  (2 -3  kg) ~s exposed th rough  a 5 < m  para- 
medical mclsmn in the  neck. The  vein is then  cleared 
ow~r a dis tance of  4 cm np to the main bi f i l tration of 
the externa~ jugular vein and the ~;acial vein Small 
venous side branches ate ligared and ehe f~cial veto ~s 
cannula ted wi th  I O < m  tub ing  connected ro a syo 
rm~t .  A woolen thread is the~ introduced m the 
iugular vein lacheS3 over a distance of 4 c m  with aH 
ordina U need[< Ake r  bleeding has ceased, the vein is 
clamped proximally and distally to isolate a segment ,  
which is then empt ied  of blood by gent le  suction. The  
volume of  the segment  is measured b? in/ection of 
sahne ( tom a volumetr ic  syringe un t i l  tl3c vessel ~s 
fidly distended (Figure t4-1)  

The procedure to futm a venous c[o~ is as fotlows: 
Approximarely I 0 - 2 0 ~ L  of ~2~l-iabeted human  fi- 
b t inogen (containing ~500 .000  CMP) ~s asph-ated in 
a 1,0-mL syringe followed by a volume of bIood cor- 
responding re the measured volume of ~he isolated 
w-in segmenL The p~gu~ar veto segment  [s the~3 emp-  
tied by withdrawal  of saline th rough  the facial veto 
catheter  and O.l t h rombin  (100 NI l{  un{ts/mL~ is 
quickly iniecced~ l:o~lowed immedia te  y b} toe voI- 
~m~e of blood conta in ing ~be labeled fibrinogen A 
th rombus  usually forms quickly and is aUowed to age 
for 50 miuu~es bef}3re bo th  vessef clamps are removed 

/ 

*% 

k 

FIGURE 14 X. jugular vein {hroFnbos~s model. The external 
~u~{ular veto is exposed and d3e lucia! vein is cannu~a~:d. A 
woolen thread ia introduced into the jugular vein [amen to 
serve as a nidus fbr clot formation. The vessel is rhea li~;ated 
proximally and distally. Thrombin is imected to initiate 
thrombosis (see the text). 

Cot ton swabs are generally placed over the vessel to 
absorb blood leaking from the vein segmenu  

A blood sample is drawn immedia te ly  after c lamp 
removal ~o measure the radioactivity of blood. The 
cotton swabs are removed fbr ~so~ope counting,  and 
the amotmr  of radioacrivity delivered ro the clot is 
calculated by subtrac t ing the swab loses, the radioac- 
~iwry remain ing  in the  syringe, and the feral blood 
radioactivi~ y f)'om the original amoun~ of radioactiv- 
Lty m the syringe. 

W h e n  thrombolyr~cs are studied,  an infbsion [s 
giveu th rough  a 21-gauge butterf ly needle placed iF 
the contralateta] marg real ear veim Af[er corn [Action 
of ~he infusion_ the thrombosed  jugular  vein segment  
is removed after careful su tur ing  ar bo th  ends. The 
extent of thtornbolysis  is then calculated as the differ- 
ence between the radioactivity: originally incorpo- 
rated in the clo~ and the radioactivity in the vein 
segment ,  expressed as a percentage of  d~e original 
radioactivity.  

Plate[el-Rich Venous Thrombosis Bfodd 
A venous model tha t  produces platelet-r ich th rom-  
bosis has been described [6] Male \Vis tar  rats (150 
250g)  arc anesthest ized wi th  an inrtaperi toneal  
iniecrion of penrobarbka l  (50 mg/kg}  A longi tudina l  
incision is made from the lower abdomen to the knees 
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bilaterally, and the femoral arteries and veins are dis- 
sected from the surrounding tissues. A modified 
Acland vessel clamp is brought above the vessel 
and aligned parallel to the long axis of the femoral 
vein. The adventitia is grasped with microsurgical 
forceps, and the anterior wall is brought between 
the jaws of the clamp. The movable tip is rotated 
five times through 360 ° (90 ° clockwise, 180 ° 
counterclockwise, and 90 ° clockwise again, thereby 
rubbing the opposing endothelial surfaces of the 
vein against one another). A platelet-rich mural 
(nonobstructive) thrombus forms in the traumatized 
area that persists for 35 minutes. The platelet- 
rich venous thrombosis model can be used to 
investigate antiplatelet therapies as a prophylactic 
modality. 

Pulmonary Embolism Model 
Hamsters 6-8  weeks of age (body weight 80-100g)  
are anesthetized with an intraperitoneal injection of 
0.3mL nembutal diluted to 20mg/mL in saline. At- 
ropine is given intravenously (50btL of 0.25 mg/mL 
solution) to reduce oral secretions. A 3F femoral vein 
sheath is placed for blood sampling. 

To create the pulmonary embolism, 6000taL of 
fresh-frozen plasma (human), 10~L of ~'5I-labeled 
fibrinogen (human), and 100 IRL of a mixture consist- 
ing of bovine thrombin (10 NIH units/mL) and 
0.5M CaCI 2 are aspirated into an 8F catheter 
and incubated for 30 minutes at 37°C. The plasma 
clot is dislodged, washed for 30 minutes in saline, 
and cut into 1-cm segments (total volume 50}.tL), and 
the radioisotope content is measured (-0.1 ltlC per 
thrombus). 

The radiolabeled clot is aspirated into a 6F catheter 
for injection. A jugular vein is exposed and the cath- 
eter containing the clot is introduced and advanced 
for l c m  into the brachiocephalic vein, where it is 
injected. In approximately 85% of cases, the clot 
quickly embolizes to the lungs. The 6F catheter 
is then replaced with a 3F catheter through 
which 0.1 mL of sodium iodide solution (20rag/ 
mL) is injected, followed by a bolus of heparin 
( 1000 U/kg). 

Following thrombolytic or anticoagulant experi- 
ments, the animal is killed and the heart and lungs 
are removed for isotope counting. The extent of 
clot lysis is considered the difference between the 
radioactivity incorporated in the clot and the sum of 
residual activity in the heart and lungs. The 
pulmonary embolism model has several advantages: 
(1) There is a low failure rate, (2) it is reproducible, 
(3) limited surgical skill is required, (4) a small 

amount of drug (and other material) is used per ex- 
periment, and (5) up to 10 experiments can be per- 
formed daily. 

Venous thrombosis models in general, and the 
rabbit jugular vein model in particular, are well 
suited for studying thrombolytics and anticoagulants 
because of the fibrin-rich thrombus that is produced. 
Both class of drugs have a fairly predictable 
dose-response to fibrin, erythrocyte-rich whole-blood 
clots. 

Arterial Thrombosis Models 
Arterial thrombosis has several unique features, 
particularly when it occurs in the coronary circula- 
tion. Typically, there is endothelial cell injury and 
dysfunction that significantly alter physiologic 
thromboresistance. In addition, alterations in blood 
flow velocity and shearing forces occur, increasing 
the interaction of circulating cellular components 
(predominantly platelets) with the vessel wall. The 
resulting thrombus is characterized by a high density 
of platelets and fibrin (with the former predominat- 
ing). Accordingly, experimental models of arterial 
thrombosis have been developed in an attempt to 
reproduce, as closely as possible, the unique anatomi- 
cal, topographic, and physiologic findings of human 
atherosclerotic vascular disease. They have been valu- 
able in the investigation and development of phar- 
macologic agents, particularly thrombolytics and 
adjunctive anticoagulants and platelets antagonists 
designed to improve thrombolytic efficacy and/or 
prevent arterial reocclusion. 

There are several criteria for an arterial thrombosis 
model: (1) the technique should produce a fixed 
amount of coronary stenosis that can either be in- 
creased or decreased under controlled conditions, (2) 
the technique should produce a consistent amount or 
degree ofintimal/medial damage, and (3) the rate and 
size of the developing thrombus should be predictable 
and quantitatible. 

Endothelial Injury 
Endothelial injury and cellular dysfunction are im- 
portant components contributing greatly to the 
thrombotic process. Several experimental techniques 
that cause endothelial cell injury have been described, 
including external blunt trauma and internal me- 
chanical trauma with foreign materials, laser, and 
balloon stretching. Unfortunately, none are capable of 
simulating the human condition perfectly and therein 
lies a recognized limitation of experimental animal 
models [7,8]. 
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?~,let~l/ec Coil A~'~,'ial Thrombosis- zllodel 
More than two decades ago, Blair et at. {9] demon-  
strated tha~ spiral w'ire.~ co~srrucred of a luminum- 
magnesium a]loy inserted in the coronary c~rculanon 
of dogs produced occhlsJve thrombosis  Several 
varmr~ons aild modifications of the original descr~p 
finn have since been used e×perimenteJly [10A i t .  [n 
brie£ a throm½>genic coil is advanced via rile left 
common carotid artery into a corormry artery with the 
aid of a hollow guide catheter or wire. An occlusive 
thro~]bus nectars within severaI re:mutes and ~s con- 
firmed both eleetrocardiograpbicaIly (injury pattern) 
and ang~ographieally_ Morphologically, the cJols are 
fibrir~ rich and ('a~ be used to study tbrombolyrie  
ager~rs [12-14]  and anticoagulants [I5]~ k grea~:er 
proport ion of platelees can be achieved using a copper 
coil than a luminum-magnesmm alloy, permi t t ing  
iavestigati(m of aditmcrive therapy and tl~e preven- 
tion of reoeclusion [16] Unfbrtanately,  death from 
venrricula~ fibrillatio~ occurs m up re 20c~ of 

F ] G ~ J R E  I4-2 Coronary thrombosis wi~-h high-grade 
srenosls mode~ After isob~ti*~g the coronary arteries (LAD 
and/or LCX) a plastic cyhnder ts placed around the vesset 
~o produce a 60-7(J % mterna~ diameter s~enosis. Controlled 
internal damage is achieved with sur£icaI damps. Typically 
blood f{o~ declines rapidly and can be measured with ~ 
corotlary artery flow probe. Electrical mlurv ~o [he mtlma 
can be used m place ot external rraama {see the text). LAI) 
- -  [e~t anterior descending coronary artery; LCX = lei~ c~r- 
cumflex coronary at:cry. 

animals A modificatior~ of ~he copper<oi l  model 
makes use of  the femoral artery. In general, the 
rhrombus forms more gradually (ovc~ [ 0 - 2 0  mi~> 
o~es~ and is associated wi~h fewer tecbr~ica[ (aih,res 
tha,~ the coronary artery model 

Corona O, 7~'omhoris with 
High-Gra& Stenosk B.~odd 
In 197d Folrs [ t 7  18} described a model  of rependve 
thrombus fbrmar,on m stenosed coronary arteries of 
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FIGURE 14-3. Simultaneous aortic blood pressure and coro- 
nary blood flow measurements. Cyclic flow reductions rep- 
resent transient decreases in coronary blood flow from 
periodic platelet thrombus formation. 

open-chest, anesthetized dogs. Rheological condi- 
tions required to produce turbulent flow and stasis on 
vessel narrowing dictated that the lumenal diameter 
be reduced by at least 50%. 

The original model is as follows [19]: Adult 
mongrel dogs are premedicated with morphine sul- 
fate (3 mg/kg) and anesthetized with sodium pento- 
barbital (20mg/kg). Respirations are maintained 
with a positive pressure ventilator. The heart is 
exposed through a left thoracotomy in the fifth inter- 
costal space and placed in a pericardial cradle. The left 
anterior descending (LAD) and/or left circumflex 
(LCX) coronary arteries are dissected out for 2-3 cm, 
and small side branches are ligated (septal branches of 
the LAD should be left intact). 

An electromagnetic or ultrasonic flow meter probe 
of appropriate size is placed on the proximal coronary 
artery for measuring volume flow (mL/min) or flow 
velocity (cm/s). A controlled amount of intimal dam- 
age is produced with vascular clamps (typically 2-3 
times over 4-5 seconds for each). A plastic cylinder 
(constrictor) 2-3 mm in length made from lexan rods, 
with a diameter that produces a 60-70% internal 
diameter stenosis of the coronary artery (the point 
where reactive hyperemia is abolished), is then placed 
just beyond the site of vessel injury (Figure 14-2). 

After damaging and stenosing the coronary artery, 
blood flow declines rapidly, typically within 5-10 
minutes. Blood flow can be restored by "flicking" the 
constrictor or by sliding the constrictor up and down 
the vessel to mechanically dislodge the thrombus. 
The cyclic blood flow seen is the result of intermittent 

occlusive thrombus formation followed by restoration 
of flow as the thrombus is embolized (Figure 14-3). 
Typically the thrombus is platelet rich. 

A variation of the Folt's model employs electrical 
injury rather than external trauma. Introduced by 
Salazar [20], a stimulation electrode is constructed 
from a 25- to 26-gauge stainless-steel hypodermic 
needle tip attached to a 30-gauge Teflon-insulated, 
silver-coated copper wire. Anodal current is delivered 
to the electrode via a 9-volt cadmium battery 
connected in series to a 250,000-ohm potentiometer. 
The cathode is placed in a subcutaneous site. The 
current is adjusted to deliver 50-200BA, which 
causes focal endothelial cell disruption and a platelet- 
rich fibrin thrombus [21]. Thrombolytics, anticoagu- 
lants, and antiplatelet therapies can be studied 
[22-25].  As with other coronary arterial thrombosis 
models, infarct size and other related phenomena 
(e.g., reperfusion injury) can be investigated [26,27]. 
A major limiting factor associated with electrical in- 
jury is the potential for vasospasm [28]. 

The coronary stenosis and intimal damage proce- 
dures in other animals are similar to those described 
in dogs; however, pig coronary arteries are fragile, 
requiring a technical modification to produce high- 
grade stenosis. After the coronary artery has been 
dissected out, an oversized plastic cylinder is selected 
that decreases the vessel diameter by 20 -30~ .  A 
conventional 2- to 2.5-mm angioplasry balloon on 
the end of a catheter is placed between the outside 
wall of the artery and the inside wall of the plastic 
cylinder. The balloon is gradually inflated to produce 
a 70-80% stenosis and to abolish reactive hyperemia 
(i.e., a critical stenosis; Figure 14-4). The carotid and 
femoral arteries of rabbits, cynomolgus monkeys, and 
rats can be used to produce intermittent platelet-rich 
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d~rombotic occ]usmTJs and cyclic flow vaaar~ons 
[29]. 

Overall,  the Fotrs model  is best suked fbr s tudying 
plarelet anragomsrs  [17,18~30-33~ seroroni~ block- 
mg a~ents [34], and possibly glycoprorem t lb/HIa 
inhibirors  i t  has l i t t le  use m the invest igation of 
rhrombolyrics  and an~coagulanrs .  Its maior ad~'an- 
rage ~s the abi lky to reliabE produce platelet-r ieh 
th rombi  tha t  in te rmi t t en t ly  recur over ~_ 60 -minu te  
period, a l lowing dose-respoase studies and reasonable 
quaar~rarmn. 

Cci./eee Thromb~sLr ~,ith Re~dothel/al 
Damage and High-Gt:ade Ste~xos£ 
A d u h  moagre l  dogs ( 1 0 - 2 3  kgl are anesthet ized w*th 
pentobarbi ta]  ( 3 0 m g / k g  IV), irlrubated, and placed 
on a respira~:or wkh  t idal  volumes bepa~een 10 ar?d 
l S m g / k g .  Procainamide ( I .Sg  LM) and ]idocaine 
(75 mg  bolus, cont inuous mfiJsior~ 1 m ~ / m i n  iVs) are 
given to prevent  lethal ventricu]ar a t rhyrhmias  (vea- 
m c u l a r  fibri]]arionL The  left carotid artery ts exposed 

FIGURE I q-q. A var~arior~ of-the Fo]ffs modeI can be 
applied ro swine Because the coronary arteries are parr icu 
]arly fragiD an anN~oplas[y balk}on [s placed between the 
vesset and the plastic cylinder. The degree of steuo,~is can be 
varied By i~flaring the balloon (see the text} ,  

t h rough  a paramedial  seek incision and ig cannula ted 
wi th  a 7F modified ampla tz  coronary artery carheter,  
which is then guided into the  asceoding aorEa. 

The thorax is entered throuNh the  left fifth rarer- 
costa] space, and the per icardium is opened ro create 
a pericardiat cradle. The lek anter ior  descending coro- 
nary artery (LAD) is dissected our and a 2 .%cm 
segmem is isolated distal  to the  first dia£~ona] branch. 
An ul t rasonic  flow probe is placed on the proximal 
LAD ~or cont inuous  blood flow moni tor ing .  Selective 
angiography is performed and ] mL of blood is wi th-  
drawn for ~hrombo.s fbrm~rion. The animal  is given 
heparin 4000  U in an IV bolus, followed bv 1000 U at 
l - h o u r  intervals. A 2- ram wide plastic wire tie is 
progressively constricted around d~e LAD. ~ust distal  
re the proposed site of th rombus  fbrmation~ to ]imi~ 
blood flow ro 40  J.: 10% of baseline, 
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F I G U R E  1.4-3. Coronary thrombosis wit]q endothehaI 
damage and high-grade ster~osis. The isolated Iefr anterior 
descending coronary artery (LAD) *s traumatized by ex~er 
l~al compre~smns using blunt forceps. A whole blood- 
~hrombin mixture ~s injected a~ter both proxhnaI arid distal 
~cch~sion of the vessel. Beyond the s~te of endothelial dam- 
age, a high-grade stenos~s is produced using an adi~stabie 
band (see the text). 

The isolated LAD segment  is t raumat ized by ~bur 
cnnsect~dve external co~press ions  using btun~ for- 
cepx. Sr~are occI.usions are made distal re the flow 
probe and proximal re r~ae constricr~on sire (Figure 
[4-5 L T h r o m b i n  (0.1 mL of 100 U/mL)  ~s mixed w~th 
0 . 3 m L  blood and iniected th rough  an LAD side 
branch after the LAD is emptied of blood by gent le  
aspiration. After 3 minutes ,  the  proxirna] snare is 
released: 2 minutes  later the distal  snare ~s released. 
Selective angiogtaphy is perfbrrned 30 minutes  later 
~o confirm a stable occlusive rbrombus .  

W h e n  t h m m b o l y d c  agents are studied_ an inrrave- 
nous infi~sio~ (via a femoral vein) is given followed 
by cont inuous  flow probe momto rmg  and inter-  
mi t t en t  angiography over the subsequent  2 hours. 
Reper~asion is confirmed by a re turn  of  blood flow to 
>23% above baseline (at the t~me of occlusion) 
and corn plete angiographic  filling of the vessel to the 
apex wi th  rapid clearance of dve in less than  tour 
heart  beats. Reocclusion is considered when  fJuw ~s 

reduced to < 2 5 ~ ,  with  dye clearance sequirh~g 
greater  than five cycles. This  model  is parriculasly 
dseful fbr srudyin~ rhrombolyt lc  and adlunct ive 
therapies designed m prevenr reocclusion [35-36].  
The  l imit ing fea~ures include the  large amoun~ of 
materiM and d~e technical  skili required ~o complete  
each expenmenr .  

Femora/Arte~) %&ombosis wifh 
Dista, l StenoJ'is 
New Zealand whi te  rabbi ts  ( 2 . 2 - 4 . 0 k g )  are anesthe- 
tized wid1 pentobarbi tM (33 mg/kg ,  IV followed by 
I0 mg  at 30- to 60 -minu te  {nrervals) given th rough  a 
cannulated margina l  ear vein or femora~ vein. The  left 
}bmora] arte W and veto are exposed under  a surgical 
microscope. The ]eft superficial eplgast~¢ artery ~s 
cannulated wi th  a 23-gauge imracath,  as is the r ight  
b~achia[ artery (for commuous  blood pressure moui-  
toeing). Blood flow in the lefr femoral artery is moni-  
tored cont inuously hy at~ ultrasonic flow probe. & 
constr ict ion (stenosis) is produced proxima[ re t}~e 
flow probe us ing ewe 3.0 wcryl sutures. A t -cm 
segment  on the f}moraI arrery Is isolated using 
(*lamps placed pro×;mal and distal to the  superficial 
ep igasmc  artery (Figure 14-6). The  isolated segmem 
is then empt ied  of blood by gei~de suction. Endothe-  
t{a~ h3ju W is produced by bIunt  t r auma using external 
compressions. 

Bovine tbrombh~ {0.05mL Thrombinar .  5 0 0 0 U  
per vial] and fresh blood (0 .1mL) taken from the 
femora] veto 1re mixed in a syringe and injected iron 
the isolated segment_ Approximate ly  10 minutes  
later, the proximal and distal clamps are released. An 
absence of flow is confirmed fnt 10 minutes .  The 
femoral artery model  produces a fibri n-rich th rombus  
tha t  is useful fi~r s tudying rhrombolyncs  arid 

anticoagulants .  

Coronary, Arterial Eve~km Grdj~ with 
DL;ta! High-G~de Stenosis 
Mongre~ dogs ate anesthetized wi th  intra-venous 
pen tobarbka l ,  inmbared ,  and artificiM ve~tilated. A 
left thoracotomy is performed and the left internal 
mammary  or:ere ~s cannulared for cont inuous  Mood 
pressure moni to r ing  Procainamide (1.3 g IM) and 
lidocaine {75 mg IV bolus~ t rag/ ra in  inlhsion~ are 
g iven  to preveqit a r thyd ~mic death.  Hepafi~ (4000 U 
IV be[us. [000  U at hourly intervals) is infused via a 
cannulated }bmoml vein An ultrasonic blood flow 
meter  is placed around the felt circumflex coronaw 
artery ptoximan to ~he site of the eversion gra~}. A 
s~enosis is then produced wi th  a 2 - ram wide plastic 
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FIGURE 14-v Piatelet-rich thrombus model. An isolated 
sEgmer~ oF the le~r circumflex coronar5 arte U (LCX) is 
surgically removed, evened "inside=our," nod teinserted by 
end-to-end anasromos~s. A constriction is ptaced dista| re 
the reinserred vesse~ segmen~ to produce a high-grade 
srenos~s. The ~hrombus that forms after tee rem~r~armn of 
blood flow is predomiaamly platelet rich {see the text). 

wire rio placed around tbe cortmaty artery distal to the 
everston graft  and constricted to reduce bh~od flow re 
40 -r 10% of baseline 5~ypica[iy > 9 0 ~  reduct ion in 
~uminal d iameter  is required} (Figure I4~7}~ 

The  circumflex coronary artery ~s dissected from 
the epicardium. A i -era  segment  ~s excised between 
two microvascutar clamps, s t r ipped of excessive ad- 
ventiriat tissue, t r o t t ed  inside-oat ,  and reinser~ed by 
e n d < o < n d  anastomosis usmg 8 - I 2  mte r rup ted  su- 
tures ( 7 - 0  nylon). The clamps are then released Como- 
pDte occlusion occurs 80% of the ~ime within 3 
minutes  (decrease of blood flow to <0.5 mL/mino con- 
firmed by angiography) Typicalfy, a 30 -minu t e  pe-- 
t ied is required to documen t  a stabie d o t  befbre study 
drug adminis t ra t ion  

The  eversion graft produces a pinholes-rich rhrom- 
bus tha t  can be used ~o investigate anr~plarelet 
therapy and thronrbolvt ics  in the conrexr of  primary 

FIGURE 144. The femoral arre U of small animals (example 
illustrated is a fabbif) can be used re produce an ewthroo 
cyte-rich clot. An isolated segment of atre W is evacuated of" 
blood, which is then mixed with thrombin and reinjected 
A d~stal steaosis is produced using a ligature ~see the text) 

reperfusion or adlanct ively  in the  prevenemn of 
reocclusion [37,38].  In general,  the rh rombus  is more 
p l a t d e t  rich than those produced in standard b h m r  
r tauma/srenos,  s models and may, therefore° more 
closely s imulate  an env i ronment  similar re ~wberosele- 
rotlc plaque ruprure.  Accordingly, ~hromb(~ yric 
resistance and early reocclusion are c o m m o n  Consid-o 
erable effort, technical  skill, and material  are required 
wi th  ¢be coronary eversion model. 

Femoral ArteO, Everdon Graft 
A New Zealand whi te  rabbi t  (2 .2 -3 .4  kg) Ls anesthe- 
tized wi~h pen~obarbita] ( 3 5 m g / k g  IM, fbllowed 
by 10-my iV via the marginal  ear veto or femoral 
veto ar 30-- re 6 0 - m i n u t e  intervals). The  r ight  
brachial ~ttery is cannnlared with a 23-gauge 
intracath for cominuous  blood pressure moni tor ing,  
A groin incision is made to e×pose rbe femoral artery 
between the inguinal  l igame~r and distal b iGrcadon .  
Small side branches are cauterized, The supcrficia] 
eplgastric artery is cannula ted wi th  Silastic t ub ing  
I0.012 in i , d )  for inrra-arterial intusion of s tudy 
drug. 

A 3- ram segment  of the r ight  temorM arre W is 
excised between Lwo ligatures, s topped  of excessive 
advenrhia i  tissue, overfed inside out. and sutured 
"end-re-end '  using 1 0 - i 2  unm~etrupted  sutures 
( I 0  0 nylon). (The overfed segment  can alstl be anas- 
tomosed m the concralaEeral femoral artery.) The 
proximal  and distal  microvascular d a m p s  are then  
released. 

Coronary blood flow is moni tored  cont inuously by 
a flow probe placed on the proximal por t ion  of ~be 
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FIGURE 14-8. Ptarebrorich rhrombus cat~ he produced 
using a~* overfed arterial segment in the femoral arteW. This 
model is particularly appiicabb in small animals including 
rabbits ,see ~he ~exr} 

vessel (Figure 14-8~ The flow has decreased ~o 
< 0 . S m L / m i n  ot, ce occlusive th rombus  ~s present.  
Apprommarely 709~ of- animals  develop an occlusive 
rh rombus  wi th in  I 5 mmu~:es K flow persists beyond 
this  pore< the vessel can be t raumat ized with bIur~t 
forceps_ The  s tudy drug  ~s typically given at%or the 
, h rombus  has remained stable for 20 mirmres° The 
th rombus  is ptatelet~rJch, provid ing  experimem:a[ 
condit ions fbr mves~;garing th rombotydes  and 
anr ip laedet  strategies Less technical  skill arid mate-  
rial are required for the r a b b k  ~emoral artery model  
when  compared wi th  canine coronary artery or femo- 
ral artery f39} models 

Rat AWerio~'enou.; Shunt Mode] 
Ma]e ~ q s t a r  rats ( 3 0 0 - 3 5 0 g )  are anesthetized,  and 
the trachea is cannu[ated to allow spontaneous breath= 
ing. The  rig, hr j aga la r  vein and ]ef~ carotid after? are 
exposed and cannula ted w kh  po lypropybne  catheters 
(sdiconized) 12cm h~ mngth.  A shtmt  is created by 
connect ing the two catheters  ro a 3 < m  piece of  
silicon tub ing  (i.d 3 r a m )  conta ining a lerGth 
of preweighted cotton thread. All tubes are filled 
wid~ 3.8% tr isodium citrate pr~ur to es tabl ishing the 
c~rcuir 

Once the b o p  has been crea~ed the clamps on the 
two catheters are released and blood is allowed ro 
flow. After l0  minutes ,  the  vessel is c lamped and ~he 
thrornbus  is removed and weighed. The  catheters are 
flushed wi th  3.8% t r i -sodium citrate to prevent  d o t -  
r ing in the  lines. A second th rombus  can be produced 
by connect ing  the catheters  to a newly placed silicon 
tube a~d al]:)wing blood to flow {6t 10 minu tes  

Thus° i t  Js possible to ~orm ant  contro] rh rombus  and 
another  after v a d y  drag admin i s t r a t ion  (by intrave- 
nous n~ subcutaneous adminis t ra t ion) .  The  th rombus  
produced is p r edominandy  ptatelet  r ich bur  does con- 
rain an e lement  of fibrin as well. This  characteristic 
pe rmks  the exper imental  evaluation of ant lpla te te t  
agents and ant tcoagulants  {40~42]. 

Nonhumam Primates 
There are potent ia l  advantages ~o n o n h u m a n  pr imate  
models in the study of vascular disease. The  baboon 
vascular anatomy has similari t ies ro tha t  of  humans,  
and it [s technically easier to work with than smaller  
animals. Platelet  structure,  concentrat ion,  kinetics. 
and t i m ( d o n  are also similar  to humans ,  as are 
coagulation0 fibrinolytic, and inh ibkor  proteins iu 
p]asma. 

The  vast experience wi th  baboons is in the study 
ot hemostasis [ 4 3 - 4 7 ] ,  b lood-vascular  surface 
in~:eract~ons [48-531,  arreriovenous (AV) shunts 
{45,46], vascular grafts f 4 9 - 5 3 L  and thrombosis .  
~vVirh the latter exteriorized ch ronk  AV shunts 
conLammg th rombogemc  segments  have been in- 
vest igated most wideiy Collagen°cuated tubing,  
endarterec~omized vessels, and prosthet ic  materials 
ca~ be inserted to produce a th rombogen ic  nidus 
(Figure 14-9). 

Juveni le  male baboons ( 8 - i 2 k g )  are used fbt a 
malori ty  of experm~ents An AV shunt  ~s placed 
sorgicaiiy beEween the femnral artery and vein. The 
pe rmanen t  shunt  system consists of two 5 < m  lengths 
of silicone rubber  tub ing  ( 3 . 0 r a m  i.&). Blood flow 
is established by com~.ecdng rite two shunt  segments 
and ranges from 130 t~ 2 3 0 m L / m i n .  in general 
d~e shunt  is useful for producing  acute occlusive 
thrombosis  that  is resistant ro hepar in  arid a s p m n  
(resistant thrombosis~ The extent  of t h rombus  ,s 
measured wi th  sc lndl la t ion camera ~magmg of a~> 
~ologous t t tIn-labeled piarelers or by measur ing 1211- 
labeled ~brinogen incorporated into the thrombus .  

En~rterectomJzJ Va.;cu&r Segmerm 
Endartereetomized aomc  segments  are prepared 
from homologous baboon aorta that  is flushed 
immedia te ly  wi th  5ali~e upon temova~ and divided 
imo 3-cm lengths Each segment  is inverted and 
the inr ima is removed over a i - cm length.  It  ~s 
then  reverted back to a normal configurarmn, 
and each end is a t tached re fla,qged Teflon tub ing  
The  entire vessel segment  is encased with tubing  
before be ing  placed m the externalized AV shunt  
system. 
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FIGURE I4-9. Ao exteriorized ar~eriovenous (AV) shu[:t 
containing vat,otis rhrombogenic materials has been 
employed in p~imates re investigate d~rornbosis and its 
prevendor~ and treatment. As illuserated, the vessel 
segmen~ is cannutated a~ each end by Tenon tubing and 
secured with sffk ties, Silicone rubber robing can aiso be 
used (middle paneb m produce a srnoa~h flow transkiom 
The primate AV shunt model has been used to investigate 
d~e thrombogerJe properties o~ Dacron graf~s (towe~ panel) 
(From Schneider er aL J Vasc Surgery 1 t :365, I99G with 
permlssiom) 

CoLOgen-Co~ted Segmen/s 
CoUagen-coated tubular segments are prepared using 
soluble type t collagen that is immobflized by 
crossli~kb~g with ghnaratdebydeo Before being 
placed in the externalized AV shm~% 2 < m  segments 
o~ collagen<oared tubing are coated with sfficone 
rubber as a butt-joint using heat-shrink Teflon cas{ng 
{54-56~, 

D~cron Gf@ Segments 
The segments are prepared from extemaUy supported 
uncrimped knk~ed Dacron, 5 cm long w k h  a 4-ram 

incerna] diameter_ Before placement m the AV shunt 
system, the grafts are rendered impervious re blood 
leakage by an external wrapping of Parafilm and are 
placed inside a 5 < m  bng th  of 5.3-ram i.d. heat- 
shrink Teflon tubing. 

Biomate~ia] Tubular Se~,ments 
Several smoo~h~walled biomateriah,  including poly~ 
urethane and acr~ lic or mettm( rylic polymers and co- 
potymers~ can be used in ~he externalized AV shunt 
system r.o induce p la teb t  rbrombus fbrraation 
{43,46] 

T,br, mboge,lc A~terdovenom How Devke 
This model was developed to study the mechanisms 
of  complex thrombu~ formation and re compare, the 
relati~e effects of anticoagulants and ant iplatebr  
agents [56], A collagen-coated tube is connected to 
two expansm,1 chambers exhibit ing disturbed flow 
patterns. The proximal tubular segment (2 cm 1nag × 
l mm i.d.~ consists of  knitted Dacron followed by a 
distal segment of expanded diameter composed of 
poly-tetrafluorocthylene tubing (2 cm long x 9.3 m m  
i.d.), t h e  device is incorporated for t hot~r into an 
externalized AV shunt system under controlled 
bh)od flow ~20mL/min). maintained by a pm~p 
ptaced distal re the device° CoUagen rhrombi arc 
plareler rich. while the thrombu.~ within the than> 
bets consists predominandy of fibrin and erythro- 
tyros. This combination is reminiscent of rhrombi 
developing ar sires of plaque rupture plareler-rich 
preceded (head) and followed (tail) by eryEhrocyt:e- 
rich zones [57]. 

(Tarolid Pnd~rtecectomy Modal 
This model of vascular injury frequently resulr~ in 
reproducible p]ateier-rich occlusive thrombosis 
{58]. A midl ine incision is made exposing the com- 
mon carotid ar[ery, which is d~en dissected from 
surrounding tissues from the aorrtc arch re the 
bifurcation. After ar~ intravenous heparin bolus 
(100U/kg) ,  the common carotid artery is occlMed 
with vascular champs and divided 1 cm proximal ro 
the distal d a m p s  The proximal segment is erected 
to expose the himinaI surf:ace w h k h  is then 

removed with rmcrow~.scub~r forceps. The vessel is 
res;ored re ~cs normal configuration, and an end- 
to-e~d anastomosis is performed. The clamps are re- 
moved and pla~ebt deposition ts measured comma-  
ously over 90 minutes with ~In-Iabeled plate]or 
imaging.  
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Fe,zora/ Arterial Injury udth StevFis 
This  model is based on ~he original  Fort's model  [I 9}; 
however, in baboons the  superficial femoral arrerv is 
used because it ~s easily isulated and of  appropriate 
s,ze , 3 r a m  i.d.). Afte~ f~ca[ injury is produced by 
vascular clamps, a stenos~s is created at the i n j u w  qire 
by placement  of a i - c m  long silicone robber  cuff that  
reduces d~e |umina l  <larnerer to 60-8(?%. Mean 
flow rates are recorded condnuously by a Doppler  
probe pla ted  proximal re the ~teaosis. Predictable 
c~dic  flow variations occ~r wi th in  severn] tr~inures 

[39,6O}. 

ArteHa/ Mu,>d Thromhosh 
Mural thrombosis  ca~ be s tudied in baboons wi th  a 
surgically created iliae artery aneurvscn {6L]. A 
p redo t t ed  bbr~d--end segment  of  Dacron vascular 
graf} is anastomosed end=to-side with the  r igh t  corn- 
men  iliac artery by s~rgicat arterio~:omy Autologous 
"qn - l abe l ed  plateler deposirmn is measured bv ~erial 
scint i l la t ion camera ima£in~: 

Flou, Chembe~s 
Over  the past 10 years~ it  has been recognized d~at the 
complex evem:s opera~mg m arteria~ thmmbogenes~s 
are influenced by fluid flow. [t is now also ~lear tha t  
the  sequence of events inw~[ved wi th  prote in  and 
cellular hF.eractions wi th  the vesscY~ ;ur~ace influence 
changes in }oral flow condit ions.  An  increased aware- 
ness a sd  unders tanding  of these relat ionships has 
lostered the deve lopment  of f~ov, chambers  tbr experi- 
menta l  use. Flow chambers  can be divided into two 
categories: (1) those in which the local effects are 
control led ar the so l id- ] iquid  inter{ace l eG ,  parallel 
p|ates, tubular  sysrerns, a~d ammlar  chambers} 
and (2) ~hnse m which d~e entire fluid phase is sub- 
iecred to u~flfurm forces (eg. ,  viscometers of  varymJZ 

configuration}. 

Co,extant Shear SysteT~es 
Consider a fluid between ~wo large, flat plates places 
parallel to  one another  and  separated by a small  dis;  
tahoe, i { t h e  upper  plate is set ~n morion (at cons*ant 
vdociry)  while  the lower plate is held stationary,  a 
steady-state velocity gradient  deve!ops wi th in  the 
fluid. Knowing  the  ve!odr¥ m the upper  plate and d~e 
distance between the pla~es, one can calculate Shear 
rare, shear stress, and fluid vetc~city 

Because the fluid bevweet~ para{id prates is exposed 
to a uniform shear stress, the  system is well suited {br 
examini~ag shear and effects on bu lk  fluid properties.  

~l.7{~mm {}.42 m m  ~l,fi6 m m  0d~;~ mff~ 

FIG[JRh 14-i0 A parallel-plate pertusion chamber with 
eccentric s~erlosis model can be used re mves~[gare 
thrombogemclty under high shear cot~dit[ons, Longitudinal 
sections rnrough the pertusmn chamber are showm The 
degree of ster~osis and the blood flow ruse determine the 
wall shear ra~es {see the ~exr), ~P~m Barstad ee aL 
Arteric~sc[er Thromb 14:1984_ I994 wtrh permissiom} 

The same principles apply [o cells or proteins sus- 
pended in the fluid, and. therefore, the system carl 
also be used ro invest igate the effects of shear on 
physlca characteristics or biolog~c fmwtmas  The 
constant=shear system has been ?art icularly usefld m 
unders tanding  shear-induced platetet  aggregat ion 

[62-68]. 
A parallel-plate peff;asion system wi~h an eccentric 

ste~osis has also been described, The  stenosis is intro- 
duced as an [8~rnm long planar surface wi th  a 0 .% 
m m  cosine=shaped "seep on a covershp holder that  
fits into the recess of the perf\tsJon d , amber .  The 
extent  of stenosis {reduction of cross-secrio~at area of 
the blood flow channel  l can vary from 0% to nearly 
90%_ The depths  oi5 protrusion vary from 0°42 m m  to 
0,62 ram. corresponding to stenoses of 60% and 89%.  
rcspectivdy~ This  mode] is in tended to s imulate  flow 
conair ions in corona W arteries with  advanced eccen~ 
tt ic s~enoses with a long axial d imension.  The cover- 
sl~p itself  may contain collagen, endorhelia] cells, or 
extracell flat matrix (Figu,e 14-10; 

Variable Shear Devices 
tn  a parallel system flow is produced by moving  
one plate while  the Other is kept  stationary. In a 
variable shear system, t h e  iatera] ends o f  the  plates are 
enclosed and flow is pressure driven in the axia~ direr-  
d o n  ( t id ier  by a pressure drop or a cons tant  displace= 
men t  pump}. The  vat{able shear system is usefifl 
fBr s~udying the eff~ces of  shear on mass exchange 
wi th  a s ~rface; It has been used extensively to study 
shun>ra te -dependen t  phte le~ deposi t ion o~ various 
materials and surfi~ces [69-72] ,  Variat ions o( the 
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FK~JRE I4,~1 Schematic represencat~on o{a tubular flow 
chamber wlrh recircuIation. Subs~ra~e placed w~thm the 
Plexig1~m chamber is perfused continuously using a peristaL 
~c pm~p. Plarelet deposition and rhrombus formation car~ 
be determined [see the text), 

ax~ai flow system, inc luding  c~ lindricaI flow cham- 
bers and annular  flow chambers,  bare  been used ex- 
tensively in the invest,~gat~on of platelet  and fibri~n 
dcpos~rmn on suKbces {73-75}, ~be ettbc~ o{ shear on 
prote in-~el t  in~eractmns with endothelial  surfF~ces, 
sigr~al rransduct[on,  coagulation, and fibrinolysis 
{76=79] 

Annu&r F/ow Chamber 
The exper imen;al  use of an annular  flow chamber  in 
ar~ animal  mode] is described [80]. New Zealand 
whi te  rabbi ts  ( 3 ~ k g )  are anesthet ized wi th  sodium 
penrobarbi ta t  ( 3 3 m g / k g  1V). The  r~ghr carotid and 
r ight  femoral arteries as well as the ~ugular veins, are 
dissected and cannulated using silico~ eleas<omer 
catheters. The  perfi~sioa exper iments  ate started typ> 
tally 5 minu tes  after the  intravenous adminis t ra t ion  
of study drug, 

Nat ive  blood is circulated h~r 5 - 3 0  minutes  from a 
carnrid arte W vm silicone e~asromer tub ing  th rough  
annular  space formed by ~he outer  cylh~der e t a  perfu- 
sion chamber  and  a segment  of de-er~dotbelialized 
rabbi t  aorta mounted on a small plastic rod [81], 
Blood is rher~ returned to the circulation through 
mb[ng  inserted in the  lugular  vein Variable flow 
rares and chamber  d imensmns  can be used ro mimic  
venous and arterial blood flow condit ions.  The desired 
flow rate is controlled by a roller p u m p  [ 8 2 - 8 4 ]  

Immediate ly  after the perfusJon exper iment ,  the  
vascular segmented  istill  mounted  on the rod) ~s 
rinsed wi th  pbosphate-buffered saline and fixed 
w h h  2.5% glutaraldcbyde.  The  rod wi th  the segment  

is then  removed from the chamber ,  posefixed 
wi th  gtu¢araldehyde., and embedded  in epoxy resin. 
Platelet  and fibrin interactions are then  quantita~ed 
us /ng  s tandard mo~phometry  and  compute>ass is ted  
morphometry~ 

BaaO'mon Chamber 
The Badimon perf:usion chamber  consists of a 
Ptexiglas Mock { 1.9 em wide by I, 1 cm deep) th rough  
w h c h  ~ cviindricaJ hole (0.2crn} is placed in 
the  cenrer. The  upper  face of the plastic block. 
parallel ro the axis of the cylinder hole. is milled 
to create a t rough  (1 .3cm wide and j c m  m length)  
Materia{s, e i ther  biologic [e.g., plaque components)  
or prosthet ic ,  ca~l be placed in the ~~ough for 
study. 

This  model has typically utilized pigs L~eeause 
o~ ~heir hematologic  s imilar i ty ro humans.  A 
cannulated carotid artery is connected to the input  of  
the per[us~on chamber  {maintained in a 37°C water 
ba~h), and the ou tpu t  is connected to a variable=speed 
perisystotic p u m p  and finally ~o a ca~mulated jugular 
veir~ (Fif4m'e 14~1 I), Blood is allowed to pass th rough  
the  chamber  and over the test surf;ace a~ a preselecred 
flow rate and time. At  the exper iment ' s  complet ion.  
b~H:fer is perfused th rough  the chamber  for 30 sec- 
onds. Plate/et deposl tmn,  fibrin formation,  and 
th rombus  characteristics can be assessed [85,86}. 
Variations of the Badimon perfhsion chamber  have 
been developed to include stenoses, a l lowing further  
(and potential ly more physloIogic) invest igat ion of 
platelet  adherence and aggregar,o~l [87]. 

Illonan 8x V~vo Per~tsion System 
Flow (of-unant~coa~ulated blood) t h rough  a perfh- 
~ion chamber  can be directed from a cannu}ate(] 
aarecubi ta l  vein by a pure p placed distal  to the cham- 
ber [88}. The  vemDmcrl~re is perfnrmed w h h  a #19 
butterfly infusion set. The  blood flows directly into  
the chamber  at a constant  rate { t0  mL/min)  ,~nd ult i-  
mately ro a collecting chamber The  blood is not  
recireu]ated_ Each e×per~menr lasts 5 mmm:es, and  
the specimens are evaluated morpbomerrical ly .  Peril> 
sion chambers  wi th  differing geometr ic  d imensions  of 
the blood flow channel  can be used to vary shear rates 
at the blood-surfiace interface. 

The  h u m a n  ex vivo perfiision chamber  permits  
exper lmen ta tmn  using nor>anticoaguIated h u m a n  
blood, H~m~ar~ atherosc[erodc materials can also 
be used. thereby avoiding the potent ia l  pitfiatls 
of including materials from varym£ animals or 
species  
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Plasma Systems 
Although animal models and perfusion chambers 
have been developed to simulate physiologic events in 
humans, the activation of platelets, coagulation, and 
fibrinolysis in these experimental systems may alter 
the response to pharmacologic agents. In this regard, 
plasma systems can be useful. They may also permit  
the environment  to be "controlled," allowing specific 
drug properties and effects to be investigated. The 
thrombus itself can be tailored to a variety of specifi- 
cations, once again permit t ing specific hypothesis to 
be tested. Lastly, cost, materials, and technical skills 
are not a l imit ing feature, and many experiments can 
be performed in a brief period of time. An example 
follows [89]. 

To make fibrin clots, blood is collected into plastic 
syringes prefilled with 1/10 volume of 3.8% triso- 
d ium citrate. After thorough mixing, the red blood 
cells are sedimentated by centrifugation at 1700 x g 
for 15 minutes at 4°C. The harvested plasma is 
supplemented with ~2~I-labeled fibrinogen (approxi- 
mately 100,000cPM/ML), and 500laL aliquots are 
transferred to polypropylene Eppendorf tubes. La- 
beled fibrin clots form around wire hooks by the 
addition of CaC,2 (final concentration 225 mM). The 
clots are then aged for 60 minutes at 37°C and then 
washed three times with 1 mL aliquots of 0.1 M NaCl 
buffered with 0 .05m Tris-HCI (pH 7.4) over the 
course of  30 minutes. The washed clots are then 
counted for radioactivity over 1 minute.  

In thrombolyt ic  experiments, ~25I-labeled fibrin 
clots are incubated in aliquots containing a carefully 
chosen concentration of drug in fresh citrated plasma. 
The extent of thrombolysis can be calculated (quanti- 
tated) by measuring the radioactivity in residual clots 
after a set incubation period. 
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15. STREPTOKINASE: BIOCHEMISTRY A N D  

PHAMACOKINETICS 

H. Joost Kruik, Willemien J. Koll6ffel, and Freek W.A. Verheugt 

Introduction 
Streptokinase, one of the first thrombolytic agents to 
be discovered, has now been used in many hundreds 
of thousands of patients with acute myocardial 
infarction. The drug was first discovered in 1933 by 
Wil l iam Tillet, who called itfibrolysin [1 ], but only in 
1947 were the first tests done on humans to lyse 
chronic thoracic empyemas, with considerable suc- 
cess. The intravenous administration of streptokinase 
was delayed because of difficulties in purifying the 
protein. In the 1960s, Behringwerke AG and Kabi 
Pharmacia made the drug available for widespread 
therapeutic use. The first trials using streptokinase in 
patients with acute myocardial infarction, published 
between 1978 and 1988, showed a significant sur- 
vival benefit compared with conservative treatment or 
placebo [2-4] .  

Chemistry 
Streptokinase is a bacterial protein produced by O- 
hemolytic streptococci (Lancefield type C). The 
47,000-50,000d protein consists of a single chain of 
414 amino acids. It acts as a relatively non-fibrin- 
specific activator of endogenous plasminogen, al- 
though the protein itself has no intrinsic enzymatic 
activity [5]. It is commercially supplied as a lyo- 
philized powder (Streptase a, Kabikinase ®) for recon- 
stitution in water, with a pH between 6.8 and 7.5. It 
is also available in complex with its target, plasmino- 
gen, in the form of anisoylated (lys) plasminogen- 
streptokinase activator complex (APSAC, 
anistreplase, Eminase ®, discussed Chapter 16). 

Dynamics 
Streptokinase activates the fibrinolytic system indi- 
rectly, that is, only after binding to circulating plas- 
minogen [6]. The complex formed has plasminogen 
activating properties. In a three-step mechanism, 
streptokinase first forms a noncovalent complex with 
plasminogen. After a transition within the complex, 

it acquires plasminogen-activator activity [5]. In the 
presence of fibrin, a streptokinase-plasmin complex is 
rapidly formed, thereby causing lysis in the vicinity of 
the clot. However, in the absence of fibrin (i.e., in 
plasma), active complexes are also formed, although 
to a lesser degree, thereby causing a systemic fibrin- 
olytic state [7]. The different rate of formation of the 
active complex in tile presence or absence of fibrin, a 
property known as fibrin specif~:io, is the subject of 
some controversy. 

When the fibrinolytic state occurs, blood viscosity 
tends to decrease, possibly because of depletion of 
plasma fibrinogen [7]. This effect may be advanta- 
geous in patients with acute myocardial infarction, 
even if coronary reperfusion has not been achieved. 
Because streptokinase is a bacterial protein, it is anti- 
genic for the human body and elicits the production 
of antibodies that recognize, and therefore can inacti- 
vate, the drug when administered a second time. 

Kinet ics  
The precise definition of the pharmacokinetics of 
streptokinase is difficult because different and not 
always suitable assays have been employed. 

ABSORPTION 
Streptokinase is given parenterally, for example, in- 
travenously or by the intracoronary route. After oral 
or rectal administration in 30 patients, no evidence of 
absorption nor of increased fibrinolytic activity in 
plasma was found [8]. The intrapleural administra- 
tion ofstreptokinase has been used for its local effects. 

DISTRIBUTION 
After infusion, streptokinase is rapidly distributed in 
plasma, like other proteins. The measured distribu- 
tion volumes vary extensively among studies, mostly 
because of differences in the assays used. Grierson and 
Bjornsson [5] calculated the distribution volume to 
be as small as 1.1L by measuring the activity of an 
amidolytic activator complex. This assay, however, 
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does not distinguish between active and inactive frag- 
ments. In contrast, Gemmill et al. [91 found a larger 
volume of distribution, 5.7 L, comparable with that of 
plasma proteins. They used a functional assay that 
measures fibrinolytic activity on human fibrin plates 
and is probably more relevant to the clinical situation. 

ELIMINATION 
Using radiolabeled streptokinase, the plasma clear- 
ance of the drug is biphasic. The first phase, with a 
half-life of l 1-17 minutes, is believed to be the result 
of clearance by antibodies. The second phase, with a 
half-life of approximately 85 minutes, is thought to 
be determined by a non-antibody-related mecha- 
nism, probably clearance by the reticuloendothelial 
system [10]. It is useful to point out that radiolabel- 
ing is a quantitative method that does not take into 
account the degradation of streptokinase into active 
and inactive fragments. Gemmill et al. [9] demon- 
strated an overall half-life of 37 minutes, based on a 
functional human fibrin plate lysis assay. In compari- 
son, APSAC has a longer half-life of 67 minutes, 
probably related to the rate-limiting deacetylation 
step before it becomes active. The overall clearance of 
streptokinase is 7 1 L/h. 

DOSAGE 
Ideally, the dose and regimen of streptokinase should 
ensure a high early plasma concentration of the drug 
in order to overcome neutralizing antibodies and to 
achieve high initial fibrinolytic activity [9]. The 
elimination phase should be slow, allowing the main- 
tenance of adequate concentrations fbr an appropriate 
length of time, thus minimizing early reocclusion of 
recanalized vessels. The current recommended dose 
of streptokinase in patients with acute myocardial 
infarction is 1.5 million units infused intravenously 
over 30-60 minutes. 

Only few dose-finding studies have been carried 
out. The initial dose to overcome tile neutralization 
by antibodies ranges from 25,000 to 1,500,000 units; 
a dose of 1,250,000 units is reported to be sufficient 
to neutralize antibodies in 97~  of patients [11]. 
Dose-finding studies based on efficacy are rare. Six et 
al. [12] reported no significant difference in coronary 
reperfusion rates between doses of 750,000 units and 
1,500,000 units. A possible advantage was shown 
with a dose of 3,000,000 units. 

Efficacy in Patients with Acute 
Myocardial Infarction 
The intravenous administration of streptokinase in 
patients with acute myocardial infarction has been 

tested in large randomized trials such as ISAM, 
GISSI-I, and ISIS-2. These studies have shown 
significant preservation of left ventricular function 
and significant survival benefit with streptokinase 
compared with placebo or conservative treatment 
[3,4,13]. 

In the ISAM trial, infarct size, as measured by 
serum creatinine kinase levels, was smaller, and left 
ventricular function, as assessed by angiographic 
ventricular ejection fraction, was better after strep- 
tokinase compared with placebo [13]. The GISSI-1 
trial showed an overall 18~ reduction in 21-day 
mortality when streptokinase was administered 
within 12 hours from the onset of symptoms: 10.7 
deaths occurred per 100 streptokinase recipients 
versus 13 deaths per 100 controls [3]. If treatment 
was started earlier, the survival benefit was greater; 
for example, within 1 hour from the onset uf symp- 
toms, 8.2c~ ofstreptokinase-treated patients had died 
by 21 days versus 15.4'~ of controls [3]. The combi- 
nation of streptokinase with aspirin, as used in the 
ISIS-2 trial, resulted in an even greater mortality 
reduction, with about 50 lives saved during the first 5 
weeks per 1000 patients treated with streptokinase 
plus aspirin, versus about 30 lives saved by streptoki- 
nase alone, compared with placebo. Tile significant 
benefit of streptokinase and aspirin was maintained 
up to 1 year after treatment [4]. 

The angiographic arm of the GUSTO trial showed 
that patients receiving streptokinase, aspirin, and in- 
travenous heparin had a 90-minute coronary patency 
rate of 60% (TIMI grade 2 or 3) and a 1-week 
reocclusion rate of 5.5% (from TIMI grade 2 or 3 at 
90 minutes to grade 0 or 1 at follow-up) [14]. 
The corresponding values for patients allocated to the 
accelerated tissue plasminogen activator (t-PA) regi- 
men were 81~: and 5.9c~ [14]. Studies using 
intracoronary administrations of streptokinase have 
shown somewhat higher reperfusion rates compared 
with the intravenous route [ 15], but this advantage is 
hampered by the limited availability of emergency 
coronary angiography and by the delay of intra- 
coronary access. 

Adverse Events 
The main adverse event with streprokinase use is the 
increased risk of bleeding from the cerebral or gas- 
trointestinal circulation and at puncture sites. Other 
adverse events consist of allergic or anaphylactic reac- 
tions, for example, urticaria, bronchospasm, or shock. 
The incidence of allergic reactions is reported to 
be between 1.7% and L8% [16]. Serum-sickness- 
like reactions, such as Henoch-Sch6nlein purpura 
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and transient proteinuria, have also been described 
[17]. Transient hypotension and occasional bradycar- 
dia, probably caused by bradykinins, have been re- 
ported. A lower infusion rate can overcome this 
reaction [7]. 

Another major drawback to the widespread use of 
streptokinase is that it is antigenic. Both previous 
administration of streptokinase and prior common 
streptococcal infections can lead to the formation of 
antibodies, which may neutralize the effects of the 
drug. Readministration of streptokinase is considered 
inappropriate between 5 days and 1 year after the 
initial treatment. A longer interval, of up to 4.5 years, 
has been reported for the prolonged presence of anti-  
bodies [18]. One possible solution would be to mea- 
sure antibody titers before deciding whether to give 
streptokinase or another thrombolytic agent, such as 
alteplase, but this would be t ime consuming. The 
administration ofcorticosteroids does not prevent the 
appearance of antibodies or the previously mentioned 
allergic reactions [ 18]. 

Concomitant Antithrombotic Medications 
Adjunctive therapies can have important effects on 
thrombolysis with streptokinase. ISIS-2 showed a 
marked survival benefit when aspirin was added to 
streptokinase: The odds reduction in vascular death at 
35 days was about 209~ with strepmkinase and about 
40% with the combination of streptokinase plus aspi- 
rin, compared with neither drug [4]. Therefore, aspi- 
rin is now a standard part of thrombolytic therapy. 
The addition of heparin is still under discussion be- 
cause studies using adiunctive heparin in the presence 
of aspirin have shown a small positive effect on death 
and reinfarction rates, but also a significant increase 
in bleeding complications [19-21] .  Compared with 
intravenous heparin, the addition of the specific 
ant i thrombin  agent hirudin to streptokinase has 
shown unacceptable bleeding complications at higher 
doses [22] and no significant benefit for 30-day sur- 
vival at lower doses [23,24]. An aggressive regirnen, 
such as the combination of streptokinase with 
alteplase, investigated in the GUSTO-I  study, failed 
to show improved short-term or 1-year survivals, or 
greater thrombolytic efficacy, compared with either t- 
PA or streptokinase [14,25]. 
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16. ANISTREPLASE (ANISOYLATED 
PLASMINOGEN STREPTOKINASE 

ACTIVATOR COMPLEX, APSAC) IN 
CORONARY THROMBOLYSIS 

David P. de Bono 

Introduction 
Anistreplase was introduced and developed as a 
thrombolytic agent for two reasons: first, the hope 
that it would act as a fibrin-selective agent and reduce 
the risks of hemorrhage associated with streptokinase; 
second, its pharmacokinetic properties, which allow 
it to be given as a single injection rather than an 
infusion. The first aspiration has not been fulfilled. 
The second property has, however, been very useful, 
particularly for prehospital fibrinolysis. 

Pharmacology and Pharmacokinetics 
The rationale for the design of anistreplase was the 
observation that streptokinase, when mixed with 
plasma, rapidly forms a noncovalent activation com- 
plex with plasminogen. The resulting conformational 
change facilitates plasminogen activation; at the same 
time, the complex is able to bind to fibrin, because of 
the kringle motifs in the plasminogen moiety. In 
anistreplase, the plasmin catalytic site is protected by 
acylation with an anisoyl group with a deacylation 
half-life, in vitro, of 105 minutes. The concept is that 
after injection in vivo, anistreplase will bind to fibrin 
in thrombi and only then will be activated by hy- 
drolysis, leading to the formation of plasmin, which 
will activate other plasminogen molecules by cleav- 
age of the Arg~-ValS~2 bond as well as cleavage of 
fibrin [1,2]. In vitro, anistreplase is more clot slective 
than streptokinase, but less so than tissue plasmino- 
gen activator (t-PA, alteplase). 

After intravenous injection in humans, anistreplase 
is cleared from plasma with a half-life of approxi- 
mately 90 minutes (compared with 20 minutes for 
streptokinase and 5 minutes for alteplase). Bolus ad- 

ministration of 10-30 units causes mild vasodilata- 
tion and hypotension, with a nadir at 5 minutes after 
administration [3]. These mild circulatory effects, 
together with the relatively long half-life, make it 
practice to administer the agent clinically as a slow 
intravenous injection over 4-5  minutes. Anistreplase 
is presented as a lyophilized powder that is dissolved 
in water for injection. 

Clinical Studies 
Virtually all clinical studies with anistreplase have 
been in the context of acute coronary thrombosis, 
although there have been anecdotal reports of use in 
other conditions, such as pulmonary embolism. Early 
clinical studies [3-6]  evaluated anistreplase given 
by intracoronary or intravenous injection using 
angiographic coronary patency as the endpoint. On 
the basis of rather limited dose-ranging studies, a 
dose of 30 units (equivalent to 30rag or approxi- 
mately 1.25 × 10 ~ units of streptokinase) was identi- 
fied for use in clinical outcome trials. This dose causes 
a similar decrease in plasma fibrinogen concentration, 
both in magnitude and time course, as that caused by 
1.5 x 106 units of streptokinase. Coronary reperfusion 
rates of 51-62% were obtained in these early studies, 
but the confidence intervals were wide because of the 
small numbers. 

The AIMS (APSAC Intervention Mortality Study) 
study [7,8] was a randomized, placebo-controlled 
trial ofanistreplase, 30 units IV, in a relatively high- 
risk (presentation within 6 hours of marked ST 
changes) group of 1004 patients with myocardial 
infarction. Concomitant aspirin was not used, but 
patients received adjusted-dose intravenous heparin 
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followed by warfarin. There was a marked reduction 
in 30-day mortality (12,1% with placebo, 6,4c~ with 
APSAC), and the trial was discontinued prematurely 
on the advice of the safety committee. One-year mor- 
tality was 17.8% with placebo and 11.4% with 
APSAC (P = 0.0007). 

The ISIS-3 (Third International Study of Infarct 
Survival) Collaborative Group study [9] was a double- 
blind, mortality-endpoint, 3 x 2 factorial study in 
41,299 patients, comparing streptokinase 1.5 x 10 ~' 
units, anistreplase 30 units, and tissue plasminogen 
activator (duteplase)0.6 MU/kg. All patients received 
aspirin; half were randomly allocated to receive sub- 
cutaneous calcium heparin, 12,500 units twice daily 
for 7 days or until prior discharge. Patients were 
eligible if they were thought to be within 24 hours of 
the onset of acute myocardial infarction. There were 
no significant differences in survival at 35 days with 
any of the six possible treatment combinations, Treat- 
ment with anistreplase (compared with streptokinase) 
was associated with significantly more "allergic" reac- 
tions (5.1 e~, vs. 3.6~), more minor noncerebral bleeds 
(5.4% vs. 4.5~,), and a slight excess of stroke (1.26% 
vs. 1.04%). The stroke excess was principally of early 
stroke due to cerebral hemorrhage. In comparison, 
dutepiase was less likely than streptokinase to cause 
allergic reactions (0.8% vs. 3.6%), but more likely to 
cause stroke (1.39~ vs. 1.04~). 

The European Myocardial Infarction Project 
(EMIP) Group study [10] was a multicenter double- 
blind study in which 5469 patients with a clinical 
and electrocardiographic diagnosis of acute myocar- 
dial infarction were randomized within 6 hours of 
symptom onset to receive either anistreplase before 
admission followed by placebo in hospital, or vice 
versa. There was a nonsignificant trend toward re- 
duced overall 30-day mortality (9.7% vs. 11.1%) 
in patients given anistreplase prior to hospital 
admission, 

The GREAT (Grampian Region Early Anistreplase 
Trial) study [ 1 l ,l 2] was also a randomized trial com- 
paring the effects of domiciliary administration of 
anistreplase, followed by placebo after hospital ad- 
mission, with domiciliary placebo followed by 
anistreplase in hospital. Three hundred and eleven 
patients with symptoms of infarction seen at home 
within 4 hours of symptom onset were randomized. 
By 3 months after trial entry, the relative reduction 
in risk of all-cause mortality in patients given 
anistreplase at home was 49% (difference, - 7 . 6 ~ ;  
95~ CI, -14.7(X to -0.4%; P = 0.04), and there was 
also a reduction in full-thickness Q-wave infarction. 
The difference in outcome between EMIP and 
GREAT may reflect the much greater difference in 

time to thrombolysis between the two treatment arms 
in GREAT (approximately 140 minutes) compared 
with EMIP (55 minutes). Two angiographic endpoint 
studies [ 13,14] have compared coronary patency after 
anistreplase with that after "front-loaded" alteplase. 
In both cases alteplase appeared to give better early 
patency. 

Adjunctive Therapy 
For historical reasons, early clinical studies such as 
AIMS used anistrepiase followed by intravenous hep- 
arin and then warfarin. In the Duke University Clini- 
cal Cardiology Study (DUCCS), 25{) patients with 
acute myocardial infarction were treated with 30 
units of anistreplase and were randomized to receive 
either 325 mg aspirin daily alone or aspirin plus hep- 
arin 151U/kg body weight per hour [15]. Clinical 
ischemic events and bleeding were monitored; 
angiography was performed alter 5 days. Clinical and 
angiographic outcomes were similar, but the group 
randomized to heparin had more bleeding compli- 
cations (32~: vs. 17.2%; P = 0.006). In the 
Anticoagulation Following Thrnmbolysis with 
Eminase (AFTER) study of over 1000 patients, there 
was no clinical outcome difference in patients ran- 
domized to aspirin compared with those maintained 
on warfarin [16}. 

Sa#ty 
The safety profile of anistreplase is broadly similar to 
that of streptokinase. Overall bleeding complications 
in trials have been rather more frequent with 
anistreplase, but this partly reflects the more frequent 
use of heparin. In tile ISIS-3 study (see earlier), m 
which the agents were used under cnmparable condi- 
tions, safbty profiles were very similar. 

Appraisal 
Anistreplase is an effective agent for coronary 
thrombolysis. The direct comparison of different 
thrombolytics inevitably gives an arbitrary weighting 
to different criteria: Anistreplase is perceived as show- 
ing no advantage over srreptokinase in terms of sur- 
vival on the basis of tile ISIS-3 study, which took no 
account of the particular suitability ofanistreplase for 
very early, out-of-hospital administration. This was 
well demonstrated in the GREAT study, and even the 
underpowered EMIP trial showed a trend that, had it 
been confirmed in a trial of appropriate size, would 
have been comparable with the differences between 
agents shown in much larger trials such its GUSTO. 
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It is some consolation to those who have worked on 
anistreplase to know that a hemodynamically benign, 
long half-lift agent that can be given as a single-bolus 
injection is now well recognized as a desirable aim in 
the design of third-generation thrombolytics [ 17,18]. 
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17. BIOCHEMISTRY, PHARMACOKINETICS, 
AND DYNAMICS OF SINGLE- AND 

TWO-CHAIN UROKINASE 

Kurt Huber 

Introduction 
Enzymes in urine capable of digesting fibrin were 
described as early as 1885 [1], but the name urokinase 
was first used by Sobel et aL. about 45 years ago [2]. 

Biochemical and Biological Properties 
of Urokinase 
Urokinase (u-PA) is a serine protease with an uncer- 
tain physiological role for intravascular fibrin degra- 
dation because the latter is believed to be promoted 
mainly by tissue-plasminogen activator (t-PA) [3,4]. 
However, u-PA is involved in other physiological and 
pathological mechanisms, for example, inflammation 
[5,6], tissue proliferation, tumor invasion and 
metastasis [7-11 ], as well as angiogenesis [ 12,13] and 
atherosclerosis [14]. u-PA is produced basally and in 
response to inflammatory stimulation by different cell 
types, including endothelial cells [15] and mono- 
cytes/macrophages [16,17], and has also been de- 
tected in platelets [18]. The human u-PA gene is 
6 .4kb long and is located on chromosome 10 [19]. 
In human plasma of healthy volunteers, u-PA antigen 
concentrations range between 2 and 7ng/mL 
(40-150pmol/L),  irrespective of gender [20]. 

u-PA is not a single molecular species; a number of 
different forms exist. The major forms are schemati- 
cally shown in Figure 17-1. Single-chain u-PA (scu- 
PA, pro-urokinase) is a glycoprotein with a molecular 
weight (MW) of 54,000 and contains 411 amino 
acids. A number of proteases are able to convert scu- 
PA to the high molecular weight two-chain form 
(tcu-PA, HMW-tcu-PA) by cleavage of the 
LyslS~-lle ~59 bond. These proteases include plasmin, 
kallikrein, and, to a minor extent, factor XIIa in 
plasma [21,22], and cathepsin B and L in tissues 
[23,24]. 

A low molecular weight form of tcu-PA (LMW- 
tcu-PA with a M W  of 33,000) can be generated by 
hydrolysis of the Lys~5-Lys ~6 bond by plasmin [25]. 
Some cultured tumor cell lines contain a low molecu- 
lar weight scu-PA (MW 32,000) cleaved by a 
metalloproteinase between Glu ~'~ and Leu *'1"* [26,27], 
with similar protelytic activities as the high molecu- 
lar weight scu-PA [28]. Thrombin converts scu-PA 
to an inactive two-chain derivative by cleavage of the 
Arg156-PhelS- bond [21,29t. On the basis of homol- 
ogy with other serine proteases, three distinct do- 
mains exist in the A-chain [30]: (1) the epidermal 
growth factor domain (residues 1--45), which inter- 
acts with the u-PA receptor (u-PAR) on cell mem- 
branes [31]; (2) the single kringle region (residues 
45-134); and (3) the proteinase domain (residues 
159-411), which contains the active center (com- 
posed of His 2°'*, Asp 255, and Ser ~56) (Figure 17-2). 

Single-Chain Urokinase-Type 
Plasminogen Activator 

CHARACTERISTICS 
Single-chain urokinase-type plasminogen activator 
(scu-PA) appears to be a true zymogen with very low 
reactivity toward low molecular weight substrates or 
active-site inhibitors as compared with tcu-PA 
[32,33]. In contrast with tcu-PA, scu-PA has signifi- 
cant fibrin specificity [34]. The presence of fibrin in a 
purified system enhances plasminogen activation by 
scu-PA by about 10-fold [35,36]. Several hypotheti- 
cal mechanisms for this fibrin specificity have been 
proposed: (1) scu-PA is inactive towards circulating 
native Glu-plasminogen, but active towards Lys-plas- 
minogen bound to partially digested fibrin [37]. 
Whether the increased binding of scu-PA to partially 
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digested fibrin [38] is direct or mediated exclusively 
via its binding to plasminogen [39] remains uncer- 
tain. This model would explain the lag phase that is 
characteristic of scu-PA-induced thrombolysis [28]. 
(2) A second possibility is that scu-PA is a genuine 
proenzyme with negligible activity toward plasmino- 
gen [40,41]. Therefore, fibrinolysis with scu-PA 
would entirely depend on the generation of tcu- 
PA [42] by, for instance, plasmin generated, in turn, 
by fibrin-bound tissue-type plasminogen activator 
(t-PAL However, only about 28~  of scu-PA is con- 
verted to tcu-PA during thrombolytic therapy in 
acute myocardial in(arcrion [43]. (3) A third hypoth- 
esis is that scu-PA has some intrinsic plasminogen 
activating potential, which is counteracted by a corn- 
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petitive inhibitory mechanism in plasma, but is re- 
versed by fibrin. 

In vitro studies in human plasma have suggested 
that conversion ofscu-PA to tcu-PA during clot lysis 
represents a primary positive-feedback mechanism, 
whereas binding ofplasminogen to fibrin or prediges- 
tion of fibrin by plasmin results in relatively minor 
additional acceleration of fibrinolysis [44]. The obser- 
vation that plasmin-resistant mutants of scu-PA have 
only a three- to fivefold lower thrombolytic potency 
in vivo as compared with wild-type scu-PA suggests 
that, for in vivo thrombolysis, conversion of scu-PA 
to tcu-PA may play a less important role than postu- 
lated [45]. The thrombolytic effect of scu-PA is en- 
hanced by kallikrein generated during the ccmtact 
activation of blood coagulation [22,46] and by gly- 
cosaminoglycans [47], and is decreased by lipoprotein 
(a) [47] or thrombomodulin [48]. 

For clinical use, scu-PA is produced by recombi- 
nant technology in mammalian cells or E. coli U,0]. 
As compared with wild-type scu-PA (MW 54,000; 
specific activity 170,000 latent urnkinase units/rag 
protein), the substance produced in E. coli (Saruplase) 
is not glycosylated and has a specific activity of 
only 135,000 latent urokinase units/mg protein 
[49,50] and a MW of 47,000. Scu-PA is rapidly 
metabolized in the liver [5 l ] and exhibits a dominant 
half-life of about 7-8 minutes [49,52]. For a sum- 
mary of the biochemical characteristics of scu-PA, see 
Table 17-1. 

S(:t>PA IN ACUTE MYOCARDIAL INFARCTION 
For use in acute myocardial infarction, scu-PA has 
either been preactivated with low doses of recombi- 
nant t-PA [53-56] or tcu-PA [57-59], or has been 
used as a high-dose standard regimen without 
preactivation (Table 17-2) [60-62]. Preactivation of 
scu-PA seems to have no additional benefit compared 
with high-dose regimens of scu-PA [59,63]. Both 

TABLE 17 1. Biochemical characteristics of scu-PA and tcu-PA 

scu-PA tcu-PA 
(pro-urokinase) (urokinase) 

Molecular weight 5,i,000 & 47,000 54,000 & 3"~,()00 
Plasminogen activation Direct Direct 
Half-life (rain) 7-8 7-18 
kcat/km (-) fibrin 10 × 10 ' 2-3 × 10 
kcat/km (+) fibrin 50 2-3 x 10 
Source E. ~,li, recombinant Human urine 

Fetal kidney 



17. BIOCHEMISTRY, PHARMACOK1NETI('S, A NI) DYNAMICS 249 

TABLE 17-2. Clinical 
characteristics of scu-PA and tcu-PA 

scu-PA tcu-PA 

Generic name Saruplase Urokinase 
Fibrin specificity Yes No 
Antigenicity No No 
Recommended total Dose 80mg/h  3 × 10~'U/h 

Intravenous bolus 20rag 1.5 x IO"U 
Infusion 60mg/h  1,5 _+ 10~'U/h 

Coronary patency rate at 
90 minutes (TIMI 70-78%, 66-70% 
grades 2 and 3) 

: ~ .,.+ ~k ~6o (c)- LO 

-~  ® ~. ~ ®  ® 
~> ~ .  .® e ,  R ("3 "e>" ,eo ® 

~ %,0o ~,o~ ~ck..(~ ~ ~ ~ ® c ~ ® ® ® ~  

io 
N H 2  

C OOH 

FIGURE 17-2. Schematic representation of the primary structure of scu-PA. The black bars indicate disulphide bonds, based 
on homology with other serine proteases and kringles. The active site residues Itis '°*, Asp 'ss, and Ser ~" are marked with stars. 
The arrows indicate the cleavage sites for conversion of the 54 ,000MW scu-PA to the 54 ,000MW tcu-PA and of tile 
54 ,000MW tcu-PA to the 33 ,000MW tcu-PA by pla~smin (arrows labeled 1); conversion of the 54 ,000MW tcu-PA to 
inactive tcu-PA by thrombin (arrow labeled 2); and conversion to the 32,000 MW scu-PA by a still unidentified protease 
(arrow 3), The zigzag line at Asn ~''2 indicates the unique glycosylation site. (Adapted from Holmes et al. [29], with 
permission,) 
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treatment strateg its need the concomitat~t inf~,sion of 
high doses of heparm to he highly e~}~cient [62,64} 
Wl tb  both strategies, substantial amounts of scu-PA 
ate converted to active tcu-PA [65] and fibrinogen 
breakdown occurs [54,38,59]. The rate of fib~[noger~ 
breakdown d u ; m g  a~d following ;hrombotydc treat= 
merit with scu.-PA fbt acute myocardial inf:arction ~s 
related to early vessel patency and bleeding complica- 
tions [66]. Compara~we trials using h~gi>dose scu- 
PA versus streptokinase, tcu-PA, o~ ; t -PA have 
achieved comparable corona W pa~:ency razes of  abou~ 
70% {Thrombolysis in Myocardial ln~a;cdon [TIMI] 
grades 2 and 3 [67]) and a comparable outcome with 
respect to ptese~,adon of  lef~ ventricular function and 
in-hospital mortali ty for  alI thromboiydc agents used 
[60,68=71 ]. The use of a~ mtraveno~s heparm bo~us 
[3000 IU) before initiation o£ rhrombolytic therapy 
increased early patenc} rates (TIMI grades 2 and 3) to 
78% [62}. 

Y~,o-dhain Urokinase-Type 
Plasm,;nogen Activa~tor 

CHARACTERI[STICS 
As indicated earlier two-chain urokinase-type p]asml- 
nogen activato~ (tcu-PA) exists in two distinct mo- 
lecular entitms: a H M W - t c u - P A  farm, w'id:~ 411 
amino acids, and a LMW-tcu-PA,  consisting of 276 
amino acids. HM\VT-tcu=PA is converted ~o LMW- 
tcu-PA by- limited proteolysis (see Figures t7-1 and 
17-2). tcu-PA for clinical use has been isolated from 
h~m~an u;me [72,73] and from embryonic human 
kidney ceils [74]. Commurc[allv available prepara- 
tions predominantly consist of HMW~tcu-PA and 
only minor amounts of LMW-tcu-PA During d~¢ 
thrombolytlc process, however. HM~I- tcu=PA is 
continuously convereed to LMW-teu-PA.  while Glu= 
pIasmiaogen is continuously converted to Lye- 

I HMW-tcu:PA 
Mw ~4 too ] 

Fibrinogen Fibrin 

~nhibito~s 

strong ~cI va,ion 

M w a a  eeo ] 
ae{}vaI{~n . . . . . . . .  ~ conveesiOn 

LyS-Plasmin  ¢>  t 

F ib r i n -Degrada t i on  
(XDP: D-D} 

t : : [~> ~nhibidon 

I~iGLTRE 17~3. Schematic ;epresentatlor, ~f d~e relative 
fibrin specificity of tcu~PA. Degra~ion = degradation. 
(Adapted from Gulba et aL [64L witl~ permissio~ ) 
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plasminogen (Figure 17-3) [25,30]. While HMW- 
tcu-PA predominantly activates Glu-plasminogen, 
the catalytic activity of LMW-tcu-PA is predomi- 
nantly directed toward Lys-plasminogen, which is 
accumulated at the Lys-binding sites of crosslinked 
fibrin [74]. The increased binding of LMW-tcu-PA 
to new Lys-binding sites on the fibrin clot explains 
the relative fibrin specificity of tcu-PA compared with 
other non-fibrin-specific thrombolytic agents, for ex- 
ample, streptokinase or acylated plasminogen strep- 
tokinase complex (see Figure 17-3) [76-79]. The 
dominant half-life oftcu-PA ranges between 7 and 18 
minutes [52-79]. Due to rapid inactivation and clear- 
ance, its thrombolytic efficacy ceases rapidly after 
discontinuation of the infusion. For a summary of 
the biochemical characteristics of tcu-PA, see Table 
17-1. 

Tcu-PA IN ACUTE MYOCARDIAL INFARCTION 
AND UNSTABLE ANGINA 
tcu-PA is one of the oldest classical fibrin-nonspecific 
thrombolytic agents used in the treatment of acute 
thrombotic occlusions at different sites [80]. Despite 
its long use in the treatment of acute myocardial 
infarction, data are available on only a small number 
of patients [77,81], and with no systematic testing in 
trials including mortality as an endpoint. In the 
United States, tcu-PA is not formally approved by the 
Food and Drug Administration for thrombolytic 
treatment of acute myocardial infarction [82]. In 
Europe, the average use of tcu-PA as a thrombolytic 
agent in acute myocardial infarction ranges at present 
between 5% and 10% of all thrombolytic procedures. 
Angiography performed 90 minutes after initiation of 
thrombolytic therapy with tcu-PA shows patency of 
the infarct-related artery (TIMI grades 2 and 3) of 
65.8c~ in all patients and 70% in patients treated 
within 3 hours from the onset of symptoms [77]. 

The clinical characteristics and recommended 
doses of tcu-PA are given in Table 17-2. tcu-PA has 
also been used in a limited number of patients receiv- 
ing combination therapy with recombinant tissue- 
plasminogen activator (rt-PA). These data revealed 
lower in-hospital clinical events and reocclusion rates 
with the combination therapy as compared with rt- 
PA or tcu-PA alone [83]. An advantage of combina- 
tion thrombolytic therapy using a fibrin-specific 
(rt-PA) and a fibrin-nonspecific agent (tcu-PA) might 
be the possible reduction of total doses of each fibrin- 
olytic substance [83]. Furthermore, recent data have 
demonstrated that long-term intermittent tcu-PA 
therapy in doses of 3 x 500,0001U/wk represents an 
effective anti-ischemic and antianginal approach for 
patients with refractory angina and end-stage coco- 

nary artery disease, because of its antithrombotic 
properties and improved blood rheology [84]. 

Conclusions 
Both scu-PA and tcu-PA are highly effective fibrin- 
olytic agents for the treatment of acute myocardial 
infarction, with a similar safety profile as streptoki- 
nase and rt-PA. However, at present only a few stud- 
ies have been published using these agents in a 
limited number of patients. To further prove the 
value of scu-PA and tcu-PA as fibrinolytic substances 
and to increase their clinical use, well-planned pro- 
spective thrombolytic trials comparing these agents 
with established fibrinolytic drugs have to be per- 
formed, using mortality as the endpoint. 
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18. STAPHYLOKINASE: BIOCHEMISTRY 

A N D  PHARMACODYNAMICS 

Steven Vanderschueren and D&ir~ Collen 

Structure and Production of 
Staphylokinase 
Although the existence of staphylokinase (Sak) has 
been known since at least 1908 [1], detailed bio- 
chemical evaluation and clinical testing of Sak have 
only recently been initiated. Staphylokinase is a 136 
amino acid protein, made of a single polypeptide 
chain without disulfide bridges (Figure 18-1), 
secreted by Staphylococcus aureus strains after transfor- 
mation with bacteriophages or after lysogenic conver- 
sion. The production of Sak by S, aureus is believed to 
play a role in tissue penetration and in invasion by 
the bacteria [2]. The structure of Sak shows no ho- 
mology with that of other plasminogen activators. 
Three natural variants that have been charac- 
terized (SakSTAR, Sak42D, and Sake)C) [3-5] 
differ at amino acid positions 34, 36, and 43 (Table 
18-1), and have a similar plasminogen-activating po- 
tential but different thermostability [6]. 

The purification of Sak from selected S. aureus 
strains for in vivo use has been disappointing because 
of low expression and concomitant secretion of potent 
exotoxins. Recently, large quantities of two variants 
of wild-type Sak (variants SakSTAR and Sak42D) 
have become available by introducing recombinant 
plasmids in Escherichia coli that subsequently produce 
intracellular Sak in quantities of up to 10-15% of the 
total cell protein [7]. This material, after purification, 
has allowed extended preclinical and early clinical 
evaluation. 

Mechanisms of Action and of 
Fibrin Specificity 
The mechanisms of action and of fibrin specificity 
of Sak have recently been elucidated [8,9]. 
Staphylokinase, like streptokinase, is not an enzyme 
and does not directly convert plasminogen to plas- 
min, but rather forms a l : 1 stoichiometric complex 

with plasminogen, which then activates other plasmi- 
nogen molecules. In contrast to streptokinase, expo- 
sure of an active site in the complex of Sak with 
plasminogen requires conversion to plasmin. The 
plasmin-Sak complex, unlike the plasmin(ogen)- 
streptokinase complex, is rapidly neutralized by o~,- 
antiplasmin in plasma in the absence of fibrin, thus 
avoiding systemic plasminogen activation and 
fibrinogen degradation. After inhibition by ~,- 
antiplasmin, Sak dissociates from the complex and is 
recycled to other plasminogen molecules. In the 
presence of fibrin, however, the inhibition by o~,- 
antiplasmin is delayed >100-fold, allowing preferen- 
tial plasminogen activation at the fibrin surface. 

These molecular interactions between Sak, ~e- 
antiplasmin, and fibrin endow the Sak molecule with 
a unique mechanism of fibrin selectivity in the plasma 
milieu. In the absence of fibrin, no activation of plas- 
minogen by Sak occurs, presumably because o~ 2- 
antiplasmin prevents the generation of active 
plasmin-Sak complex. At the fibrin surface, traces of 
plasmin are present that form active plasmin-Sak 
complex that is bound to fibrin via the lysine binding 
sites of the plasmin molecule and is protected from 
rapid inhibition by ot2-antiplasmin. After digestion of 
the fibrin clot, the plasmin-Sak complex is released 
and inhibited, and further plasminogen activation is 
interrupted. Thus, the differential neutralization by 
0~2-antiplasmin of circulating as opposed to fibrin- 
associated plasmin-Sak complex and the local genera- 
tion and surface assembly of active plasmin-Sak 
complex at the fibrin surface form the basis of the 
fibrin specificity of Sak. 

Properties of Staphylokinase Extrapolated 
from Preclinical Experiments 
In vitro and laboratory animal experiments [ 10-12] 
demonstrated that in most species studied Sak is a 
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TABLE 18-1. Amino acid differences 
among the three natural staphylokinase variants 

NHe-Ser ..34 . . . . . . . . . .  36 . . . . . . . . . .  43 ......... Lys-COOH 

SakSTAR Ser Gly His 
Sak42D Gly Arg Arg 
SakoC Gly Gly His 

I 14 

Ser Ser Ser Phe Asp Lys Gly Lys Tyr Lys Lys Gly Asp Asp 
15 28 
Ala Ser Tyr Phe Glu Pro Thr Gly Pro Tyr Leu Met Val Asn 
29 42 
Val Thr Gly Val Asp Set LFs Gly Ash Glu Leu Leu Set Pro 

l 1 
43 3 56 
His Tyr Val Glu Phe Pro lie Lys Pro Gly Thr Thr Leu Thr 
57 70 
Lys Glu Lys lie Glu Tyr lyr Val Glu Trp Ala Leu Asp Ala 
71 84 
Thr Ala Tyr Lys 61u Phe Arg Val Val GIu Leu Asp Pro Ser 

I I I I 1 
85 8 9 98 
Ala Lys lie Glu Val Thr Tyr Tyr Asp Lys Asn Lys Lys Lys 
99 112 
Glu Glu Thr Lys Ser Phe Pro lie Thr Glu Lys Gly Phe Val 
113 126 
Val Pro Asp Leu Ser Glu His lie Lys Ash Pro Gly Phe Ash 
127 136 
Leu lie Thr Lys Val Val lie Glu Lys Lys 

potent and rapidly acting plasminogen activator. In 
human plasma, Sak, unlike streptokinase, was found 
to be very fibrin specific. On a theoretical basis, fibrin 
specificity may improve the efficacy and safety of 
thrombolytic therapy. Avoidance of the "plasmino- 
gen steal'" phenomenon and of plasminemia-induced 
paradoxical prothrombotic effects may ameliorate ef- 
ficacy. Reduction of the "systemic plasminolytic 
state" and the resulting hemostatic perturbations may 
improve safety. Also, the ease of administration may 
improve because a high affinity for fibrin prolongs the 
biological half-life beyond the plasma half-life and 
may thus allow bolus administration, notwithstand- 
ing a relatively short circulatory half-life. Of course, 
these postulated advantages of fibrin specifity await 
thorough clinical validation. 

In contrast with streptokinase, Sak efficiently lysed 
platelet-rich, contracted, as well as mechanically 

FIGURE 18-1. Amino acid sequence of SakSTAR with 
bolds indicating the charged amino acid clusters that are 
changed to alanine in the mutants SakSTAR.M38 (clusters 
3 and 8) and SakSTAR.M89 (clusters 8 and 9). The num- 
bers appear underneath the clusters. The amino acid se- 
quence (1-136) is indicated at the top. 

compressed plasma clots [11]. This differential 
lysability may be explained by the extrusion of clot- 
associated plasminogen following retraction or com- 
pression. In contrast with non-fibrin-specific 
plasminogen activators, fibrin-specific agents such as 
Sak spare circulating plasminogen that can be re- 
cruited into the thtombus and activated in loco [12]. 
Therapeutic doses of Sak did not affect platelet func- 
tion [ 12]. 

In rabbits, Sak, in contrast with rt-PA, did not 
prolong surface bleeding times unless aspirin and 
heparin were added [13]. In the cuticle bleeding 
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time model, the lower hemorrhagic tendency of Sak 
could be attributed to its fibrinogen-sparing poten- 
tial. In a hamster pulmonary embolism model, strep- 
tokinase and Sak were equally sensitive to inhibition 
with aprotinin, while Sak was significantly more 
sensitive to the antifibrinolytic effects of tranexamic 
acid [14]. The higher antifibrinolytic potency of 
tranexamic acid (which prevents binding of plasmi- 
nogen to fibrin) toward Sak than toward streptokinase 
is most likely to be related to the requirement of 
fibrin-bound plasminogen for efficient fibrinolysis 
with Sak. 

The immunogenicity of streptokinase and Sak 
(SakSTAR variant) was compared in a dog [15] 
and baboon [16] extracorporeal thrombosis model. 
Serial administration of streptokinase induced 
rapidly increasing IgG-related streptokinase-neutral- 
izing activities in plasma and a progressive resistance 
to clot lysis in both species, and severe hypo- 
tensive reactions, especially in baboons. With  
Sak, induction of Sak-neutralizing activities was 
less consistent and thrombolytic potency was rela- 
tively maintained, while no acute hypotension 
occurred. 

Promising properties of Sak, deduced from in vitro 
and laboratory animal experiments, included high 
thrombolytic efficacy, even toward platelet-rich and 
retracted thrombi, rapid onset of action, remarkable 
fibrin specificity, low bleeding risk, sensitivity to in- 
hibition by antifibrinolytic agents, and reduced anti- 
genicity and allergenicity relative to streptokinase. 
These attractive features prompted the clinical evalu- 
ation of Sak. 

Initial Clinical Experience with 
Recombinant S taphy lokinase 

ACUTE MYOCARDIAL INFARCTION 
To study the fibrin specificity and potency of Sak for 
coronary thrombolysis, pilot-phase angiographic tri- 
als were conducted. Conjunctive therapy consisted of 
aspirin and intravenous heparin. In the first pilot 
recanalization study, 10 patients with angiogra- 
phically confirmed infarct-related artery occlusion 
(TIMI grade 0 flow) were treated with 10 mg intrave- 
nous Sak (variant SakSTAR) over 30 minutes [7,17]. 
Within 40 minutes all but one of the occluded coro- 
nary arteries were recanalized (TIMI grade 3 flow in 
eight patients and TIMI grade 2 flow in one patient). 
The mean (+ SEM) time delay to reperfusion in 
recanalized arteries, 20 _+ 4.0 minutes, compared fa- 
vorably with _>45-minute delays repotted for rt-PA 
and streptokinase [18]. 

A subsequent multicenter randomized trial com- 
pared the effects of Sak with the present standard 
regimen, accelerated and weight-adjusted rt-PA, on 
early coronary artery patency in 100 patients with 
acute myocardial infiarction [19]. Patients random- 
ized to intravenous Sak were given 10mg over 30 
minutes in the first half of the study and, following a 
prospectively planned interim analysis, 20mg over 
30 minutes in the second half. TIMI perfusion grade 
3 rates of the infarct-related artery at 90 minutes 
were 58~  in patients treated with rt-PA (n = 52) and 
62% in patients treated with Sak (n = 48; 50% 
after 10mg Sak, n = 25; and 74% after 20mg Sak, 
n = 23). 

The feasibility of bolus Sak administration was first 
studied in 12 patients with evolving transmural myo- 
cardial infiarction [20]. At baseline, 20mg of Sak was 
given over 5 minutes. Patients with TIMI perfusion 
grade 0, 1, or 2 at 60 minutes received a second bolus 
of 10rag of Sak over 5 minutes. TIMI grade 3 flow 
was obtained in 7 patients (58%) at 60 minutes and, 
after addition of the second Sak bolus in the 5 others, 
in a total of 10 patients (83%) at 90 minutes. Follow- 
ing this small trial, a multicenter randomized study 
in 102 patients further investigated the bolus admin- 
istration of Sak, comparing a double bolus of 15 mg of 
Sak each, given 30 minutes apart, with accelerated rt- 
PA [21]. At 90 minutes, TIMI grade 3 flow of the 
culprit artery was achieved in 68% of patients treated 
with double-bolus Sak (n = 50) versus 57% of pa- 
tients treated with rt-PA (n = 52). 

Sak proved to be highly fibrin specific, preserving 
plasma fibrinogen and plasminogen, after infusion of 
up to 40mg of Sak [19-21]. From a cumulative dose 
of 30 mg onwards, a slight but statistically significant 
decline (to 91% of baseline at 90 minutes) of ot e- 
antiplasmin levels, a sensitive marker of systemic 
plasmin generation, occurred [21]. rt-PA, in contrast, 
caused a substantial drop of fibrinogen (mean decrease 
vs. pretreatment of 30% at 90 minutes) and of plas- 
minogen and ot2-antiplasmin (mean decreases of 60% 
at 90 minutes) [19]. 

Pooled data from both randomized trials of Sak 
versus rt-PA (encompassing a total of 202 patients) 
demonstrated an excess of in-hospital mortality, 
mainly due to cardiogenic shock, after rt-PA (6 deaths 
vs. none after Sak, P = 0.03) and more bleeding 
requiring transfusion after rt-PA (9 vs. 2 after Sak, P 
= 0.06) [19,21]. No study drug-associated allergic 
reactions occurred. Although these initial data are 
encouraging, larger studies with clinical endpoints 
are required to substantiate these differences. 

From these studies it is concluded that intravenous 
Sak, combined with heparin and aspirin, is a potent, 



260 PART B: CLINICAL APPLICATION OF SCIENTIFIC PRINCIPLES 

rapidly acting, and highly fibrin-specific throm- 
bolytic agent in patients with acute myocardial 
infarction. Its fibrin specificity, safety, and efficacy in 
coronary thrombolysis appear t o  compare well with 
those of the best available treatment, namely, acceler- 
ated rt-PA. More studies are needed to establish the 
optimal dose and mode of Sak administration and 
its life-saving potential relative to established 
thrombolytic agents. 

PERIPHERAL ARTERIAL OCCLUSION 
Thirty patients (37-86 years of age) with limb 
ischemia or incapacitating claudication of <120 day 
duration and with angiographically documented 
thromboembolic peripheral arterial occlusion, mostly 
due to in situ thrombosis of native femoropopliteal 
arteries, were treated in a pilot study [22]. 
Intra-arterial, catheter-directed Sak was given as a 
bolus of l rag, followed by a continuous infusion of 
0.5 mg/h in 20 patients and as a bolus of 2rag, fol- 
lowed by an infusion of 1 mg/h in 10 patients, to- 
gether with heparin. After 7.0 + 0.7mg of Sak were 
infused over 8.7 + 1.0 hours, recanalization was com- 
plete in 25 patients (83%), partial in 2, and absent in 
3. Poor prognostic signs (including poor distal runoff, 
long duration, and distal localization of occlusion) 
characterized the three patients without macroscopic 
clot lysis. The majority of patients underwent 
complementary surgical or endovascular procedures, 
mainly percutaneous transluminal angioplasty, to 
treat culprit lesions and to promote long-term vessel 
patency. Major amputations were limited to two pa- 
tients in whom thrombolysis failed. Three patients 
developed a reocclusion within 1 month; two major 
hemorrhagic complications occurred, both in elderly 
women, including a fatal hemorrhagic stroke. Intra- 
arterial Sak did not produce a systemic lyric state 
nor a prolongation of template bleeding times. 
Staphylokinase thus appeared to be a valuable adjunct 
to endovascular and surgical revascularization tech- 
niques, with rapid and efficient restoration of vessel 
patency and limb viability in the great majority of 
patients with acute or subacute peripheral arterial 
occlusion. 

Antigenicity of Staphylokinase and 
Engineered Variants 
The rather low-grade antigenicity of Sak, as sug- 
gested by early dog and baboon experiments, unfortu- 
nately could not be extended to patients: the vast 
majority of patients with either myocardial infarction 
[19-21] or peripheral arterial occlusion [22] devel- 
oped neutralizing antibodies to Sak after a prolonged 

lag phase of 10-12 days, which remained elevated 
well above pretreatment levels for several months af- 
ter administration [23]. However, the titers of pre- 
formed anti-Sak antibodies in the general population 
appeared to be lower than those of antistreprokinase 
antibodies, and even systemic S. aureus  infections 
failed to induce Sak-neutralizing antibodies in most 
patients, possibly reflecting the low proportion of S. 
a u r e u s  strains that produce Sak [24]. The current 
clinical experience suggests that major allergic 
reactions to Sak are rare, but is too limited to allow 
definite conclusions. The boost of neutralizing 
antibody titers upon infusion of Sak would predict 
therapeutic refractoriness on repeated administration. 
Therefore, restriction to a single use probably applies 
to both streptokinase and Sak. The absence of 
cross-reactivity to streptokinase of antibodies elicited 
by Sak, and vice versa, suggests that the use of 
both plasminogen activators is not mutually 
exclusive. 

Wild-type Sak (variant SakSTAR) was found to 
contain three nonoverlapping immunodominant 
epitopes, at least two of which could be eliminated, 
albeit with partial inactivation of the molecule, by 
site-directed mutagenesis of selected clusters of two 
or three charged amino acids to alanine [25]. The 
recombinant combination mutants SakSTAR.M38 
(with Lys ~, Glu ~*, Lys ~*, Glu ~, and Arg :" replaced by 
Ala) and SakSTAR.M89 (with Lys:', Glu ~s, Arg , 
Glu u'', and Asp se replaced by Ala) (see Figure 18-1) 
had reduced immunoreactivity toward a panel of 
murine monoclonal anti-SakSTAR antibodies and 
toward antibodies elicited in patients by treatment 
with SakSTAR. Relative to wild-type SakSTAR, 
SakSTAR.M38 and SakSTAR.M89 induced less 
circulating neutralizing activity and less resistance to 
thrombolysis on repeated infusion, following 
intensive immunization of rabbits [26t or baboons 
[27]. In a comparative study in 16 patients with 
peripheral arterial occlusion, SakSTAR.M38 and 
SakSTAR.M89 proved to be equally fibrin specific 
and thrombolytically effective, but significantly less 
antigenic than wild-type SakSTAR [26]. Systematic 
reversal of the substituted amino acids to the 
wild-type residues suggested that, in humans, lysine 
at position 74 is involved in the humoral immune 
response [28,29]. These studies illustrate that 
genetic engineering of a heterologous protein wittl 
therapeutic potential can reduce its antigenicity. 
Ongoing research is aimed at gaining more 
mechanistic insight into the humoral and cellular 
immune response to Sak and at optimizing the 
ratio of specific activity to antigenicity of Sak 
mutants. 
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Pharmacokinetics of Staphylokinase 
in Patients 
In five patients with acute myocardial infarction 
treated with an intravenous infusion of 10mg Sak 
over 30 minutes,  the postinfusion disappearance of 
Sak-related antigen from plasma occurred in a 
biphasic manner  with a r~,,2o~ of 6.3 minutes and a 
tl:e~ of 37 minutes,  corresponding to a plasma clear- 
ance of 270mL/min  [18]. Staphylokinase antigen 
levels in myocardial infarction patients at 25 and 90 
minutes were 0.56 -+ 0.06 btg/mL and 0.16 + 0.04 ~tg/ 
mL after 10mg over 30 minutes (n = 25), 1.9 + 
0.22 I.tg/mL and 0.42 _+ 0.06 btg/mL after 2 0 m g  over 
30 minutes (n = 23), 3.4 -+ 0 .45~g/mL and 1.3 -+ 
0.30J.tg/mL after 40rag  over 30 minutes (n = 5), and 
1.6 +_ 0.19btg/mL and 0.44 +_ O.07btg/mL after a 
double 15rag bolus, 30 minutes apart (n = 50), 
respectively [20,22]. 

Conclusions 
Staphylokinase, a 136 amino acid protein produced 
by S. aureus and now readily available by recom- 
binant  D N A  technology, is an indirect plasminogen 
activator with a unique structure, mechanism of ac- 
tion, and fibrin specificity. Staphylokinase induces 
efficient and rapid recanalization in patients with ar- 
terial thrombosis. Its fibrin specificity at clinically 
effective doses exceeds that of other available 
plasminogen activators. Likewise, its speed and rate of 
clot lysis compare favorably with established agents, 
but  definition of the relative benefits, especially in 
terms of reduction of mortality and morbidity,  
awaits larger comparative trials. The optimal dose 
and rate of infusion in patients with coronary and 
peripheral arterial thrombosis and a possible role 
for Sak in other thromboembolic disorders (compris- 
ing deep venous thrombosis, pulmonary embolism, 
and ischemic stroke) remain to be establised. 
Notwithstanding its rather short circulatory half-life, 
bolus coronary thrombolysis with Sak appears to be 
feasible. The antigenicity of wild-type Sak argues 
against repeated administration, but  initial experi- 
ence with selected recombinant mutants indi- 
cates that the immunoreactivity and antigenicity of 
this bacterial protein can at least be attenuated 
while preserving fibrinolytic activity and fibrin 
specificity. 
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Introduction 
Thrombolytic therapy has become an accepted form 
of treatment for acute myocardial infarction. The 
GUSTO I trial showed that mortality reduction cor- 
relates with early, complete, and sustained patency of 
the infarct-related coronary artery [1,2]. Current 
thrombolytic regimens achieve patency 90 minutes 
after initiation of treatment in only about 81% of 
cases, and only about 54% experience complete 
(TIMI grade 3) reperfusion. These results are obtained 
90 minutes after initiation of therapy, and earlier 
patency rates are even more disappointing. Early 
reocclusion further limits the preservation of left ven- 
tricular function. In addition, even though patients 
are carefully selected, bleeding, especially intracranial 
bleeding, is a feared side effect, limiting the applica- 
bility of this form of treatment. In order to improve 
the risk/benefit ratio of thrombolytic therapy for pa- 
tients, a number of new thrombolytic agents are be- 
ing developed, primarily with the aim of reducing 
mortality by establishing more rapid, more complete, 
and more stable coronary patency. 

This review summarizes the molecular characteris- 
tics and pharmacological properties of reteplase, ob- 
tained in vitro and in experimental animal studies, as 
well as the clinical results obtained in patency and 
mortality studies using this new drug. Although 
most studies of reteplase have expressed doses in 
megaunits (MU), on the basis of an amidolytic assay, 
doses in this review are cited in units (U) based on a 
new clot lysis assay. One MU equals one U in the new 
system. 

Molecular Characteristics of Reteplase 
Reteplase, which is alternatively referred to as r-PA 
(recombinant plasminogen activator) or BM 06.022, 
is a genetically engineered deletion mutant of human 

tissue-type plasminogen activator (t-PA). Reteplase is 
produced by expression of an appropriately con-  
structed plasmid in Escherichia toll, where it is local- 
ized in inclusion bodies. Like many proteins 
expressed in prokaryotic cells, the fully functional, 
nonglycosylated protein becomes available after an in 
vitro refolding process. SDS-polyacrylamide electro- 
phoresis and amino acid analysis reveal a single-chain, 
nonglycosylated protein of 39.6 kd, which consists of 
amino acids 1-3 and 176-527 of human t-PA. 
Reteplase consists of the kringle-2 and protease do- 
mains of human r-PA, whereas the kringle-1, finger, 
and epidermal growth factor domains have been de- 
leted. The one-chain form can be cleaved by plasmin 
to a two-chain form [3,4]. The structural changes of 
reteplase relative to human t-PA result in markedly 
different properties in vitro and in vivo. 

Functional Studies with Reteplase 
In Vitro 
The structure and function of the enzymatic domain 
of human t-PA (alteplase) are largely retained by 
reteplase. Reteplase was shown to have only low affin- 
ity for fibrin; however, it acts as a fibrin-specific 
protein in vivo at appropriate dosages [3]. The 
plasminogenolytic activity ofreteplase, in tile absence 
ofstimulatory CNBr fibrinogen fragments, is similar 
to that ofalteplase; however, in the presence of stimu- 
lator, its activity is about fourfold less when compared 
on a molar basis [3]. Plasminogen activator inhibitor 
(PAI)-I inhibition was similar for reteplase and t-PA, 
indicating that the responsible structures of the 
kringle 2 and protease domains were identical in the 
two molecules [51. Presumably because of the lack of 
glycosylation and/or the lack of the finger and growth 
factor domains, a lower affinity for endothelial cells 
as compared with t-PA has been reported [3]. 

263 
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Extensive studies on the in vitro lysis of fresh, aged, 
platelet-poor, and plateletet-rich clots, as well as 
whole blood clots, have been performed [6]. To 
achieve 50% clot lysis at 4 hours into the experiment, 
6.4 times higher molar concentrations of reteplase (vs. 
alteplase) had to be used. The data suggest that, in 
vitro, reteplase achieved a lower thrombolytic po- 
tency, especially in lysing aged clots and platelet-rich 
clots, when compared with alteplase on a molar basis. 
In further experiments, clots incubated with reteplase 
or alteplase were transferred to plasminogen 
activator-free plasma. Clot lysis continued for 3 hours 
with alteplase; in contrast, no further lysis occurred 
with reteplase. 

Evaluation of Reteplase in 
Experimental Animals 
The intended prolongation in half-life of reteplase 
relative to t-PA was demonstrated in rats, dogs, and 
nonhuman primates [7]. In the rabbit model of jugu- 
lar vein thrombosis, reteplase proved to be 5.3 times 
more effective than alteplase when each activator was 
given as a bolus. The plasma clearance was 4.3-fold 
lower than that ofalteplase; thus, the apparent higher 
potency may well be the result of the lower clearance 
rate. At equipotent dosages, residual fibrinogen was 
similar for both activators; thus no relative loss in 
specificity was observed [8]. In a canine model of 
coronary thrombosis, reteplase was compared with 
alteplase, anistreplase, urokinase, and streptokinase. 
Reperfusion was achieved significantly more rapidly 
with reteplase than with the other tested plasminogen 
activators, and, remarkably, bleeding time was least 
affected [91. To achieve 50% recanalization in another 
study utilizing a dog model of coronary thrombosis, 
the required dose of intravenous reteplase was 11.6- 
fold lower than that for intravenous alteplase [10]. 
Further experiments suggest that an antithrombotic 
adjunct may be useful for preservation ofpatency after 
fibrinolysis with reteplase [l 1,12]. Double-bolus ad- 
ministration of reteplase was shown to be more effec- 
tive than infusion or single-bolus dose regimens [ 13]. 
Reteplase also proved useful in reversing pulmonary 
hypertension in a dog model of pulmonary embolism. 
Because of its bolus application, reteplase acted faster 
than other plasminogen activators in these experi- 
ments [14]. Reteplase and alteplase had no effect on 
platelet count or, when given alone, on ex vivo plate- 
let aggregation. In animals pretreated with aspirin, 
reteplase significantly reduced platelet aggregation in 
comparison with alteplase [15], a difference that was 
not observed in patients [16]. 

Clinical Studies with Reteplase 
Phase I studies evaluating the effects of rereplase on 
healthy volunteers provided no data mitigating 
against phase II testing [17,18]. 

GRECO I AND II STUDIES 
The first phase II trial with reteplase (the first German 
RECOmlinant Plasminogen Activator Study or 
GRECO I) was designed as an open, sequential dose- 
finding study in patients with acute myocardial 
infarction [19]. With the first tested dose of l() units 
(U) of retepiase, the predefined minimal 90-minute 
patency of 70~ was not achieved, as indicated by a 
sequential probability ratio test after treatment of 42 
patients. The 90-minute patency rate (TIMI grade 2 
or 3) was 67%. An increased dose of 15 U of rereplase, 
administered as a single bolus, resulted in a patency at 
90 minutes (TIMI grade 2 or 3) of 76% in the follow- 
ing 100 patients (74% at 60 minutes). Complete 
patency (TIMI grade 3) after 90 minutes was achieved 
in 69% of patients in the 15U group and in 32% of 
those treated with l0 U. To increase the efficacy fur- 
ther, the concept of a double-bolus administration 
was investigated in an open, noncontrolled, dose- 
finding study in 50 patients (GRECO II). Sixty- and 
90-minute patency (TIMI grade 2 or 3) after a 10U + 
5 U (30 minutes apart) double-bolus regimen was 
72c~: and 78%, respectively, and TIMI grade 3 pa- 
tency was 50~ and 58% [20]. 

RAPID I STUDY 
The 15 U bolus regimen, the 10 + 5 U double bolus 
regimen and a new 10 + 10U regimen of reteplase 
were compared with conventional alteplase (100mg 
over 3 hours) in an international, randomized study 
enrolling 606 patients with acute myocardial 
infarction (Reteplase vs. Alteplase Patency Investiga- 
tion During acute myocardial infarction, or RAPID I 
trial) [21]. The 10 + 10U reteplase regimen was 
superior to the other reteplase regimens and also 
achieved butter 60 and 90-minute TIMI grade 3 pa- 
tency than alteplase (reteplase vs. alteplase at 60 min- 
utes, 51.0eX vs. 32.7~, P < 0.01; and at 90 minutes, 
62.7% vs. 49.3(A; P < 0.05). Similarly, overall pa- 
tency (TIMI grade 2 and 3) was better under treat- 
ment with reteplase 10 + 10U, although not 
significantly so (reteplase vs. aitepiase at 60 minutes, 
77.6~ vs. 66.3%; and at 90 minutes, 85.2~ vs. 
77.8%). Patency was achieved more rapidly with 
reteplase than with alteplase. TIMI grade ~, patency at 
60 minutes for rereplase (51.0%) was similar to that 
for alrepIase at 90 minutes (49.3%). Superior speed 
and completeness of reperfusion resulted in 
better preservation of left ventricular fimction in the 
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10 + 10 U reteplase group [22]. The risk of bleeding 
was not significantly different for reteplase and con- 
ventional alteplase [23]. There was no significant dif- 
ference between reteplase and alteplase with respect 
to platelet aggregation or thrombin activity during 
and up to 12 hours after treatment of patients with 
acute myocardial infarction [16]. 

INJECT STUDY 
In an effort to assess the safety and efficacy of reteplase 
in a larger study population, the International Joint 
Efficacy Comparison of Thrombolytics (INJECT) 
study was performed [24]. Reteplase 10 + 10U was 
compared with streptokinase in 6010 patients with 
acute myocardial infarction in a double-blind, ran- 
domized trial, with 35-day mortality as the primary 
endpoint. The primary aim of the INJECT study was 
to demonstrate that the 10 + 10 U double-bolus regi- 
men of reteplase is at least equivalent to the standard 
regimen of streptokinase in terms of mortality. 
Equivalence was defined as a 35-day mortality rate for 
reteplase not more than 1% higher than for streptoki- 
nase. The trial was not powered to demonstrate supe- 
riority and had design features (recruitment up to 12 
hours, trial confined to Europe) that made it difficult 
to compare it with other trials (e.g., GUSTO I). 

Death up to 35 days after the index infarction 
occurred in 9.02% of 2994 patients in the reteplase 
group and 9.53% of 2992 patients in the streptoki- 
nase group. The difference o f -0 .51% (90% confi- 
dence interval,-1.74 to 0.73) in favor of reteplase was 
nonsignificant. Thus, reteplase showed equivalent ef- 
ficacy to that of streptukinase using the above- 
mentioned definition. Mortality at 6 months was also 
equivalent, with 11.02% in the reteplase group 
and 12.05% in the streptokinase group (difference, 
-1.03%; 90%, confidence interval,-2.65 to 0.59%). 
Patient follow-up was 99.6% complete. The in- 
cidence of cardiac shock (reteplase vs. streptokinase, 
4.7% vs. 6.0%), heart failure (23.6% vs. 26.3%), 
hyporension (15.5%. vs. 17.6%), and atrial fibril- 
lation (7.2%, vs. 8.8%) was lower in the reteplase 
group. 

The INJECT study also provided data comparing 
the safety and tolerability of reteplase and streptoki- 
nase. The overall incidence of bleeding (retep|ase vs. 
streptokinase, 15.0% vs. 15.3%) and significant 
bleeding (d.6% vs. ,4.7%) were very similar. Also, 
there was no significant difference in the total inci- 
dence of stroke (1.23% vs. 1.00%) or hemorrhagic 
stroke (0,77% vs. 0.37%). Data from the invasive 
RAPID I and II studies support these findings in 
showing no excess side effects for reteplase versus 
alteplase. 

RAPID II STUDY 
After the GUSTO I study [1,2] had shown that an 
accelerated dose regimen for alteplase (100rag over 
90 minutes) was superior to streptokinase, and possi- 
bly also to conventional alteplase therapy with respect 
to efficacy and safety, the RAPID II study was under- 
taken. The 10 + 10U reteplase regimen was com- 
pared with the GUSTO regimen of alteplase in an 
open, randomized trial enrolling .324 patients. The 
study design differed from the RAPID I study in that 
there was no age limit (RAPID I <75 years) and 
patients were included until up to 12 hours after the 
onset of pain (RAPID I <6 hours). Infarct-related 
coronary artery patency (TIMI grade 2 and 3) and 
complete patency (TIMI grade 3) at 90 minutes were 
significantly higher in the reteplase-treated patients 
(TIMI grade 2 and 3, reteplase vs. alteplase, 83 .4~ 
vs. 73.3%, P = 0.03; TIMI grade 3, 59.9c~ vs. ,i5.2%, 
P = 0.011. At 60 minutes, the incidences of both 
patency and complete patency were also significantly 
higher in reteplase-treated patients (TIMI grade 2 
and 3, 81.8% vs. 66.1%, P -- 0.01; TIMI grade 3, 
51.2% vs. 37.4%, P = {).03; Figure 19-11. Reteplase- 
patients required fewer additional acute coronary in- 
terventions (13.6% vs. 26.5%, P < 0.011 and there 
was no apparent increase in death at 35 days (reteplase 
vs. alteplase, 4.1% vs. 8.4%), stroke (1.8~ vs. 2.6%), 
hemorrhagic stroke (1.2% vs. 1.9%), in-hospital 
reocclusion (9.0%, vs. 7.0% ), or bleeding rate (l 2.4% 
vs. 9.7%) (Figure 19-21 [25]. The GUSTO III study 
is currently investigating whether the apparent ad- 
vantages of reteplase over alteplase in achieving early 
and complete patency translate into a lower 
mortality. 

Implications for Clinical Practice and 
Future Research 
Double-bolus administration (10 + 10 U) of reteplase 
results in effective, rapid, and complete lysis of coro- 
nary thrombi in the majority of patients. With re- 
spect to these parameters, the 10 + 10U regimen was 
superior to established alteplase regimens in the 
RAPID studies. The GUSTO llI study is currently 
investigating whether the improved patency data 
translate into reduced mortality. There is reason to 
believe that this will indeed be the case based on the 
results of the GUSTO I trial and its angiographic 
substudy [1,2]. Patency appears to be an appropriate 
surrogate endpoint fbr mortality, but only when in- 
vestigated in large, multicenter, randomized trials 
with blinded, centralized assessment of results. 
That these requirements appear mandatory may 
be delineated from two examples: Double-bolus 
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FIGURE I%I Coronaw parency rares a~ differen~ rime 
poi~rs ae}~ieved with ~kep~ase (t-PA)or reteplase (>PA). 
(From RAHD H, wkh permisslor, } 

adminisrrati~m of abeplase was firs~ invesrigmed in a 
relativety smal[, s ingb<enter ,  nonrandomized study 
[26] suggesting ve U high patency rates, superior re 
those achievable wkh as acce]erated alteplase intu- 
sion. h~ a larger study, the akeplase double bolus, in 
fact, ruined our to be s l ighdy less effective than the 
accelerated akeplase infusion [27]. 

A simiIar pattern could be noted when the G U S T O  
]IB investigators showed patenc? resuhs fi~r ao~re 
percutaneons transluminal coronary asgioplasry 
(PTCA} to be nmcb inferior Eo those previously re-- 
ported in smaller trials {28;,29]. ]n fact Ehe patency 
rates for reeeplase=weated patien[s recrmted within 6 
hours in the RAPID II study (T1MI grade 2 and 3, 
86.5%; TIM] grade 3, 65%} arc closer ~.o those re- 

FIGURE 1%2. impor¢an~ clinical endpoints after therapy 
w~th alrep[ase h-PA) a~d rerepIase (r-PA). {From RAPID 
II with permission.) 

ported f}~r acute PTCA i~l the G U S T O  liB trial (TIM1 
gracle 2 m~d 3, 82%: TIM) grade 3, 73%) than to 

rhone of other thrombotyric regimens, so ~hat a large 
trial comparing prehospital thrombolysis w k h  
doubb°bohls  reteplase (expJmtmg this togisdc advan- 
tage of thrombolysis) with acute PTCA offers an in- 
teresting comparison. 

N e ~  thromboLyEk agents, such as antibody- 
targeted plasminogen activators, have been produced 
as conjug~JEes [301 and recombinant molecules {31L 
and may further improve dlrombolytic therapy. The 
potency and specificity of these agents compare 
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favorably with conventional plasminogen activators 
in different animal models [31,32]. More specific 
thrombolytic agents, which leave the clot t ing system 
largely intact, may well require equally specific anti- 
coagulants as adjuncts [331. 

Whi le  many new approaches are under investiga- 
tion, reteplase has proven, at present, to be a potent  
and safe thrombolytic agent in patients with acute 
myocardial infarction, with the convenience of 
double-bolus injection. If the G U S T O  III study 
substantiates the clinical results obtained thus far, 
reteplase may well become the standard against which 
other thrombolytic agents - -  and also mechanical 
reperfusion strategies - -  will have to prove their use- 
fulness. Constant advancement in mechanical strate- 
gies (e.g., newer stent generations) and possible 
combinations of both thrombolytic and "rescue" me- 
chanical strategies deserve further attention. 
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Introduction 
Tissue-type plasminogen activator (t-PA), the princi- 
pal physiological human plasminogen activator, has 
been expressed in large quantities by recombinant 
technologies and, thus, has been available for thera- 
peutic use for almost a decade. Despite the initial 
expectations, subsequent experience with this sub- 
stance has somewhat reduced clinicians' early en- 
thusiasm; as a result, attempts have been made to 
engineer the molecule and to search for alternate and 
better plasminogen activators. 

Site-directed mutagenesis of tissue-type plasmino- 
gen activator has produced a molecule (the TNK 
variant of t-PA) with resistance to the specific plasmi- 
nogen activator inhibitor-1 and with a threefold pro- 
longation of its plasma half-life. Further search for 
molecules wirh improved thrombolytic properties has 
led to the identification of a bat plasminogen activa- 
tor (DSPA) that shares a greater than 70% homology 
with tissue-type plasminogen activator, has a half-life 
in the range of hours, and seems to offer almost com- 
plete fibrin specificity. Tissue-type plasminogen acti- 
vator, the TNK variant thereof, and the plasminogen 
activator of the vampire bat have close structural and 
functional similarities. For this reason, these three 
agents are reviewed in a single chapter. 

Tissue-Type Plasminogen Activator 

CHEMICAL PROPERTIES 
Tissue-type plasminogen activator (alteplase) is a 70- 
kD, fourfold glycosylated serine ptoteinase consisting, 
in its native form, of a single polypeptide chain of 527 
amino acid residues [1-4]  (Table 20-1; Figure 20-1). 
On cleavage of the plasmin-sensitive Arg2~-Ile 2"6 
peptide bond, the molecule is converted to a two- 
chain derivative composed of a heavy N-terminal 

chain and a light C-terminal chain, linked by a single 
disulfide bond (Ser-'a4-Ser~9~) [ l - 3 ] .  The native 
single-chain form and the two-chain product of 
limited proteolysis share the same pharmacological 
properties. The N-terminal region is composed of a 
signal peptide followed by four domains: a finger 
domain, which mediates fibrin binding; a growth 
factor domain; and two kringles, the second of which 
also contributes to fibrin binding. The catalytic active 
site is located in the C-terminal portion of the 
molecule. 

BIOCHEMICAL AND 
P H A R M A C O L O G I C A L  PROPERTIES 
Tissue-type plasminogen activator is produced by 
various cell types and is widely distributed physi- 
ologically in body fluids and tissues [5-10] (see Table 
20-1). It has been detected in large amounts in the 
lungs and uterus. The bulk of t-PA, however, seems 
to be synthesized and secreted in plasma by endothe- 
lial cells, both constitutively and in response to vari- 
ous stimuli [6,9,11-15]. 

In blood, there is a highly sensitive balance be- 
tween coagulation and fibrinolysis, which guarantees 
blood fluidity. Plasma levels and local secretion of t- 
PA are major contributors to this balance. In humans, 
the measured plasma concentration of t-PA averages 
5 I.tg/L but, with locally applied stimuli, the concen- 
trations can rise to much higher levels, for example, 
after thrombus formation [ 11,12,15,16]. 

t-PA is reported to activate plasminogen to plas- 
min with a K m of 65-100~M and a k~, of 0.06/s 
[11,17,18]. Other authors, have found K~. and k,,~ 
values of 2.1 mM and 11.4/s, or of 3.9gtM and 0.58/ 
rain, respectively, in the presence of fibrinogen, de- 
pending on the analytic systems used [19,20]. The 
catalytic activity (K.,/k~ac) of t -PA on circulating plas- 
minogen is very weak but is increased by two orders 
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FIGURE 20-1. Secondary structure of tissue-p[asminogen activator. Arrow-site of conversion into the two-chain form; black 
bars = disulfide bonds; asterisks = active site of the protease domain. The four glycosylation side chains are not shown. 

of magnitude (K,, 2.4btM, k~,, 0.02/s) [3,17,21] 
in the presence of fibrin or its fragments, endowing 
t-PA with a largely specific, plasmin-mediated, lytic 
activity toward fibrin (Figure 20-2). The plasmino- 
genolytic activity of t -PA on Lys-plasminogen, in the 
presence of fibrin, is reported to be 10- to 15-fold 
higher than on Glu-plasminogen (Kin 191LtM, k~, 0.2/ 
s) [ l  1,17,18]. Lys-plasminogen, in turn, binds prefer- 
entially to fibrin, contr ibuting to the fibrin specificity 

of t-PA. This relative fibrin specificity [17,22,23] is 
mediated by a mechanism in which fibrin provides a 
surface to which t-PA and Lys-plasminogen adsorb, 
thus yielding a cyclic ternary complex [11,17,24]. 
The constant release of fibrin fragments causes 
increasing plasminogenolysis in a t ime-dependent  
manner. This leads to a progressive loss of fibrin 
specificity during the process of thrombolysis (see 
Figure 20-2). 
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TABLE 20-1. Chemical, biochemical, and pharmacological properties of tissue-type plasminogen activator (t-PA), the 
TNK-variant of tissue-type plasminogen activator (TNK-t-PA), and the plasminogen activators from vampire bat 
(DSPA) in comparison with streptokinase 

Plasminogen activator Streptokinase t-PA TNK-t-PA DSPA 

Generic name Streptokinase Alteplase ? ? 
Molecular weight (kD) 47 70 70 52 
Direct PA No Yes Yes Yes 
Main h., (rain) 10-25 4-9  15 19 170 
k,,,/K m (s t gtM-1) 

+ fibrin 6 x 10 ~ 10 2.5 x I(Y: 684 
- fibrin 6 x 10 ~ 10 -~ 0.3 × 10 -~ 0.06 

Stimulation by vascular ~-amyloid No Yes Yes (?) No 
Production Bacteria Hamster ovarian cells Hamster ovarian cells COS-1 cells 
Procedure Isolation Recombinant Recombinant Recombinant 

f~~ 
FbDP 

c 

.~Ipig 

A t-PA + Glu-PIg 

B xDP-t-PA + Glu-Plg 

C Fibrin-t-PA + Lys-PIg 

[xDP-t-PAI: FgDP ~ Fg 

PI -c(2AP 

Pig 

K m kcat kcat/Km 
[pM] is '1 [s' vM '] 

65 0,065 0,001 

0,16 0,1 0,62 

0,02 0,2 10 

FIGURE 20-2. The pharmacokinetic properties of tissue- 
type plasminogen activator that convey relative fibrin speci- 
ficity, t-PA = tissue-type plasminogen activator; Pig = 
plasminogen; PI = plasmin; FbDP = fibrin degradation 
products; Fg = fibrinogen; FgDP = fibrinogen degradation 
products; PI-&2AP = plasmin-OL,-antiplasmin complex. 
(Adapted from Hoylaerts eta[. [17], with permission.) 

[3-Amyloid also enhances the fibrinolytic activity 
of t-PA. Whether  this ~-amyloid-dependent  s t imu- 
lation of plasmin generation can be related to the 
increased hemorrhagic stroke rate observed with t-PA 
as compared with streptokinase currently remains a 
matter of speculation [58]. 

The fibrinolytic system is controlled by plasmino- 
gen activator inhibitors (PAI). The main antagonist 
of t-PA is PAI-1 [ l  1,12]. During the inhibi t ion reac- 
tion, PAI-1 binds irreversibly to the amino acid 

sequence Lys2'U'-His2W-Arg2'm-Arg299-Ser~)~-Pro ~°l- 
Gly~2-Arg TM of the light chain of t-PA, containing 
the active site of the molecule [25-27] .  After binding 
to PAI-1, the structure of the active site is modified, 
so that plasminogen activation is completely 
prevented. 

The specific activities of alteplase and duteplase (a 
nonglycosylated variant of t-PA, in which Met 2.~ is 
substituted for Val 2'*~ [28]) are reported to be 80 ,000-  
90,000U/rag protein [2,29] and about 300,000U/  
mg protein [28], respectively. However, the activity 
of duteplase may vary considerably (_+100,000 U/rag 
protein), depending on different conditions during 
the production phase. This has led to the expression 
of alteplase doses in mg/kg body weight and of 
duteplase doses in U/kg body weight. 

t -PA is rapidly cleared from the circulation by 
metabolism in the liver [30] and subsequent secretion 
into the bile. Thus, the half-life of the substance is 
increased in patients with severe hepatic failure. In 
healthy subjects and in patients with acute myocar- 
dial infarction, t -PA has a half-life of 4 - 9  minutes 
[31-34] .  

PRODUCTION 
Recombinant  human t-PA is currently expressed and 
synthesized in large amounts in bacterial cells 
(duteplase) and mammalian cell cultures (alteplase) 
[ l ,2,8,35].  In contrast to mammalian t-PA, the t-PA 
produced in bacteria is nonglycosylated [36] and, 
therefore, has a lower molecular weight (about 
47kD).  Aheplase, which has been commercially 
available for thrombolytic therapy since 1987, is pro- 
duced in hamster ovarian cells. 
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PRECLINICAI. AND CLINICAL PROPERTIES 
Tissue-type plasminogen activator has been compared 
with streptokinase and urokinase [37-41 ] in various 
in vitro [3,42,43], ex vivo and animal models (Table 
20-2). In contrast to streptokinase and urokinase, the 
thrombolytic efficacy of t-PA is probably strongly 
dose-dependent, as suggested by the dose-related 
decrease in plasma fibrinogen, plasminogen, and Ot,- 
antiplasmin levels, and by the simultaneous increase 
in the levels of fibrin and of fibrinogen degradation 
products (Figure 20-3). A threshold dose of 20-  
30mg/m~' body surface area exists, below which 
thrombolysis with t-PA seems to be completely fibrin 

selective. Only at very high doses does the fibrin 
specificity of t-PA slowly vanish, giving rise to sys- 
temic plasminogen activation. Extremely high doses 
of t-PA are capable of inducing fibrinogen degrada- 
tion, comparable with that observed with streptoki- 
nase [64]. The thrombolytic efficacy of t-PA, on the 
other hand, is dependent on the constant supply of 
new plasminogen molecules with circulating bloc)d. 
A sharp decline of t-PA-related thrombolysis occurs 
when piasminogen is depleted below a certain thresh- 
old (less than 30~  of normal; Figure 20-4) [44}. This 
phenomenon, first recognized by SobeI et al., is called 
plasndnogen steal [44]. 
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TABLE 20-2. Preclinical and clinical properties of tissue-type plasminogen activator (t-PAL the TNK-variant of tissue- 
type plasminogen activator (TNK-t-PA), and the plasminogen activator from vampire bat (DSPA ~1) in comparison 
with streptokinase 

Plasminogen activator Streptokinase t-PA TNK-t-PA DSPA O~1 

Generic name Streptokinase Alteplase 
Bolus administration possible (Yes) 

Fibrin specificity - + 
Antigenicity +-t-+ - 
Hypotensive effect ++ - 
Recommended dose in AMI 1.5 × 106U 100mg over 

over 1 h 1.5 h 
Clinical experience ) ~ ) I + + +  

Evaluated for AMI, DVT, PE, AMI, DVT, PE, (stroke) 
APVD, (stroke) 

? ? 
(Yes)? Yes 
(Double bolus) 
+-4- I t l  

+ (?) + (?) 

? ? 

(-) 
AMI L 

A s s e s s m e n t :  I I I I s E r o n g  t o  - -  l a c k i n g .  

AMI  = acute myocardial  infarction; D V T  = deep venous thrombosis ;  PE = pu lmonary  emlx~lism; A P V D  = acute peripheral vast ular disease; ( ) = not definitely 
accepted procedure; ? = ques t ionable  or not  defined. 
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FIGURE 20-4. The plasminogen steal phenomenon. Rela- 
tion between thrombo[ysis (A), dose of rt-PA, and plasma 
plasminogen concentrations (B). Critical value of rt-PA 
concentration (C) beyond which the thrombolytic activity 
of rt-PA is exhausted. Threshold of plasminogen concentra- 
tion (D) required for sufficient plasminogen delivery to 
warrant maximum thrombolysis. 

With today's most effective approved dose regimen 
for thrombolysis in patients with acute myocardial 
infarction (the Neuhaus regimen, i.e., an intravenous 
bolus of 15 mg of alteplase, followed by a continuous 
infusion of 50 mg over 30 minutes and of 35 mg over 
the next 60 minutes [45,46]), only little systemic 

fibrin degradation is observed. This regimen yields t- 
PA plasma levels of approximately two or three orders 
of magnitude above physiological concentrations. 
Clinical trials suggest that changes in this regimen of 
t-PA may further improve its thrombolytic efficacy 
[47,48]. 

Administration of high doses of t-PA leads to par- 
tial loss of fibrin specificity [46,49-54]. The effect is 
more pronounced with prolonged infusion regimens, 
such as those used in the treatment of deep venous 
thrombosis and peripheral arterial occlusions, or with 
accelerated regimens involving high initial bolus 
doses. Acceleration by fibrin of t-PA's plasminogen 
activation is similar to that caused by crosslinked 
~-amyloid (Km l.SbtM, k .... 0.06,'s). ~-Amyloid is 
detectable in cerebral amyloid angiopathy, a regular 
finding in the arteries of patients over the age of 70, 
and in Alzheimer's disease [55-57]. Therefore, one 
might speculate that a substance-specific mechanism 
is responsible for the observed higher rate of cerebral 
hemorrhage with t-PA compared with srreptokinase 
[58]. 

The results of the Global Utilization of Streptoki- 
nase and Tissue Plasminogen Activator for Occluded 
Coronary Arteries (GUSTO) I trial undoubtedly sup- 
port the overall superiority of t-PA (alteplase) over 
streptokinase [59,60]. In over 40,000 patients with 
evolving myc*'ardial infarction randomized to four 
thrombolytic treatments, 30-day mortality was 6.3% 
in over 10,000 patients randomized to accelerated 
t-PA versus 7.4~ in over 10,000 streptokinase re- 
cipients. (Patients allocated to a combination of strep- 
tokinase and t-PA, or to streptokinase with 
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subcutaneous instead of intravenous heparin, showed 
intermediate 30-day mortality rates). Coronary 
arteriography, performed after 90 minutes of treat- 
ment onset in approximately 300 patients of each of 
the four treatment groups, showed complete vessel 
patency in 54% of t-PA versus 32% of streptokinase 
recipients, respectively. Nevertheless, the greater 
thrombolytic efficacy of t-PA is accompanied by a 
higher risk of hemorrhagic stroke, compared with 
streptokinase (0.72% vs. 0.54%) [60]. In ISIS-3 
(Third International Study of Infarct Survival), mor- 
tality rates were similar in the streptokinase and 
duteplase groups [61], but bleeding complications 
and the frequency of stroke were higher in patients 
receiving duteplase ( 1.39% vs. 1.04~). 

TNK Variant of Tissue-Type 
Plasminogen Activator 
The efficacy and safety of currently available 
thrombolytic agents, including t-PA, cannot be re- 
garded as wholly satisfactory; moreover, in the treat- 
ment of patients with acute myocardial infarction, 
these agents now compete with angioplasty. Thus, 
the demand for improved thrombolytic drugs contin- 
ues. Many animal and patient studies indicate that 
the time required to reperfuse occluded coronary 
arteries influences infarct size and left ventricular 
function, which, in turn, alter survival rates after 
myocardial infarction. This has stimulated the search 
tot agents that can reduce the rime to reperfusion. 
The management of patients with acute myocardial 
infarction would also benefit from a lytic substance 
cleared from plasma more slowly than t-PA, 
which could therefore be administered as a bolus 
injection. 

Gene technology has allowed the molecular struc- 
ture of t-PA to be (hanged, endowing it with more 
desirable pharmacological properties. Using site-di- 
rected mutagenesis, the glycosylation site in kringle 
l ,  important for hepatic clearance [62], has been de- 
leted; this prevents binding to hepatic receptors and 
substantially prolongs the half-life of the substance 
[20t. Further mutagenesis of the PAI-I binding site 
prevents interaction with PAl-1. Although other t- 
PA mutants, for example, lacking the finger, epider- 
mal growth factor, and/or first kringle domain, have a 
substantially slower plasma clearance than native t- 
PA, most of these substances exhibit low specific 
fibrinolytic activity. Prolongation of t-PA's half-life 
can also be obtained by substitution or deletion of one 
or more selected amino acids in the finger or epider- 
mal growth factor domains. Such mutants preserve 
specific fibrinolytic activity. 

From a variety of several mutations of tile t-PA 
molecule, a variant (TNK-variant of t-PA) has been 
selected for further development because it is more 
potent, has greater fibrin specificity, is cleared more 
slowly from plasma, and has an improved resistance to 
inactivation by PAl-1 compared with native t-PA. 

CHEMICAL PROPERTIES 
The combination of three mutations (T 103 N, N 
117 Q, KHRR 296-299 AAAA) of recombinant 
human t-PA in a single molecule is referred to as rt- 
PA-TNK [20] (Figure 20-5; see Table 20-1). The 
first mutation consists of the replacement ofthreonine 
by asparagine at position 103 (T103N: rt-PA-T); this 
introduces a new glycosylation site in kringle 1 and 
prevents receptor binding in the liver. In rt-PA-K, 
the amino acids Lys2V6-His2~)V-Arg>"-Arg2'~" of the 
PAI-1 binding site are replaced with alanine (K296A, 
H297A, R298A, R299A: rt-PA-K), leading to 
both half-life prolongation and resistance to PAl-1 
[20,25,63,64]. This tetra-alanine substitution also 
confers enhanced fibrin specificity and increased 
potency on platelet-rich arterial thrombi (rich in 
PAI-I).  Additional substitution of asparagine by 
glutamine at position 1 [7 (N117Q: rt-PA-N) results 
in deletion of the glycosylatinn site in kringle 1, with 
a further reduction of plasma clearance and enhanced 
resistance to inhibition by PAI-1 [20]. 

BIOCHEMICAL AND 
PHARMACOLOGICAl. PROPERTIES 
In the presence of fibrinogen, the TNK-variant of t- 
PA exhibits only a 10-fold lower specific fibrinolytic 
activity relative to rt-PA (Km 3.9 vs. 4.8 I.tM, k~, 0.58 
vs. 0.08/min) [20t. In contrast, upon stimulation 
with fibrin, this activity rises 2-fold (Km 0.3 vs. 
1.5t.tM, k,~, 0.071 vs. 2.27~rain) [20], resulting in a 
10- to 20-fold enhancement of fibrin specificity [20]. 
Moreover, inactivation of the TNK-variant by PAI-1 
is 10-fold lower than that of native t-PA, which re- 
sults in a 100-fold greater plasminogen activation 
activity (k,,tK,, 120 x 10 ~ vs. 1,4 x l()~s ~M ~) [20] 
(see Table 20-1). 

PRECLINICAL AND CLINICAL PROPERTIES 
In in-vitro mc~els of clot lysis, the T N K  variant of 
t-PA was shown to have similar specific fibrinolytic 
activity [65], but a 2.6-fold increased potency to- 
wards platelet-rich plasma clots (rich in PAI-l  ) com- 
pared with t-PA (see Table 20-2). In rabbit and rat 
models, the TNK variant of t -PA is 8-10 times more 
potent than human recombinant t-PA [66]. In a 
rabbit arterial thrombosis model, TNK caused more 
rapid and more durable reperfusion, reducing the 
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FIGURE 20-5. Secondary structure of the TNK variant of tissue-type plasminogen activator (T103N, KHRR 296-299 
AAAA, N 117Q-mutant of t-PA). Arrow-site of conversion into the two-chain form; black bars = disulfide bonds; asterisks 
= active site of the protease domain. The glycosylated side chains are not shown. The three mutated sites are in bold, 

t ime to reperfusion to less than 40% and prolonging 
reperfusion by 6 0 ~  of the reference values obtained 
with recombinant human t-PA [67]. Despite the 
greater thrombolytic potency, it seemed to cause less 
surgical bleeds. In a combined arterial and venous 
thrombosis model in dogs, the t ime to vessel 
recanalization was shortened, whereas the duration of 
reperfusion was substantially prolonged, compared 
with t -PA [68]. A ; '0-rag bolus injection did not 

reduce the plasma levels of fibrinogen, plasminogen, 
and ot2-antiplasmin. A single- or double-bolus T N K  
regimen, with or without  heparin, in a rabbit femoral 
arterial occlusion model, led to recanalization in 28 
out of 30 cases, after an average of 16-36  minutes 
[69t. 

The plasma clearance of the T N K  variant is five to 
six times slower than that of t-PA [20]. Like recom- 
binant human t-PA, T N K  is predominantly cleared 
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by the liver [70]. Clearance kinetics in dogs, how- 
ever, seem saturable at a concentration of 10mg/kg. 
Coadministration of high molecular weight heparin 
does not affect its pharmacokinetics [71 ]. The plasma 
half-life of TNK in patients with acute myocardial 
infarction was 15-19 minutes, and the clearance was 
198 + 42 mL/min, compared with 550-680 mL/min 
for alteplase [72]. 

Presently, initial results are available from pilot 
studies in patients with acute myocardial infarction. 
In a phase I dose-finding study (TIMI 10A), patients 
with acute myocardial infarction were treated with 
escalating doses of TNK (5-50rag each, given as a 
single IV bolus). These studies provided encouraging 
pharmacokinetic, efficacy, and safety data to warrant 
further clinical testing of the substance [89]. Two 
further dose-finding studies (TIMI 10B and ASSENT 
1) are currently underway, testing a single 30-mg 
bolus versus a single 50-rag bolus of the substance 
(unpublished data). While TIMI 10B is designed as 
an angiographically controlled patency study, AS- 
SENT l is designed to give reliable safety data. With 

the 50-mg bolus in TIMI lOB, but not in ASSENT 1, 
however, an alarming frequency of cerebral bleeds was 
noticed (unpublished results). Both studies, therefore, 
will be continued, comparing a single 30-mg bolus to 
a 40-mg bolus dose. 

In general, the TNK variant of rt-PA appears to 
achieve rapid coronary artery patency, with little 
systemic effects when moderate doses are used. Con- 
firmation of these preliminary results in large ran- 
domized trials is awaited in the near future. 

DSPA: The Plasminogen Activator of the 
Vampire Bat, Desmodus rotundus 
Various organisms synthesize substances that can in- 
terfere with the hemostatic system of mammals; the 
best known are streptococci, which produce strep- 
tokinase. More developed organisms, especially those 
feeding on fresh blood, also produce substances that 
interfere with the hemostatic system of the blood 
donor. The saliva of the vampire bat Desmodus rotundll.~ 

contains a variety of such proteins [73}. 

t-PA 
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FIGURE 20-6. Schematic structure of the Desmodus salivary, plasmin(~gen activator (DSPA) Family compared with that of 
tissue-type plasminogen activator. Structural domains: F = finger domain; E = epidermal growth factor domain: 
K = kringle domain; P = protease domain. Arrow with P = cleavage site tot pmteases leading to conversion into 
the two-chain fi~rm. (Adapted from Petri et al. [74], with permission.) 
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CHEMICAL PROPERTIES 
Different molecular forms of the Dermodus salivary 
plasminogen activators (DSPA) have been isolated 
[73] (Figure 20-6 and Table 20-1). Variations in the 
cDNA encoding the amino acid composition of these 
different proteins suggest that they are not mere dele- 
tion derivatives and that different genes encode for 
the different variants [73]. Compared with the en- 
dogenous human tissue-type and urokinase-type plas- 
minogen activators, DSPA 0~1 and DSPA 0~2 contain 
a signal peptide, a finger, an epidermal growth factor, 
and a kringle domain, but neither a second kringle 
nor a plasmin-sensitive processing site. The kringle 
domain of DSPA R1 resembles kringle 1 rather than 
kringle 2 of t -PA [74]. DSPA [3 and DSPA y, the two 
smaller forms, lack the finger domain and the finger 
and epidermal growth factor domains, respectively 
[73] (see Figure 20-6). 

DSPA Otl (or DSPA) and DSPA 0~2 (bat-PA) are 
closely related proteins, each consisting of 477 amino 
acid residues with 89% homology in their amino acid 
sequence. Their cDNAs differ in only 80 of 2245 base 
pairs. Both proteins have an apparent molecular 
weight of 52 kD. DSPA [3 and DSPA y are composed 
of 431 and 394 amino acid residues, and have appar- 
ent molecular weights of 42 and 40 kD, respectively. 
The two high molecular weight forms of DSPA ex- 
hibit about 85% homology with human t-PA. The 
finger, epidermal growth factor, and kringle 1 do- 
mains are particularly highly conserved. All four 
DSPA variants lack the plasmin-sensitive region 
found in t-PA and u-PA [221. Thus, they act exclu- 
sively as single-chain molecules [73]. 

BIOCHEMICAL AND PHARMACOLOGICAL 
PROPERTIES 
DSPA at appropriate doses activates plasminogen only 
in the presence of a fibrin clot (polymeric fibrin as a 
cofactor) [75]. DSPA 0~1 and DSPA 0.2 both actively 
bind weakly to fibrin, whereas fibrin binding is not 
detected with tile other two variants (DSPA ~ and 
DSPA ~{) that lack the finger domain. For the fibrin 
specificity of DSPA, however, fibrin binding is appar- 
ently not necessary. Furthermore, DSPA 0tl and 
DSPA or2 are endowed with prolonged dominant 
plasma half-lifes: 190 minutes in the dog (Otl) and 17 
minutes in the rabbit (o~2), compared with 5-8 min- 
utes and 1 minute, respectively, with t-PA [86,83]. 
Unlike t-PA, the half-life of DSPA is not dose- 
dependent, which adds to the favorable pharmacologi- 
cal profile of this agent. Given its long circulating 
half-life, bolus administration ofDSPA (xl is possible. 

Of the four DSPA variants, DSPA ~1 seems to 
have the most promising thrombolytic properties 

[76] (see Table 20-1). Its fibrin specificity has been 
confirmed in several kinetic studies. In the absence of 
any cofactor, it is almost inert against Glu-plasmino- 
gen, as reflected by the catalytic rate constants K~, 
(9.5~M) and k ,  (0.6/s) [22]. Stimulation with 
fibrinogen alters these constants only marginally (Km 
16.3 lttM, k~,~ 0.86/s), whereas stimulation with fibrin 
causes dramatic changes (Km 0.38gM, k,,, 260/s, k, : /  
K m 684 s<~M-l). This shift represents a lO0,O00-fold 
increase in activity [22]. Therefore, with DSPA ¢tl, 
almost complete fibrin specificity can be expected 
[22]. 

In an in vitro model of clot lysis, DSPA 0~1 shows 
thrombolytic activities comparable with t-PA [22]. 
As expected, fibrinolysis with this agent is almost 
completely fibrin specific and occurs without any 
fibrinogen degradation [75,77,78]. In contrast to 
streptokinase and t-PA, which both significantly 
attenuate ADP- and collagen-induced platelet agg- 
regation, virtually no inhibition of platelet function 
is detected with DSPA ~1. The thrombolytic efficacy 
of DSPA 0tl, unlike that of t-PA, is not reduced by 
the presence of platelet-rich thrombi [76]. Further- 
more, in contrast to streptokinase, urokinase, and t- 
PA, DSPA R1 does not induce paradoxical thrombin 
generation [76]. Because of its unique properties 
(prolonged plasma half-life and almost complete 
fibrin specificity), DSPA R1 has been selected for 
development as a third-generation thrombolytic 
agent. 

PRODUCTION 
DSPA can be isolated in small amounts from tile 
saliva of the vampire bat [79,80]. Recently, cDNAs 
of all four I)SPA variants have been cloned and 
the related proteins have been expressed in, and 
isolated from, COS-1 cells (baby hamster kidney 
cells) [73,81]. DSPA o~1 is currently being produced 
in large quantities in mammalian cells (COS-1 
cells). 

PRECLINICAL AND CLINICAL PROPERTIES 
The thrombolytic properties of all DSPA variants 
have been studied in various animal models of 
thrombosis, including rats [82], dogs [83], rabbits 
[84-86],  and primates [76] (see Table 20-2). In these 
models, DSPA 0~1 has induced high rates of rapid and 
persistent reperfusion, compared with t-PA [83]. 
Reocclusions, regularly seen in the canine copper-coil 
model of arterial thrombosis after reperfusion with t- 
PA, were observed in only a ffw cases [83]. While 
lysis with t-PA is accompanied by consumption of 
plasminogen and o~2-antiplasmin, DSPA O~l in 
equimolar doses has almost no systemic effect. As 
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with t-PA, a marked prolongation of the bleeding 
t ime is observed [84,87]. The severity of bleeds, 
however, is usually mild and, in contrast to t-PA, the 
duration is shorter. 

Clinical studies, however, are required before any 
firm conclusion can be drawn on the safety of  DSPA 
o~1 in a clinical setting. In a pilot study of eight 
healthy volunteers, the pharmacokinetic properties 
of DSPA Oil were investigated. Doses of  0.03 to 
0.05 mg/kg  body weight  were administered as a 
single bolus injection. The dominant  half-life was 
determined to be 2.8 hours [90]. 

Because DSPA or1 is a protein of nonhuman origin, 
it may induce antibody production in humans. In rats 
and primates, antibodies have been detected in a frac- 
tion of the animals tested when doses of more than 
10rag were given as a single bolus [88]. Repeated 
administration of lower doses was also accompanied 
by antibody production in some, but not all, animals; 
the generation of antibodies was mostly seen when 
DSPA otl was given a second t ime after at least 9 days 
[90]. DSPA 0~1 may booster antibody titers, espe- 
cially when antibodies are still present in the circula- 
tion. Antibodies have been detected up to 49 weeks 
after the first administration of DSPA. This booster 
reaction may be accompanied by an inflammatory 
response, as indicated by simultaneous elevations of 
fibrinogen levels [90]. Thus, treatment with DSPA 
~1 may cause allergic reactions and, al though not 
observed in animal models, including primates, it 
cannot be excluded that repeated administration may 
cause severe or even life-threatening anaphylactic 
shock. 

Because of  the high degree of structural homology 
between t-PA and DSPA [73], there has been concern 
that antibodies against DSPA o~1 may neutralize the 
physiologic activity of t -PA through cross-reacting 
antibodies. Studies in sensitized primates revealed 
almost complete suppression of the thrombolytic 
activity of DSPA otl,  but did not indicate that any 
of the thrombolytic activity of natural or exogenous 
t -PA was quenched by the increased antibody titers 
[90]. Despite these favorable results from animal 
studies, this question of crucial importance remains 
to be settled. Future clinical trials will need to deter- 
mine whether potential antibodies against DSPA 0~1 
have such neutralizing properties and how long these 
may persist. 

Clinical testing of DSPA O~1 is planned in patients 
with acute myocardial infarction and stroke. The first 
patient with acute myocardial infarction was given 
DSPA in September 1996, with complete restoration 
of coronary blood flow (TIMI grade 3) after 90 min-  
utes (unpublished results). 
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21. N A T I O N A L  GOALS A N D  PERSPECTIVES 

FOR IMPROVING PATIENT CARE: 

THE N A T I O N A L  HEART AT T ACK 

ALERT PROGRAM 

Costas T. Lambrew 

The National Heart Attack Alert Program (NHAAP) 
is the most recent of the National Education Pro- 
grams developed and promoted by the National 
Heart, Lung and Blood Institute (NHLBI). The pri- 
mary goal of this educational initiative is to reduce 
morbidity and mortality associated with acute myo- 
cardial infarction (AMI), including infarct-related 
sudden death. The NHAAP is similar in scope to the 
institute's other well-known programs, including the 
National High Blood Pressure Education Program 
and the National Cholesterol Education Program. It 
was developed on the recommendation of a sympo- 
sium of experts convened by the NHLBI in October 
1990 to discuss barriers to early identification and 
treatment of individuals with symptoms and signs of 
AMI, and to present specific recommendations to the 
NHLBI for addressing and resolving these issues 
within the context of a National Education Program. 
Three phases of delay in the treatment of these pa- 
tients were identified: 

• Patient and bystander recognition of symptoms 
and signs of AMI, and delayed actions in response 
to these symptoms 

• Prehospital actions by health care professionals 
and emergency medical service (EMS) providers 

• Hospital actions by health care professionals at the 
hospital 

In the past 10 years, thrombolytic therapy has 
become the standard of care for patients with AMI, 
with significant, substantial reduction of mortality in 
all clinical trials with each of the currently available 
thrombolytic agents. Furthermore, these clinical 
trials have supported the early laboratory observation 

that the benefit ofthrombolytic therapy appears to be 
related to early opening of the infarct-related artery, 
resulting in rapid reperfusion of jeopardized myocar- 
dium, thereby limiting infarct size, decreasing left 
ventricular dysfunction, and resulting in improved 
survival. The time-benefit curve, however, is very 
steep, and the most dramatic benefit from myocardial 
salvage accrues to those patients treated within the 
first hour after the onset of symptoms. The incremen- 
tal benefit after 2 hours is smaller, may be related to 
mechanisms other than myocardial salvage, but out- 
weighs risk out to approximately 12 hours after the 
onset of symptoms. 

Therefore, the primary focus nfthe NHAAP at the 
present time is to develop educational programs that 
would reduce delays in patient presentation, earl}, 
identification and treatment of patients presenting to 
the EMS systems with chest pain, and earlier identi- 
fication and treatment of such patients in the hospital 
emergency department. The ultimate, albeit cur- 
rently unachievable, goal would be to offer reperfu- 
sion therapy to as many AMI patients as possible 
within 60 minutes after tile onset of chest pain. The 
greatest period of delay, related to recognition of 
symptoms by patients and their health-seeking be- 
haviors, has not been modified significantly over the 
last 20 years by multiple community intervention 
strategies, both in this country and abroad. The RE- 
ACT Program, a recently funded project of the 
NHLBI will, over the next 5 years, attempt to de- 
velop and test community interventions that would 
promote recognition of cardiac symptoms by patients 
and earlier calls for help. Interim recommendations 
for educational strategies to prevent prehospital delay 
in patients who are at high risk for acute myocardial 
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infarction that can be offered by physicians and 
other health professionals will be published in the 
course of the next year. In this section, Dr. Robert 
Goldberg addresses factors associated with patient 
delay and gives an overview of community trials de- 
signed to reduce the duration of this delay in seeking 
care. 

Recommendations related to the use of universal 
medical access (911), an appropriate response by 
medical dispatchers who receive calls from patients 
with chest pain, and an appropriate response by 
prehospital providers is presented by Dr. James 
Atkins. These recommendations from the NHAAP 
are in the process of publication. The problem of 
sudden death in the community, the use of the auto- 
matic external defibrillator (AED), and questions re- 
lated to the effectiveness of prehospital thrombolysis 
are addressed by Dr. Joseph Oronato. 

The first recommendations from the NHAAP ad- 
dressed delays in the early identification and treat- 
ment of such patients in the emergency department, 
and approaches to reducing those delays through ap- 
plication of the concepts of quality improvement. 
This report recommended that all patients with typi- 
cal symptoms for AMI, no contraindications, and 
findings of ST elevation consistent with injury on the 
ECG be treated with a thrombolytic drug within 30 
minutes of their arrival in the hospital emergency 
department. Dr. Harry Selker discusses approaches to 
the screening and identification of patients with un- 
stable ischemic syndromes. Dr. Costas Lambrew 
discusses barriers to the early identification and treat- 
ment of the patient in the emergency department and 
strategies whereby these barriers can be identified and 
the process modified to meet the goal of 30 minutes 
to treatment. 



22. DELAYS IN TREATMENT OF ACUTE 

MYOCARDIAL I N F A R C T I O N  IN THE 

EMERGENCY DEPARTMENT: R E D U C I N G  

DOOR TO D R U G  TIME 

Costas T. Lambrew 

Introduction 
Delays related to recognition of symptoms by the 
patient and prompt initiation of a call for help to the 
Emergency Medical Services System (EMSS) have yet 
to be effectively addressed and are subject to ongoing 
studies. Recommendations relating to reducing de- 
lays in EMSS response and transport times to hospital 
have been addressed in Chapter 24. Reducing inap- 
propriate delays in the emergency department is 
within the purview of physicians, nurses, and hospital 
staff and should be achievable through application of 
the process of continuous quality improvement. 

Most physicians and hospital staff involved in the 
care of patients with acute myocardial infarction gen- 
erally underestimate the time required to identify and 
initiate reperfusion therapy in patients with ST- 
segment elevation acute myocardial infarction (AMI). 
Yet, when time from the emergency department ar- 
rival to initiation of a lytic drug (door-drug time) is 
actually recorded and tracked, median time delays of 
70-90 minutes are common [1-4] .  

The National Heart Attack Apert Program 
(NHAAP) Working Group, considering potential 
sources of delay in the identification of patients with 
AMI and their treatment with thrombolytic drugs, 
identified four critical time points in the process, 
referred to as the 4Ds, which are defined as follows: 

• Door: time of arrival in the emergency department 
• Dara: time of acquisition of the ECG showing ST 

elevation 
• Decision: time when the order is written to ad- 

minister a thrombolytic agent 
• Drug: time when the infusion of the thrombolytic 

drug is begun [5] 

These time points are recorded for every patient 
and are easily retrievable. It is recommended that 
these time points be tracked for every patient with 
nontraumatic chest pain coming to an emergency 
department to be evaluated for the possibility of an 
unstable ischemic syndrome and eligibility for a 
reperfusion strategy. These time points enclose three 
intervals in the process of identification and treatment 
of such patients that include actions and reflect poli- 
cies that need to be continually examined for the 
purpose of reducing delays while ensuring a high 
standard of care. These time points, intervals, and 
secondary time points that might be collected for the 
purpose of identifying actual sources of delay, are 
shown in Figure 22-1. Critical review of emergency 
department process can occur only through actual 
recording of these time points and regular review of 
door to drug time in relationship to emergency de- 
partment process and policies. Major causes of 
delay, generic to many emergency departments, in- 
clude outdated emergency department protocols for 
the identification and treatment of patients with 
acute myocardial infarction (AMI), poor coordination 
between the emergency department and other hospi- 
tal departments (such as the ECG service and phar- 
macy), and disputes among medical staff related to 
policies of consultation on such patients, authority to 
order the ECG, and who may order the thrombolytic 
drug. 

The NHAAP recommends that all patients with 
typical symptoms of AMI, no contraindications, and 
findings of ST elevation consistent with injury on the 
ECG be treated with a thrombolytic drug within 30 
minutes of their arrival in the hospital emergency 
department [5]. This recommendation of a 30- 
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FIGURE 22-1. Process t ime points anti intervals through 
which the Acute MI patient passes until  t reatment  in the 
emergency department.  

"FABLE 22-1. Guidelines for emergency depar tment  
registration clerk's and/or triage nurse's identification of AMI patients 

R E G I S T R A T I O N / C L E R I C A L  S T A F F  
patients over 30 years of age with the following chief complaints require immediate assessment by the triage nurse and 
should be referred fiJr further evaluation: 

C h i e f  C o m p l a i n t  
• Chest pain, pressure, t ightness,  or heaviness. Radiating pain in neck, jaw, shoulders, back, or one or both arms 
• Indigestion or "heartburn"/nausea and/or vomit ing 
• Persistent shormess of breath 
,, Weakness/dizziness/lightheadedness/loss of consciousness 

T R I A G E  N U R S E  

Patients with the following symptoms  and signs require immediate  assessment by tile triage nurse jbr initiating the A,'lll 
protocol: 

Chie f  C o m p l a i n t  
• Chest pain. Patients over 30 years of age with chest pain or severe epigastric pain, nontraumatic  in origin, having 

components  typical of myocardial isehemia or int~arction: 
- -  Central/substernal compression or crushing chest pain 

- -  Pressure, t ightness,  heaviness, cramping,  burning,  aching sensation 
- -  Unexplained indigestion/belching 
- -  Radiating pain in neck, jaw, shoulders, back, or one or both arms 

* Associated dyspnea 
• Associated nausea/vomiting 
• Associated diaphoresis 

If these symptoms  are present, obtain stat ECG. 

Medical  His to r  T 
The triage nurse should do a brief, targeted initial history assessing for current or past history of- 

• Coronary artery bypass graft ing,  angioplasty, coronary artery disease, or AMI 
• Nitroglycerin use to relieve pain 
• Risk f~actors, including smoking,  hylxerlipidemia, hypertension, diabetes mellitus, family history, cocaine use 

This  brief history m u s t  not  delay entry into the AMI protocol. 

Special Cons ide r a t i ons  
• Questions have been raised as to whether women may present most  freqnently with atypical chest pain and symptoms.  
• Diabetic patients may have atypical presentations due to autonomic dysfunction. 
• Elderly patients may have stroke, syncope, or change in mental  status. 
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minute door to drug time is based on an analysis of 
emergency department process that is framed within 
the long-term goal of 60 minutes to treatment after 
onset of symptoms once patient and prehospital de- 
lays are addressed. It is consistent with the American 
Heart Association recommendation that such patients 
be treated within 30-60 minutes of emergency de- 
partment arrival [6]. The data supporting this recom- 
mendation, a detailed discussion of barriers to early 
treatment in the emergency department, and recom- 
mendations for reducing door to drug time have been 
previously published [5]. 

In addition to the general causes of delay noted 
earlier, each emergency department has its own 
unique barriers to early treatment. Emergency de- 
partments must develop a multidisciplinary team 
that includes emergency physicians, cardiologists, 
nurses, ECG technicians, pharmacists, and registra- 
tion clerks, who would review door to drug time on a 
regular basis and identify problems for the purpose 
of developing and implementing effective depart- 
ment policies, protocols, and guidelines that would 
facilitate early therapeutic intervention. Each emer- 
gency department must adopt a protocol to this 
end based on the input from this multidisciplinary 
group. 

Door 
There are many causes for delay as the patient enters 
the emergency department. Those patients who come 
in by private conveyance as opposed to ambulance - -  
up to 50% of patients with AMI in some studies - -  
may not be triaged as promptly as those who arrive by 
ambulance [7]. These patients may be perceived as 
non-urgent and put in a queue for registration. In 
some instances, registration clerks are trained to 
gather demographic information prior to eliciting a 
chief complaint from patients who are ambulatory, 
inappropriately delaying triage and identification of 
patients with an unstable ischemic syndrome. It is 
recommended that the chief complaint always be elic- 
ited on all patients prior to recording of demographic 
information, which can be gathered at a later, more 
appropriate time. 

Registration representatives should elicit a focused 
history from any patient presenting to the emergency 
department. Should the complaint be among those 
listed in Table 22-1, the patient should be immedi- 
ately referred to the triage nurse, who should proceed 
along the suggested guideline for the purpose of de- 
termining whether the AMI protocol should be initi- 
ated. Identification and treatment of patients with 
AMI has been facilitated by developing a fast track for 

such patients or by assigning such patients a higher 
triage category, thereby having them assessed 
professionally in a shorter period of rime. Both of 
these strategies have resulted in a significant decrease 
in the interval between the emergency department 
entry and recording of a 12-lead ECG [8]. In those 
relatively few communities in which emergency de- 
partment staff has a prehospital 12-lead ECG avail- 
able for patients being transported to the hospital by 
ambulance, ST-segment elevation on the ECG or, 
indeed, ST-segment depression, identified prior to 
arrival has significantly reduced door to drug time 
[9,10]. The triage nurse should immediately commu- 
nicate the presence of a patient with suspected myo- 
cardial infarction to the emergency department 
physician. 

At the least, communications from prehospital per- 
sonnel transporting patients in an ambulance might 
include a description of symptoms and history, which 
would alert emergency department receiving staff to 
the need for early triage and workup of the patient 
coming to them. However, detailed information from 
the prehospital care provider should not preclude ef- 
ficient, rapid, and safe transport of the patient to the 
hospital. 

Data 
The finding of ST-segment elevation on the 12-lead 
ECG in a patient with symptoms consistent with 
cardiac ischemia is clearly the trigger that leads to 
consideration of reperfusion therapy. The triage 
nurse should have authority by protocol to order a 12- 
lead ECG on patients suspected of having myo- 
cardial ischemia, thereby obviating any delay related 
to restricting the authority to order the ECG to the 
physician. Delays in ECG availability of up to 20 
minutes, once the order is entered, have been reported 
[3]. It is recommended that an ECG should be avail- 
able no later than 5 minutes after it is ordered. An 
ECG machine should be located in the emergency 
department for use by the person acquiring the ECG 
and for availability during the night when an 
ECG technician may not be available. Technicians 
being paged to acquire the ECG must respond 
within this time frame on an emergency basis. If this 
is not possible, then emergency department personnel 
must be trained to acquire the ECG. Once the ECG 
is recorded, it should be given to a caregiver, either 
the nurse or the physician. Emergency department 
nurses should be trained to recognize ECG changes 
consistent with AMI. The ECG should not be seques- 
tered at the desk and should be seen by the evaluating 
physician as soon as it is available. 
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In addition to having standard orders to obtain an 
ECG, the emergency nurse should, by protocol, have 
authority to initiate 

• Administration of aspirin for patients with clini- 
cally suspected unstable angina or AMI who are 
not allergic to salicylates 

• ECG monitoring for disturbances in rhythm 
• Oxygen therapy 
• Intravenous access 
• Appropriate baseline laboratory studies, such as 

myocardial enzymes 
• Sublingual or topical nitrates as appropriate 

Once again, none of these activities should in any way 
delay a decision about initiation of thrombolytic 
therapy. 

Decision 
Many factors may affect the capacity of the treating 
emergency physician to diagnose AMI, and to decide 
if thrombolytic therapy is indicated and if other 
therapy should be initiated. There should be a clear, 
concise treatment algorithm that specifies inclusion 
criteria, including ECG criteria, that would qualify a 
patient for thrombolytic therapy, as well as relative 
and absolute cnntraindications to thrombolytics. 
That algorithm should also specify other interven- 
tions in the patient with an unstable ischemic syn- 
drome, including AMI, such as aspirin, heparin, beta 
blockers, nitrates, and ACE inhibitors, so as to ensure 
that these agents are promptly administered. How- 
ever, no intervention should delay prompt initiation 
of thrombolytic therapy when the diagnosis is estab- 
lished. The algorithm should reflect the results of 
large trials. Care should be taken not to list 
contraindications or exclusion criteria that would in- 
appropriately exclude select patient groups from 
treatment with thrombolytics. Age, surprisingly, 
continues to be used as an absolute exclusion criterion 
in some protocols, while others continue to limit the 
administration of thrombolytic drugs to patients 
with onset of chest pain within 6 hours [1 1]. Agree- 
ments between physicians in cardiology, internal 
medicine, and emergency medicine, as well as with 
emergency department nurses and appropriate tech- 
nologists, should result in a protocol that will be 
used by all and will, by virtue of familiarity, facilitate 
care. 

Clear-cut ST-segment elevation meeting the inclu- 
sion criteria for thrombolysis in a patient with typical 
symptoms without contraindications should result in 
an immediate decision to initiate thrombolytic 

therapy. ECG findings that are equivocal, confusing, 
or open to differing interpretations, may significantly 
prolong decision time. Use of more sophisticated al- 
gorithms for computerized interpretation of electro- 
cardiograms, which are highly sensitive and specific 
for myocardial injury, could assist the emergency 
physician in making the diagnosis of AMl and in 
initiating prompt protocol-driven therapy [12,13]. 
This technology is currently being evaluated in the 
clinical setting. Atypical clinical presentation, and 
nonconclusive or nondiagnostic findings on the 12- 
lead ECG require immediate cardiology consultation. 
Frequently, this can be effectively accomplished by 
telephone or facsimile transmission of the 12-lead 
ECG for evaluation by a cardiologist. Use of tele- 
phone and fax consultation has been found to signifi- 
cantly reduce delay over bedside consultation by the 
cardiologist [ 11 ]. 

The emergency physician should have delegated 
authority from the medical staff to initiate 
thrombolytic therapy in patients with clear-cut 
symptoms of AMI, diagnostic electrocardiograms, 
and no contraindications, without mandatory 
bedside consultatien from a cardiologist or contact of 
the primary care physician as a matter of policy. A 
surprising number of hospitals require the primary 
care physician to be called and the cardiologist to 
perform a bedside consultation despite clear-cut 
findings, and both of these practices, in the patient 
who fulfills all protocol criteria, in no way contribute 
to the decision or the quality of care, but significantly 
compromise early treatment by imposing a substan- 
tial delay on the initiation of thrombolytic therapy 
[3,11,14]. The primary care physician may be noti- 
fied once the decision is made and the drug is initi- 
ated. The cardiologist may appropriately assume care 
of the patient once the patient reaches the cardiac 
care unit. 

Other routine studies or diagnostic interventions 
are not necessary in the patient with classic ECG 
findings of ST-elevation AMI as defined by the proto- 
col. Patients with unclear symptomatic presentations 
and/or equivocal ECG findings may benefit from car- 
diac consultation, and selective applicatinn of other 
diagnostic studies, including, possibly, echocardio- 
graphy, to assess the presence or absence of wall- 
motion abnormality, or nuclear imaging studies. The 
sensitivity of continuous ST-segment monitoring and 
the application of rapidly available assays for enzymes 
that are released soon after onset of necrosis in making 
the diagnosis of AMI are also being evaluated, but the 
role of all of these studies has not been clearly defined, 
and they should be restricted in their application to 
the evaluation of selected patients. 



22. DELAYS IN TREATMENT OF ACUTE MYOCARDIAL INFARCTION 291 

Drug 
Once the decision is made to treat a patient with 
thrombolytic therapy, the drug should be made avail- 
able and administered promptly. Delays in mixing 
the drug and receiving the drug from the pharmacy, 
where they occur, may be obviated by maintaining 
the drug and preparing it for administration in the 
emergency department itself [14]. The greatest con- 
tributor to delay in administration of drug is imposed 
by policy that requires that the drug be administered 
only after the patient is transported to the cardiac care 
unit. Initiation of the drug in the emergency depart- 
ment cuts door to drug time by 23-50 minutes 
[2,11,14]. 

Written informed consent continues to be required 
from patients receiving a thrombolytic drug in a sig- 
nificant number of hospitals [1 1]. It is recommended 
that these patients can be adequately informed of 
their condition and the benefits as well as the risks of 
thrombolytic therapy in a concise verbal communica- 
tion [3]. It is probable that patients with severe chest 
pain are not in a position to fully comprehend a 
lengthy written informed consent that they are re- 
quired to read, which, again, inappropriately delays 
treatment and is probably not valid under the circum- 
stances, even when signed [11]. 

Standard protocols for the actual administration of 
the thrombolytic, adjunctive agents, such as beta 
blockers, nitrates, and ACE inhibitors, as well as con- 
junctive agents such as aspirin and heparin, should be 
available so as to facilitate prompt administration. 
The emergency department record would facilitate 
review of care of these patients were it to include a 
check-off that these drugs have been given and pro- 
visions for entry of each of the 4 D time points. 

Evaluation of Treatment for Acute 
Myocardial Infarction 
It is recommended that there be a multidisciplinary 
group that continually reviews the process and qual- 
ity of care of patients with AMI. The W. Edwards 
Deming model of continuous quality improvement 
(CQI) involves repetitive sequences of evaluation, cor- 
rective intervention, and re-evaluation that continu- 
ously improve quality. The process requires an 
explicit knowledge of the process of care. Changes 
cannot be made in a system that functions poorly 
unless there is an understanding of how the system 
works. 

Each emergency department and hospital is 
unique. The analysis of process should result in an 
efficient, effective process, with measurable changes 

as reflected in significant reductions in door to drug 
time and an increasing percentage of patients who are 
treated within the recommended standard of 30 min- 
utes from hospital arrival. This evaluation and follow- 
up of these data need to occur on a regular basis. It is 
clear that just because a goal is met, it is not necessar- 
ily maintained if close follow-up and monitoring of 
data are not performed on a regular basis. 

Other components of the evaluation process are as 
follows: 

• Currency of protocols. Do the protocols reflect 
current recommendations as results of clinical tri- 
als are published? 

• Eligible patients treated. What percent of patients 
eligible for thrombolytic therapy according to the 
protocol actually receive thrombolytic therapy? 

• Are patients being inappropriately excluded on 
the basis of age, time from onset of symptoms, or 
perceived contraindications that are not reflected 
in the protocol? 

• Accuracy of ECG interpretation. Are patients be- 
ing treated with lyrics on the basis of 
overinterpretation of the ECG? Do the ECGs of 
patients treated with lytics meet the ST-segment 
elevation criteria as specified on the protocol? 
What percentage of patients treated have enzyme- 
confirmed myocardial injury? 

• Appropriate use of adjunctive and conjunctive 
drugs. What percent of patients receive aspirin, 
heparin (in patients treated with t-PA), beta 
blockers if no contraindication, nitrates for pain, 
ACE inhibitors, and/or magnesium? Are calcium 
channel blockers being inappropriately used? 

• Outcomes. Mortality, morbidity, and, perhaps, an 
assessment of myocardial salvage, as reflected by 
ejection fraction, should be reviewed on a regular 
basis. All complications should be reviewed from 
the perspective of whether presenting characteris- 
tics might have predicted the possibility of a com- 
plication such as a bleed. 

Feedback should continually be given to members 
of the medical staff in all departments, nursing staff, 
as well as ECG and pharmacy staff that would rein- 
force positive behavior or result in modification of the 
process to further reduce the door to drug time or 
improve compliance to protocol. Application of this 
process in a number of institutions has been reported. 
It is clear that door to drug time can be reduced 
substantially toward the goal of improving outcomes 
for patients with AMI while maintaining safety and 
increasing the use of effective drugs when appropri- 
ate. Reduction of door to drug time to 20-25 
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minutes is possible in most emergency departments 
[15,16]. 
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Introduction 
Death rates from coronary heart disease (CHD) in the 
United States increased dramatically at the beginning 
of the 20th century, reaching epidemic proportions 
by the mid-1960s [1-4]. Since the peak in CHD 
death rates in 1968, during which approximately 
675,000 persons died from CHD and nearly 370,000 
from acute myocardial infarction (AMI), age-adjusted 
mortality rates attributed to CHD have leveled off 
and have exhibited a consistent downward trend, de- 
clining by approximately 2-3% annually. Despite 
these encouraging declines in CHD mortality rates 
over the past 25 years, CHD remains the major cause 
of death and disability in the United States and other 
industrialized countries; approximately 1.25 million 
persons experience an AMI in the United States each 
year, and almost 500,000 CHD deaths occur annu- 
ally, with nearly half of these deaths attributed to 
AMI alone [5]. CHD is a major health concern for 
both men and women. 

A paucity of population-based data exist to explain 
the observed temporal trends in CHD mortality rates. 
While reasons for the decline in mortality rates at- 
tributed to CHD in the United States, as well as in a 
number of other industrialized countries, are incom- 
pletely understood, it is likely that this decline is due 
to factors affecting the risk of developing and/or dy- 
ing from CHD, including changes in the prevalence 
and/or levels of the major coronary risk factors and 
improvements in the medical management of pa- 

tients with established coronary artery disease [5]. 
In general, national estimates of population changes 
in the commonly accepted risk factors for CHD 
have demonstrated consistent improvements over the 
past two decades. For example, overall population 
prevalence rates of cigarette smoking have declined 
in adults since the issuance of the Surgeon 
General's first report on smoking and health in 1964, 
marked increases in the population awareness and 
control of high blood pressure have been observed 
since the late 1960s, and declines in the average 
population cholesterol levels have been seen in health 
surveys of the noninstitutionalized population of the 
United States since the early 1960s to the late 1970s 
[5]. 

Striking advances in the management of AMl have 
also taken place during the past decade [5,6]. The 
medical management of AMI has evolved from a 
strategy of watchful waiting with primarily hemody- 
namic support to one of active intervention with 
thrombolytic agents and aggressive mechanical inter- 
ventions, such as coronary angioplasty, that are de- 
signed to restore perfusion to the ischemic 
myocardium. These measures are utilized to prevent 
or reduce the risk of complications associated with 
acute myocardial necrosis. The results of a number of 
secondary prevention trials employing thrombolytic 
therapies such as streptokinase or tissue plasminogen 
activator (t-PA) have demonstrated a significant re- 
duction in mortality following AMI [7-11]. 
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Thrombolytic Therapy for Acute 
Myocardial Infarction 
The advent, introduction, and success of tbrom- 
bolytic therapy has held out considerable promise for 
reducing the high morbidity and mortality associated 
with AMI and has dramatically changed the delivery 
of care in the early hours of this disease process. A 
recta-analysis of 14 published randomized clinical 
trials has shown that the early administration of 
thrombolytic therapy is associated with an approxi- 
mate 25c~ reduction in in-hospital case-fatality rates 
following AMI [9]. These studies have also shown 
that the earlier thrombolytic therapy is initiated, the 
greater the reduction in mortality, or conversely, 
the efficacy of thrombolytic therapy in altering the 
course of AMI decreases rapidly with time since the 
onset of the acute event. 

Despite the clear benefits associated with use of 
thrombolytic therapy in patients with AMI, several 
studies suggest that less than one quarter of AMI 
patients receive a thrombolytic agent, primarily due 
to delays in seeking medical care as well as due to real 
or perceived contraindications to use of this therapy 
[10,11[}. Although data from the multihospital, 
population-based Worcester Heart Attack Study 
showed a marked increase in the use of thrombolytic 
agents in community residents hospitalized with vali- 
dated AMI between 1986 and 1990, only 23% of 
AMI patients received thrombolytic therapy in 1990 
[12]; use of these agents was directly related to the 
duration of patient delay in presentation to the hospi- 
tal after the appearance of AMI symptoms [13]. Pa- 
tients arriving at the emergency department in any of 
16 university-affiliated and community hospitals in 
the Worcester metropolitan area within 1 hour of the 
onset of AMI symptoms were approximately 6.5 
times more likely to receive thrombolytic therapy 
than were those presenting to these emergency de- 
partments 6 or more hours after the onset of acute 
symptoms. Of patients presenting to the hospital 
within l hour of the onset of AMI symptoms, 32% 
received thrombolytic therapy; this percentage de- 
creased to 22%, 13c~, and 8% in those presenting 
between 2 and 3 hours, 4 and 6 hours, and greater 
than 8 hours, respectively, after the onset of AMI 
symptoms [13]. 

Delay in Seeking Medical Care Following 
Onset of Acute Coronary Symptoms and 
Factors Associated with Delay 
Given the magnitude of CHD in the United States, 
the availability of therapies that have been shown to 

reduce infarct size and to improve short-term survival 
following AMI, data suggesting that the timing of 
administration of these agents is related to efficacy, 
and that delays in seeking definitive medical care may 
result in increased risk of sudden cardiac death and 
poorer in-hospital survival, compelling reasons are 
put forth for community-wide efforts to further un- 
derstand and reduce the extent of delay in individuals 
seeking medical care after the onset of symptoms 
suggestive of AMI. While a number of investigations 
are attempting to streamline the delivery of 
thrombolytic therapy in the emergency department 
and to reduce hospital-associated delays in the admin- 
istration of this therapy, the vast majority of the delay 
time associated with administration of thrombolytic 
therapy is related to patient-associated factors that 
occur before the patient reaches the hospital 
setting. Several studies have, therefore, attempted to 
define the stages of delay in seeking medical care 
following the onset of symptoms of acute CHD, to 
assess the magnitude of delay associated with these 
various stages, and to determine factors associated 
with delay. 

A number of phases may occur when one delays the 
decision to seek medical treatment following the on- 
set of acute CHD symptoms, and these phases do not 
necessarily follow in a logical ordered sequence [ 14]. 
Using the framework constructed by Alonzo [15] 
from previous work done by others on stages of illness 
[16], the following phases of delay may exist: the 
prodromal phase, the definition phase of self- 
evaluation, the lay consultation phase, the medical 
consultation phase, the hospital travel phase, and the 
hospital procedural phase from arrival at the emer- 
gency department to the initiation of treatment. De- 
lay can occur during any of these phases, impacting 
on the receipt of thrombolytic therapy or mechanical 
revascularization upon hospital arrival. 

The major component of total delay time is patient 
decision time; transportation time to the hospital 
represents only a small percentage of the overall ex- 
tent of delay. Table 23-1 reviews several published 
studies that have examined the extent of prehospital 
delay in patients hospitalized with AMI [17]. Al- 
though considerable variation in the magnitude of 
delay exists, there is substantial delay from the time 
of perceived symptom onset to hospital arrival noted. 
Median delay times ranging from less than 2 hours to 
as much as 8 hours, and mean delay times ranging 
from 1.6 hours to longer than 1 day have been ob- 
served in these observational studies carried out be- 
tween the early 1960s and the mid to late 1980s. A 
number of these studies have found that approxi- 
mately one half of patients delay seeking treatment 
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TABLE 23-1. Characteristics of study samples and delay times in 
patients with confirmed acute myocardial infarction (AMI) in selected studies 

Author 

Previous Ascertainment Delay time (h) 
Study Mean history of of delay time 
years n age (yr.) c~: Men Selection of cases AMI (c~,) data Mean Median 

Olin et al. (29) 1962-63 31 53 78 

Moss et al. (30) 1968-69 160 61 72 
Tjoe et al. (31) 1970 48 N.R. 59 

Turi et al. (32) 1978-83 778 57 73 

Cooper et al. (33) 1983 84 11 l 60 56 

Mitic et al. (19) 1984 101 58 64 
Ho et al. (20) 1986-87 135 63 57 

Herlitz et al, (23) 1986-87 762 N.R N.R. 
Ridker et al. (34) 1982-88 258 >40 100 

Ridker et al. (34) 1982-88 240 >.40 100 

Schmidt et al. (35) 1988-89 126 60 75 

Moses et al. (21) 1991 66 57 45 
Yarzebski et al. (17) 1986-90 1279 N.R 62 

Ell et al. (36) 1988-90 448 N.R. 51 

Random 10 Interview 5.2 2.0 
sample 

Emergency dept. 24 Interview 42.4 3.5 
Successive admissions 29 Interview 25.8 8.(1 

to CCU 
Patients randomized 2~ Medical record 3.6 2.0 

into a clinical trial 
(5 CCUs) 

Admissions to a 23 Interview 22.5 6.0 
medical service 
emergency dept. N.R. Medical record 1.6 N.R. 

Admissions to 9 N.R. Interview N.R. 2.6 
CCUs 

Emergency dept. N.R. Medical record N.R ~,.0 
Patients with initial 0 Medical record N.R. 1.8 

AMI in Physicians 
Health Study 

Patients with initial 0 Medical record N.R -t.9 
AMI in ISIS-2 

Admitted and 25 Questionnaire 5.9 2.2 

transferred patients 
Emergency dept. NR. Medical record 3.6 1.7 
Community-based 32 Medical record 4.2 2.0 

survey of 16 
teaching and 
community hospitals 

African-American N.R Interview 14.9 2.7 
patients admitted 
to a public and a 
private hospital fi~r 
suspect AMI 

N R. m not reported 

for 4 or more  hours  after acute  s y m p t o m  onset ,  In the  
mos t  recent  and largest  o f  these  s tud ies  o f  me t ropo l i -  
tan  W o r c e s t e r  MA,  res idents  [17] ,  the  average (4.2 
hours)  and m ed ia n  (2.0 hours)  delays be tween  onset  o f  

s y m p t o m s  sugges t ive  o f  A M I  and hospi ta l  p resen ta -  
t ion  d id  not  change  s ignif icant ly  over the  per iods  
exam ine d  ( 1 9 8 6 - 1 9 9 0 ) ,  Th i s  var iabi l i ty  across s tud-  
ies is likely to  be a result  o f  several factors,  i nc lud ing  
differences in the  def in i t ion  and c o m p o n e n t s  o f  delay 

t ime ,  acute s y m p t o m  onset ,  p a t i en t  inc lus ion cr i ter ia  
and d iagnos i s  o f  AMI ,  var iabi l i ty  in the  n u m b e r  o f  
subjects  s tud ied ,  and differences  in pa t i en t  d e m o -  
graphic  and clinical character is t ics .  In par t icular ,  a 
n u m b e r  of  ques t ions  have been raised conce rn ing  the  
abi l i ty  of  pa t i en t s  to accurately recall the  t ime  o f  
onset  o f  AMI- re l a t ed  s y m p t o m s  and to in te rpre t  the  
nature  and  seriousness o f  more  nonspecif ic  s igns  and 

s y m p t o m s .  

A var ie ty  o f  factors have been examined  su r round-  
ing  the  decis ion to act and  respond to the  s y m p t o m s  
of  A M I  [14].  T h e  major i ty  of  s tud ies  e x a m i n i n g  

sources o f  delay have shown  tha t  l e n g t h y  decis ion 
m a k i n g  and  inappropr ia t e  responses,  or failure to rec- 
ognize  the  onset  o f  acute  C H D - r e l a t e d  s y m p t o m s ,  are 
the  p r inc ipa l  con t r ibu to r s  to prehospi ra l  delay.  W h i l e  
incons i s ten t  f ind ings  have been repor ted  conce rn ing  
the  associat ion o f  age and g e n d e r  w i th  p rehosp i t a l  
delay,  several s tudies  have shown  tha t  the  e lder ly  
delay longer  than  younge r  individuals .  Racial differ-  
ences in the  ex ten t  o f  p rehospi ta l  delay have no t  been 
sys temat ica l ly  examined ;  the  few s tudies  tha t  have 
exami ned  this  re la t ionsh ip  have s h o w n  Afr ican 
Amer i cans  to delay longer  than whi tes  in seeking  care 
for A M I  s y m p t o m s .  N e i t h e r  soc ioeconomic  s ta tus  nor  
level o f  educa t ion  has been shown  to be associated 
w i t h  care-seeking behavior  [14].  A pr ior  h is tory  o f  
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CHD does not appear to be associated with 
reduced delay and may actually increase delay in seek- 
ing care. 

Seeking the assistance of a spouse or physician in 
making the decision to go to the hospital for AMI 
symptoms has been associated with prolonged delay, 
as has the use of self-treatment measures for cardiac 
symptoms. Onset of cardiac symptoms during the 
daytime hours and on the weekend is typically 
asso~-iated with an increase in delay times. Inability 
to interpret symptoms suggestive of acute coronary 
disease, slowly developing symptoms, confusion in 
the recognition of these symptoms, as well as denial 
or fear have been suggested as reasons for patient 
delay in seeking treatment. Availability of medical 
care, perceived quality of care, and cost-related 
issues may also impact on the duration of prehospital 
delay. 

Overvieu, of Studies Designed to Reduce 
Extent of Prehospita/ Delay 
WhiLe a number of national and international inter- 
vention programs have been designed and carried out 
to mcxlify the major risk factors for CHD by encour- 
aging individuals at increased risk for CHD and en- 
tire communities to modify their lifestyle practices, 
there have been surprisingly few community-based 
attempts to alter the health care-seeking behavior of 
individuals once the signs and symptoms of acute 
coronary disease have developed [18-25]. The de- 
scriptive characteristics of several of these trials and 
their results are summarized in Table 23-2. 

The earliest o( these studies, in Nottingham, 
England, asked adult patients registered with three 
general medical practices to telephone a special hospi- 
tal number if they were having chest pain lasting for 
more than 10 minutes [18]. Patients from three inter- 
vention practices reported chest pain earlier than 
patients in 10 comparison practices selected as con- 
venience samples. This initial investigation was fol- 
lowed by a study in Canada that utilized an 8-week 
"Signals and Actions" television and radio media 
campaign. Two concepts were emphasized in this 
program: that the symptoms of a heart attack can 
be clearly described and recognized and the impor- 
tance of seeking immediate professional help [19]. 
This study observed a significant increase (16c~ , 
precampaign to 29q4 postcampaign) in the percent- 
age of patients presenting to the emergency depart- 
ment within 2 hours of symptom onset from before, 
during, and after the mass media campaign. 

This program was followed by a public education 
campaign in Seattle, Washington, which was carried 

out in collaboration with the local American Heart 
Association affiliate [20]. The primary message of the 
2-month educational campaign emphasized tile 
symptoms of AMI, the importance of acting quickly 
in response to AMI symptoms, and for the need to 
call 911 to activate the EMS system. The print media 
as well as radio and television public service 
announcements were used to disseminate the hearth 
education messages. The results of this study 
showed a favorable, albeit nonsignificant, trend in 
reduction of patient delay from before to after the 
campaign. 

The sole study carried out in a small rural setting 
used patient education brochures, television and 
newspaper advertisements, posters, radio spots, and 
talks to the general public for their education pro- 
gram [21]. These approaches were extensively uti- 
lized during the first 2 months of this 2-year 
campaign, with the message then staggered through- 
out the remainder of the study. No changes in either 
patient response or emergency department visits were 
seen in this campaign, l)uring the first week of a 1- 
year media campaign in Geneva, Switzerland, hospi- 
tal visits for chest pain due to cardiac and noncardiac 
causes increased significantly {22]. Utilization of 
thrombolytic therapy also increased from baseline 
levels. 

The most extensively reported study was carried 
out in G/3teb/3rg, Sweden, in which a ~-week inten- 
sive media campaign was followed by a maintenance 
phase of nearly 1 year, primarily using print materials 
[23-25]. A simple rhythmic slogan. Hjarta-Smarta- 
90000, was developed for this campaign. The primary 
intent of this campaign was to inform individuals 
who were having prolonged chest pain to immedi- 
ately call this emergency number. This public educa- 
tion campaign resulted in a 40-minute average 
reduction in the median delay rime from a baseline 
level of 3.0 hours. A similar positive finding was 
observed in AustraLia, although the intervention ef- 
fects were nor maintained [26]. In this study a public 
education media campaign was conducted three times 
for 1 week each in 1975, 1985, and 1989. The results 
of a 6-month community-wide media campaign in 
the greater Heidelberg area of Germany have been 
reported in preliminary abstract form [27]. From pre 
to post intervention assessment, median delay time 
decreased from '~.0 to 2.1 hours, while hospital ad- 
missions within 4 hours of symptom onset increased 
substantially. 

The collective results of these studies suggest that 
while informational campaigns may increase knowl- 
edge and awareness of AMI in patients at risk for 
CHD, they do not demonstrate a significant reduc- 
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TABLE 23-2. Summary  of c o m m u n i t y  campaigns designed to reduce the delay 
between onset  of chest pain and hospital t rea tment  for acute myocardial infarction 

Author 

No. of 

hospitals 
included in 

Year surveillence Educational 
published Community network interventions Evaluation Results 

Mitic ct al. 
(191 

Ho et a]. 
(201 

Moses et al. 
(211 

Blohm et al. 
(241 

1984 Population of 1 
300,000 
residing in 
eastern 
Canada 

1989 King County, 
Washington 

1991 

1991 

Population 
of 26,000 
residing in 
Jacksonville, 
Illinois 

Populat ion 
of 450,000 
residing in 
G6teb6rg, 
Sweden 

8-week media 
campaign of 
"Signals and 
Actions" 

Television, radio 
spots and 
public service 
announcements  

(PSAs) used 

Two-month public 
education 
campaign in 
association with 
AHA 

Campaign message 
emphasized 
symptoms of 
AMI, importam e 
of acting quickly 
and calling 911 
to activate EMS 

Television, radm 
spots, and 
newspapers 
ud[ized 

Two-year public 
education program 
consisting of 
brochures, 
television 
and newspaper 
ads, PSAs, 
and public talks 
and posters 

Three-week intensive 
period of radio and 
television ads, 
leaflets to healthy 
individuals and 
those with AMI, 
posters on buses 
and trains, articles 
on AMI in local 
newspaper, and 
talks to local district 
clinics, hospital, 
and pharmacy 

Maintenance media 
phase followed 
acute intervention 
period 

Pro-post comparison 
of delay times in 
4-week peritxt 
before media 
campaign (pre) 
with during the 
campaign and 
3 mtmths after 
completion of 
media campaign 
(post) 

Comparison of delay 
time between 
premedia period 
(4-5 mtmths), 
message peritut 
(2 months). 
and post- 
message period 
(4 5 months) 

Pre-post evMuation 
of ed ucational 
campaign 

Evaluation of 
patients seen in 
emergency dept. 
2l months before 
(pre) and l 3 
months after 
(post) the 
campaign 

Significant increases 
in delay times of 
<_2 hours from 
pre (16c~ of all 
individuals 
studied), m during 
the campaign 
(.a,2Cd.), and at the 
postdata collection 
period (29C¢) 

Patient delay times 
did not change 
significandy 
between premessage 
period (median 
= 2.6 hours) 
and posrmessage 
period (median 
= 2.3 hours) 

No significant change 
m mean delay time 
pre and post (mean 
= 105 minutes) 
educational campaign 
amtmg patients 
with angina, AM), 
mmcardiac chest 
pain. Small increase 
in emergency dept. 
visits 

Decrease in median 
delay time from 
3.(} hours (pre) to 
2.3 hours during 
campaign 

Increase in percentage 
of patients receiving 
thrombolysis 

No change in hospital 
or 1 year mortality 
ff, llowing AMI 
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tion in prehospital delay among those with confirmed 
CHD or an increased or selective use of the EMS 
system in comparison with the preintervention pe- 
riod. These studies do, however, suggest the feasibil- 
ity and potential success of short-term public 
education interventions on prehospital delay times. 
As a number of investigators have noted [28], more 
attention must be given to interpersonal education 
strategies rather than the mass media as the major 
intervention approach. 

Each of these investigations, however, suffers from 
a number of methodological problems that limit their 
interpretation and potential generalizability. These 
problems include sample size considerations of both 
the number of communities under study and the 
number of individuals with AMI surveyed, inability 
to examine potential differential effects of the educa- 
tional intervention on sociodemographically or clini- 
cally defined subgroups, the relatively short duration 
of the educational campaigns, and failure to target 
high-risk subgroups and to tailor the intervention 
approaches. Of greatest methodological concern, none 
of the studies utilized an experimental design in 
which there was a comparative assessment with com- 
munities that did not receive the interventions. In 
addition, study endpoints were limited, few studies 
examined the effect of the public education inter- 
ventions on the receipt of thrombolytic therapy 
among those with confirmed AMI, or of the impact of 
these programs on short-term survival associated 
with AMI. These studies do, however, provide in- 
sights to approaches that might be utilized or needed 
in developing an effbctive population-based 
educational campaign and of the types of measures 
to be utilized in assessing the impact of these 
programs. 

Based on the review of existing studies, tile Con- 
sensus Conference on the Rapid Identification and 
Treatment of AMI recommended several areas for 
/hrther study in order to promote reductions in 
prehospital delay time in patients with symptoms of 
evolving acute coronary disease [14]. These areas 
included the identification of individuals perceived to 
be at high risk for prolonged delay (e.g., the elderly, 
blacks, individuals with a history of cardiovas- 
cular disease); provision of specific instructions on 
how to access and effectively use EMS systems; 
development of public educational campaigns to in- 
crease the knowledge and awareness of the signs 
and symptoms of AMI; and the development of edu- 
cational programs for lCamily members and co- 
workers of those with prior AMI, specifically target- 
ing family members of patients with a history of 
CHD. 

National Heart, Lung and Blood Institute- 
Sponsored Randomized Trial of 
Community-Wide Efforts to Influence 
Patient Care-Seeking Behavior Following 
The Onset of Acute Coronary Symptoms 

In response to these and additional concerns, in June 
1993 the National Heart, Lung, and Blood Institute 
(NHLBI) released a request for applications for a 
multicenter collaborative research program to study 
the effects of community-wide education on seeking 
care following the symptoms of acute coronary disease 
through use of a randomized controlled study design. 
The purpose of this experimental study, called the 
Rapid Early Action for Coronary Treatment (RE- 
ACT) trial, is to evaluate the effects of a public edu- 
cation campaign on patient delay time in seeking 
medical care following the onset of symptoms of acute 
coronary disease, the use of emergency medical ser- 
vices and the emergency department, the use of 
thrombolytic agents in those with confirmed AMI, 
and in-hospital case fatality rates following AMI. A 
number of additional hypotheses are being examined 
in this randomized controlled community trial. Five 
field centers in Alabama, Massachusetts, Minnesota, 
Texas, and Washington are included, and the coordi- 
nating center fi)r REACT is the New England Re- 
search Institute. 

The design of this study is based on the model of 
community intervention research. Each of the five 
field centers have recruited two sets of pair-matched 
communities to this trial, with one half of each com- 
munity pair randomly assigned to intervention or 
control status; a total of 10 communities have thereby 
been chosen to receive the educational intervention 
approaches, while the other 10 communities will 
serve as the comparison or reference sites and will not 
be exposed to the public, patient, and healthcare pro- 
vider intervention strategies. 

The intervention approaches that are being applied 
from a community-wide perspective are based on a 
number of conceptual theories, including the theory 
of reasoned action, community diffusion of informa- 
tion theory, social learning and stages of change 
theory, the health belief model, attribution theories, 
and social marketing principles designed to favorably 
affect overall behavioral change. Health professionals 
in each of the intervention communities are being 
educated regarding the rapid diagnosis and treatment 
of patients with AM1. Individuals considered at high 
risk ~br coronary disease, as well as tile general public, 
are being exposed to a variety of educational messages 
about the symptoms of acute coronary disease, the 
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importance of early treatment,  and the appropriate 
actions that should be taken in the event of a possible 
heart attack. Community-based surveys of the general 
population are being carried out, follow-up inter- 
views of patients presenting with suspect and con- 
firmed acute coronary disease completed, and 
monitor ing of trends in communi ty  mortality rates 
from C H D  will be performed to examine the effects of 
the educational programs on selected study outcomes. 

The REACT trial is being conducted over a 4-year 
period. Baseline data for a 4 month period has been 
collected during the fall of 1995. Following this 
baseline period, an 18-month phased-in educational 
campaign has been applied in the 10 intervention 
comminties  which will end in the fall of 1997. Fol- 
lowing the completion of intervention activities, the 
remaining t ime will be devoted to the write up, 
analysis and evaluation of study results. The results of 
this collaborative, multisite,  community-based trial 
will provide insights to intervention approaches that 
can be successfully utilized to reduce the duration of 
prehospital delay following the onset of symptoms of 
acute C H D  and will result in more favorable out- 
comes in individuals with acute ischemic coronary 
syndromes. 

References 
1. Havlik RJ, Feinleib M (eds). Proceedings of the Con- 

ference on the Decline in Coronary Heart Disease Mor- 
tality. Washington, DC: Government Printing Office, 
1979. DHEW Publication No. (NIH) 79. 

2. Higgins MW, Loepker RV (eds). Trends in Coronary 
Heart Disease Mortality. The Influence of Medical 
Care. New York: Oxfbrd University Press, 1988. 

3. Stern M. The recent decline in ischemic heart disease 
mortality. Ann Intern Med 91:630, 1979. 

4. Goldman 1., Cook EF. The decline in ischemic heart 
disease mortality rates. An analysis of the comparative 
effects of medical interventions and changes in 
lifestyle. Ann Intern Med 101:825, 1984. 

5. Goldberg RJ. Temporal trends and declining mortality 
rates from coronary heart disease in the United States. 
In Ockene IS, Ockene JK (eds). Prevention of Coronary 
Heart Disease. Boston: Little, Brown, 1992:42. 

6. Braunwald E. The aggressive treatment of acute myo- 
cardial infarction. Circulation 71 : 1087, 1985. 

7. ACC/AHA Task Force Report. Guidelines of the early 
management of patients with acute myocardial 
infarction. Circulation 82:664, 1990. 

8. ACC/AHA Task Force Report. Guidelines for the early 
management of patients with acute myocardial 
infarction. J Am Coil Cardiol 16:249, 1990. 

9. YusufS, Wittes J, Friedman L, Overview of results of 
randomized clinical trials in heart disease. I. Treat- 
ments following myocardial infarction. JAMA 
260:2088, 1988. 

10. Grines CL, DeMaria AN. Optimal utilization of 
thrombolytic therapy for acute myocardial infarction: 
Concepts and controversies. J Am Coil Cardiol 16:223, 
199O. 

11. Anderson HV, Willerson JT. Thrombolysis in acute 
myocardial infarction. N Engl J Med 329:703, 1993. 

12. Pagley PR, Yarzebski J, Goldberg R J, Chen Z, 
Chiriboga D, Dalen P, Gurwitz J, Alpert JS, Gore JM. 
Gender differences in the treatment of patients 
with acute myocardial infarction: A multi-hospital, 
community-based perspective. Arch Intern Med 
153:625, 1993. 

13. Goldberg R J, Gurwitz J, Yarzehski J, Landon J, Gore 
JM, Alpert JS, Dalen PM, Dalen JE. Patient delay and 
receipt of thrombolytic therapy among patients with 
acute myocardial infarction from a community-wide 
perspective. Am J Cardiol 70:421, 1992. 

14. Dracup K, Moser DK. Treatment-seeking behavior 
among those with symptoms and signs of acute myo- 
cardial infarction. Proceedings of the NHLBI Sympo- 
sium on Rapid Identification and Treatment of Acute 
Myocardial Infarction. U.S. Department of Health and 
Human Services, September, 1991. 

15- Alonzo AA. Acute illness behavior: A conceptual ex- 
ploration and specification. Soc Sci Med 14A:515, 
198(/. 

16. Suchman EA. Stages of illness and medical care. J 
Health Soc Behav 6:114, 1965. 

17. Yarzebski J, Goldberg R J, Gore JM, Alpert JS. Tem- 
poral trends and factors associated with extent of delay 
to hospital arrival in patients with acute myocardial 
infarction: The Worcester Heart Attack Study. Am 
Heart J 128:255, 1994. 

18. Rowley JM, Hill JD, Hampton JR, Mitchell JRA. 
Early reporting of myocardial infarction: lmpact of an 
experiment in patient education. Br Med J 284:1741, 
1982. 

19. Mitic WR, Perkins J. The effect of a media campaign 
on heart attack delay and decision times. Can J Public 
Health 75:414, 1984. 

20. Ho MT, Eisenberg MS, I.irvin PE, Schaeffer SM, 
Damonsk. Delay between onset of chest pain and seek- 
ing medical care: The effect of public education. Ann 
Emerg Med 18:727, 1989. 

21. Moses HW, Engelking N, Taylor GJ, Prabhakar C, 
Vallala M, Colliver JA, Silberman fl, Schneider JA. 
Effect of a two-year public education campaign on 
reducing response time of patients with symptoms of 
acute myocardial infarction. Am J Cardiol 68:2t9, 
1991. 

22. Gaspoz JM, Under PF, Urban P, Chevralet JC, 
Rutishauser W, Heliot C, Sechaud L, Mischier S, 
Waldvogel F. Impact of a public campaign on 
prehospital delay times in suspected acute myocardial 
infarction {abstr). Circulation, Vol 88, 4, Part 2, 63: 
1-13, 1993. 

23. Herliez J, Hartford M, Blohm M, Karison BW, 
Ekstrom L, Risenfors M, Wennerblom B, Luepker RV, 
Holmberg S. Effects of a media campaign on delay 



300 PART B: CLINICAL APPLICATION OF SCIENTIFIC PRINCIPLES 

times and ambulance use in suspected acute myocar- 
dial infarction. Am J Cardiol 64:90, 1989. 

24. Blohm M, Herlitz J, Hartford M, Karison BW, 
Risenfors M, Luepker RV, Sjolin M, Holmberg S. Con- 
sequences of a media compaign focusing on delay in 
acute myocardial infarction. Am J Cardiol 69:411, 
1992. 

25. }terlitz J, Blohm M, tlarttbrd M, Karison BW, 
Luepker R, Holmberg S, Risenfors M, Wennerblom B. 
Follow-up of a l year media campaign on delay rimes 
and ambulance use in suspected acute myocardial 
infarction. Eur Heart J 13:171, 1992. 

26. Bett N, Aroney G, Thompson P. Impact of a national 
educational campaign to reduce patient delay in pos- 
sible heart attack. Aust N Z J  Med 23:157, 1993. 

27. Rustige JM, Burczyk U, Schiele R, et al. Media cam- 
paign on delay times in suspected myocardial 
infarction - -  the Ludwigshafen Community Project 
(abstr). Eur Heart J 1 l(Suppl.):171, 1990. 

28. Kennedy GT. Strategies for change: Patient educaton. 
Proceedings of tile NHLBI Symposium on Rapid Iden- 
tification and Treatment of Acute Myocardial 
In~irction, U.S. Department of Health and Human 
Services, Public Health Service, 1991. 

29 Olin IIS, Hackett TP. The denial of chest pain in 32 
patients with acute myocardial infarction. JAMA 
190:977, 199,1. 

30 Moss AJ, Wynar B, Goldstein S. Delay in hospitaliza- 
tion during the acute coronary period. Am J Cardiol 
24:659, 1969. 

31. Tjoe SL, Luria M H  Delays in reaching the cardiac care 
unit: an analysis. Chest 61:617, 1972. 

32. Turi ZG, Stone PH, Muller JE, Parker C, Rude RE, 
Raabe DE, Jaffe AS, Hartwell TD, Robertsnn TL, 
Braunwa]d E, and the MILLS Study Group. Implica- 
tions for acute intervention related to time of hospital 
arrival in acute myocardial infarction. Am J Cardiol 
58:2(/3, 1986. 

33. Cooper RS, Simmons B, Castaner A, Prasad R, 
Franklin C, Ferlinz J. Survival rates and prehuspital 
delay during myocardial infarction among black per- 
sons. Am J Cardiol 57:208, 1986. 

34. Ridker PM, Manson JE, Goldhaber SZ, Hennekens 
CH, Buring JE. Comparison of delay times to hospital 
presentation for physicians and nonphysicians with 
acute myocardial infarction. Am J Cardiol 70:10, 
1992. 

35. Schmidt SB, Borsh WA. The pre-hospital phase of 
acute myocardial infarction in the era of thrombolysis. 
Am J Cardiol 65:1411, 1990. 

36. Ell K, Haywood LJ, Sobel E, De Guzman M, Blumfield 
D, Ning JP. Acute chest pain in african americans: 
factors in delay in seeking emergency care. Am J Pub- 
lic Health 84:963, 1994. 



24. EMERGENCY MEDICAL SERVICES 

James M. Atkins 

Introduction 
Emergency medical services can aid the rapid 
reperfusion of patients with an acute myocardial 
infarction as well as speed the care for other patients 
with acute cardiac ischemia. The importance of emer- 
gency medical services in the care of the patient with 
acute cardiac ischemia is best understood when one 
considers the critical nature of time. The various 
syndromes produced by acute cardiac ischemia 
present many challenges, and time is a major compo- 
nent  of those challenges. Acute cardiac ischemia can 
present with any of three major syndromes - -  sudden 
cardiac death, acute myocardial infarction, and angina 
pectoris (stable or unstable). In patients with 
asymptomatic coronary atherosclerosis, the first 
symptom of acute cardiac ischemia is sudden death 
in about 25% of patients, acute myocardial infarc- 
tion in about 43% of patients, and angina pectoris in 
the remainder of the patients [1-3].  A small per- 
centage also present with heart failure initially. 
The importance of time, accuracy, and costs must 
permeate decision making when dealing with a 
patient with chest discomfort. Time also becomes a 
critical determinant  in the outcome of cardiac arrest 
victims. 

The critical nature of t ime is obvious when the 
patient suffers a cardiac arrest. When out-of-the- 
hospital cardiac arrest is examined, 93% of the long- 
term survivors had witnessed cardiac arrests and 
ventricular fibrillation [4-6].  Time to defibrillation 
and cardiopulmonary resuscitation (CPR) seem to 
be the most important determinants of survival [7]. 
The Textbook of Advanced Cardiac Life Support contains 
a composite of several different studies showing 
that t ime to defibrillation and time to CPR as well as 
time to advanced cardiac life support (epinephrine) 
are very critical [7]. The shorter the duration of 
each of these key time intervals, the greater is the 
survival. 

As previously stated, t ime is also a critical factor in 
dealing with a patient with an acute myocardial 

infarction. A patient with an acute myocardial 
infarction can have a cardiac arrest at any time. Wi th  
the advent of thrombolytic therapy and, more 
recently, with acute angioplasty of the occluded ar- 
tery in infarcted patients, t ime to treatment has also 
become very important [8-11].  The MITI trial [12] 
has shown that thrombolytic therapy given within 70 
minutes of the onset of pain can reduce mortality 
from acute myocardial infarction to less than 2%. 
The MITI trial also showed that very early 
thrombolytic therapy can reduce the amount  of tissue 
lost to 0 -1% of muscle mass in 40% of patients and 
to 2-10% loss of muscle mass in another 40%, of 
patients. These results were obtained due, in part, to 
a rapid, highly efficient emergency medical services 
(EMS) system. 

Therefore, it is obvious that t ime to treatment is 
very critical when looking at many of these patients. 
When  we closely examine the t ime to treatment issue, 
there are three major sets of interactions that deter- 
mine the amount of delay to treatment. The patient 
must make a decision to obtain medical care. Because 
the patient frequently asks a lay person for advice, this 
has been called the patient/bystander portion of the 
delay. Once the patient decides to obtain medical 
care, there is the transportation phase or emergency 
medical service phase, if that is used. Once the patient 
has arrived at the hospital, there are further delays; 
these delays are usually in the emergency department.  
This chapter deals only with the EMS portion of this 
delay. 

This chapter discusses the role of emergency ser- 
vices and its components, as well as tile role of auto- 
mated external defibrillators and first respnnder 
defibrillation. Special technologies that can be used in 
the prehospital arena to aid in the rapid diagnosis and 
treatment of patients follow. Prehospital therapy, ad- 
junctive therapy to reperfusion, and the possible use 
ofprehnspital thrombolytic therapy are reviewed. The 
final portion deals with triage and regional planning 
for reperfusion therapy. 

30 l 
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Emergency Medical Service Systems 

The development of modern EMS in the United 
States was sparked in the late 1960s and early 1970s 
by the occurrence of several different events. The year 
1966 was a pivotal year in the development of EMS. 
The National Research Council of the National Acad- 
emy of Sciences issued two major policy statements. 
The first dealt with trauma, the neglected disease 
[l 3]. The second contained the recommendation that 
health professionals learn CPR [14]. The develop- 
ment of CPR followed Dr. Kouwenhoven's descrip- 
tion of closed-chest cardiac massage in 1960 [15]. 
Also in 1966, the first portable battery-powered 
defibrillator (74 lbs) became available. 

Over the next 5 years, many governmental agencies 
developed standards for training, ambulances, and 
every aspect of prehospital care. The American Heart 
Association developed training programs in resuscita- 
tion. The American College of Surgeons developed 
standards for trauma tCacilities. The American College 
of Orthopedic Surgeons developed training courses 
for a new breed of personnel: the Emergency Medical 
Technician - -  Ambulance. 

These factors pushed the development of emer- 
gency medical services from many angles. On the 
other hand, the old system of having multiple ambu- 
lance companies, usually owned by funeral homes, 
was starting to collapse for many different reasons. 
PeopLe began to expect that an ambulance would 
come to their aid within 10 minutes, not 30 minutes. 
There was an increased recognition by the public that 
there was a better system for treating patients. 

Between 1969 and 1973, the pioneers in this field 
- -  Pantridge from Belfast, Cobb from Seattle, Nagel 
from Florida and Baltimore, Grace from New York, 
as well as many others - -  showed that patients could 
be resuscitated in the field and could later return to a 
useful, functional life. Successful resuscitations were 
demonstrated at large gatherings of people, such as at 
football games [ 16-20]. Pantridge and others in Ire- 
land and Britain published data that indicated physi- 
cians and nurses on the ambulances could salvage a 
number of patients in the field [21-28]. In the 
United States, Grace also showed that patients could 
be resuscitated in the field [29,30]. A number of 
studies, particularly in the United States, demon- 
strated the effectiveness of telemetry of electrocardio- 
grams, which brought about the establishment of 
paramedics and nurses providing prehospital care 
without a physician being present [31-37]. Finally, 
the success of these systems was demonstrated by 
Crampton, Nagel, Pantridge, Cobb, and others 
[18,38-481. 

It is important to understand the history of EMS in 
order to comprehend the wide variation that occurs in 
these services in different communities. Thc EMS 
systems developed locally with no strong state or 
national standards. The guidelines that were written 
were more permissive rather than dictating a system. 
For these reasons there are wide variations in the types 
of systems and the levels of service provided from one 
community to the next. 

In order for there to be rapid delivery of EMS, there 
must be rapid access, effective dispatch, and rapid 
transport to an appropriate facility. Though EMS ate 
usually accessed for cardiac arrest, less than half of 
patients with an acute myocardial infarction utilize 
them. 

ACCESS 
Because time is a critical factor for the cardiac patient, 
it is essential that access to EMS be uniform and 
quick. A single, nationwide emergency number for 
emergency services - -  fire, police, and medical - -  is 
essential, and the number should be the same every- 
where, 9-1-1. Today 75-80% of the population is 
covered by 9-1-1, mostly in urban areas. There are 
two types of 9-1-1 systems available, One version is 
the phone number 9-1-1, which connects the caller 
with an operator or dispatcher. A more sophisticated 
version is the enhanced 9-1-I system, which has auto- 
matic identification of the caller's telephone number 
and address. This latter variety has great advantages 
when dealing with an emergency situation in which 
people may not be able to communicate calmly the 
information required to obtain an emergency re- 
sponse. A nationwide enhanced 9-/-1 system should 
be the goal [49-50]. There is a need for enhanced 9- 
1-1 because this shortens the time and decreases the 
likelihood for errors. Relatives aod friends may give 
their home address and not the address where they are 
located in times of stress. All delays add to the total 
delay. 

DISPATCH 
Centralized dispatch is required to provide fast and 
efficient EMS. With centralized dispatch, a quick and 
efficient response can be obtained by ensuring that 
the closest available unit(s) respond. This is particu- 
larly important in areas where there are multiple 
agencies providing similar or the same service. The 
dispatcher should be trained to determine what ser- 
vices are needed, The need for a centralized dispatch 
can also be illustrated by the needs of a cardiac arrest 
victim. A cardiac arrest victim needs quick and effi- 
cient CPR as well as defibrillation, Two individuals 
on an ambulance cannot quickly aod efficiently 
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handle a cardiac arrest victim; but with centralized 
dispatch of an integrated system, a fire engine or other 
first responder could be sent to provide CPR and early 
defibrillation with an automated defibrillator, while 
the paramedic crew can provide the drug and other 
advanced therapy required in a rapid, efficient man- 
ner. For dispatch to be effective, dispatchers need to 
be trained. There is a need for Emergency Medical 
Dispatchers (EMDs). These dispatchers can deter- 
mine the types of equipment  and personnel required 
for the problem and can even provide first aid via the 
telephone. It has been shown that untrained tele- 
phone callers can be told how to do CPR unti l  the 
system can respond. Thus, trained personnel can 
greatly improve the quality of dispatch [51-60] ,  Effi- 
cient, centralized dispatch with trained dispatchers 
should be a national goal. 

TYPES OF SERVICE 
In the Uni ted States there are four major types of EMS 
that are utilized. These are fire department-based 
systems, third city service systems, public uti l i ty 
systems, and competitive private systems. There is 
marked variability in the configuration of these sys- 
tems. Additionally, many areas have marriages of two 
different types of service. 

The fire department-based system probably affects 
more citizens than any other system because it is the 
dominant  system in major urban areas. The fire de- 
partment  system uses fire and rescue officers as dual- 
trained personnel who can work with the fire side of 
the operation as well as the medical side. These sys- 
tems vary widely. In some cities the fire department  
provides both the paramedics for the city as well as all 
transportation to the hospital. In other cities, the fire 
department provides the paramedics, but transporta- 
tion is done by a different entity. In still other cities, 
the fire department  may provide both roles as a basic 
transport service as well as a paramedic service (two 
levels service system). Even when the paramedic ser- 
vice and transportation are provided by another en- 
tity, the fire department frequently serves as a first 
responder. 

A major advantage of the fire department-based 
system is the personnel. Employees of the fire service 
are looking for a permanent career, not a temporary 
job. Fire services are often very competitive for good 
personnel. In suburban areas, these individuals pro- 
vide dual service. In many suburbs of large cities, 
there is a relatively low volume of fire calls and EMS 
calls. Firefighter/paramedics can serve two functions 
simultaneously, taking the appropriate piece of 
equipment  that is needed for the case because the 
chance of simultaneous events is very rare. This dual 

function is very cost effective. However, in the inner 
city both services are extensively used, and the per- 
sonnel cannot fill a dual function as easily, although 
they can rotate from one function to the other to 
reduce stress. Another advantage of the fire service is 
more extensive training in dangerous environments,  
such as fire and hazardous materials management,  and 
in extrication and rescue. 

The major disadvantage of the fire depar tment -  
based system is political. The fire department-based 
systems struggle for funding with other city services 
and within the fire departments. Fire departments 
also live in a very public arena and have to contend 
with differing goals of governmental leaders, news 
media, and unions. Also, there is competit ion within 
the fire department for resources and, at times, hard 
feelings between fire suppression and EMS. The lead- 
ership may favor one side over the other. Promotion 
may totally favor one side, The civil service system 
sometimes makes discipline difficult. 

Third city services generally provide paramedic or 
basic service with transportation. This model is fre- 
quently used when the city owns the public hospital, 
such as in New York City or Austin, Texas. Often the 
third service is operated as a division of the city 
hospital. The major advantage of this system over the 
fire department-based system is political. It circum- 
vents intradepartmental politics and gives EMS the 
same footing as the police and fire department.  The 
major disadvantages are similar to the fire depart- 
ment. Another major cost may be housing and loca- 
tions for the units. Seldom does a third service system 
use fire stations for locations. They usually rent facili- 
ties in which they base their vehicles. Extra funds are 
needed for adding alert alarms to these facilities. 
Turnover of personnel is somewhat greater than in the 
fire service systems, 

In the public util i ty model a single private pro- 
vider is given a virtual monopoly by the city in 
exchange for services. This service provides all ambu-  
lance transport, including all contracts with health 
maintenance organizations (HMOs) or preferred pro- 
vider organizations (PPOs), non-emergency transfers, 
and emergency runs. Because the contracts and non- 
emergency transfers are profitable, the city frequently 
has to pay less into this system. The advantage of this 
system is that everyone gets transported for a fee. The 
tax base does not support the system to the same 
degree of the other models. A disadvantage is that the 
cost to the patient is often double the other systems 
and can run as high as $1200 per call. Service to some 
areas may not be as good because the system is oper- 
ated as a cost-efficient business and not as a service. 
The response t ime tends to be slightly higher than for 



a,04 PART B: CLINICAL APPLICATION OF SCIENTIFIC PRINCIPLES 

the first two systems. Because units are 
not needed at night, very few units may be available 
at these times. The highest number of units are 
available at the highest load times. In case of disaster 
or an unusual number of calls, the system may 
either not have enough units available to do the job 
or may have to call in off-duty personnel for the 
crisis. 

The final model is the competi t ive private model. 
In this model competing companies either vie for 
business or are centrally dispatched on a rotating 
basis. The only advantage of this system is that it 
tends to be less expensive. However, response times 
tend to be long, and the level of service varies and is 
often minimal.  

PUBLIC SERVICE VERSUS BUSINESS 
Fire department  and third city service systems tend to 
be run as a public service, whereas public utili ty 
systems and competi t ive private systems tend to be 
run as businesses. The billing systems tend to be 
quite different. As a public service, the bulk of the 
service is usually paid by the taxpayer, with the indi- 
vidual patient or vict im paying only a portion of the 
cost. Cities vary in how much the citizen has to pay 
tor usage. Some cities charge nothing. Other  cities 
charge nonresidents but provide the service free to 
residents. Still others charge fees. These fees are gen- 
erally flat fees. Public service systems tend to respond 
to the vict im and to obtain only essential information. 
Thus, most public service systems only obtain ad- 
equate billing information for a limited number of 
patients. On the other hand, public utility and com- 
petitive private systems obtain their funding from the 
patient, with only a small subsidy coming from the 
city for indigent losses. The bills are itemized with a 
response fee, a mileage fee for transport, and fees for 
any service rendered, similar to a hospital bill and 
physician's bill combined. These systems tend to pro- 
vide more billable services for a far greater number of 
patients than public service systems. 

When a system is managed as a public service, 
there are a number of differences in service that may 
not be noticed by the casual observer. A public service 
system tends to offer uniform levels of service. A 
public service system will position units so that re- 
sponse t ime is uniform for most of the citizens of the 
system. A system operated as a business will operate 
the ambulances so that the load per ambulance is 
about the same. For a citizen at the periphery of the 
city in a more sparsely developed area, a public service 
system would probably have a rapid response t ime (5 -  
6 minutes), while a business-type system might  be 
considerably longer. Nei ther  the average response 

times nor the percentage of calls handled within a 
t ime period might  reveal these differences, but they 
could greatly affect some citizens. 

Another difference between the two major ap- 
proaches is the problem of unusual load. The business 
type of system keeps the number of ambulances on 
the road to handle the usual volume of calls effi- 
ciently. If there is an unusually high number of calls, 
there may be inadequate resources, At the t ime of a 
storm or disaster, business types of systems may not 
be able to respond promptly. Public service systems 
tend to staff for the disaster, so that they have greater 
flexibility should the unusual arise. Fire department 
systems often have extra personnel who can be moved 
quickly from fire suppression to emergency medical 
services should the need arise. 

Business types of systems can respond more 
quickly to changes in technology. Because most new 
technology can be billed, a business type of system 
would add a new drug or technology to the service 
quickly. Because public service systems are a part of 
the governmental  bureaucracy, it is difficult to add 
new technology. I ra  new service is very advantageous, 
it takes a min imum of 2 years to add it to the service. 
It takes 6 months of education to convince the fire 
service or others of the need for the new technology. 
Once convinced of the usefulness, it must be added to 
the city budget. The departmental budget request 
must be submitted internally at least 6 months prior 
to the budget  year. It must then compete against tile 
priorities within the ambulance division, and then 
against other priorities within the fire department.  It 
must also compete with police priorities before an 
assistant city manager, and again against all other city 
services before the city manager. Then it can be sub- 
mitred to the city council, where it competes against 
the various agendas of the elected officials. It is a 
difficult, uphill battle to obtain new technology. 
Once it is approved, it then takes months to prepare 
specifications for bids, bids to be received, and then 
justification of the vendor selected. Business types of 
systems can quickly obtain the equipment  that the), 
wish. 

Public service systems arc in a fishbowl. Public 
service personnel more freely admit mistakes and, 
because most records are open records, the news me- 
dia can freely criticize the system. Business types of 
systems tend to keep mistakes internal; because they 
are privately owned, the open records rules do not 
apply. Some business systems have better quality con- 
trol because they are not under governmental  immu-  
nity as a public service system is. Most business types 
of systems are willing to pay fbr quality control sys- 
tems; it is difficult to obtain funds for quality control 
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in public service systems. In Europe ambulance 
service is a public service. 

LEVELS OF SERVICE 
In the United States there are several different levels 
of service provided by EMS. The two most common 
levels of service are the EMT-A, Emergency Medical 
Technician-Ambulance (or Basic) and the EMT-P, 
Emergency Medical Technician-Paramedic, com- 
monly called the paramedic [63-67]. 

An EMT-A has between 81 and 176 hours of 
training in basic first aid skills; the exact number 
of hours depends on the date of certification and varies 
from state to state. An EMT-A is trained to provide 
CPR, oxygen therapy, and other types of first aid. 
Most ambulance personnel are EMT-As [63-67]. 
Recently, automated external defibrillation has 
been added to the national curriculum for the basic 
level. 

The EMT-P, or paramedic, has more extensive 
training, varying from 400 to 2000 hours. Paramed- 
ics can provide advanced therapy, including defibri- 
llation, administration of certain cardiac drugs, 
infusion of intravenous fluids, and endotracheal 
intubation. Though EMT-Ps comprise a minority 
of ambulance personnel on a national basis, this 
level makes up the majority of personnel in cities. 
Because most Americans live in cities, the majority 
of the prehospital patients probably receive their 
prehospital care from paramedics [63,64,66,67]. 

There are other levels of prehospital personnel, 
which vary from state to state. Many states have an 
EMT-I, which is an intermediate from of EMT. An 
EMT-I may be able to infuse intravenous fluids or 
intubate a patient, and may be able to give a few 
drugs, such as 50% dextrose. The EMT-D, EMT- 
Defibrillation, is another certification level found in 
some states. The EMT-D initially used a manual de- 
fibrillator with a minimum amount of training. Re- 
cently, the development of automated defibrillators 
has allowed major expansion of this concept. Auto- 
mated defibrillation can be taught with a 4-hour 
course and can be used by EMTs with 
few problems. Automated defibrillators may be less 
expensive than standard types of defibrillators [68-  
76]. 

Emergency medical service crews can be aug- 
mented with first responders. These are personnel 
who will arrive first at a scene and initiate treatment, 
such as CPR and even automated defibrillation. They 
may be volunteers, firemen, police, security, or other 
types of personnel. First responders can provide 
earlier defibrillation, thus increasing survival 
[63,64,66,67]. 

Automated External Defibrillation 
The need for early defibrillation is well known [7]. 
The ability to provide early defibrillation has been 
enhanced by the development of automated external 
defibrillators. Patients who have had a cardiac arrest 
may be candidates for thrombolytic therapy if the 
resuscitation has not been too traumatic. The faster 
a patient is defibrillated, the more likely it is that 
the patient will survive. The earlier a patient is 
defibrillated, the less likely it is the resuscitation will 
be traumatic. Hence, faster defibrillation will increase 
the number of candidates for thrombolytic therapy 
and for other forms of reperfusion. Although the need 
for early defibrillation is obvious, the majority of 
ambulances in the United States are not equipped 
with defibrillators, either of the standard manual type 
or of the automated external type. The need for hav- 
ing defibrillators on ambulances is obvious, and this 
goal needs to be established in local areas [7,68-76]. 

Automated external defibrillators allow minimally 
trained individuals to successfully defibrillate pa- 
tients. These devices can be used where there are only 
basic level emergency medical technicians to make 
defibrillation available on every ambulance. Even in 
systems that have paramedics, automated external 
defibrillation in the hands of first responders may 
make early defibrillation possible. First responders 
may be firemen on fire engines, police, security, or 
other personnel. Many cities have added auto- 
mated external defibrillators to their fire engines 
[7,68-76]. 

Although programs of early defibrillation can be 
very successful, logistics still play a major role. The 
number of cardiac arrests varies widely across a com- 
munity. There are different population densities that 
affect the number of arrests. Different areas of a com- 
munity have different ages of people living in the 
area. Younger aged populations do not have as man), 
cardiac arrests as an older age population, Hence, 
some areas of a community may have only one cardiac 
arrest per year in several square miles, while other 
areas of the community may have one a week in a 
single square mile. The American Heart Association 
has had conferences to make early defibrillation a high 
priority; it has been suggested that high-rise build- 
ings might have automated external defibrillators 
with trained individuals in the building to use them 
[7,68-76]. 

Prehospital Technologies 
There are methods by which the EMS system can 
facilitate rapid hospital administration of reperfusion 
therapy. Obviously rapid transport to the hospital is 
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one method. The EMS system can also aid the hospi- 
tal in determining the need fbr the type of reperfusion 
as well as reduce the time to reperfusion once the 
patient has arrived at the hospital. Technologies that 
can support early hospital reperfusion include a 12- 
lead electrocardiogram obtained before the patient 
has arrived at the hospital, asking directed questions 
to help in determining the type of reperfusion 
therapy, and possibly helping with rapid enzyme de- 
termination if that is needed. 

PREHOSPITAL 12-LEAD ELECTROCARDIOGRAMS 
FOR CARDIAC PATIENTS 
One recent advance in technology is the use of 12- 
lead electrocardiograms (ECGs) in the prehospital 
arena. Paramedics can be taught to quickly perform 
ECGs both accurately and quickly. High-quality 12- 
lead ECGs with computerized interpretation can be 
transmitted by cellular phone or radio. This will 
be useful to the receiving hospital. If the receiving 
hospital receives a 12-lead ECG that reveals an acute 
myocardial infarction (AMI) along with an appropri- 
ate history, the personnel in the hospital can be ready 
to give thrombolytic agents, beta-blocking agents, 
nitroglycerin, or other agents as soon as the patient 
arrives, rather than being delayed while the hospital 
obtains those data after arrival. This is of benefit. 

Seattle has shown that this is of marked benefit 
to the patient, greatly reducing the time to 
thrombolyric therapy and decreasing the morbidity 
and mortality [12,6i,62]. Computerized 12-lead 
ECGs have the advantage that they can be transmit- 
ted without distortion. Because they have been digi- 
tized, there is no wave distortion with transmission 
via a cellular telephone or radio. Standard analog 
ECGs, on the other hand, are distorted during radio 
or cellular telephone transmission, making the ST- 
segment less reliable. Some systems have taught their 
paramedics to recognize ST-segment elevation on a 
standard analog ECG and to transmit the information 
verbally. It remains to be seen whether physicians in 
the emergency department will rely on this type of 
information verbally transmitted by a paramedic. For 
these reasons, a computerized ECG has tremendous 
advantages. In Seattle and other areas, having an ECG 
before arrival has greatly reduced the time to 
treatement in the emergency department. Several ar- 
eas of the United States using this technology have 
reported median door-to-needle times of less than 30 
minutes [ 12,61,62]. 

tionnaire to determine the indications for 
thrombolytic therapy and the major contraindica- 
tions. These questionnaires usually have very struc- 
tured questions that are asked of the patient, and the 
results are reported via radio or telephone to the 
control or receiving hospital. The report is usually 
divided into indications and contraindications. The 
report given by the paramedic is usually that the 
indications are "all present'" or "present with the ex- 
ception of," followed by which indication is not 
present. Then the report follows with "no contrain- 
dications present" or "contraindication of previous GI 
bleed." Because the majority of patients have no 
contraindications, this helps the hospital make the 
decision as to the probability of need for thrombolyric 
therapy. 

The emergency department armed with a 12-lead 
ECG, the knowledge of indications, and absence of 
contraindications may then prepare to administer 
thrombolytic therapy prior to arrival so that only a 
brief and quick assessment is needed in the emer- 
gency department prior to administration. If the pa- 
tient has contraindications for thrombolytic therapy 
but does have a positive 12-lead ECG and indica- 
tions, the emergency department may activate the 
angioplasty team prior to patient arrival. Seattle has 
shown that these strategies may be of benefit [l 2]. 

Prehospital use of structured questioning in com- 
bination with the ECG may also be of benefit. The 
ACI Predictive Instrument might be a significant 
improvement. This technique uses a handheld calcu- 
lator into which a number of variables are placed The 
variables include: 

• Chest pain or left arm pain/discomfort 
• Chest or left arm discomfort as the most important 

presenting symptom 
• History of a previous myocardial infarction 
• History of use of nitroglycerine for chest pain 
• ECG ST-segment flattening ("straightening") in 

two or more leads 
• ECG ST elevation or depression of->l mm in two 

or more leads 
• ECG T-wave elevation Chyperacute") or _>1 mm 

inversion in two or more leads 

The technique may be very helpful in the prehospital 
assessment of patients. Studies of this type of system 
are needed in the prehospital environment {140- 
146]. 

PREHOSP1TAL QUESTIONNAIRE 
Prehospital questionnaires can also be of benefit. 
Several communities have used a standardized ques- 

PREHOSPITAL ENZYME DETERMINATION 
With the development of rapid bedside devices that 
can analyze creatine kinase (CK), MB-CK, troponin, 
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and myoglobin, this technology may be of benefit in 
the prehospital setting. The usefulness of this type of 
device has not been studied. Paramedics could also 
draw a blood sample enroute, so that it could be 
quickly analyzed on arrival at the hospital. Most pa- 
tients who are candidates for reperfusion do not need 
the determination of enzymes prior to the reperfusion 
therapy; however, there is a subset for which enzymes 
are needed to make the decision. Obtaining the speci- 
men or running the assay in the prehospital arena 
might be of benefit. However, these strategies need to 
be studied to see if they are of benefit. 

Prehospital Therapy 
Emergency medical services can provide drug therapy 
to patients with an acute myocardial infarction. These 
therapies include routine advanced cardiac life sup- 
port (ACLS) as well as therapies specifically for the 
acute myocardial infarction patient. 

ADVANCED CARDIAC LIFE SUPPORT 
Paramedic systems deliver advanced cardiac life sup- 
port to patients. These systems not only handle car- 
diac arrests, but also treat symptomatic bradycardia 
and tachycardia as well as hypotension and congestive 
heart failure. ACLS has been a standard of paramedic 
systems for many years [7]. 

SPECIFIC THERAPIES 
Patients with acute cardiac ischemia can benefit from 
several prehospital therapies. The administration of 
oxygen, nitroglycerin, morphine, and aspirin are fre- 
quent portions of the prehospital therapy provided by 
many emergency medical service systems. The most 
significant question is whether these systems can ad- 
minister thrombolytic therapy. 

There are two major studies that need to be exam- 
ined. The European Myocardial Infarction Project 
studied 5469 patients. Of these, 2750 patients were 
randomized to prehospital therapy. The prehospital 
therapy group received anistreplase on the ambulance 
followed by a placebo administration on arrival in the 
emergency department. In the hospital group, 2719 
patients received placebo in the ambulance followed 
by anistreplase after arrival in the emergency depart- 
ment. This very large study revealed a 13% decrease 
in 30-day mortality in the group receiving 
prehospital thrombolytic therapy; however, this dif- 
ference was nonsignificant (P = 0.08). Cardiac death 
was of borderline significance, with a 16% decrease (P 
= 0.049) for prehospital therapy. These borderline 
findings in a very large study need to be considered. It 
is important to realize that the difference in time to 

thrombolytic therapy was 55 minutes between those 
patients who received active drug in the ambulance 
versus those who received active drug in the emer- 
gency department [84]. 

The Myocardial Infarction Triage and Intervention 
Trial (MITI) was performed in Seattle and revealed no 
difference between those patients treated in the am- 
bulance versus those receiving thrombolytic therapy 
after arrival in the hospital. In this trial, computer- 
ized ECGs where transmitted to the hospital. The 
transmission of patient information and ECGs greatly 
shortened the door-to-needle time of those patients 
who received active drug in the emergency depart- 
ment. The difference in time to treatment was only 
20-25 minutes in this study [12]. 

Thus, the European trial showed borderline advan- 
tages of prehospital thrombolytic therapy, whereas 
the MITI trial did not show benefit of prehospital 
thrombolysis. The greatest difference in these trials is 
that the time to treatment variation between the two 
arms was much less in MITI when an ECG was trans- 
mitted. Another major difference that should be con- 
sidered is that in the European studies the decision in 
the field was made by a physician being physically 
present, not by paramedics talking over the telephone 
or radio to a physician. 

The decision to use prehospital thrombolysis 
should be determined by logistical considerations. If 
the difference in time to treatment is long due to long 
transportation times or other factors, then prehospital 
thrombolytic therapy may be of benefit. However, if 
the transportation times are not long, the difference 
between prehospital therapy and hospital therapy 
may not be of benefit if the necessary informa- 
tion and ECGs are obtained and transmitted to the 
hospital. 

Another consideration for prehospital throm- 
bolytic therapy is the medicolegal risk. It may be 
more difficult to defend a paramedic obtaining the 
information and assisting in the decision versus a 
physician directly seeing the patient and making the 
decision. Because there is no case law in this area at 
the present time, it is hard to determine how the 
American judicial system will handle this problem. 
Those patients with long response times unfortu- 
nately are often in rural areas. Rural areas are less 
likely to have paramedics or the necessary equipment 
to obtain or transmit ECGs to the hospital. Many of 
these rural systems do not have communication with 
the hospital or physician. 

For these reasons, prehospital thrombolytic 
therapy with the presently available agents will not 
be a widely utilized strategy in the United States. In 
other countries, it may be used more frequently. 
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If newer agents are developed that are safer and easier 
to administer, this may change the usefulness of 
thrombolytic therapy in the prehospital arena. 

Regional Planning and Triage 
A final consideration that should be examined is the 
need for regional planning and development of a 
triage plan. Regional planning has not been used 
extensively in the prehospital care of cardiac patients, 
other than determining the destination of patients 
with cardiac arrests. Not all hospitals are comfortable 
with giving thrombolytic therapy, although this is 
decreasing. Some hospitals do not have intensive care 
capability. 

One strategy that has been used in rural areas, 
where the local hospital lacks intensive care capabil- 
ity, has been to transfer the patient. The local hospital 
physician administers thrombolytic therapy with the 
advice and assistance of a distant cardiologist. The 
patient is then transferred to a facility with intensive 
care. This allows the early administration of 
thrombolytic therapy followed by adequate intensive 
care in areas that are distant from a hospital with 
intensive care. The same thing could also be done in 
a distant rural area that does not have a hospital. The 
local physician could administer the therapy in his or 
her office and then transfer the patient. 

In urban areas, triage decisions need to be planned. 
The patient may wish to go to a distant hospital, 
bypassing several closer facilities. The reasons for this 
include being closer to family or home, going to the 
tacility where their physician has privileges, and go- 
ing to a facility that is covered by their insurance 
plan. Emergency medical services often prefer to take 
the patient to the closest facility. Transporting to the 
closer facility means that the ambulance can be back 
in service more quickly, reducing the need and cost 
for additional ambulances. Paramedics do not like a 
patient to get into trouble in the back of their ambu-  
lance; therefore, they prefer to transport to the closest 
facility. CLoser facilities may be able to shorten the 
time to thrombolytic therapy. Thus, these issues need 
to be closely examined on a regional basis to deter- 
mine how these situations will be handled. 

Another potential use of a regional plan is to deter- 
mine the appropriate facility for hospital destination. 
Using the information and the ECG, it might  be 
determined that the patient needs reperfusion but  has 
a major contraindicatitm fi~r thrombolytic therapy. 
This patient might  well deserve emergent angio- 
plasty. Thus, transportation to a facility that can pro- 
vide acute angioplasty might  be of benefit. The 
system could also help with the triage of patients 

when logistical problems exist. An area might  de- 
velop a system to triage a patient to a hospital with an 
available intensive care bed or available angioplasty. 
If a hospital's intensive care beds are full, the system 
might  be directed to take the patient to another facil- 
ity, If the patient needs angioplasty and the 
catheterization laboratory is not available, the system 
might  be directed to take the patient to a facility that 
does have a catheterization laboratory available. Two 
hospitals might  decide to share calls for angioplasty; 
in this situation the two hospitals might alternate 
days when they will accept acute angioplasty patients 
and/or thrombolytic therapy candidates. Thus, re- 
gional planning might  be of benefit. Many local areas 
are familiar with this type of regional planning be- 
cause they have done regional planning fi)r the care of 
trauma patients. 

Conclusions 
Emergency medical services can be an important ad- 
junct to the reperfusion of patients with acute myo- 
cardial infarction. They can provide resuscitation fi~r 
the cardiac arrest victim. They can provide ACLS 
therapy fi)r patients needing this level of care. They 
can provide critical information and therapy that will 
aid in the diagnosis and treatment of patients with 
acute myocardial infarction. The rapidity of 
reperfusion can be greatly influenced by careful plan- 
ning and coordination of the prehospital system with 
the hospital system. To be most effective, there needs 
to careful planning and integration of the prehospital 
and hospital systems. However, for this system to 
have its greatest impact, patients and their families 
need to be taught to use the EMS system properly; 
today less than one half of patients in the United 
States with an acute myocardial infitrction are trans- 
ported by EMS. 
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Introduction 
In the last 25 years, most communities in the United 
States have developed sophisticated emergency medi- 
cal services (EMS) systems that are designed to mini-  
mize death and disability from a variety of medical 
conditions. Sudden cardiac death (SCD) and acute 
myocardial infarction (AMI) account for the majority 
of life-threatening, nontraumatic, community  emer- 
gencies affecting adults. The purpose of this chapter is 
to describe the pathophysiology and epidemiology of 
SCD and AMI, and to review the ways in which the 
EMS system design and function can maximize sur- 
vival from these conditions. 

Sudden Cardiac Death in the Community 
Most initial episodes of unexpected SCD in adults 
occur in the home or workplace [1-3].  The most 
common victim is a male who is 50-75 years of age 
[1,3]. Although only 2 - 4 ~  of all runs in a typical 
EMS system are due to cardiac arrest [4], such calls 
represent a large proportion of the incidents in which 
field intervention can make a life or death difference 
in outcome. EMS systems are the most effective 
means presently known to deal with the problem of 
sudden cardiac death because they can provide (1) 
initial rescue and a source of referral for electrophysi- 
ological testing and therapeutic intervention in pa- 
tients who experience their first episode of pulseless 
ventricular tachycardia (VT) or fibrillation (VF); and 
(2) salvage of patients who go into cardiac arrest again 
despite treatment. 

The initiating event is a ventricular tachyarr- 
hythmia (VT degenerating rapidly to VF in 62%, 
torsade de pointes in 13cx, and "primary" VF in 8%) 
in over 80% of patients who develop out-of-hospital, 
primary cardiac arrest during ambulatory electrocar- 
diographic monitoring [5]. Fewer than 70% of pa- 

tients are in VT or VF by the time rescue personnel 
arrive on the scene (typically 5-10 minutes after the 
onset of collapse in most efficient EMS systems) 
[6]. Most of the remaining patients (31c~) are in a 
pulseless, bradycardic rhythm or asystole. 

The outcome of field resuscitation is strongly influ- 
enced by the patient 's initial cardiac rhythm. In one 
series of 352 consecutive out-of-hospital cardiac arrest 
patients, 67% of the patients with VT and 2 3 ~  of 
those who were initially in VF survived to hospital 
discharge [61. None of the patients who presented 
with a an initial bradyarrhythmia survived to hospital 
discharge, Similar observations have been made 
by others [7,8]. One plausible hypothesis is that 
pulseless bradycardia or asystole may be a marker fur 
a prolonged downtime interval or a more severe 
underlying disease process [9]. Because ventricular 
tachyarrhythmias represent the most common, poten- 
tially treatable mechanism of sudden cardiac arrest 
in adults, the best prehospital emergency cardiac 
care programs have been designed to deliver rapid 
defibrillation to as many patients as possible. 

CHAIN OF SURVIVAL CONCEPT 
Survival from pulseless VT or VF is inversely related 
to the t ime interval between its onset and termination 
[10]. Each minute  that a patient remains in VF, the 
odds of survival decrease by 7 -10% [11]. Survival is 
highest when cardiopulmonary resuscitation (CPR) 
is started within the first 4 minutes of arrest 
and advanced cardiac life support (ACLS), including 
defibrillation and drug therapy, is started within the 
first 8 minutes [12]. The American Heart Associa- 
flows Emergency Cardiac Care Committee and its 
Advanced Cardiac Life Support Subcommittee began 
to widely publicize the chain of .mrt,ival concept in 
1991. This symbolic phrase represents a sequence of 
events that should occur in most cardiac arrest cases to 

~,1~ 
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maximize the odds of successful resuscitation [13]. 
The steps includes early recognition of the problem 
and activation of the EMS system by a bystander, 
early CPR, rapid provision of defibrillation for pa- 
tients who need it, and advanced cardiac life support 
(e.g., intubation, administration of medications) 
[l 3]. Schematically, this sequence can be depicted by 
a chain of survival (Figure 25-1). 

EARLY ACCESS 
Because most out-of-hospital cardiac arrests occur 
suddenly and without immediate premonitory symp- 
toms, the victim is rarely in a position to activate the 
EMS system prior to his or her collapse. Bystanders 
who witness the event can significantly improve the 
victim's chance of surviving by alerting the commu- 
nity EMS system to the presence of the emergency. 
All too often, the untrained citizen only further delays 
treatment by attempting to inform relatives, call the 
neighbors, or contact the patient's personal physician 
instead of calling the local community emergency 
telephone number (in most places it is 9-1-1) [14,15]. 

Before EMS rescuers can aid the victim, the by- 
stander must recognize that there is a problem, locate 
a telephone, make a correct call, and give accurate and 
precise information to the dispatcher. Once the alarm 
has been sounded, rescuers must travel to the scene, 
physically arrive at the patient's side, and perform an 
initial, cursory assessment. Public education can sig- 
nificantly improve the behavior of bystanders when a 
cardiac emergency occurs in the community. Citizens 
can be trained to quickly summon help and to initiate 
lifesaving CPR. For example, bystanders in Seattle 
initiated CPR in only 5% of cardiac arrests in 1970- 
71, but by 1976, 34%, of cardiac arrest victims were 
receiving bystander CPR as a result of a widespread, 
pioneering, public education campaign [16]. Since 
then, the American Heart Association and the Ameri- 
can Red Cross have trained millions of citizens to 
recognize cardiac emergencies, call for help, and per- 
form CPR [17]. 

Availability of the simple three digit 9-1-1 emer- 
gency number in the United States can reduce confu- 
sion and decrease delay in activating the EMS system. 
In Minneapolis, the percentage of emergency callers 
who could activate the EMS system in less than 1 
minute rose from 63% before, to 82~ after, institu- 
tion of a 9-1-1 number [18]. Only two states cur- 
rently have 9-1.-1 available everywhere within their 
borders. One community in North Carolina lists 85 
different emergency numbers in the local telephone 
book [19,20]. The American Heart Association has 
recommended that all communities implement an 
enhanced 9-1-1 system, which displays the caller's 

FIGURE 25-l.  The chain of survival concept. CPR = car- 
diopulmonary resuscitation; DF = defibrillation: ACK e, = 
advanced cardiac life support. 

location automatically on the dispatcher's terminal 
when the call is received [13]. 

EARLY CPR 
The next link in the chain is early initiation of CPR, 
preferably by bystanders. With rare exceptions, EMS 
system response time characteristics are not good 
enough to provide CPR within the first few minutes 
after the patient's collapse [21,22]. One way to ensure 
initiation of early CPR is to educate and train a "criti- 
cal mass" of the general population. The effectiveness 
of such training has varied widely. In Seattle, approxi- 
mately 50% of the population has been trained to 
perform CPR [23], while in Minneapolis only 23% of 
adults surveyed have received such training [24]. In 
smaller cities and in less affluent areas, the number of 
trained citizens is often much lower. What percent- 
age of adults needs to be trained in CPR to provide 
reasonable protection in the community is difficult to 
determine with certainty. As a rule of thumb, the 
American Heart Association recommends that at least 
20~ of the adult population should be trained in 
basic CPR to reduce mortality from out-of-hospital 
cardiac arrest [25]. 

There are a number of problems associated with 
training the public to perform CPR. For example, it 
can be argued that we have trained the wrong rescu- 
ers. The typical cardiac arrest victim is male, 60-65 
years old, and usually arrests at home, often in the 
presence of a spouse of similar age [26]. Most citizens 
who have taken CPR training are younger than 30 
years of age; typically, fewer than 10% live with 
family members known to have heart disease [27]. 
Most citizens who have received CPR training never 
actually witness or participate in managing a cardiac 
arrest; conversely, bystanders who witness a cardiac 
arrest usually do not know how to perform CPR 
[23,28]. For example, only 10cX of CPR-trained citi- 
zens in Minneapolis have witnessed an arrest, while 
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only 30% of citizens present at the site of a cardiac 
arrest were trained in CPR [24]. The majority of"lay" 
persons who at tempt to perform CPR out-of-hospital 
are actually employed or volunteer their services as 
health professionals [29]. The best solution to the 
problem may be to target CPR training to "high- 
risk" individuals, such as middle-aged persons, senior 
center residents and staff, and family members (par- 
ticularly the spouse) of patients who are survivors of 
myocardial infarction or cardiac arrest, or who have 
other risk factors for cardiac arrest [27,30,31]. 

Skill retention is also a problem because CPR is a 
psychomotor technique that deteriorates rapidly over 
t ime unless practiced or used. In Belgium, 46% of 
bystanders who performed CPR forgot to perform 
mouth- to-mouth breathing; chest compressions were 
not done 17% of the t ime [32]. It is important for lay 
persons or health care professionals who perform CPR 
infrequently to receive at least annual reinforcement. 
However, only about 20c~ of trainees return for an- 
nual training in tile United States [24,28]. Fear of 
communicable disease, particularly infection with the 
human immunodeficiency virus (HIV), which is dis- 
proportionate to the known minimal  risk of diseases 
transmission, may decrease the likelihood that trained 
rescuers will actually perform mouth- to-mouth venti- 
lation on strangers [33]. 

Although the value of bystander CPR was once 
debatable, virtually all recent studies have shown that 
init iation of bystander CPR within 4 minutes of the 
patient 's collapse results in up to a 12-fold improve- 
ment in the odds for survival [13]. The mechanism by 
which early CPR improves outcome is unclear but  
may be due to CPR's ability to keep coarse ventricular 
fibrillation from degenerating to asystole for a few 
extra minutes until  rescuers arrive. 

EARLY DEFIBRILLATION LINK 
The rationale for the use of early defibrillation 
stems from four observations: (1) ventricular tachy- 
arrhythmias are the commonest cause of sudden, out- 
of-hospital cardiac arrest in adults; (2) defibrillation 
is the most effective treatment for pulseless ven- 
tricular tachyarrhythmias; (3) the effectiveness of 
defibrillation diminishes rapidly over time; and (4) 
unless treated promptly, VF becomes less coarse and 
eventually converts to the less treatable rhythm of 
fine VF or asystole. The best outcomes from sudden, 
arrhythmic cardiac arrest in adults have been re- 
ported from cardiac rehabilitation programs, where 
defibrillation can be performed within the first 
minute  or two. In such "ideal" settings, as many as 
85-90% of patients are resuscitated and return to 
their prearrest neurological status [34-36] .  Sur- 

vival from out-of-hospital cardiac arrest treated by 
EMS personnel has been considerably lower, averag- 
ing 15-20c~ or less, with a maximum survival of 
30%, depending on the EMS system configuration 
[13]. 

The best survival is attained in EMS systems that 
can provide early defibrillation to a large percentage 
of patients. In most cases, this is most cost effectively 
accomplished by a tiered-response system, in which 
large numbers of rapid first-response firefighters or 
emergency medical technicians (EMT)s are trained 
and equipped to provide first aid, CPR, and early 
defibrillation using an automated external defi- 
brillator (AED). 

Unfortunately, not all communit ies in the United 
States have yet implemented a comprehensive, tiered 
EMS system. Many systems, particularly in suburban 
or rural areas, have only EMTs who are neither 
trained nor equipped to defibrillate. For such areas, 
adding rapid defibrillation capability offers a cost- 
effective alternative that can significantly improve 
survival from out-of-hospital VF or pulseless VT 
[37,38]. 

The American Heart Association has recently is- 
sued a position statement advocating the widespread 
implementat ion of rapid defibrillation programs 
throughout the nation. The American Heart Associa- 
tion endorses the position that 

All emergency personnel should be trained and permitted 
to operate an appropriately maintained defibrillator if their 
professional activities require that they respond to persons 
experiencing cardiac arrest. This includes all first respond- 
ing emergency personnel, both hospital and nonhospital 
(e.g., emergency medical technicians (EMTs), non-EMT 
first responders, fire fighters, volunteer emergency person- 
nel, physicians, nurses, and paramedics). 

To further facilitate early defibrillation, it is essential 
that a defibrillator be immediately available to emergency 
personnel responding to a cardiac arrest. Therefore, all 
emergency ambulances and other emergency vehicles that 
respond to or transport cardiac patients should be equipped 
with a defibrillator [39t. 

More novel strategies have also been tried to increase 
the availability of rapid defibrillation in the commu-  
nity. The most innovative idea is termed public access 
defibrillation, so named because the intent  is to have 
non-healthcare citizens perform early defibrillation. 

Early attempts to train family members of high- 
risk patients or communi ty  workers in the use of 
automated external defibrillators (AEDs) have met 
with variable success. For example, Eisenberg et al. 
trained family members of 59 patients who had sur- 
vived our-of-hospital cardiac arrest in King County, 
Washington [40]. Only 6 of the 10 cardiac arrests 
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that occurred in these patients were defibrillated 
successfully, and only one patient survived for few 
months and sustained new neurological impairment. 
In contrast, Swenson et al. reported 3 successful re- 
suscitations out of 5 cardiac arrests in 48 patients 
whose families had been trained to use an AED [41]. 
More encouraging results have been obtained when 
community first responders have been trained to 
use automated defibrillators. For example, 160 secu- 
rity officers were trained to use these devices at 
Vancouver's World Expo 1986. Five cardiac arrests 
occurred among the 22.1 million visitors. The AED 
was correctly applied in all cases by security person- 
nel. In two cases, the initial rhythm was VF and 
defibrillation was successful. Both patients had a 
pulse and were regaining consciousness by the time 
EMS personnel arrived on the scene [42]. Other ex- 
perimental approaches to rapid defibrillation in the 
workplace include use on commercial aircraft, British 
rail stations, oil platforms in the North Sea, electric- 
ity plants, passenger cruise ships, and merchant ma- 
rine vessels [43-45]. 

F.ARLY ACLS LINK 
Physicians provide prehospital ACLS by staffing spe- 
cially equipped ambulances in many countries (e.g., 
western Europe, Scandinavia, Canada). In the United 
States, "intermediate" level EMTs or paramedics 
provide most prehospiral ACLS intervention (e.g., 
defibrillation or synchronized cardioversion, endotra- 
cheal intubation, intravenous fluid therapy, drug 
administration). Intermediate EMTs (often called car- 
diac technicians) typically receive several hundred 
hours of training; paramedics usually receive 1000 or 
more hours. Adding field ACLS capability appears to 
favorably impact survival from out-of-hospital cardiac 
arrest [ 13,46]. 

Some EMS systems have upgraded all transporting 
ambulances to ACI.S status to eliminate the possibil- 
ity that dispatchers might send a basic life support 
unit on a call that needs a higher level ufcare. An "aII- 
ACLS" system eliminates the potential "failure point" 
in the 9-1-I center because there is no triage of 
calls to an ACLS or basic cardiac lift support 
(BCLS) response. Existing BCLS ambulances or first- 
responding vehicles can be upgraded to automated 
defibrillation capability with minimal expense. Auto- 
mated defibrillators cost approximately $5000-8000 
and require only 2-4 hours of additional training for 
first responders or emergency medical technicians. 
This is nominal expense compared with the cost 
of a typical ambulance ($50,000-100,000) or fire 
truck ($250,000-500,000). In Richmond, Virginia, 
upgrading from a half-BCLS/half-ACLS system to an 

alI-ACLS system added less than 1% to the cost 
of ambulance service (only $2.88 per patient trans- 
ported) [47]. 

Acute Myocardial Infantion 
Intravenously administered thrombolytic therapy 
reduces the mortality rate by approximately 25% 
in patients with acute transmural myocardial in- 
farction (AMI) [48-52]. However, not all patients 
benefit equally from its use. Administration of a 
thrombolytic agent within the first hour after the 
onset of AMI symptoms reduces the mortality rate by 
40% or more compared with that seen with later 
dosing and often results in substantial myocardial 
salvage [53]. There is less mortality reduction in pa- 
tients who receive later treatment. Patients with AMI 
who quality' for thrombolytic therapy should receive 
it expeditiously. 

Prehospital evaluation and transport can account 
for significant time delay in patients with AMI who 
need thrombolytic therapy. The time from emergency 
medical services system activation to arrival of the 
patient at the hospital ED averaged 46 _+ 8 minutes in 
3715 patients from eight major centers f5-1]. In the 
same study, the door-to-drug time interval (defined as 
the number of minutes between the time that the 
patient arrives at the emergency department and the 
time that the thrombolytic drug is administered) 
was 84 +- 55 minutes. Thus, the time interval re- 
quired to evaluate, stabilize, transport, and initiate 
thrombolytic therapy precludes initiation of treat- 
ment within the first hour of symptoms in the major- 
ity of patients with AMI. 

In many countries, especially throughout Europe 
and Scandinavia, physicians staff ambulances and 
make house calls frequently. Prehospital administra- 
tion of thrombolytic drugs by physicians has been 
demonstrated to be feasible in limited trials [55-57]. 
In the United States, thrombolytic therapy is admin- 
istered to most AMI patients after they arrive at 
the hospital. Long median door-to-needle times in 
many hospitals have prompted some to consider 
the prehospital administration of thrombolytics by 
paramedics. 

The Myocardial Infarction Triage and Intervention 
(MITI) Trial in Seattle, Washington studied the 
safety and efficacy of this strategy, in a prospective, 
randomized comparison of tissue plasminogen activa- 
tor (t-PA) administered by paramedics in the field or 
by physicians on emergency department arrival. Para- 
medics used a prehospital checklist and computerized 
12-lead interpretation backed up by cellular tele- 
phone transmission to hospital-based physicians [58]. 
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Although the study confirmed the value of very early 
(<70 minutes after onset of AMI symptoms) com- 
pared with "early" thrombolysis (70-180 minutes 
after onset of AMI symptoms), there was no difference 
in survival or myocardial salvage when paramedics 
gave t-Pa in the field compared with when physicians 
and nurses gave it shortly after hospital ED arrival. 

In addition to these results, there are significant 
l imitations to the widespread application of 
prehospital thrombolysis by paramedics in the 
United States [59t. Regardless of how effective, safe, 
or practical prehospital thrombolytic therapy proves 
to be, it only can be used to treat the half of all 
patients with AM1 who choose to call for an ambu-  
lance [59]. Efforts to improve the public 's use of the 
emergency care system have thus far been unsuccess- 
ful. Public education programs in Seattle, Washing-  
ton [60] and in G6teborg, Sweden [61] did not 
significantly increase the number  of patients with 
AMI who were brought to the hospital by ambulance. 

Other shortcomings of prehospital thrombolytic 
therapy include the high cost of equipping all ambu-  
lances with electrocardiographic equipment,  cellular 
telephones, expensive thrombolytic agents, refrige- 
ration equipment  or the daily rotation of stock 
to prevent decomposition of the drug under hot 
environmental  conditions, maintenance of paramedic 
skills, and medicolegal risk [591. The theoretical 
appeal of prehospital thrombolytic therapy does not 
appear to be justified relative to the time, money, and 
effort required for its use in most U.S. EMS systems at 
present. Even with generous estimates of the poten- 
tial impact ofprehospital thrombolysis on AMI mor- 
tality, in most EMS systems it is more cost effective to 
equip first-responding fire or EMS vehicles with auto- 
mated defibrillators. In Richmond, Virginia, it would 
cost 25 times more dollars per life saved to add 
prehospital thrombolysis on all paramedic ambu-  
lances than to equip all first-responding fire vehicles 
with automated defibrillators [59]. 

Based on this kind of analysis, in 1993 the Ameri- 
can College of Emergency Physicians issued a Policy 
Statement on the prehospital use of thrombolytic 
agents: 

The use of thrombolytic agents by nonphysicians in the 
prehospital setting should currently be considered investi- 
gational. The College believes that sound scientific research 
and further examination of the use of these agents is needed, 
using carefully designed and properly approved research 
protocols in EMS systems with strong medical supervision. 
These studies shuuld seek to determine the feasibility, effi- 
cacy, cost-effectiveness, and safety of these agents when 
administered by prehospital personnel. Until more data 
is available, the routine use of thrombolytic agents by 

prehospital emergency medical services should be discour- 
aged [62], 

Although expensive, the addition of computer- 
interpreted, 12-lead ECG capability on paramedic 
ambulances is accurate in confirming the diagnosis 
of AMI and does speed the door-to-needle time after 
the patient is transported to the hospital [63,64]. 
Technology including 12-lead ECG capability on 
monitor-defibrillators carried by paramedics is now 
available, providing the most efficient and cost- 
effective way of enhancing field diagnosis, with mi- 
nimal addition of weight to the paramedic's field 
equipment.  Paramedics can achieve a high success 
rate (almost 99c~ ,) in obtaining diagnostic quality 
prehospital 12-lead ECGs in sophisticated EMS sys- 
tems, resulting in a diagnostic specificity of 99% for 
patients with AMI. Acquisition ofa prehospital ECG 
only increases the paramedic on-scene t ime by an 
average of 5 minutes. If signs of ischemia or infarction 
are present, paramedics can administer analgesics for 
pain relief, oxygen, aspirin, and nitroglycerin. 

Conclusions 
High-qual i ty  prehospital emergency care by trained 
paramedics and EMTs can make an enormous dif- 
ference for many patients with cardiac arrest or myo- 
cardial infarction. Cardiologists and emergency care 
practitioners need to work together to provide strong 
medical leadership and oversight of these highly com- 
plex systems. At tile present time, most communit ies  
should strive to provide a strong chain of survival. 
Once that is accomplished, prehospiral 12-lead 
electrocardiography is the next logical, cost-efI:ective 
step. Finally, prehospital thrombolytic therapy ap- 
pears to have limited value for most nonrural EMS 
environments in which the transport time to the hos- 
pital is relatively rapid. 
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Introduction 
Chest pain and other symptoms suggestive of acute 
cardiac ischemia (ACI, including acute myocardial 
infarction [AMI] and unstable angina pectoris) ac- 
count for over 6 million emergency department (ED) 
visits per year. Of these, the approximately 30%, who 
truly have ACI (just under half of whom will prove to 
have AMI) [1] must be quickly and accurately sepa- 
rated from the majority of ED patients who do not 
have ACI and then promptly treated and admitted to 
the hospital. This is not an easy task, the environment 
in which this must be done is not often optimal, and 
there are no perfect tests that completely handle all 
possible cases. However, as reviewed in this chapter, 
there are a number of tests and strategies, that, when 
combined with good clinical judgement, can be of 
significant assistance. 

There are a number of countervailing forces buffet- 
ing the ED clinician evaluating patients with symp- 
toms suggestive of ACI. The pressure to make the 
diagnosis quickly in order to institute the increasing 
quiver of time-sensitive treatments is one such force. 
As detailed elsewhere in this volume, for the institu- 
tion of interventions to prevent and/or reverse fatal 
arrhythmias, as well as for medical and angioplasty 
thrombolysis and other acute interventions, passing 
time represents passing opportunities to benefit, and 
potentially to save the life of, the patient. 

Another force influencing physicians' ED triage is 
their concern over missing ACI. Although primarily 
concerned about the patients' welfare, all ED physi- 
cians are aware that the failure to properly identify 
ACI in association with sending a patient home who 
then has an AMI and/or dies is among the commonest 
and largest causes of malpractice litigation in this 
country. Thus, although ED physicians do not intend 
to hospitalize patients without ACI, they are con- 

cerned that being too restrictive in their admission 
practices would increase the numbers of patients 
with ACI mistakenly sent home, currently about 
7% of those with ACI [2] and about 2--4% of those 
presenting with AMI [2-5]. Thus there is an under- 
standable "'If in doubt, admit!" response to ambigu- 
ous ED presentations. 

Yet another force increasingly evident in the ED 
triage process is pressure to reduce costs. It has not 
gone unnoticed that of the approximately 1.3 million 
admitted yearly to coronary care units (CCUs), half 
prove not to have true ACI [2,6], and of those with 
ACI, their presumably unnecessary hospitalizations 
may represent direct costs on the order of $3 billion 
annually [7]. Thus, among the growing pressures 
on physicians to avoid hospitalization, admission for 
suspected ACI are one of the largest targets. 

These contravailing influences, combined with the 
difficulty in definitively diagnosing ACI in the ED, 
make clear the need for reliable diagnostic tools and 
strategies. Although there is interest in decreasing 
the false-negative discharge rate yet further, and a 
clear interest in more rapid diagnosis in order to 
maximize benefits of thrombolysis and other inter- 
ventions, there is also an understanding that the 
typically 10-fold higher false-positive admission rate 
(ca. 50%) needs to be reduced in the increasingly 
cost-driven healthcare system. Methods proposed 
for decreasing false-positive rates (i.e., increase speci- 
ficity) and/or false-negative rates (i.e., increase sensi- 
tivity) of ED triage for patients with symptoms 
suggestive of ACI have included special attention 
to certain high-risk clinical indicators [8,9], rapid 
determination of cardiac enzymes [10,11], two- 
dimensional echocardiography [12], imaging myo- 
cardial perfilsion scans using thallium-201 [13] and 
Tc99m-sestamibi [ 14-18], and mathematically based 
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decision aids [1,2,19-22]. However, to date few of 
these have been shown prospectively in a controlled trial 
to improve CCU or hospital admission practice 
[2,23], or to result in actual cost savings associated 
with projections of reduced hospitalizations. In the 
following, after a brief review of the methodologic 
issues that surround the studies of such diagnostic 
approaches, the available and developing ED diagnos- 
tic technologies and decision aids for this area are 
reviewed. 

Methodologic Issues in the Study of 
ED Triage of Patients with 
Suspected Acute Cardiac Ischemia 
A number of issues must be kept in mind when 
considering the literature on methods of identifying 
ACI that limit applicability to the actual ED setting 
[6]. First, the predictive value of a particular symp- 
tom, sign, or test result in a particular study is very 
dependent on the prevalence of AC1 in its study popu- 
lation [24}. For example, electrocardiogram (ECG) 
ST-segment abnormalities and echocardiographic re- 
gional wall abnormalities may appear very predictive 
of infiarction among CCU patients, among whom the 
prevalence of AMI is relatively high, but they will be 
much less predictive among ED patients, among 
whom the prevalence of AMI is much lower. Even 
ED-based studies, especially if not including a variety 
of ED settings, may not apply to EDs with popula- 
tions with substantially different prevalences of ACI 
than in the study, or to EDs with different settings or 
roles (e.g., urban vs. rural, or teaching vs. community 
hospital) than the study hospital(s). 

Second, the applicability to actual practice of stud- 
ies of ED triage also depends heavily on study inclu- 
sion criteria. For example, if only patients with chest 
pain are studied, the results may not apply to the 13- 
25~. of patients with ACI who do nut present with 
chest pain [2,25-27]. Indeed, given that patients 
without clear-cut chest pain are those for whom diag- 
nostic and therapeutic decisions can be most difficult, 
the studies most useful to the ED clinician are those 
with broad entry criteria to include, along with 
those presenting with typical pain, and all patients 
with potential ACI who present without chest pain 
(e.g., with shortness of breath, epigastric discomfort, 
dizziness, etc). 

Third, the choice of diagnostic endpoint is critical 
to rhe study of ED diagnostic performance and triage. 
Many studies have focused on identifying only AMI 
rather than all ACI [3,6,28]. Identifying unstable or 
new-onset angina is also important, because it can 
lead to hospital monitoring and early therapy that 

may prevent progression to AMI, and the institution 
of longer term secondary prevention strategies. In- 
deed, as many as 9% of patients admitted with 
new-onset or unstable angina pectoris have been re- 
ported to progress to AMI [29,30]. Thus, the clini- 
cally most useful studies will be those seeking to 
identify for potential hospitalization those ED pa- 
tients ultimately found to have either AMI or non- 
AMI ACI (i.e., new or unstable angina). It is helpful 
for AMI to be studied and reported as an outcome, 
but ideally as a subgroup in a study of the primary 
outcome ACI. 

Fourth, to be believable, studies of ED triage 
studies must have convincing completeness of follow- 
up for all eligible patients. Loss of patients to 
follow-up can lead to biases in the study sample, 
especially when the participation rate among eligible 
patients also is not high. Even more important is 
the potential impact of incomplete follow-up on the 
analysis of outcomes. For example, it may be that 
some of patients for whom follow-up was missed was 
because of death of a missed ED diagnosis of 
AMI, and their failure to be included in the analysis 
would mislead regarding the safety of those sent 
home. Even with 100K follow-up of subjects, the 
incidence of AMI still may be underestimated among 
discharged patients if follow-up evaluarions do nor 
include repeated ECGs and cardiac enzyme tests. 
Unfortunately, to avoid these problems with home 
follow-up, some studies just do not study those 
patients sent home. This renders the results less help- 
ful, because the safety of sending a patient home 
based on the diagnostic technology in question is 
never actually tested. 

Finally, to be able to know ifa proposed diagnostic 
method truly will improve El) triage, actual testing 
of its clinical impact is necessary [3l]. Although 
assessment of a method's diagnostic perfbrmance 
characteristics is important, the effectiveness, safety, 
generalizability, and economic impact of a diagnostic 
technology's use can only truly be known by per- 
fbrming a prospective trial of its impact on patient 
care in diverse settings [6,3l]. This is particularly 
important for such high-technology, high-cost tests 
as echocardiography and radionuclide scanning, with 
which there is the hope that their considerable invest- 
ments will be more than repaid by improvements in 
cost effectiveness in triage. It is even more important 
to carefully consider any diagnostic technology that 
might lead to an increase in discharges home of pa- 
tients with ACI, that might appear promising in a 
hypothetical study on a test data set but in actual use 
might lead to adverse outcomes due to mistaken dis- 
charges of patients with ACI to home. 
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Presenting History in the ED Setting 
Since the classic initial descriptions of angina pectoris 
by Heberden [32] and of AMI by Herrick [33], there 
have been many descriptions of the diagnostic fea- 
tures of ACI, including explicit searches for the key 
clinical features that might help improve physicians' 
ED assessment of patients with possible ACI [6]. 
Clearly chest pain and discomfort itself, and equiva- 
lent symptoms, such as left arm and jaw pain, when 
associated with typical kinetics related to exertion or 
other conditions, and when accompanied by such 
signs and symptoms as diaphoresis, dyspnea, dizzi- 
ness, weakness, etc, raise ACI, and especially AMI, to 
the top of diagnostic considerations. However, often 
the symptoms are not definitive. The past history can 
be especially helpful if there is coronary artery disease 
prior (CAD) or if similar symptoms have already had 
their etiology identified. Lee et al. [34] found that 
certain non-ACl characteristics of the chest pain 
(stabbing, pleuritic, and positional), and the lack of 
prior cardiac history, conveyed a very low risk of AMI, 
but these findings applied to only a small portion of 
patients. 

One commonly acquired aspect of the history that, 
in fact, has little true bearing on the likelihood of ACI 
is the classical (i.e., Framingham) CAD risk factors, as 
was shown by Jayes and colleagues [35]. In their study 
of ED patients with suspected but without obvious 
coronary disease, none of the risk factors of diabetes, 
family history of AMI, smoking, hypertension, or 
hypercholesrerolemia raised the relative risk of ACI in 
women, and only the presence of diabetes or family 
history slightly increased the relative risk in men (2.4 
and 2.1, respectively). By contrast, the finding of chest 
pain or pressure increased the relative risk of ACI to 
25.0 and 12.1 for women and men, respectively; the 
findings of ST-segment elevation or flattening in- 
creased the relative risk of ACI to 8.7 and 3.9 for men 
and women, respectively. This empirical study makes 
clear that the degree of increased risk associated with 
Framingham risk factors over many years is, when 
considered on a single day when chest pain or other 
symptoms motivate a patient to seek emergency evalu- 
ation, of only minor importance. Thus the clinician 
should not put undue weight on them. Generally, the 
presenting clinical signs and symptoms will raise the 
question of ACI, which additional tests will either 
support or not, leading to the diagnostic impression of 
ACI, which will dominate the ED triage decision. 

Electrocardiogram 
Bacause clinical features are often not diagnostic, the 
ED physician relies heavily on the ECG. Unfortu- 

nately, although an essential tool for identifying ACI, 
the ECG itself has significant limitations. Particularly 
for unstable angina, in which ischemia can come and 
go, the ECG can be nondiagnostic or even misleading 
if the patient's ischemia has temporarily abated. 
Moreover, some patients have an abnormal baseline 
ECG, which complicates recognizing new changes. 
Left bundle branch block and paced rhythm, and left 
ventricular hypertrophy, render the interpretation 
very difficult. Studies have shown the sensitivity of 
the resting ECG for AMI to range from 65 to 88c~ 
[19,20,34,36,37]. Lee er al. [34] found that among 
patients presenting to an ED with chest pain, a nor- 
mal ECG conveyed very low risk of having an AMI; 
however, only 19% of patients of all patients with 
chest pain met their criterion for a normal ECG, thus 
providing limited opportunity to improve diagnostic 
specificity. The ECG can operate with high sensitiv- 
ity when any non-normal tracing is interpreted as 
positive. However, at that cutoff level it is poorly 
specific. When high specificity is attained by requir- 
ing the presence of ST-segment displacement, sensi- 
tivity is considerably lower. 

Moreover, in general, ECG interpretation is not a 
precise science, and this inaccuracy in the ED ECG 
identification of ACI has been shown to impact on 
care. A prospectve study by Jayes et al, examined 
the sensitivity and specificity of physicians' ECG 
readings on 2320 ED patients with possible ACI 
in 1979-1981 [38]. Using the readings of expert 
electrocardiographers as the gold standard, the study 
found that for ST-segment displacement _>1 mm, the 
ED physicians had high false-negative rates (10-  
16%) and false-positive rates (25-329~). Overall sen- 
sitivity and specificity for and major (_>1 mm) and 
minor (<1 ram) ST-segment findings were 59~  and 
86%, respectively. Such false-negative and false- 
positive readings were found to have consequences for 
clinical care: False-negative and false-positive read- 
ings were both statistically significantly associated 
with suboptimal triage to the CCU or home. The 
recognition of ECG findings of left ventricular hyper- 
trophy (LVH) is also poor. A multicenter study by 
Larsen and colleagues demonstrated that "admitting 
physicians" only recognized ECG findings of LVH 
22% of the time. In 70% of patients with ECG-LVH, 
secondary ST-segment and T-wave findings were in- 
terpreted as primary changes of ACI [39]. 

Recently attempts have been made to improve the 
ECG by expanding the number of sampled leads to 
include posterior and right ventricular leads or by 
increasing the number of recorded ECG tracings. The 
addition of posterior (V:-V 9) leads has been shown to 
modestly increase the sensitivity of the ECG for pos- 
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terior ST-segment elevation [40,41]. Right ventricu- 
lar infarction is also detected by the addition of V~s to 
the ECG. As manifested by ST-segment elevation on 
V jR, it occurs in about half of cases with inferior 
AMI [42], and this subgroup has a worse prognosis 
and warrants aggressive interventions to establish 
reperfusion [43]. Repeat ECGs have been shown 
to increase the ED sensitivity for AMI [44] and 
to identify a larger proportion of thrombolytic 
candidates [45], but there are no data available at this 
time on the value of continuous 12-lead monitoring 
in the ED. 

Electrocardiographic Excercise 
Tolerence Testing 
There has been increasing interest in the use of ECG 
exercise tolerance testing [46,47], (ETT) in the ED 
(or Chest Pain Center) in selected groups of patients. 
The rationale for this approach is that in patients for 
whom AMI has been ruled our with clinical, ECG, 
and/or serial enzyme testing and who are at low to 
moderate probability of CAD, a predischarge ETT 
would identify patients at higher risk of coronary 
artery disease and an untoward outcome. Kerns et al. 
[48] studied 32 young ED patients (women 18-49 
years, men 18-39 years) presenting during the day- 
t ime with atypical chest pain, normal ECGs, and one 
or no CAD risk factors, and no medications, for whom 
he calculated a pretest probability of CAD of approxi- 
mately 20%. All tests were interpreted as normal, and 
there were no cardiac events in 6 months of follow-up. 
The difference was that for those in the control group, 
the average length of stay was 2 days at a cost of 
$2340, whereas for those receiving ETTs, the cost was 
$467 for an average stay of 5.5 hours. 

Tsakonis et al. [49] also tested ETT in selected ED 
patients with chest pain in 28 low-risk patients with 
normal ECGs and found it to be safe and to predict 
being CAD-free at 6 months. Although all patients 
were admitted despite negative test results, it was 
suggested that the negative test could preclude un- 
necessary hospitalizations. More recent studies have 
shown that such early E'FT testing does raise the 
sensitivity for the detection of coronary artery disease 
[50,51 ], but also raises questions about whether ETT 
is a good discriminator in the populations to which it 
is applied. In one large study [46], the test's positive 
rate was only 1%, half of which were false positives. 

The ETT is attractive to the ED physician because, 
if negative, it suggests that the patient has a low 
likelihood of CAD, and then by inference, a low like- 
lihood of ACI, and can safely be sent home. This is not 
faulty logic. The advantage of doing this is the effi- 

ciency provided to the overall healthcare system by 
having the follow-up test for CAD performed on the 
first visit. Difficulties arise in the selection of patients 
who have a high enough probability to benefit from 
the test but  a sufficiently low enough probability to 
make the test both safe and helpful. If active ACI is 
likely, then the ETT is neither necessary nor safe; if 
the patient has a very low likelihood of disease, then a 
test with only moderate sensitivity and specificity will 
be unlikely to further discriminate into diseased and 
nondiseased subgroups. Also, a significant number  of 
patients will be excluded from this method of testing 
due to an uninterpretable baseline ECG or poor exer- 
cise tolerance. Although there are certainly cases for 
which the use of an ETT will be helpful, whether the 
current trend to include them in ED/Chest Pain Cen- 
ter is justified by improvements in triage, medical 
outcomes, or even cost effectiveness remains to be 
proven in a controlled trial in the ED setting. 

Cardiac Enzymes 
Long a key part of the diagnostic criteria for AMI in 
hospitalized patients, serum tests for creatine kinase 
(CK), and the more cardiac-specific MB-CK isoen- 
zyme, have been increasingly used in the evaluation of 
ED patients with symptoms suggestive of ACl, espe- 
cially in those with nondiagnostic ECGs. However, in 
addition to the well-appreciated issue of the lack of 
perfect correspondence of even MB-CK serum levels 
to myocardial necrosis alone, there are a number  of 
issues specific to the ED that limit its use in actual 
emergency practice. Indeed, there are the increasing 
panoply of more accurate, sensitive, and rapid MB- 
CK assays and other cardiac markers [52]. For 
example, a newer assay for MB-CK subforms appears 
to maintain the very desirable specificity of MB-CK, 
but increases its early sensitivity to within 6 hours of 
symptom onset [53]. A full review of this rapidly 
changing field is beyond the scope of this chapter and 
has been provided elsewhere [52]. However, what 
follows are the more general conclusions about the 
utility of a single (MB-)CK or other assay in the ED, 
regardless of the (increasing) excellence of the assay 
method. 

A classic tenet of the use of CK in the ED setting 
is the importance of serial testing over the first 24 
hours after ED presentation [54] as opposed to a aingk 
MB-CK test, due to the kinetics of AMI-related CK 
release into the serum. Due to the fiact that CK and 
MB-CK do not begin to rise until  4 - 6  hours after 
myocardial injury, and peak at 12-24 hours, an early 
test will be misleadingly negative. Also, due to the 
fact that CK tests return to normal within 2-3  days 
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(or earlier in a small AMI) in a patient who may have 
had an AMI several days prior, with preceding and 
subsequent anginal symptoms, a single measurement 
could miss the CK rise. Thus, if MB-CK, or any 
biochemical marker for AMI, is to be used in the ED 
setting, serial rather than single measures are neces- 
sary. Newer assays of MB-CK have only modified this 
classic tenet in that they have substantially shortened 
the t ime period needed for serial testing [55-57].  

A more fundamental problem with the use of even 
serial MB-CK testing is that, by definition, these 
results are negative when a patient is having non- 
infarction ACI, that is, unstable angina pectoris. 
Given that over half of patients presenting with ACI 
will have new-onset or unstable angina, and given that 
the failure to recognize ACI in such patients could lead 
to snbsequent AMI or other life-threatening conse- 
quences, an ED triage decision predicated on negative 
MB-CK testing will often be incorrect. 

There have been many studies of the diagnostic 
performance of MB-CK for AMI in the ED. Viskin et 
al. [58] found that among ED patients presenting 
within 4 hours of symptom onset, tile ECG identified 
66% of patients who proved to have AMI, whereas 
CK tests identified only 9~:. However, among pa- 
tients with more than at greater than 4 hours from the 
onset of chest pain, the ECG confirmed AM1 in 37%, 
whereas serum CK levels were elevated in 64%. Lee et 
al. [59] demonstrated the sensitivity of a single CK or 
MB-CK sample to be low (34-38%),  and further 
demonstrated the importance of t iming and repeated 
determinations, especially the improved sensitivities 
and specificities of CK and MB-CK when tested more 
than 4 hours after symptom onset. Hedges et al. [44] 
demonstrated serial MB-CK testing to have a sensi- 
tivity of 68% for AMI and a specificity of 95% 
(compared with serial ECGs' sensitivity of 39% and 
specificity of 88%). Marin and Teichman [60] showed 
that two MB-CK tests done 2 hours apart have a 
sensitivity of 94% for AMI and a specificity of 91%. 
Puleo [53] reported on 1110 patients with chest pain 
who had MB-CK subforms done every 30-60  min-  
utes for at least 6 hours after the onset of symptoms. 
The diagnosis of AMl was established using quanti ta-  
tive MB-CK criteria. The sensitivity for AMI at 4 
hours was 56%, and the specificity was 93%; by 6 
hours they were 96% and 94%, respectively. Finally, 
Gibler  et al. found that serial measurement of MB- 
CK over the first 24 hours after ED presentation had 
100% sensitivity and 98% specificity for AMI [54]. 

Unfortunately, these and other studies have failed 
to follow up on AMI ED patients not admitted, thus 
the test's true sensitivity may be lower than reported 
due to the failure to include patients with an AMI 

inadvertently sent home. Moreover, although giving 
insight into the diagnostic performance of CK and 
MB-CK, they do not provide information on how 
physicians' decision making might  actually change if 
the tests were used in real-time ED practice; this will 
require an interventional controlled clinical trial with 
complete follow-up of all ED patients evaluated for 
passible ACI. In 1979, Eisenberg et al. [10] demon- 
strated that the use of cardiac enzyme determinations 
could worsen both false-positive and false-negative 
ED triage decisions. The data generated over the en- 
suing decade and a half still leave unanswered impor- 
tant questions about the safety and utility of the use 
of MB-CK in the ED setting. The advocates of mak- 
ing a decision based only on using a positive result 
but not a negative result, that is, admit t ing  a patient 
with a positive MB-CK but not necessarily not ad- 
mi t t ing a patient with a negative test. Although this 
has an element of logic, in actual decision making the 
lack of a positive is a negative, and to act differently 
on the lack of a positive result is to act on a negative 
result. Because of the limitations of biochemical test- 
ing, as outlined earlier, such decisions can be danger- 
ous. Indeed, the authors have been asked to review a 
number  of malpractice cases for ED patients sent 
home who subsequently suffered ACI-related deaths 
in which a MB-CK was obtained, was negative, and 
presumably had some influence on the (incorrect) 
triage decision. Given the above-mentioned theoreti- 
cal problems and the failure of ED studies of MB-CK 
use to follow up patients sent home and to actually 
test the strategy in a controlled study, at this point, 
except in special cases, it would seem unwise to use 
MB-CK test results unti l  the decision to hospitalize 
has already been made. 

The recent availability of assays of cardiac troponin 
T and I, which are specific for AMI and minimal  
myocardial damage, has not yet led to a proven in- 
crease in the identification of patients with ACI in the 
ED or had an impact on clinical care. [52] They have 
been shown to be effective in the risk stratification of 
patients with known cardiac disease enrolled for trials 
of therapy fi)r coronary ischemia [61-62] ,  a ve~' small 
proportion of ED patients with symptoms of possible 
ACI. 

Visualizing Abnormalities in 
Ventricular Function or Perfilsion: 
Echocardiography anal 
Radionuclide Scanning 
Because of the difficulties inherent in the ECG and in 
cardiac markers as aids to ED diagnosis and triage, 
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methods that more clearly demonstrate abnormalities 
of regional cardiac perfusion or regional ventricular 
function as signs of ACI have been proposed. These 
approaches are based on the understanding that myo- 
cardial ischemia is part of an evolving series of 
changes. The earliest phenomenon is an abnormali- 
ty in myocardial perfusion, followed by increasing 
degrees of myocardial oxygen/blood flow supply/ 
demand mismatch, resulting in regional ventri- 
cular functional abnormality, and then in ECG signs 
of ischemia, and finally, in chest pain and other 
symptoms of ACI. Abnormalities in regional perfu- 
sion can be visualized by imaging radionuclide myo- 
cardial perfusion tracers, and abnormalities in 
regional ventricular function can be demonstrated by 
echocardiography. 

Ideally, direct non-invasive imaging of regional 
myocardial perfusion, allowing identification of the 
initial diminution of regional myocardial blood flow, 
would be most attractive. Thall ium-20I,  a potassium 
analogue that is taken up by the myocardium in 
relation to myocardial blood flow, has been the most 
commonly used agent to demonstrate myocardial 
blood flow [63]. In 1976, Wackers et al. [64] showed 
thallium-201 defects in 100% of selected patients 
with AMI who were studied within 6 hours of symp- 
tom onset, but the sensitivity was markedly dimin- 
ished with increased time beyond 6 hours. Moreover, 
in a study of patients with unstable angina, Wackers 
et al. [65] found (planar) thallium-201 scintigraphy 
to have 76% sensitivity and 67% specificity for AMI 
or severe coronary disease. Among patients with ab- 
normal baseline ECGs with transient changes, the 
sensitivity of a positive thallium-201 scan was 94%, 
but the specificity was only 46%. There are logistic 
problems with the use of thallium. In addition to the 
need for expensive on-site equipment and ready access 
to technicians and trained and experienced interpret- 
ers, the isotope is not readily available for acute imag- 
ing, because it typically is produced in central 
facilities and shipped to hospital laboratories once 
daily, and its "redistribution" properties require that 
imaging be completed in a short time (i.e., within 
approximately 15 minutes) after injection. Thus, al- 
though thallium-201 scanning has found wide use in 
non-urgent settings for diagnosing coronary artery 
disease (CAD), it is not of practical use in the ED 
setting [52]. 

Recently, technetium-labeled radioisotopes such as 
TC-99m-sestamibi have been shown to reflect myo- 
cardial blood flow [66]. Sestamibi has several advan- 
tages over thallium-201: Its physical characteristics 
are better suited to gamma camera imaging, it is less 
subject to tissue attenuation, and it may be generator- 

produced on site, making it readily available for acute 
imaging. Also, there is minimal redistribution after 
its initial coronary flow-related distribution in the 
myocardium; thus images made up to several hours 
after injection [66], will still reflect myocardial blood 
flow as it was at the time of injection. Indeed, it has been 
reported that myocardial perfusion defects can be ac- 
curately identified even when sestamibi inje,tion is 
delayed up to 2 - 4  hours after resolution of chest pain 
[18], further enhancing its practicality for ED use. 

There have been several small studies of the use of 
sestamibi scanning in patients presenting with symp- 
toms suggesting ACI. Among 45 patients hospital- 
ized for suspected unstable angina, Bilodeau et al. 
[15] demonstrated that Tc-99m sestamibi single 
photon emission computed tomography (SPECT) 
imaging performed during an episode of chest pain 
demonstrated 96% sensitivity and 79ff specificity for 
the detection of CAD, while the predictive value of a 
negative scan to exclude CAD was 94%. However, 
this study was performed in patients already hospital- 
ized for suspected unstable angina, and the treating 
physicians were blinded to the imaging results, and 
thus prospective testing of clinical impact on triage 
was not assessed. Varetto et al. [17] tested Tc-99m- 
sestamibi SPECT imaging in 64 ED patients who 
presented with symptoms suggesting ACI and with 
nondiagnostic ECGs. The sensitivity and specificity 
for the detection of AMI or significant CAD were 
100% and 92%, respectively, and the predictive value 
of a negative scan to exclude CAD or a subsequent 
cardiac event was 100%. While these data support 
the potential ofsestamibi imaging in the ED popula- 
tion, especially among those with otherwise 
nondiagnostic presentations, again, admitting physi- 
cians were blinded to scan results, and thus the poten- 
tial impact of sestamibi in reducing unnecessary 
admissions (53% of patients were admitted to the 
CCU) could not be tested. 

An unresolved issue is tile potential cost impact of 
the ED use of sestamibi scanning. The typical cost 
(not charge) of a sestamibi scan is $400 plus physician 
interpretation fees, which is far more than the cur- 
rently used ED tests. However, if used on patients 
with relatively low likelihoods of ACl but who would 
otherwise have been hospitalized, its use could reduce 
overall health care costs by reducing unnecessary hos- 
pitalizations. At this point, still lacking a substantial 
prospective intervention trial using generalizable in- 
clusion criteria, projections about its likely impact in 
actual care and about its likely impact on costs cannot 
be made [52]. 

Soon following diminution of myocardial blood 
flow, there occur ACI-related left ventricular wall 
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motion abnormalities [67], often prior to the onset of 
ECG signs. Thus, echocardiographic detection of re- 
gional ventricular dysfunction has been studied as an 
ED test for ACI. In a small study, Peels et al. [68] 
found echocardiography to be highly sensitive for the 
detection of AMI and ACI in the ED setting (92% 
and 88%, respectively), but highly dependent on the 
presence of symptoms during the echocardiographic 
stud)', a condition that often is not extant, especially 
for those very patients about whom there is the 
most question. Others have also demonstrated a poor 
sensitivity of echocardiography in the absence of on- 
going symptoms [69]. Moreover, specificity was 
only modest, 53% for AMI and 78% for ACI [68]. 
Sabia et al. [70] reported a sensitivity of 93% for 
echocardiographically detected regional wall motion 
abnormalities to correctly identify AMI, but low 
specificity (57%) and the lack of detected wall motion 
abnormalities in the patients ultimately diagnosed as 
having non-Q-wave AMi [70], a problem also found 
by others [71]. Finally, and probably most problem- 
atic, in these studies, echocardiography had to be 
limited to patients with normal conduction systems 
and without prior myocardial infarction, because con- 
duction disturbances and prior areas of infarct can 
both cause regional wall motion abnormalities in the 
absence of ACI, thereby limiting its use for just the 
patients in whom diagnostic uncertainty is greatest. 
Thus, although if diagnoses involving structural 
problems of the heart, its valves, its surroundings, or 
the great vessels are entertained, echocardiography 
may well be critical and very helpful. At this point 
there are no studies demonstrating its salutary impact 
on ED triage, and it cannot be supported for this use 
as part of routine care [52]. 

Computer-Based Decision Aids 
Based on the disappointing results of using customar- 
ily available clinical data and the lack, so far, of clearly 
useful diagnostic tests, a number of mathematically 
based decision aids aimed at optimizing ED triage of 
patients with symptoms suggestive of ACI have been 
developed [52]. These diagnostic aids seek to improve 
physicians' use of clinical information by quantifying 
risk in the face of uncertainty [6,72-73]. 

The first such diagnostic aid was Siiwe's clinical 
diagnostic index, which predicted AMI based on nine 
clinical variables [74]. Tested prospectively, it was 
100% sensitive for AMI, but its very poor specificity 
(16%) made it not useful for actual practice. Tierney 
et al. [20] created a multivariable model predicting 
AMI based on the clinical presentations and ECGs 
of 655 ED patients with chest pain that was more 

specific (86% vs. 78%), but less sensitive (81% vs. 
87%), than physicians. Hypothetical integration of 
its predictions with physicians' triage decisions did 
not significantly improve accuracy [20], and the pro- 
spective trial on it has not been reported. 

Goldman et al. [19,28] developed computer- 
derived protocols for triage of ED patients with chest 
pain based on their clinical presentations and ECGs, 
putting them into subgroups with different likeli- 
hoods of AMI. In a hypothetical test on prospectively 
collected data from 4770 patients presenting with 
chest pain to six hospitals, their most recent 
protocol's 88% sensitivity in predicting AMI was 
equal to that of physicians, but its specificity was 
slightly better (74% vs. 71%). However, to date the 
only reported results of a prospective clinical trial of 
its actual impact on clinical care has shown that it has 
no impact on care [75]. 

Using logistic regression, Pozen et al. [2,23] and 
Selker et al. [1,22,76] developed "predictive instru- 
ments" to provide ED physicians with patients' prob- 
abilities of ACI based on clinical and ECG findings. 
In addition to the use of ACI as the clinical endpoint, 
instead of just AMI, this work also differs from prior 
work in that, instead of only including patients, with 
chest pain, it included all ED patients presenting 
with symptoms suggestive of ACI, including chest 
pain or left arm pain, abdominal pain or nausea, 
shortness of breath, and dizziness or lightheadedness. 
(These inclusion criteria were based on the imminent 
Rotterdam M1 [IMIR] Criteria, which have been 
shown to capture more than 90% of all patients in a 
community with ACI [73]. In controlled prospective 
trials of the instrument's use, first at Boston City 
Hospital [23], and then in the Multicenter Predictive 
Instrument Trial [2], it reduced false-positive 
CCU admissions by 30% without an increase in 
false-negative discharges to home. Data collection 
for the 10-hospital clinical trial of our newer 
electrocardiograph-based version, the ACI-TIPI, was 
just completed, and results of its impact will presum- 
ably be available later this year. Despite the publica- 
tion of the results of the original predictive 
instrument trial a decade ago [2], the use of this 
technology has not become widespread. It is hoped 
that the convenience afforded by the reporting of the 
ACI-TIPI result on the presenting ECG will lead to 
widespread use and improved triage practices. 

Conclusions and Recommen~tions 
The previous discussion summarizes some of more 
important diagnostic technologies for ACI/AMI in 
the ED. The standard 12-leadECG has been shown in 
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many studies to have very good, although not perfect, 
diagnostic performance in the ED. But, despite its 
key role in the diagnosis of ACI in the ED, the use of 
the ECG has provided the needed high sensitivity 
only at the expense of poor specificity. As an extension 
of the standard ECG, nonstandard ECG leads interro- 
gating the posterior and right ventricle have under- 
gone testing in the ED for detecting ACI. Published 
data at this point indicate modest increases in sensi- 
tivity with posterior leads and valuable prognostic 
data with the use of right ventricular leads in inferior 
infarction. A different extension of the standard ECG, 
the ECG exercise stress test, has also been evaluated, to 
some extent, in the ED. Its diagnostic performance in 
this setting has been only modest. Given this, and 
that its actual impact on triage has not been tested, its 
routine ED use cannot be recommended as of this 
writing. 

Although they have not yet been demonstrated to 
actually improve the ED triage of symptomatic pa- 
tients, blood biochemical test~ of m),ocardia/ necro.~is, par- 
ticularly creatine kinase, including a variety of assay 
types and protocols, have undergone prospective test- 
ing of their diagnostic performance for the detection 
of AMI. Available data suggest that the use of a single 
,'~IB-CK test yields performance insufficient for use in 
ED triage but that multiple alB-CK tests over several 
or more hours have very good diagnostic performance 
for AMI. Although the data are less complete, the 
same pattern appears to be emerging for newer bio- 
chemical tests, such as troponin, which indicate perfor- 
mance of a single test is not satisfactory, but the use 
of multiple tests over time has promise. Whether 
their ability to risk stratify in patients with known 
ACI will assist in the ED triage of patients is un- 
known, Finally, none of these tests are useful in de- 
tecting unstable angina pectoris, which raises the 
possibility of missing this form of ACI if triage de- 
pends on them. This is one of the reasons that, in the 
absence of prospective trials of the impact of this 
technology on ED triage, although very useful for in- 
hospital care, these tests cannot yet be recommended 
tot general ED triage use at this time. 

Echo~ardiography, well studied in other settings, has 
been investigated in several studies in the ED. These 
studies have generally shown modest diagnostic per- 
formance for initial ED evaluation. Given this, and 
that its actual impact on ED care has not been evalu- 
ated, this technology cannot be recommended for ED 
use at this time. 

Radionuclide imaging, although generally used in 
non-ED settings, has been studied in terms of diag- 
nostic performance in the ED. Thallium scanning's 
characteristics are not appropriate for ED use. 

Sestamibi scanning has been studied in the El) setting, 
and thus far its overall diagnostic performance has 
been promising in preliminary and limited ED stud- 
ies. Whether sestamibi will be found to be helpful 
when evaluated for special subgroups, and when 
tested for its actual impact on care, remains to be seen. 

The Goldman AMlprotocol has a diagnostic accuracy 
for AMI that has been demonstrated to be excellent; 
however, it is not intended to detect unstable angina 
as a form of ACI. In prospective clinical trial evalua- 
tion, it so far has not been shown to have an impact on 
care, and thus, at this point and in its current form its 
general use cannot be recommended. 

To date, the only diagnostic technology with pub- 
lished clinical trial-based diagnostic performance and 
demonstrated salutary clinical impact is the ,,riginal 
ACI predictive instrument. Its accuracy and demon- 
strated improvement in ED triage make it possible to 
recommend it for general use in the ED evaluation 
and triage of patients with symptoms suggestive of 
ACI. Its main drawback has been that its use requires 
a programmed calculator or chart, which has been an 
obstacle to its widespread use. Having very similar 
diagnostic performance as the original ACI instru- 
ment, it successor, the electrocardiograph-based ACI- 
TIP1, has been anticipated to have an analogous 
impact with greater case of use. The results of a 
multicenter prospective trial are anticipated to pro- 
vide more definitive information about its use. 

Thus the diagnostic approach to ED patients pre- 
senting with chest pain or other symptoms suggestive 
of ACI starts with the history, physical examination, 
and ECG (except for the small subset of patients for 
whom the clinical evaluation excludes the diagnosis of 
ACI). Patients at moderate or high risk of having ACI 
will need hospitalization, The group of patients at low 
risk (but not k)w enough to be discharged without 
further workup) may well benefit from a short stay 
(<24 hours) for evaluation. Serial cardiac enzyme de- 
terminations can be used to diagnose AMI. However, 
these markers do not detect or exclude unstable angina 
pectotis. Thus, even after an AMI is ruled out in the 
stable patient without evidence of ischemia at rest, 
further workup with early stress testing, either before 
or shortly after discharge, will serve to complete the 
workup for ACI. In the future, more structured strate- 
gies incorporating a number of the abnve-mentioned 
diagnostic technologies may well Rlrther streamline 
the ED evaluation and triage process. 
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27. THE SCIENTIFIC BASIS 

A N D  RATIONALE FOR EARLY 

THROMBOLYTIC T HE RAPY 

Arie Roth 

Thrombolytic Treatment and 
Left Ventricular Function 
There are vast amounts of data that support the use 
of thrombolytic treatment in evolving acute myocar- 
dial infarction, and the evidence to justify early treat- 
ment is substantial. In the landmark GISSI trial [1], 
the administration of streptokinase within the first 3 
hours was associated with a remarkable improvement 
in mortality (12.0% controls vs. 9.2%, streptokinase), 
whereas in those treated within the first hour, mortal- 
ity was reduced in as much as 47% (15.4% controls 
vs. 8.2% streptokinase). A similar relation with time 
was shown in the Second International Study of 
Infarct Survival (ISIS-2) [2]: Treatment within the 
first hour resulted in 13.4% mortality with placebo 
and 8.1% with streptokinase treatment. 

Although placebo-controlled thrombolytic trials 
have shown improvement in both left ventricular 
ejection fraction and regional wall motion in most 
[3-5] but not all [6] series, and because there is a 
correlation between the individual left ventricular 
ejection fraction and survival, it is imperative to assess 
the impact of thrombolytic treatment and the time of 
its application both on infarct size and residual left 
ventricular function. 

Ischemia and Reperfusion 
Although only as late as 1977 did Reimer et al. [7] 
establish the relationship between the duration of 
coronary occlusion and the degree of myocardial ne- 
crosis in dogs, Tennant and Wiggers [8] carried out 
the pioneer experiments in 1935 and were followed 
by Blumgart and coworkers [9], who reported on the 
effects of occlusion and reperfusion in animals. They 
demonstrated that the temporary acute closure ofepi- 
cardial coronary arteries in open-chest dogs resulted 

in left ventricular dysfunction and that early restora- 
tion of blood flow often resolved left ventricular dys- 
function and prevented myocardial infarction. 
Additional animal data have shown that, although a 
brief period of coronary occlusion results in temporary 
impairment of contraction that outlasts the electro- 
cardiographic evidence of ischemia by several hours 
[10], it was early reperfusion that ultimately limited 
infarct size [11-13]. 

The canine subendocardium, like that in humans, 
is prone to severe ischemia after coronary occlusion, 
which, together with its greater metabolic require- 
ments, makes it usceprible to infarction. In anesthe- 
tized open-chest dogs, cardiac myocytes remain viable 
for at least 15 minutes following coronary occlusion, 
and if reperfusion occurs, myocardial infarction may 
be prevented and there is complete recovery of con- 
tractile function. If the arterial occlusion is not re- 
solved, the process of necrosis expands gradually at 
the cost of jeopardized, bur still salvageable, myocar- 
dial cells. However, after 15 minutes of coronary oc- 
clusion, progressively more cardiac myocytes become 
irreversibly injured, and thus reperfusion cannot pre- 
vent the occurrence of some cell death. 

After 40 minutes, although much of the suben- 
docardial zone has been irreversibly injured, the 
midepicardial and subepicardial regions are still vi- 
able. Reperfusion at this stage prevents infarction of 
these zones, because, in contrast to myocytes of the 
endocardium, subepicardial cardiac myocytes are ca- 
pable of recovering after 3-6 hours of ischemia. Thus, 
while ischemia that is relieved after l -3  hours is 
followed by some recovery, a wavefront of cell death 
progresses from the endocardium to the epicardium 
following a long duration of ischemia, and a perma- 
nent loss of viability and function occurs to the extent 
determined by the duration of occlusion [7,14] and 
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the speed, which depends primarily on the residual 
blood flow in the ischemic area. If the residual blood 
flow is poor, the infarction process may be complete 
within a few hours, whereas it may continue fbr sev- 
eral hours in the presence of a good residual flow. 
Moreover, the presence and recruitment of collateral 
flow may extend the time window before necrosis 
occurs. 

The driving theory behind thrombolytic therapy in 
acute myocardial infarction is that early restoration of 
infarct artery parency can "salvage" ischemic muscle, 
preserve left ventricular Junction, and hence decrease 
mortality. It was shown by Popovic et al. [15] that 
rapid and early administration of thrombolytic agents 
limited ventricular enlargement, with higher ejection 
fractions being seen as early as 1 day after acute myo- 
cardial intarction, thereby suggesting that myocardial 
salvage is directly related to the achievement of early 
infarct artery patency. 

It should be borne in mind that although infarct 
size, preservation ofventricular function, and survival 
are related to coronary flow [16,17], epicardial blood 
flow does not necessarily mean there is microvascular 
perfusion, and there may be no reflow at a cellular 
level, lschemia and reperfusion may result in injury to 
the microvasculature of the heart, which may com- 
promise the return of normal coronary perfusion [ 18]. 

In humans, data regarding ventricular recovery fol- 
lowing acute myocardial infarction are conflicting, 
showing both improvement or lack of it over a short 
time period despite angiographically documented 
reperfusion at 90 minutes after initiation of therapy 
[19,20]. Other reports provide variable results in 
more extended measurements carried out within 24 
hours of thrombolytic administration [21 ]. Progres- 
sive improvement in regional wall motion may occur 
in some patients after 24 hours [22,23]. In addition, 
there is evidence that the full recovery of left ven- 
tricular function may be delayed for several months 
[24]. Delayed recovery ofventricular function has also 
been noted in patients undergoing "rescue" coronary 
angioplasty [25]. 

Time Effect on Left Ventricular Function 
Because evolution of myocardial damage following 
coronary artery occlusion is rapid, and in light of the 
evidence in experimental coronary occlusion showing 
that infarct size and residual dysfunction are related 
to the time until reperfusion [7,13,14,26], it became 
apparent that very early thrombolytic treatment may 
result in significant myocardial "salvage" or may actu- 
ally abort infarction. The feasibility of prehospital 
thrombolysis was first evaluated in several small-scale 

pioneer studies. Treatment with streptokinase was 
initiated in the prehospital phase by Koren [27], 
Weis [28], and Villemant [29] and their colleagues. 
Anistreplase (APSAC) was given both by Castaigne 
[3] and in the Belgian study [30], Roth et al. used 
tissue plasminogen activator (t-PA) [31] and Schofer 
et al. used urokinase [321. 

These investigations were then followed by larger 
scale studies (MITI, EMIP, GREAT). The conclu- 
sions of all these studies were that there were no 
additional complications compared with patients be- 
ing treated under the usual protocol in hospitals or 
when compared with patients given placebo, if it was 
given befbre hospitalization and while allowing ini- 
tiation of thrombolysis 25 to >60 minutes earlier 
than would have taken place after admission. 

Assessment of Thrombolytic Impact 

INFARCT SIZE 
The direct effects of thrombolyric therapy in terms of 
limitation of infarct size can be evaluated by quanti- 
tative measurments of cardiac enzyme release [33- 
36], whereas the use of maximal creative kinase (CK) 
activity as an index of infarct size may be less appro- 
priate because this measure is known to be further 
elevated when thrombolysis is effective. In three ran- 
domized controlled trials of thrombolytic therapy in 
1374 patients enrolled in the European Cooperative 
Study Group, very early treatment with intravenous 
t-PA resulted in a substantial (30-7()cg:) reduction in 
infarct size [37]. More than half of this effect was lost 
when treatment was delayed more than 60 75 min- 
utes. Similarly, infarct size was reduced more notably 
in patients with anterior wall infarction treated up to 
2 hours compared with 2~4 hours from symptom 
onset [27,38]. 

The Netherlands Interuniversity Trial [34] showed 
that infiirct size, as evaluated from myocardial enzyme 
release, was reduced by 51c5~ in patients treated 
within 1 hour, by 31 ~;¢ in those treated between 1 and 
2 hours, and by 135( in patients treated later than 2 
hours. It was equal in the treated and control patients 
when the symptoms had been present fbr over 3 
hours. Also, infarct size was measured from cumula- 
tive release of alpha-hydroxybutyrate-dehydrogenase, 
and left ventricular function was assessed by contrast 
angiography [39]; all showed beneficial effects of very 
early treatment. 

The Intravenous Streptokinase in Acute Myocar- 
dial Infarction ISAM Study Group [33] fimnd that 
patients treated within 1.5 hours of the onset of chest 
pain had a smaller area under the MB-CK curve and 
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a higher global or infarct-related regional ejection 
fraction compared with patients treated 1.5-4 hours 
after acute myocardial infarction. 

In the MITI trial, myocardial infarct size and 
global left ventricular function were determined by 
quantitative thallium single-photon emission com- 
puted tomography and radionuclide ventriculography 
[40]. This relatively small trial did not show any 
advantage ofprehospital thrombolysis compared with 
in-hospital treatment with respect to infarct size or 
ejection fraction. However, when all patients were 
included in an analysis of the effects of very early 
treatment (<70 minutes), there was substantial evi- 
dence of benefit expressed by a reduction of infarct 
size, augmentation of ejection fraction, and improve- 
ment in survival. Of special note was that 40% of 
patients treated very early had no evidence on the 
thallium scintigraph of a myocardial infarction. 

In contrast to the mortality, wherein the relation 
between the benefit derived from thrombolytic 
therapy and the time to onset of myocardial infarction 
is not linear, there does appear to be a linear relation 
between time to treatment and infarct size, as mea- 
sured by thallium uptake, after myocardial infarction. 
The Western Washington IV Streptokinase Trial, in 
which the mean time to treatment was more than 270 
minutes, reported that infarct size was 19c~ of the left 
ventricle. In the MITI trial, those patients who had 
been treated within 70 minutes had a 50°~ reduction 
in infarct size. Thus, there appears to be a good rela- 
tionship between time to treatment and infarct size 
according to these and other studies [6,41-43]. 

GLOBAL LEFT VENTRICULAR 
EJECTION FRACTION 
Several indices of left ventricular function were used 
to evaluate left ventricular "salvage." In the pret- 
hrombolytic era, global left ventricular ejection frac- 
tion, which correlates well with functional capacity, 
was found to be an important predictor of late sur- 
vival after infarction. As a result, it was advocated as 
being a surrogate endpoint for mortality in clinical 
thrombolytic trials [46]. This index, which became 
the most commonly used, is easily calculated from 
end-diastolic and end-systolic ventricular contours 
using single or biplane area lengths, or volumetric or 
radionuclide methods. 

In accordance with their results in experimental 
models, several studies have suggested that very early 
administration of a thrombolytic agent causes maxi- 
mal recovery of left ventricular function, particularly 
when the thrombolytic agent is given within 2 hours 
of symptom onset [38,47-49t.  Some reports, how- 
ever, failed to demonstrate a relationship between 

time to treatment and recovery of left ventricular 
function [20,50,51], but few patients in these studies 
actually received thrombolytic agents within 2 hours 
of symptom onset. Topoi et al. [52} demonstrated a 
higher immediate ejection fraction for patients who 
received intravenous rt-PA therapy in a community 
hospital compared with patients who received de- 
layed therapy. Fine eta[.  [531 treated tile majority of 
their patients by <2 hours from symptom onset and 
demonstrated a nearly intact ventricular ejection frac- 
tion, as determined by ventriculography performed 
at 6 days. 

Although many large, well-designed randomized 
trials have proven the beneficial effect of thrombolytic 
agents on survival and, on average, ejection fraction 
for patients treated with thrombolytics was five 
points higher than control patients, the evidence 
that myocardial "salvage" occurred with early throm- 
bolytic treatment, judged by global ejection fraction, 
is not impressive [4-6,43,54-58].  Moreover, ran- 
domized trials of prehospital thrombolytics that re- 
suited in improved door-to-needle time have shown 
either improved survival without improved residual 
left ventricular function [59], improved left ventricu- 
lar function with no difference in survival [3,27], or 
no significant difference in survival or left ventricular 
function [32]. 

The use of left ventricular ejection fraction as the 
sole index of myocardial salvage after thrombolytic 
therapy may be plagued by limitations within series, 
and its measurement requires meticulous attention to 
details if it is to be reproducible between centers. For 
example, estimation of myocardial salvage using 
single-plane ventriculographic methods may be prob- 
lematic, particularly in patients with circumflex oc- 
clusion [60t. 

Contrast or isotope ventriculography may not al- 
ways be obtainable, and imputed values for missing 
patients, quite likely to be those patients with ex- 
treme values or who have died, have been used in 
some [61], although not all, assessments [62]. Incom- 
plete ventriculographic follow-up is commonplace 
due to refusal on the part of patients or physicians, 
medical contraindications, and technical exclusions, 
which are frequently caused by patient movements. 
measurements also depend on loading conditions, dif- 
ferent medications, arrhythmia, or inadequate ven- 
tricular opacification with contrast. 

In technically adequate studies, clinically effective 
thrombolysis may not change global ventricular func- 
tion despite its improving the regional function of a 
jeopardized ischemic myocardium because the ini- 
tially compensatory hyperkinesis of the noninfarct 
zone, driven by adrenergic stimulation, may, to a 
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certain extent, counterbalance akinesis or dyskinesis 
of "stunned" but reversibly ischemic tissue wall mo- 
tion asynergy and result in a near-normal global 
left ventricular ejection fraction [49,63,64]. With 
recovery of infarct-related regional wall motion 
over a period of days to weeks, non-infarct-related 
hyperkinesis lessens and little or no net change in 
global ejection fraction may be noted over time. 

The relation between outcome and time of admin- 
istration of treatment is not a true reflection of thera- 
peutic efficacy at different times for several reasons. 
The outcome will be biased against an indication of 
greater efficacy with earlier administration because 
of the greater severity of infarction in patients 
who present earlier [65]. A trend tooward a larger 
sum of initial ST-segment deviation [39} was shown 
in the early treatment groups, and this may reflect 
an even potentially larger infarction at baseline 
[66,67]. 

If left ventricular function is measured early, the 
myocardium will not have recovered from stunning 
and, for human or technical reasons, measurements 
may not be possible in the sickest patients [68]. 
Moreover, van der Werf [69] has pointed out that 
because thrombolytic therapy may be particularly 
beneficial in patients with the largest amount of 
damaged myocardium, patients with the worst 
left ventricular function are more likely to survive 
if a comparison is made among those treated early, 
and thus who have a preponderance of low ejection 
fraction. 

If left ventricular function is measured later than 
when recovery from stunning might be expected, a 
selection bias is introduced because the majority of 
deaths will already have occurred, eliminating from 
the study a subgroup with a worse-than-average 
ejection fraction, with the result that the average 
ejection fraction of those in whom it is measured 
becomes misleadingly high. Alternatively, patients 
with poor function who are treated later may die 
before the follow-up left ventricular assessment, 
thus increasing the average ejection fraction value in 
this group. The final outcome for patients with myo- 
cardial infarction who are given thrombolytic therapy 
at the earliest possible moment will, therefore, com- 
prise the balance of two opposing influences: greater 
severity of infarction with earlier presentation, but 
greater efficacy of thrombolytic therapy with earlier 
administration. 

Another parameter in need of consideration is age. 
Advanced age correlates with increased prehospital 
time [70], and the elderly also do poorly despite 
having an infarct size similar to that of younger pa- 
tients [71]. When many of the early trials of 

prehospital thrombolytic therapy were performed, 
eligibility for thrombolytic therapy was not well 
defined, and an age of more than 70 years generally 
excluded the individual from prehospital throm- 
bolytic treatment. Administration of thrombolytic 
drugs to patients older than 70 years has been cau- 
tioned against because of a possible higher incidence 
of major intracranial bleeding [72]. 

However, many trials have confirmed a possible 
greater benefit in saving more lives with an acceptable 
incidence of complications in the aged [1,2,73]. The 
GUSTO trial actually showed a benefit for those pa- 
tients older than 73 years of age [74]. Thus, a possible 
combination of various factors that lead to late arrival 
in potentially poor survivors, who do get life-saving 
thrombolytics, may increase the population that oth- 
erwise would have died, but have survived, albeit 
with low ventricular function. 

The time window in studies that compare early 
versus Late thrombolysis is a major determinant of 
ventricular function. In the largest prehospital 
thrombolytic trial, the EMIP [75], more than one half 
of patients in the prehospital group received 
thrombolysis after the first hour of chest pain. Fur- 
thermore, in most randomized studies of prehospital 
thrombolysis, there was considerable overlap in the 
times ofprehospital and in-hospital treatments, and a 
high proportion of patients in the hospital groups 
received thrombolytic therapy within 2 hours of 
symptom onset, that is, at the time of enhanced effi- 
cacy. The shortened home-to-hospital delays brought 
about by conducting these trials prevented demon- 
strating the benefit of prehospital thrombolysis. In 
addition, several trials were too small to produce con- 
clusive evidence of benefit. 

Thus, although some patients may be treated sig- 
nificantly earlier than others, they may still be in the 
same time frame in which an appreciable significance 
may not have been reached. It was only in the 
GREAT trial, designed and carried out in a rural area, 
wherein patients were randomly allocated to receive 
treatment immediately on presentation or after a con- 
siderable delay, that the importance of delay could be 
determined. In this more definitive trial, it was 
clearly shown that the efficacy of thrombolytic 
therapy is enhanced when administered within 2 
hours of the onset of symptoms. 

As noted earlier, the relation between outcome and 
time of administration of thrombolytic therapy is 
not a true reflection of its efficacy at different times 
because the outcome will be biased against manifest- 
ing greater efficacy at an earlier time of administra- 
tion by the greater severity of infarction in patients 
presenting at that time. This may explain why 
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placebo-controlled trials of thrombolytic therapy 
have not consistently shown greater benefit with ear- 
lier treatment. 

In experimental models of coronary reperfusion, 
brief periods of ischemia may result in marked delays 
in the recovery of regional left ventricular function 
[10]. For example, in the canine model 4-7  days may 
be required for regional wall motion recovery after a 
60-minute occlusion and 4 weeks may be required 
when occlusion lasts for more than 3 hours [13]. This 
delayed recovery of left ventricular function, termed 
myocardial stunning, has been attributed to alterations 
in oxidative metabolism, calcium flux, and accumula- 
tion of leukocytes within the ischemic myocardium 
[76-78].  

Recovery of function measured at rest is mostly 
complete within 1 week of occlusion, but improve- 
ment in the contractile response to stress may con- 
tinue for up to l month [13]. The same probably 
applies to humans in whom recovery of global left 
ventricular function measured at rest is seen within 1 
week [79] and is largely accomplished by the time of 
discharge [80], although recovery may take longer 
in patients whose left ventricular function is severely 
depressed [81]. Nevertheless, because the correlation 
between left ventricular ejection fraction and survival 
is imperfect [69], some authors have recommended 
that left ventricular ejection fraction be abandoned 
as a surrogate mortality endpoint in comparative 
thrombolytic trials [68]. 

REGIONAL LEFT VENTRICULAR 
EJECTION FRACTION 
For the reasons cited earlier, clinical trials using glo- 
bal left ventricular ejection fraction as the sole index 
of myocardial preservation may underestimate the 
overall efficacy of the agent under evaluation, while 
quantitation of infarct-related regional wall motion 
may provide a more sensitive index of myocardial 
salvage. However, accurate use of this system requires 
precise computer-assisted analysis. Nevertheless, in 
TIMI 1 patients, treatment within 4 hours of the 
onset of symptoms resulted in greater improvement 
in regional wall motion abnormalities than treatment 
given at 4-10  hours [82]. 

LEFT VENTRICULAR VOLUMES 
AND REMODELING 
Left ventricular dilatation occurs in up to one third 
of patients within 6 months of myocardial infarction 
in the absence of thrombolytic therapy [83]. Dilata- 
tion, which is most pronounced in patients with ante- 
rior infarction [83,84] and in those with extensive 
infarct-related regional wall-motion abnormalities, 

results from infarct expansion, slippage of myofibrils, 
and lengthening of the necrotic myocytes. Left ven- 
tricular dilation may begin within hours of infarction 
and progresses during the subsequent weeks to 
months [83-86]. 

The magnitude of left ventricular dilatation, 
shown to have prognostic significance, particularly 
when the ejection fraction is less than 50% [87], 
may be ameliorated by early spontaneous or pharma- 
cologically induced coronary reperfusion. Left ven- 
tricular volumes measured 1 month after myocardial 
infarction were unchanged in patients with early 
reperfusion but increased significantly in those with- 
out spontaneous reperfusion [88]. 

Patients randomized to receive intracoronary strep- 
tokinase therapy had significantly lower end-diastolic 
and end-systolic ventricular volumes 7-10 days after 
infarction in comparison with those assigned to con- 
servative measures [49,89]. In addition, left ventricu- 
lar volumes were significantly higher in patients with 
infarct-artery coronary occlusion than in those with 
sustained reperfusion [49]. 

STROKE DISTANCES 
Rawles et al. [90], in presenting their data from the 
GREAT study, used stroke distance, the systolic ve- 
locity integral of blood flow, in the aortic arch using 
a Doppler ultrasound technique, which was shown 
to be a good and reproducible modality [91] for as- 
sessing left ventricular function. This technique, its 
limitations notwithstanding [92,93], was suggested 
by the authors because of its benign nature, which 
allows its performance even on the sickest of patients 
and may be repeated as often as required. It was 
shown that mean stroke distance on the last inpatient 
day was significantly greater in the home-treated 
group than in the hospital group in the subgroup of 
patients assigned randomly to treatment within 2 
hours, but not in those assigned to treatment after 
that timeframe. 

COMBINED CLINICAL AND 
LABORATORY MEASURES 
Although clinical indices of left ventricular dysfunc- 
tion may serve as valuable qualitative endpoints, it is 
hard to estimate them quantitatively, and an appar- 
ently objective attempt to combine clinical, electro- 
cardiographic, and echocardiographic endpoints, as in 
the GISSI-2 trial [94], resulted in conclusions of ~im- 
ited clinical applicability. 

Q-WAVE INFARCTION 
Left ventricular function reflects infarct size [95], 
which, in turn, is reflected in the proportion of pa- 
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tients with new Q waves. Fewer Q-wave infarctions 
were observed in those treated early at home 
[ 31,901.  

Comments 
The original salvage paradigm cannot be considered 
as the single most beneficial mechanism of action 
of thromboiytic therapy. Surprisingly, survival 
benefit derived from achieving infarct artery patency 
several hours after symptom onset, in a t ime 
frame beyond which myocardial salvage could be 
expected, was first demonstrated in the Western 
Washington Intracoronary Streptnkinase Trial 
[96]. As attractive as it seems, the open-artery 
hypothesis alone may not explain the survival 
benefit seen with thrombolytic therapy. A .5-year 
fbllow-up in the Netherlands Interuniversity trial 
{97] did not find arterial pateney predictive of 
outcome; rather, left ventricular function and signifi- 
cant multivessel disease were again the important 
determinants. 

In spite of these uncertainties, a definite impression 
persists that there is a quantitative,  and possibly a 
qualitative, difference in the patency-left ventricular 
function survival relationship between patients 
who receive very early restoration of patency and 
patients in whom reperfusion is delayed beyond 3 
hours or so. In the former, there is a good chance 
of preserving ventricular function as well as there 
being a major survival benefit. In the latter, there is 
still a worthwhile improvement in survival, but per- 
manent ventricular impairment  is likely and there is 
a disparity between survival and functional data. In 
order to explain this, it is important to remember 
that both the increase in mortality risk with loss of 
ventricu[ar function and the loss of myocardium 
with increasing ischemia t ime are highly nonlinear 
(unctinns. 

Concluding Remarks 
Very early treatment has the potential to maximize 
the beneficial effects of thrombolytic treatment. 
The critical issue is t ime lag rather than place of 
initiation. The outcome of thrombolytic therapy, 
wherever applied first, is ultimately the result of 
the salutary effects of early treatment, on the one 
hand, and the greater severity of infarctinn with early 
presentation, on the other hand. The t ime effect is 
not linear and a stepup in efficiency of throm- 
bolytic therapy, when it is given within 2 hours, is 
especially pronounced within l hour of the onset of 
symptoms. 
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From Clinical Trial  to Individual Patient 

"ONE REGIMEN FITS ALL?" 
Initially, investigators recommended a "standard" 
thrombolytic regimen for all patients with evolving 
myocardial infarction [1,2]. Although thrombolytic 
therapy will be beneficial in most patients with 
evolving myocardial infarction, the overall results of 
clinical trials are not directly applicable to all indi- 
vidual patients [3,4]. Complying with the inclusion 
criteria of the thrombolysis trials is not enough be- 
cause patients included in the trials are heteroge- 
neous regarding their profile of both cardiac and 
bleeding risks. Let us focus on a patient with an 
evolving myocardial infarction who is at very low risk 
for death without thrombolytic therapy for example, 
1-2% in the first year. He will probably not benefit 
from thrombolytic therapy because mortality reduc- 
tion is maximally 0.5-1 per hundred patients treated 
and is likely to be offset by intracranial bleeding in 
0.5-2% patients, 50% of which are lethal [5-9]. 
Therefore, careful weighing of the benefits and risks 
in individual patients is necessary, especially in pa- 
tients with risk factors for intracerebral bleeding 
with little expected benefit from thrombolytic 
therapy. 

IN WHICH PATIENTS SHOULD THROMBOLYTIC 
THERAPY BE CONSIDERED? 
In early thrombolysis trials, evolving myocardial 
infarction was defined as prolonged chest pain (more 
than 30 minutes) with ST-segment elevation 
suggesting transmural infarction on the admission 
electrocardiogram [ l 0,1 l ]. No specific electrocardio- 
graphic patterns were required in the ISIS trial [5] 
and in ASSET [6]. In these trials the prognosis of 
patients with a normal admission ECG was good, 

with no apparent benefit from thrombolytic therapy. 
This group may include patients without acute 
thrombotic occlusion and with nonischemic chest 
pain. In patients with ST-segment depression, the 
prognosis is poor, with 19% mortality in the first 5 
weeks, but was not improved by thrombolytic therapy 
[5]. Apparently, the pathophysiology in these patients 
is different, and most of these patients probably have 
no occlusive intracoronary thrombus that might be 
resolved by thrombolytic therapy. On the other hand, 
patients with complete bundle branch block (left or 
right) are at increased risk with a 5-week mortality of 
23.6% in the collaborative overview of the Fibrin- 
olytic Therapy Trialists Group and do benefit from 
thrombolytic therapy [3]. Therefore, thrombolytic 
therapy should be considered in patients with ST- 
segment elevation or complete bundle branch block. 

WHICH THERAPEUTIC OPTIONS 
SHOULD BE CONSIDERED? 
The therapeutic options for reperfusion strategies are 
listed in Table 28-1, with a semiquantitative sum- 
mary of efficacy, bleeding risk, and costs. Inceasing 
efficacy runs parallel to higher costs and more complex 
logistics (direct PTCA). 

Aspirin. Aspirin produces a 21% reduction in mor- 
tality independent of the effect of thrombolytic 
therapy [5]. Unlike thrombolytic therapy, there is no 
clear relation between treatment delay and treatment 
effect for aspirin, possibly because it acts primarily by 
preventing reocclusion [12]. Because aspirin in a dose 
of 80-160mg is associated with few side effects and 
is also effective in patients with unstable angina, 
all patients with suspected myocardial infarction 
should receive aspirin, irrespective of the admission 
electrocardiogram. 

345 
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TABLE 28-1. Reperfusion strategies for 
patients with evolving myocardial 
infarction (in order of increasing intensity) 

Strategy Benefit Bleeding risk Costs 

1. None - - - 
2. ASA + +/-  - 
3. ASA + SK ~ + + 
4. ASA + alteplase 0 ~ I ++ 44-4- 
5. ASA + direct PTCA I I I I 4-/- I t ( 

ASA = ace ty l sa | i cy l i t  ac id  (aspir in);  S K  = s t rep tok inase ;  PTCA = pe rcu tane -  

ous t r a n s l u m i n a l  t o rona ry  angioplas t s .  

Intravenous Heparin. The value of intravenous hep- 
arin in patients with evolving transmural myocardial 
infarction who do not receive thrombolytic therapy is 
still unknown,  but  its administrat ion should be rec- 
ommended in patients with a large area at risk to 
prevent left ventricular thrombi. In patients receiving 
streptokinase, heparin did not improve the clinical 
outcome [13]. In the setting of alteplase administra- 
tion, however, coronary patency was better in patients 
receiving intravenous heparin [14]. 

Various intravenous regimens of tbrombolytic 
therapy have been tested using different thrombolytic 
agents (streptokinase, alteplase, anistreptase, and 
urokinase) [5,6,10,11,15-17].  Two large trials, 
GISSI-2 and ISIS-3, compared the first three agents, 
and no difference in survival rates was found [18-20}. 
In contrast, in the GUSTO trial, a further reduction 
in mortality was observed by an accelerated alteplase 
regimen with aspirin and intravenous heparin [13]. 
This additional benefit of alteplase was related to 
superior early coronary patency. Indeed, other studies 
have emphasized the need for adequate heparinization 
to maintain coronary patency in patients receiving 
alteplase [14,21]. Other regimens of thrombolytic 
therapy, with and without new ant i thrombin or 
antiplatelet therapy, are currently under investiga- 
tion. The clinical benefit, of these approaches have yet 
to be determined and are not relevant for clinical 
practice. 

Percutaneous Transluminal Coronary Angioplasty 
(PTCA). Routine immediate PTCA is not beneficial 
when performed in combination with thrombolytic 
therapy [22,23], due to early reocclusion and recur- 
rent ischemia [24]. The role ofangioplasty in patients 
with failed reperfusion after thrombolytic therapy 
(rescue PTCA) has been poorly studied. According to 
the RESCUE trial (n = 151), this strategy may be 
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FIGURE 28-1. Regression line representing the relation 
between mortality in thrombolysis patients and among con- 
trois in various subgroups of 58,600 patients of the Fibrin- 
olytic Therapy Trialists Collaborative Group [3]. The 
number of deaths prevented in the first 35 days after myo- 
cardial infarction per hundred patients treated is propor- 
tional to the mortality in the control group (= cardiac 
baseline risk). 

beneficial within 8 hours after the start of throm- 
bolytic therapy, with a better late ejection fraction on 
exercise, less mortality (5.1% vs. 9.6%), and less se- 
vere heart failure (1.3% vs. 7.0) [25]. In the TAMI-5 
trial (n = 575), a composite clinical endpoint  (death, 
stroke, heart failure, reinfarction, reocclusion, or re- 
current ischemia) occurred less frequently in patients 
with an aggressive strategy with rescue PTCA than 
without it (33% vs. 45%) [26]. Direct PTCA with 
aspirin and heparin, but  without thrombolytic 
therapy, was shown to be promising [27,28] and is 
the strategy of choice in patients with the largest 
expected benefit of reperfusion therapy and/or exces- 
sive bleeding risk. 

THERAPEUTIC PROFILE OF 
REPERFUSION THERAPY 
The interplay between cardiac baseline risk and the 
benefit of thrombolytic therapy is illustrated in Fig- 
ure 28-1 for the pooled analysis of the Fibrinolytic 
Therapy Trialists Collaborative Group [3]. The 
baseline risk for various subsets of patients varies 
considerably, and the benefit is directly proportional 
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TABLE 28-2. Prediction of 1-year mortality after myocardial infarction and number of deaths 
prevented during the first year of follow-up per hundred patients treated with thrombolytic therapy [32] 

Probability 
No. of ST-segment of death (%) 
risk Prevalence deviation in 1st year 
factors (%) _>2.0m W without thrombolysis 

No. of deaths prevented in 1st year 
per 100 patients treated 

<3 hours 3-6 hours 6-12 hours 

None 25 - 3.1 (1.9-5.2) 1.6 0.8 0.4 
+ 4.5 (2.6-7.6) 2.2 1.1 0.6 

1 42 - 6.9 (4.7-10.1) 3.3 1.7 0.9 
+ 9.8 (6.6-14.4) 4.9 2.4 1.2 

2 24 - 15.6 (10.8-21.9) 7.8 3.9 1.9 
+ 21.3 (14.9-29.4) 10.6 5.3 2.7 

3+ 9 - 35.2 (25.4-46.4) 17.6 8.8 4.4 
+ 44.3 (33.0-56.3) 22.2 11.1 .5.5 

Relative mortality 50% 25c~ 12.5% 
reduction (%) 

Probability of death without thrombolysis predicted from tl~e following risk factors: age greater than 60 years, a histo D' of pre~'ious inFarttion, antermr 
localization of the current infarct, heart Failure on admission, QRS duration _>120 ms, and total ST-segment deviation in admlssmn ECG. Increased survival with 
thrombolytic therapy was predicted from these data, assuming 50~,  25%, and 12.5% mortality reduction for treatment within 3, 3 ~ ,  and 6-12 hours after 
the onset of symptoms. 
3+ indicates three or more risk factors; - ,  absent; and +, present. 
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FIGURE 28-2. Mortality reduction by thrombolysis in 
the major placebo-controlled mortality trials as a 
function of treatment delay. The dotted curvilinear line 
represents the assumed relation based on animal 
experiments. 

to that baseline risk in a large spectrum of cardiac 
baseline risk. In the Fibrinolytic Therapy Trialists 
Collaborative Group analysis, patients with a blood 
pressure under 100 m m H g  on hospital admission had 
the highest mortality (35.1% at 5 weeks in the con- 
trol group), with the same proportional mortali ty 
reduction as in the other subgroups. In GISSI-1, pa- 

tients with Killip IV had 72.4°~ mortality without 
benefit of  thrombolytic therapy. It might ,  therefore, 
be the case that for the highest levels of cardiac 
baseline risk, the proportional mortality does not 
hold. In all age categories up to 75 years, mortality 
reduction was proportional [3]. For patients above 75 
years, the relative and absolute mortali ty reduction 
was less [3]. An excess of strokes in 0.8% of patients 
>75 years in the thrombolysis group provided only a 
partial explanation [3]. Another factor is the higher 
prevalence of complicating illness [29]. Also, for 
alteplase relative to streptokinase, such a proportional 
mortality reduction (more benefit in high-risk sub- 
groups) was found in the GUSTO-1  trial [13]. 

TIME DELAY FROM ONSET OF SYMPTOMS 
TO START OF REPERFUSION TREATMENT 
The number of cardiac deaths prevented in the first 
year per hundred patients treated is strongly related 
to the t ime from onset of symptoms to the start of 
thrombolytic treatment (Figure 28-2) [30]. The ben- 
efit of reperfusion therapy 12-24 hours after the onset 
of symptoms is small and is only relevant in patients 
with ongoing ischemia [3,31]. There is evidence that 
the additional benefit of up to 5 0 ~  mortality reduc- 
tion might  be achieved by very early treatment (the 
"first golden hour") [10,11,13]. 

It should be noted that the patient characteristics 
in the subgroup analyses that were used in Figure 28- 
2 differ between those with a short treatment delay 
(patients with large infarcts) and those who were 
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treated later (older patients) [29]. Therefore, for a 
reliable assessment of the relation between treatment 
delay and mortality reduction, trials randomizing 
between early and late treatment are needed. Such 
trials are available in the setting ofprehospiral versus 
in-hospital thrombolysis, but  the information con- 
tained in these trials is limited due to their small size. 
In Table 28-2 is given a quic~ reference to the num- 
ber of cardiac deaths prevented in the first year per 
hundred patients treated with repetfusion therapy for 
several categories of treatment delay. 

NEED FOR AN INDIVIDUALIZED APPROACH 
As outlined earlier, a multifactorial approach is 
heeded to the candidate for reperfusion therapy. A 
clinician should decide whether reperfusion therapy 
shou!d be given. This decision should be based on the 
expected benefit of thrombolytic treatment, the risk 
of intracranial bleeding, and economic and logistic 
considerations. In addition, one should decide which 
reperfusion regimen (streptokinase, alteplase, or di- 
rect PTCA) should be given and whether rescue 
PTCA should be attempted in the case of throm- 
bolytic therapy failure. To integrate all these variables 
a stepwise approach called tailored thrombolytic therapy, 
was proposed [32], of the various steps which are 
described later. Tailored thrombolytic therapy pro- 

h vides the means to score the expected benefit o~ eac 
patient and to assign, in a consistent manner, the 
most costly and most benificial stragegies t o ,  hose 
patients with most expected benefit. 

Tailored Thrombolytic Therapy 

STEP 1: ASSESS BENEFITS OF TIIROMBOLYTIC 
THERAPY FROM PATIENT CHARACTERISTICS, 
Tt IE ESTIMATED MYOCARDIAL AREA AT RISK, 
AND TREATMENT DELAY (Figure 28-3) 

Demographics. Important  determinants of survival 
after acute myocardial infarction are demographics 
such as age, sex, and impaired left ventricular func- 
tion due to previ6us infarctions [5]. Although these 
parameters cannot be altered by thrombolytic 
therapy, the number  of patients in whom death is 
prevented by thrombolytic therapy is greater in sub- 
groups with a higher mortality (see Figure 28-1). 
Therefore, these demographics are important predic- 
tors of the benefit of thrombolytic therapy. 

Myocardial Area at Risk for Necrosis. In patients 
with evolving myocardial infarction, part of the 
ischemic myocardium can be salvaged by timely re- 
opening of the coronary artery. The amount  of myo- 

Step 1 : Estimate benefit of thrombolytic therapy 
Assess the number of cardiac risk factors no yes_ 

previous infarction ~ r<l 
aIltedor Ioc~dization ::~: -~-~i 
inferior + RV infarction (ST elevaSon in V4R) 
QRS >120 msec '>'~ ~ "  
head failure i ~  , ~  

number of cardiac risk factors 

F 

Age <50 yrs 
~ no 

yes 

~ no 
yes 

~ "° 
yes 

3+ no 
3+ yes 

Age 50-59 yrs 
g no 

~'es 

yes 
~ no 

yes 
3+ no 
3+ yes 

Age 60-69 yrs 

~ no 
yes 

2+ nO 
2+ yes 

Age 70-79 yrs 
g no 

yes 

I+  

13.6 
13.4 
13.1 
12.7 
10.8 

67 

11.6 
t l . 5  
11.2 
1.3.9 
9.4 
8,8 
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5.9 
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FIGURE 28-£ Schematic representation of the first step of 
tailored thrombolytic therapy: Estimation of the benefit of 
thromholytic therapy. The cardiac baseline risk of a patient 
is given in terms of "life expectancy without therapy." The 
benefit c~f thrombolytic therapy is expressed in months of 
life expectancy and depends on the age of the patient, the 
number of cardiac risk factors present at baseline, the 
amount of ST-segment elevation and depression in the J- 
point of the baseline electrocardiogram. The life expectancy 
without therapy and the benefit ofrhrombolytic therapy are 
discounted at 5c~ to account for patients' preference for 
early life years in comparison with life years in the distant 
fnture. (Data are derived from Boersma et al. [30] and 
Simoons et al. [32].) 

cardium saved depends on the territory that is 
ischemic, which can be measured from the amount  of 
ST-segment elevation or the number  of leads with 
ST-segment elevation [33,34]. 

Prognosis After Myocardial Infarction With and 
Without Thrombolysis. A model to predict l-year 
mortality after myocardial infarction was derived 
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from a combined analysis of data from 3179 patients 
in the ICIN, ECSG, and ISAM studies. In a multi- 
variate analysis, advanced age, a history of previous 
infarction, anterior location of the current infarct, 
heart failure during admission, intraventricular con- 
duction delay, and the sum of ST-segment deviation 
on the admission ECG were identified as predictors of 
1-year mortality without thrombolysis [32]. This 
prediction model is summarized in Table 28-2. This 
is the only recent prediction model for patients not 
treated with thrombolytic therapy. Other prediction 
models proved to be very similar when the effect of 
thrombolytic therapy was taken into account [35, 
36]. 

Proportional Mortality Reduction. In many throm- 
bolysis trials, the benefit of thrombolytic therapy was 
proportional to the baseline risk of the patients (see 
Figure 28-1). Patients with a low baseline risk have 
little benefit, and patients with a high baseline risk 
have a large benefit. This was also found for other 
treatment modalities, such as secondary prevention 
with beta-blocker therapy after myocardial infarction 
[37], coronary bypass surgery for angina pectoris 
[38], and carotid surgery for transient ischemic 
attacks [39]. 

One-Year Mortality versus Life Expectam'y. Initially, 
1-year mortality was chosen in this analysis because 
lifelong follow-up is not yet available for throm- 
bolysis trials. However, 1-year mortality has the dis- 
advantage that the benefit in older patients is 
overestimated because the large 1-year benefit lasts 
only for a few years due to the limited life expectancy 
in that subgroup. Life expectancies have been calcu- 
lated assuming that the survival curves of myocardial 
infarction patients with and without thrombolytic 
therapy run parallel after the first year, exceeding the 
mortality rates of the normal reference populations 
with a constant difference [30]. In clinical decision 
analysis, it is customary to discount future life years at 
5% per year to account for the greater value of the 
near future. The assessment of benefit of thrombolytic 
therapy based on discounted life expectancy is sum- 
marized in Figure 28-3. 

STEP 2: ASSESS THE RISKS OF THROMBOLYTIC 
THERAPY (Figure 28-4) 

Contraindications. The risks of thrombolytic therapy 
are mainly bleeding risks. Contraindications to the 
use of thrombolytic therapy are listed in Figure 28-4. 
The quantitative contribution of these factors to the 
risk of life-threatening bleeding is still unknown but 

Step 2: Assess the risks of thrombolytic therapy 

Are contraindications for thrombolytic therapy p r e s e n t ~  L n ~ [ y  ~ n  v~-~ 7 

CVA within 6 months 
recent trauma (headf) ~- traumatic re~uscztallO~ 
blopey within 6 weeks 
9~toint~l~al ~ tmnafy bleeding wt~n 6 weeks 
bleeding disorder 
recent laser therapy of the retina 
puncture of subclavian vessel 
use of COUrt.din 

Assess the risk of intracranial bleeding 
no yes 

hype~ension (>160 mmHg sysl and/or >95 mmHg diast) ~ ~.~, 
body ,,~ght <7O kg '~' ~i 
use of altepJa~e t 

number of risk factors r - -  
0 1 2 3 

age (yrs) 

Go to STEP 3 

FIGURE 28-.l. Flow chart for step 2: Assessment of the 
risk of thrombolytic therapy. All generally accepted 
contraindications for thrombolytic therapy are related to 
bleeding complication, the extent of which is unknnwn. If 
one or more contraindications are present, the risk of 
thrombolytic therapy is assumed to outweigh the benefits 
(go immediately to step 3). If no contraindication for 
thrombolytic therapy is present, estimate the intracerebral 
bleeding risk specifically for age, blood pressure on admis- 
sion, body weight, and use of alteplase. 

is assumed to be too high to allow for the application 
of thrombolytic therapy. 

Overall Incidence of lntracerebral Bleeding. In a 
pooled analysis of thrombolysis trials, the incidence of 
intracranial bleeding after thrombolytic therapy was 
0.2% for intravenous streptokinase and 0.5% for 
alteplase [7]. According to a registry of 6l  hospitals 
in The Netherlands, intracranial bleeding occurred in 
1% of patients [7]. This difference indicates that the 
population in the clinical trials was more selected. 

Risk Factors for Intracerebral Bleeding. Intracranial 
bleeding risk depends on the absence or presence of 
the following risk factors: older age, low body weight, 
hypertension on admission, and the use of alteplase 
[8]. The age-specific risk of intracranial bleeding is 
listed in Figure 28-4 for patients without risk factors 
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and wi th  an t  or more of these risk factors, in[racranial 
hemorrhage  ~s lethal  in  50% of pat ients  in the first 
few days after its occurrence [ 5 - 9 ]  

STEP 3: SELECTION OF A REPERFUS~ON 
STRATEGY (Figure 28-5) 

Net Benefits qfThrotnb@'~c 7~eraF7. The benefi~ of 
dm)mboly t i c  therapy ~s the net eflbet o fa  redtlc~ion in 
cardiac dead~ and an increase in dea th  due to intracra- 
nia[ bleeding,  with  the  lat ter  being small, except 
whe~ one or more risk ~:aetors fnr bleeding are present  
[7,8]. 

AUocation Of L~m~ted itealth Care Re- 
so~erees. Because the financial resources in heakh  care 
are restricted, the most  costly ~and mos t  ef~bc~ive) 

Step 3: Selection of a reperfusion strategy 

O P T I O N  I A S A  : S K  : r t -PA  : d i r e c t  P T C A  = 9 : 36  : 2 5  : 3 0  % 

Gain ~n l ~  8~e~din 9 rt~R 

e x # ~  "isk ~P~H < 1 5% '~k ICH ~ .fi'-2.5% dsk ICH >~5% 
t~ol~t ls} acid NO 0~8¢ ar~ NO oth~ Of et hr{r 

co#tr~n~c~t~oP c o n t r ~ O ~ c ~ n  c~n{[~mgleat~on 

O P T I O N  2 A S A  : S K  : r t~PA:  d i r e c t  P T C A  = 8 : 3 8  : 38  : t 6  % 

¢i~k ICF4 <8% ~s~{ {OF4 >=a% {motgh~} 
~nd No ,-~m~e ~ oma¢ 
Co~ai~dtc~t~n cont~a)~<~ic~l£~l 

I <1 - - Z  [A~A ~SA 
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FIGURE 28-~. Step 3: Selection of a reperiusion therapy. 
A reperfusion s~ra~egy is proposed for each comBim~ri~m of" 
the expected gain in life expectancy a~d bDedirxg risk. ~f}~e 
varmus rreatme~r modalities are allocated ira such a way 
that pa~xen~s wirb the mos~. expected benefit receive the 
most e~}bctive {agd mosr expensive) treatment. ~See the ~ext 
for a more derailed e×p~anatiog.} 

s trateDes shouId be allocated ro pat ients  who arc 
expected ~o benefit most  of the t rea tment  The pro- 
posed srepwise approach was tested in ctinical prac~ 
rice in 500 consecutive parients  [30]. Pat ients  wi th  
very ] i t tD expected net  benefit  from thromboiyr ic  
~herapy were Geared with aspirin only (10% of pa- 
rlenrs). The  20g{ oF pat ients  wi th  the  largest expected 
he[ benefit and/or  ar increased bleeding risk were 
~reated wi th  dlrece angioplasty The remain ing  7 0 ~  
o fpa t i en t s  were Geared wi th  thromboly t ic  therapy 
ha]f  wiH~ srreptokinase (lower expected benefit~ and 
hal f  with atteplase (higher  expected benefitL 

The  rhreshotds #or expeGed benefit  i~ Figure 28~5 
can be adjusted to Inca{ circumstances,  depending  {m 
the availabil i ty of ~he various t r ea tmen t  strategies 
Two scenarios are given,  t f  one chooses £or the firsr 
oprmn,  direct  PTCA is per~brmed in 30% of  patients,  
The second op tmn results in direct  PTCA ia 16%, as 
was shown in ot,r hospitals in  over 700  pat ients  wi th  
acute myocardial infhrction However° with  option 2 
a specific subset  of pat ients  wi th  a h igh  bleeding risk 
is still t reated wi th  intravenous srreptokinase. 

STEP 4: MONITOR EFFECT OF INTERVENTION 
BY CONTINUOUS ST-SEGMENT RECORDING 
(TaBle 28-3)  

~'T=Segmen~ Monitoring S),ste~s The e£f¢'ct of 
thrombolyt ic  therapy can be assessed safely w~rh 
immedia te  coronary ;mgiography, eve~7 shortly after 
hospiraJ admission ~90 mmutesL However.  this 
approach is cumbersome,  and a [aborato W ~or coro- 
nary angiography is n{)r always available. Cominuous  
mult i lead ST-segment  moni to r ing  Ls a saff. rather  
inexpensive way to predlct  reperflosion, persis tent  and 
recurrent isehemia in pat ients  wi th  evolving myocar= 
dial infarction [40--42] Three  systems have been 
validated {43}. The cont inuously  updated 12-lead 
ECG recording system of  Mortara i n s t r u m e n t  is based 
on d~e convent ional  12Jead  eDc[rncardiogram. Eve W 
15 seconds the median electrocardiogram o( 12 bears 
is updated  and compared wi th  the  baseiine electrocar- 
diogram.  The  second system is the dynamic  vector 
derived l 2-lead eDc~rocardiographic recording 
system (MJDA. Or t ivus  Medicat), in which averaged 
QRS-T  vectors ( tom the Frank orthogonM leads are 
acquired every m i n u t e  and trans£ormed into 12qead  
eDctrocardiograms. The thi rd  metheM is based on a 
three=lead Hoher  recording system, wi th  a spedal 
bipolar lead configuration that  mimics  ~he X Y Z  axes 
of  the Frank Dad system. 

The  temporal  relation between ST-segment  devia- 
t ion and coronary, ncchlsion ;s close m pat~em-s w b h  
acute my<mardial infarction [44].  The classical ECG 
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TABLE 28-3. Additional reperfusion strategies based on ST-segment monitoring 

Initial intracranial 
ST-segment amplitude Initial treatment strategy Suggested action bleeding risk 

Decrease ->50% within 90min 
<50% within 90min 
Re-elevation of >0.1 mm/lead 

for at least 20min 

Aheplase (or SK ~) STOP infusion of thrombolytic [53] - -  
Alteplase or SK Rescue PTCA [25,26] - -  
Alteplase or SK Alteplase (50 mg in 1 h if <24 h <1.5c~ 

after first dose) [54 56] 
PTCA ->1.5% 

ST-segment moni tor ing should start as soon as possible after hospital admission to give reliable results. Reassessment should be done 6 0 - 9 0  minutes aher  the 
start of thrombolytic therapy and only when the initial ST-segment deviation is at least 0 , 2 m V  in at least one ECG lead. Follow steps 1-3  again, considering, 

the treatment delay +90  minutes. 
• No  clinical data available. 
SK = srreptokinase; PTCA = percuraneous transluminal coronary angioplasts. 

criterion of reperfusion, that is a 50% decrease of the 
amount of the initial ST-segment deviation, is most 
reliable if the initial ST-segment elevation is high 
(0.4mV per lead) and ST-segment recovery occurs 
early within 45-90 minutes [43]. In 100% of such 
patients an open (TIMI 2 or 3) infarct-related coro- 
nary artery was found at 90-180 minutes if, after 
a 50% ST-segment decrease, a short (<20-minute) 
temporal re-elevation of up to 100% of the initial 
ST-segment elevation was found. In 85% of patients 
without such a temporal ST-segment re-elevation, a 
patent infarct-related coronary artery was found. 
In patients with little initial ST-segment elevation 
(<0.2mV per lead) and ST-segment normalization 
after 90 minutes, coronary patency was only about 
50%. In patients without ST-segment recovery, 
coronary occlusion was 80%. The reliability of ST- 
segment monitoring can be further improved by in- 
cluding the occurrence of accelerated idioventricular 
rhythms and the relief of chest pain, but to what 
extent is still unknown. An idioventricular rhythm 
occurred infrequently in a patient with failed throm- 
bolytic therapy (false positives in a pooled analysis 
of six studies only 3%) [45-50]. However, idioven- 
tricular rhythms are found in only 45% of patients 
with an open infarct-related vessel at 90 minutes 
[45-5O]. 

Stopping the Infusion of Thrombolytic Therapy on 
Signs of Reperfusion. One of the main drawbacks of 
thrombus-resolving therapy is bleeding in the brain 
in 1% of patients. This risk is dose related for 
aheplase [51]. Another drawback to the widespread 
use of alteplase is the unit price of US $2000. A 6- 
hour prolongation of rt-PA infusion did not decrease 
the reocclusion rate [52]. Therefore, normalization of 

the ST-segment elevation within 90 minutes after the 
start of treatment has been used to identify patients in 
whom alteplase infusion could be stopped in order to 
reduce the bleeding risk and cost [53]. These patients 
were treated early with alteplase infusion within 3 
hours after the start of symptoms. All patients had 
very small infarcts after treatment, measured from 
blood heart enzyme levels, although the amount of 
heart muscle at risk for infarction was extensive. 
Twenty-two percent of treatment costs were saved in 
these patients. This first study has to be confirmed in 
larger patient populations. 

Failed Thrombolytic Therapy. Knowledge about 
coronary vessel patency is relevant for the identifica- 
tion of those patients in whom thrombolytic therapy 
fails and who could benefit from additional 
reperfusion strategies, both chemical, such as new 
thrombin inhibitors, and invasive (rescue PTCA). 
The stepwise approach that was discussed earlier may 
help to select patients for such additional interven- 
tions that are associated with increasing bleeding 
risk. This is illustrated in Table 28-3. Although 
knowledge about the benefit of these approaches is 
limited, it is likely that most of the benefit is to be 
expected in those patients with a large cardiac 
baseline risk and with a small treatment delay. 

Reocclusion of the Infarct-Related Coronary 
Vessel. Although transient ST-segment re-elevation 
of <20 minutes is prognostic for an open infarct- 
related coronary artery at 90 minutes after the start of 
thrombolytic therapy, persistent ST-segment re- 
elevation is a sign of reocclusion [43]. Possible strat- 
egies are depicted in Table 28-3. The clinical experi- 
ence of repeated thrombolytic therapy is limited (n = 
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109) but is promising for centers without angioplasty 
or surgical t)cilities. Patency rates varied from 54% 
to 73e~ and bleeding rates form 13% to 23% [ 5 4 -  

56]. 

FURTHER ADVANTADGES OF THE STEPWISE 
APPROACH 

Clinical Trials. The stepwise approach might  also 
be helpful for designers of clinical trials to set inclu- 
sion criteria in such a manner that the treatment 
strategy under investigation is tested in those patients 
who might  receive the maximal possible benefit of  the 
treatment. Too often ethical committees agree on 
protocols to assess therapies only in low-risk patients. 
Examples are thrombolytic therapy in patients with 
unstable angina, and thrombin inhibtors and potent  
platelet inhibitiors, together with thrombolytic 
therapy, in low-risk infarction patients. 

Conclusions 
In conclusion, in our experience the stepwise ap- 
proach appears to be very useful for tackling the 
sometimes complicated questions of whether a pa- 
tient should be treated and which reperfusion strategy 
should be chosen. Clinicians are urged to consider all 
determinants of the benefits and risks of thrombolytic 
therapy. Wi th  regard to whether the proposed ap- 
proach is better or worse than clinical judgement  
alone in treating the right patient, much depends on 
the clinical judgement  of the specific clinician. We  
know from the literature that some investigators have 
admitted patients to thrombolysis trials without  the 
benefit of thrombolytic treatment (e.g., those at very 
low risk with a normal admission electrocardiogram). 
Others have been t~vo selective, thereby withholding 
the possible benefit of thrombolytic therapy. A simi- 
lar interphysician variation is found in clinical prac- 
tice. An individual physician sometimes becomes 
more "bleeding risk averse" for a period of t ime after 
having a patient suffer intracranial bleeding or more 
"bleeding risk seeking" when thrombolytic therapy 
has been successful in a series of patients. This can be 
avoided by application of the proposed systematic 
approach. 
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29. ASPIRIN, HEPARIN, A N D  NEW 

ANTITHROMBOTIC DRUGS AS 

ADJUNCTS TO THROMBOLYTIC 

THERAPY FOR ACUTE 

MYOCARADIAL INFARCTION 

Hans J. Rapold 

Introduction 
Early intravenous thrombolysis has been firmly estab- 
lished as the therapy of choice for acute myocardial 
infarction. There is room, however, for an important 
improvement: Between 15% and 50% of coronary 
thrombi cannot be lysed with the currently available 
drugs, 10-25% of successfully recanalized vessels 
reocclude, and 0.5-1% of the treated patients suffer 
an intracerebral hemorrhage, Dispute over the throm- 
bolytic agent of choice, including pharmacoeconomic 
aspects, has continued despite megatrials involving 
over 100,000 patients [1-5]. While the overall 
benefit of thrombolytic therapy has been confirmed, 
questions remain with respect to optimal adjuvant 
antithrombotic treatment, the validity of surrogate 
endpoints, and the mechanism through which 
thrombolysis translates into clinical benefit [6-10]. 

Although alteplase (recombinant tissue-type plas- 
minogen activator, rt-PA), judged on comparative 
90-minute patency, recanalizes infarct-related arteries 
more efficiently and more rapidly than streptokinase 
(SK) [11,12], and early treatment correlates with the 
greatest reduction in mortality [1,2], survival from 
myocardial infarction did not appear to differ with 
the thrombolytic drug used in early comparative tri- 
als [4,5]. Explanations for this paradox followed sev- 
eral lines. The validity of the 90-minute patency rate 
in documenting efficient recanalization has been be 
questioned [8]. Late reperfusion and factors indepen- 
dent of reopening an occluded infarct vessel have been 
shown to contribute to survival [13]. Most impor- 
tantly, only sustained recanalization can be expected 
to provide clinical benefit; reocclusion after initial 

reperfusion is associated with increased mortality and 
reduced left ventricular function [14]. Adequate con- 
comitant anticoagulation, both for reperfusion and 
to protect from reocclusion, was found to be 
particularely important for fibrin-specific thrombo- 
lytic agents [15-17]. Finally, the therapeutic para- 
digm linking early complete vessel patency to clinical 
outcome was established beyond a reasonable doubt 
[18], allowing future investigation to focus on im- 
proving early coronary flow quality. 

Thrombolytic therapy for acute myocardial 
infarction can no longer be considered ro be mono- 
therapy with a single thrombolytic agent but has 
rather become a conjunctive pharmacological effort to 
achieve stable reperfusion of an occluded vessel [19-  
21]. Primary or rescue angioplasty may be considered 
in subgroups of patients [22]. The concept is based 
on experimental and biochemical evidence that 
reperfusion and reocclusion are the net result of 
simultaneous competing and interacting processes 
that result in clot lysis and thrombosis. Whereas the 
clinical benefit of adding aspirin and heparin to 
thrombolytic drugs has emerged from several trials, 
the potential advantages of new antithrombotic 
compounds, such as low molecular weight heparins, 
specific antithrombins, novel anticoagulants, and 
platelet GPIIb/IIIa antagonists, as adjuncts to 
thrombolysis have yet to be shown in the clinical 
setting. The present review summarizes the experi- 
ence with established antithrombotic drugs as well 
as the potential for new compounds to overcome 
the remaining limitations of thrombolytic therapy, 
A careful risk/benefit evaluation will ultimately 

357 
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determine the optimal conjunctive therapeutic 
approach. 

Experimental Evidence for the Enhancement 
of Thrombolysis with Concomitant 
Ant±thrombotic Drugs 
The efficacy of thrombolytic or ant±thrombotic agents 
depends, to a large extent, on the depth and extent of 
the arterial lesion and, hence, on the experimental 
model used. For deep arterial injury, the central role 
of thrombin for platelet activation as well as for fibrin 
formation is well established. While  arterial thrombi 
on superficial endothelial damage can be prevented by 
aspirin [23], and more specific platelet inhibi t ion by 
serotonin antagonists [24], thromboxane-synthase 
inhibitors [25], or thromboxane-receptor antagonists 
[24,26-28]  may accelerate thrombolysis and reduce 
reocclusion rates in certain animal models, thrombin 
inhibi t ion is needed to prevent thrombosis on deep 
arterial injury, representing plaque rupture [29-33] .  
In addition to its dominant  role as a platelet activator, 
thrombin interacts with a number  of coagulation fac- 
tors (IX, VIII, V, XIII, protein C), amplifying both 
the extrinsic and intrinsic pathways of coagulation; 

thrombin initiates fibrin generation [341; and it pre- 
sumably orchestrates the vascular response to injury, 
also influencing the endothelial release of procoa- 
gulant  factors, as well as cell adhesion, proliferation, 
and migration [35]. Inhibi t ion of thrombin and its 
interaction with platelets has thus become a central 
target in the prevention of acute arterial thrombosis, 
particularly in the context of fibrinolysis [36]. 

Heparin [171 and heparin fragments [37] have 
been shown to potentiate venous lysis induced by 
alteplase or scu-PA in animal models of femoral 
or jugular vein thrombosis. Pretreatment [38] or 
simultaneous infusion of heparin [17,39] or heparin 
fragments [40] also enhances alteplase-induced 
reperfusion in arterial thrombosis models (Table 29- 
1). Specific thrombin inhibitors, such as hirudin 
[30,39,41], hirulog [42], or PPACK [39], have been 
shown to be superior to heparin as adjuvants to 
alteplase in various models. In vivo data indicating an 
interaction between streptokinase and heparin are 
scarce. But the observation that the ant±thrombotic 
effects of various thrombolytic agents, including 
alteplase, alteplase mutants,  rscu-PA (recombinant 
single chain urokinase-type plasminogen activator), 
U K  (two-chain urokinase), stteptokinase, and STAR 
(recombinant staphylokinase), parallels their 

TABLE 29-1. Alteplase with or without heparin: Results 
of experimental arterial and venous thrombolysis in dogs 

Group 1 Group II Level of 
tteparin No heparin significance 
(n = 10) (n = IO) (P) 

Blood flow through stenosis 4l ± 2 37 + 2 n.s. 
(% of baseline) 

Arterial reperfusion (n) 
Within 30 minutes 7 1 O.018 
After 30 minutes 2 3 
None 1 6 

Venous clot [ysis (%) 81 ± 4 49 + 7 0.OO1 
Fibrinogen levels (g/L) 

Baseline 1.4 ± (I.3 1.5 + 0.2 
At 60 minutes 1.2 ± 0.3 1.2 ± 0.2 n.s. 
At 150 minutes 1.3 ± 0.2 1.2 + 0.3 

AP'I~(s) 
Baseline 21 + 1 20 ± 1 
At 30 minutes 177 ± 3 24 + 1 
At 60 minutes 180 4- 0 29 ± 2 <0.001 
At 150 minutes 178 ± 2 24 ± 2 

Data represent mean ± SEM. 
ns . ,  not significant (P > O.O5). 
From Rapold HJ et al. [17] ,  with permission. 
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fibrinogenolytic effect and not their thrombolytic 
potency [43] suggests that non-fibrin-specific 
thrombolysis depends to a lesser degree on concomi- 
tant anticoagulation. The main mechanism by which 
heparin potentiates thrombolysis is thought to be the 
prevention of new fibrin formation on the lysing 
thrombus. 

Residual thrombi, indeed, appear to be the basis 
of reocclusion [36]; they were found to be more 
thrombogenic than deep arterial injury, especially 
when combined with the high shear rate of a residual 
stenosis [44]. During thrombolysis, fibrin-bound 
thrombin is re-exposed and may again generate fibrin 
and activate platelets. Fibrin-bound thrombin is pro- 
tected from inactivation by heparin, but not by spe- 
cific thrombin inhibitors, which might explain the 
antithrombotic supremacy of the latter [45]. 

Neutralization of fibrinogen binding to the acti- 
vated platelet GPllb/IIIa receptor represents the most 
potent mechanism for inhibiting platelet aggrega- 
tion. Acceleration of arterial thrombolysis and pre- 
vention of reocclusion following alteplase have been 
shown experimentally with a number of these com- 
pounds that are either monoclonal antibodies [46-- 
49], snake venoms [50,51], synthetic peptides 
containing the RGD recognition sequence of 
fibrinogen [52-55], or peptidomimetic inhibitors 
[56,57] (Figure 29-1). 

Biochemical Evidence for Enhanced 
Prothrombotic Activity During 
Therapeutic Thrombolysis 
Fibrin generation or thrombin levels can be moni- 
tored by sensitive biochemical markers, such as 
fibrinopeptide A (FPA) [58,59] or thrombin- 
antithrombin III (TAT) complexes [60], as shown in 
patients with venous thrombosis and pulmonary em- 
bolism [58,61], unstable angina [62,63], or acute 
myocardial infarction [64,65]. The effect of alteplase 
with and without intravenous heparin on fibrin gen- 
eration was quantified in patients with acute myocar- 
dial infarction [15,16] (Figure 29-2). Initially raised 
FPA plasma levels increased further under alteplase 
without heparin before falling almost to normal as 
soon as intravenous heparin was added. This sustained 
fibrin formation under thrombolysis, despite 
reperfusion, might be due to a release of coagulation 
factors bound to clots, to re-exposure of thrombotic 
subendothelium, or to infarct vessel-unrelated 
ischemia. FPA may also be released from fibrinogen 
by t-PA directly; it is therefore not a specific marker 
of thrombin activity. Finally, increased levels of pro- 

thrombin fragment 1.2 suggest ongoing thrombin 
generation [66] under heparin, which might explain 
the rebound in thrombin activity and associated 
ischemic events observed in patients with acute coro- 
nary syndromes after cessation of heparin [67,68]. 

The sixth ECSG trial confirmed that the enhanced 
thrombin activity (but not necessarily its generation) 
under alteplase and aspirin can be suppressed by 
adequate anticoagulation, resulting in higher early 
patency rates of the infarct vessel [69] (Figure 29-3). 
While FPA plasma levels could not be shown to be 
sensitive markers of thrombotic events or reocclusion, 
as initially suggested [15], the intensity of 
anticoagulation appears to have a pivotal role for a 
sustained reperfusion by alteplase [69,70]. Although 
high FPA plasma levels were also measured in 
SK-treated patients [71], the origin and clinical 
significance of high FPA concentrations in 
hypofibrinogenemia remains unclear. 

Plasminogen activator inhibitor-1 (PAl-l) is an 
important regulator of fibrinolytic activity under 
physiologic conditions [72], which might also influ- 
ence therapeutic thrombolysis. Plasma levels of active 
PAI-1 were shown to increase markedly, early after 
thrombolytic therapy, suggesting an antifibrinolytic 
rebound phenomenon independent of physiologic di- 
urnal fluctuation [73]. Other prothrombotic effects 
related to thrombolytic therapy include plasmin- 
induced stimulation of factor V [74] or X [75] as well 
as plasmin-induced platelet activation [76-78]. On 
the other hand, plasmin-dependent platelet inhibi- 
tion, apparently not involving the GPIIb/Illa recep- 
tor, was shown in vitro by streptokinase, but not by 
alteplase [79]. 

Clinical Experience with Current 
Antithrombotic Drugs as Adjuncts 
to Thrombolytic Therapy 
The independent beneficial effect of oral aspirin 
(160mg daily) on mortality following thrombolytic 
therapy of acute myocardial infarction with strep- 
tokinase has been established by the ISIS 2 trial [2]; 
it is likely to be due to prevention of reocclusion 
and recurrent ischemia, and probably also applies to 
alteplase, although the latter evidence is only based 
on retrospective meta-analysis of smaller trials [80]. 
Aspirin was not associated with excess cerebral hem- 
orrhage or bleeding requiring transfusion. It has 
therefore become a gold standard for the treatment of 
acute myocardial infarction, both with and without 
thrombolytic therapy. 

Clinical trials have also confirmed that fibrin- 
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FIGURE 2%1r Aheplase, aspirin and Ro 43-5054, a peptidomineric platelet GPllb/l[ la inhibitor for experimental 
thrombolysis in dogs. Schematic representation of the patency status (occluded [ l ]  or permeant [~]) of stenosed and 
thrombosed coronary arteries in dogs treated with alteplase alone (301.tg/kg/min) over 1 hour (alteplase), alteplase + aspirin 
(ASA; 10 mg/kg), and alteplase + Ro 43-5054 (3 ~g/kg-min). ~ and ~7, start and end ofaheplase infusion. When the coronary 
artery did not reocclude during the 120-minute observation period, additional thrombogenic challenges were undertaken. 
The coronary artery could then reocciude by increasing the degree of the coronary stenosis (S), infusion of epinephrine (E), 
or subendothelia[ damage (D), or not reocclude by either stimulus (O). (From Roux et al. [56], with permission.) 
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specific th romboly t lc  agents0 such as alreplas< 
require adequate concomitant  anr~coagulatioe~, ir~ 
addi t ion ro p la rebr  inh ib t ion  by aspirin, for rapid and 
sustained rape[fusion ofoccluded [nfhrct vessels. Early 
r r i ah  showed a significant benefit of  altep]ase over 
srreprokinase for coronary pateacy a< 90 minutes  
[ i 1 , i 2 ]  Concomitan~ hepar in  seemed of minor  im- 
portance f%)r early patency wi th  alreplase in a smailer 
trial [81 t. These datm as well as the }bar of bleeding 
cornp lkadons ,  led ro the  design of two comparat ive 
megarriab{ wi th  delayed subcutaneous ra ther  than 
eor}comiraat in~ravenous amicoagular iom resuk ing  
Jn identical morta l i ty  for alteplase- and  srreprok~nase- 
treated acute myocardial infarct ion [4,5].  W i t h  
emerging  experimental  and bio{themica evidence 
ehae fibrin-specific th romboly t ic  drugs depend on 
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concomi tan t  anricoagulat ion {or opt imal  efficacy, 
three trials focused on the r o b  of intravenous heparin 
{or akeplase- induce d~rornbolvsis. All of she. rriaB 
documented  significantly improved coronary patency 
w~rh cos.~omitan~ in~ravenous beparm.  7 - 2 4  hours 
[82],  48--72 hours [83], as well as 4 8 - I 2 0  hours 
[69,84]  fbl]owing th rombo lydc  therapy, irrespective 
of  aspirin. 

Addi t ioaal ly ,  d~e sixth ECSG trim l inked coronary 
patency with in viva fibrin generat ion [69]  and the 
mtensky  of a n t k o a g u l a d o n  [69,70].  W i t h  op t imal  
ant~coagulation (defined as activated partial thrombo~ 
plas t in  d ines  [APTTs]  at [east doubled cons tandy  
-wir[1 respect ro baseline over 36 hours), 90% 9(b 
minu te  parency rates (TIMI 2 or 3l were ~chieved 
wi th  a[teplase (Figure 29~4L The  study thus under-  
t ined thac m~ravenous heparin warrants  individual 
dose ~itrarion (dr opt imal  efficacy [69,70}. The  final 
gap ]inking early vessd patency ro outcome ia terms 
of mortal i ty ,  a daerapeudc paradigm that  was ~aor 
apparent  from earlier trials [4~5], has been closer{ by 
the  G U S T O  ] s tudy [ ]8 ] ,  compar ing  a front- loaded 
regimen of alrepla.~ + concomi tan t  h?rrave[~ous 
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TABLE 29-2. GUSTOV-I: 

P value 
Alteplase + IV H SK + 1V H SK + SC H t-PA + SK t-PA vs. SK 

No. patients 10,344 10,377 9796 10,328 
90-minute coronary patency 

(TIMI 2 or 3; %) 80.8 61.0 55.6 73.1 <0.001 
24-hour coronary patency (%) 87.1 80.4 77.5 94.7 n.s. 
5-7 day coronary patency (%) 86,2 86.0 73.3 78.0 n.s. 
24-hour mortality (~)  2.3 2.9 2.8 2.8 0.005 
30-day mortality (%) 6.3 7.4 7.2 7.0 0.001 
Stroke, total (%) 1,6 1.4 1,2 1.6 n.s. 
Stroke, hemorrhagic (%) 0.7 0.5 0.5 0.9 0.03 
Net clinical benefit 6.9 7.9 7.7 7.6 0.006 

(death or nonfatal stroke) (%) 
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FIGURE 29-4. Alteplase, intensity of concomitant 
anticoagulation, and coronary patency in acute myocardial 
infarction. Coronary perfusion status (~ open, TIMI 2-3,  • 
occluded, TIMI 0-1) at angiography 48-120 hours after 
alteplase therapy of acute myocardial infarction in patients 
randomized to additional heparin (n = 149) or placebo (n = 
132). The heparin-treated group is further subdivided 
into optimally (n = 48), suboptimally (n = 40), and inad- 
equately (n = 61) anticoagulated patients over 36 hours 
on the basis of sequential aPTT values: Optimal = all 
aPTT values >200% of baseline; suboptimal = lowest aPTT 
value 130-200% of baseline; inadequate = lowest aPTT 
value <130% of baseline. (From Arnout et al. [70], with 
permission.) 

heparin with streptokinase + intravenous heparin, 
with streptokinase + subcutaneous (delayed) heparin 
and with (lower dosed) aheplase + streptokinase in 
41,021 patients (Table 29-2). A gain in early coro- 

nary patency with alteplase and intravenous heparin 
did translate into improved infarct survival compared 
with streptokinase with either intravenous or sub- 
cutaneous heparin. 

Several important concepts were confirmed: ( l )  
early thrombolytic treatment for acute myocardial 
infarction is associated with an incremental reduction 
in 30-day mortality. The rates were 4.3'~ for patients 
receiving alteplase within 2 hours after the onset of 
symptoms, 5.5% at 2 - 4  hours after onset, and 8.9% 
at 4 - 6  hours after onset. For streptokinase-treated 
patients, the mortali ty rates for the same t ime inter- 
vals were 5.4%, 6.7%, and 9.3% [18]. (2) only com- 
plete (TIMI 3) coronary reperfusion at 90 minutes is 
associated with a significant reduction of mortality 
at 30 days: the rates, irrespective of treatment,  were 
4% for TIMI 3, 7.9% for TIMI 2, 9.2c~ for TIM1 1, 
and 8.4% for TIMI 0 flow [85]. (3) Fibrin-specific 
thrombolytic drugs, such as alteplase, warrant a well- 
controlled concomitant anticoagulation (ideally with 
aPTTs between 50 and 75 seconds), in addition to 
aspirin, for optimal efficacy [86]. For thrombolytic 
drugs inducing hypofibrinogenemia, such as strep- 
tokinase, there is no evidence as yet that concomitant 
intravenous or delayed sc anticoagulation, in addition 
to aspirin, is beneficial. Delayed subcutaneous hep- 
arin, however, is safer and may be recommended. 

Future Prospects for Conjunctive 
Thrombolytic and Antithrombotic Treatment 
Current anti thrombotic drugs, although widely used 
and proven to be efficacious, still have important 
limitations. 
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UNFRACTIONATED HEPARIN 
Unfractionated heparin is a mixture of sulfated 
polysaccharides with a molecular weight range be- 
tween 5000 and 30,000d [86]. A specific pentasa- 
ccharide sequence present in approximately one third 
of the molecules binds with high affinity to anti- 
thrombin IlI (AT l i d  [87-89],  thereby potentiating 
the ability of this natural anticoagulant to inactivate 
the circulating factors IXa, Xa, and IIa (thrombin) 
[90]. Whereas factor Xa may be inactivated by hep- 
ar in-AT Ill  [88,91] directly, the inactivation of 
thrombin by heparin-AT IIl requires the formation 
of a ternary complex [92-94]. Heparin molecules 
with <18 saccharides (<5400d) cannot bind to 
AT lII and thrombin simultaneously and lose 
their ability to potentiate thrombin inactivation by 
AT III while retaining their anti-factor Xa activity 
[94,95]. 

Due to the large size of the AT 11I molecule 
(58,000d), complex formation with heparin and 
rhrombin is hindered within a thrombus. Thrombin 
bound to fibrin [45] or extracellular matrix [96] is not 
inhibited by heparin-AT III; likewise, phospholipid- 
bound factor Xa is protected from heparin-AT IIl 
inactivation [97,89]. Hence, heparin has only a lim- 
ited anticoagulant effect in the presence of preformed 
or residual thrombogenic clots. Furthermore, platelet 
factor-4, released by activated platelet [99] or dis- 
placed from the endothelial surface [100], as well as 
fibrin monomers II and thrombospondin, hinder the 
heparin-AT III complex formation. 

Finally, a major drawback of heparin is a dose- 
dependent pharmacokinetic profile due to its binding 
to endothelial cells [101,102] and plasma proteins 
[103], resulting in considerable dose-response vari- 
ability, a narrow therapeutic window, and the need 
for close monitoring. 

LOW MOLECULAR WEIGHT HEPARINS 
Low molecular weight heparins (LMWHs) are hetero- 
geneous heparin fragments ( 1000-10,000 d) obtai ned 
by chemical or enzymatic depolymerization of 
unfractionated heparin [1041. With  only 25-50% of 
the fragments containing 18 or more saccharide units 
required for thrombin inhibition, LMWHs exhibit an 
anticoagulant profile different from heparin, with in 
vitro anti-factor Xa/anti-factor IIa ratios between 
4 : 1 and 2 : 1. The anti-factor Xa activity of LMWHs 
is not inhibited by platelet factor-4 [105] nor mem- 
brane binding of factor Xa [106]; fibrin-bound 
thrombin, however, remains protected from both 
unfractionated heparin and LMWHs. 

The main advantage of LMWHs is their good 
bioavailability at low doses, coupled with a more 

predictable anticoagulant response [107], which is 
due to less protein and endothelial cell binding 
[99,102,103,106,108]. The longer half-life allows 
once-a-day administration without laboratory moni- 
toring for prophylactic clinical indications. 

While most randomized trials in general surgery 
failed to show a significant advantage of LMWHs 
over heparin in terms of efficacy and safety [ 109-112] 
LMWHs may be more efficacious than low-dose hep- 
arin [113,114], or as efficacious but safer than higher 
dosed heparin [115], for the prevention of venous 
thrombosis in orthopedic surgery. However, because 
LMWHs have a reduced antithrombin activity and 
share with unfractionated heparin AT III dependency 
and a poor anticoagulant effect in the presence of 
clots, their potential as adjuvants to fibrinolytic 
therapy would seem limited. In the FRAMI trial, 
Fragmin post acute MI did reduce the incidence of 
left ventricular thrombi, hut not reinfarction or mor- 
tality when compared with aspirin [116]. 

SPECIFIC OR DIRECT ANTITHROMBINS 
Specific or direct antithrombins do not depend on AT 
III for their activity. Rapid clot penetration and inhi- 
bition of fibrin-, platelet-, or matrix-bound thrombin 
[45,96] explain the antithrombotic supremacy of spe- 
cific antithrombins over heparin or heparin-related 
substances. Hirudin, a 7000-d (65-residue) protein 
derived from leech salivary glands or produced by 
recombinant DNA technology, binds to thrombin's 
active site as well as to its anion-binding exosite with 
unique affinity and specificity [116-118]. It prevents 
not only fibrin formation but, in contrast to heparin 
[119], albeit at a higher concentration, also platelet 
deposition following deep arterial injury [33,120]. 
Hirugen, a 12-residue fragment of hirudin, binds to 
the anion-binding exosite of thrombin with lower 
affinity than hirudin [121,122]. Hirulogs are bifunc- 
tional peptides (20 residues) with intermediate 
thrombin affinity. Their hirudin moiety that associ- 
ates with thrombins anion-binding exosite is coupled 
with a synthetic tripeptide that binds to the active 
site [123]. Among the synthetic low molecular 
weight thrombin inhibitors interacting directly with 
the active site serine, PPACK (D-Phe-Pro-Arg- 
CH2CL) and its derivatives bind irreversibly to 
thrombin [124] but also inhibit other serine pro- 
teases, including t-PA, urokinase, and factor Xa. A 
number of boroarginine derivatives of high thrombin 
affinity but lower selectivity are currently in 
precli nical development [ 125-127]. 

Direct antithrombins seem well suited as adjuvants 
to thrombolytic therapy, given their inhibition of 
clot-bound thrombin and of thrombin-induced 
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platelet aggregation. As outlined earlier, hirudin 
[30,39,41], hirulog [44], PPACK [39], as well as 
argatroban [128,129] were experimentally shown to 
accelerate the lysis of platelet-rich thrombi better 
than heparin. However, in the context of acute myo- 
cardial infarction and despite encouraging clinical 
dose-finding trials, specific antithrombins have failed 
to fulfill their experimental promises. Indeed, three 
large studies (GUSTO 2a, TIMI 9, HIT 3) comparing 
hirudin with heparin as adjuncts to alteplase or strep- 
tokinase had to be interrupted because of an excess 
in hemorrhagic strokes [130-132]. At a lower dose, 
hirudin proved to be as safe, but not significantly 
more efficacious, than heparin in preventing death 
and reinfarction at 1 month [133,134]. 

The preliminary results of GUSTO 2b in patients 
with acute coronary syndromes, including 4860 
patients with ST-segment elevation at entry (75% 
of which underwent thrombolytic therapy by either 
alteplase or streptokinase) and over 8000 patients 
without ST-segment elevation, although consistently 
favoring hirudin over heparin, were clinically less 
impressive than anticipated [135]. These studies, as 
well as the lack of longer term (6-month) benefit 
following PTCA of either hirudin (HELVETICA) 
[ 136] or hirulog (HAS) [ 137], have, in the context of 
arterial thrombosis, tempered the high initial hopes 
raised by specific thrombin inhibitors. It has indeed 
become apparent that the therapeutic window of 
thrombin inhibition (including conventional 
anticoagulation) remains narrow. There is also some 
concern about a rebound of thrombin activity after 
discontinuation of drugs that specifically inhibit 
thrombin but no superordinate factors. In a small 
clinical trial argatroban was associated with bio- 
chemical and clinical evidence of rebound coagulation 
[138]. Limiting prothrombin activation rather than 
thrombin activity may avoid this effect. 

NOVEL ANTICOAGULANTS 
Novel anticoagulants inhibit early biochemical steps 
in the coagulation pathway and inhibit thrombin 
generation more efficiently by interrupting its self- 
amplification process. Tissue factor (TF)-initiated 
coagulation appears to play a critical role in the 
pathogenesis of coronary artery restenosis following 
PTCA [139,140], in acute myocardial infarction 
[141], in sepsis with or without disseminated intra- 
vascular coagulation [142,143], and in deep vein 
thrombosis [144,145]. The TF-factor VIIa complex, 
catalyzing the extrinsic activation of factor X as well 
as the intrinsic activation of factor IX, can be inhib- 
ited by TF pathway inhibitors (TFPI, formerly lipo- 
protein associated coagulation inhihitors [LACI] or 

extrinsic pathway inhibitors [EPI], by recombinant 
hybrid proteins with moieties of TFPI and of factor 
X, by DEG-factor VIIa, or by monoclonal antibody 
fragments against TF [141,146,147]. The natural 
TFPI, a 276 amino acid glycoprotein present in plate- 
lets and associated with plasma lipoproteins and the 
vascular endothelium [146-149], forms an inhibitory 
quaternary complex with TF, factor VIIa, and factor 
Xa, thereby preventing the formation of the 
prothrombokinase complex, that is, the formation of 
thrombin from prothrombin. 

Recombinant TFPI (rTFPI), expressed in E. ,oli 
and in mammalian cells [150,151] has been studied 
in pig and rabbit models of restenosis following 
PTCA [ 152,153], in dog models of alteplase- induced 
thrombolysis [146,154], in a myocardium ischemia/ 
reperfusion model [ 155], and in sepsis models [ 156]. 
In general, and particularly without additional anti- 
platelet agent, substantial prolongation of coagula- 
tion rimes (PT, APTT) was needed to obtain the 
experimental antithromboric effect. 

Inhibition of the factor IXa-factor VIlIa complex, 
catalyzing intrinsic factor X activation, may be 
achieved by active-site blocked factor IXa [157] and 
by activated protein C [158], or its recombinant form 
[ 159], which, in the presence of its cofactor protein S, 
also inactivates factor Va and increases fibrinolytic 
activity by inhibiting plasminogen activators inhibi- 
tor-1 (PAI-1). 

Specific inhibition of factor Xa is possible by tick or 
nematode anticoagulant peptide (TAP, NAP) [160] 
or its recombinant form [161], as well as by fragments 
of factor Xa [162]. Synthetic compounds targeting 
these steps of coagulation are in early development. 

The potential efficacy of these novel anticoagulants 
as adjuncts to thrombolytic therapy has been experi- 
mentally shown for TF pathway inhibitors [146,154], 
activated protein C [163], and tick anticoagulant 
peptide [164]. The first studies with r-TFPI in 
humans are underway. 

ANTIPLATELET AGENTS 
Because resistance to thrombolysis, as well as 
reocclusion, are to some extent platelet-related phe- 
nomena [165,166] and plasmin generation may lead 
to additional platelet activation [76,77], antiplatelet 
agents remain a logical alternative or adjunct to 
antithrombins and anticoagulants in the context of 
thrombolysis. 

Aspirin, which irreversibly inhibits the cyclooxi- 
genases of both platelet and endothelial cell is now 
standard treatment for AMI. The ISIS-2 [2] trial has 
shown its independent effect on survival after strep- 
tokinase-induced thrombolysis, which is likely to be 
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due to a significant protection from rethrombosis. 
Experimentally [128,167] as well as clinically [82], 
aspirin does not enhance thrombolysis. 

Thromboxane A2 synthase inhibitors block the 
platelet activating thromboxane A 2 (TxA 2) produc- 
tion specifically, while preserving the endothelial in- 
hibitory prostanoid production (prostaglandin D2, 
prostacyclin). But accumulating prostaglandin en- 
doperoxides may occupy TxA2 receptors and activate 
platelets [168]. Thromboxane A 2 synthase inhibitors 
could not be shown to enhance arterial fibrinolysis 
significantly [25,169]. 

Thromboxane Ajprostaglandin endoperoxide re- 
ceptor antagonists competitively inhibit platelet acti- 
vation by both TxA 2 and endoperoxides without 
increasing the production of platelet-inhibiting 
prostanoids. High local TxA 2 levels, however, may 
dislocate the drug from the receptor. Thromboxane 
AJprostaglandin endoperoxide receptor antagonists 
were shown experimentally to have a moderate effect 
on thrombolysis and reocclusion, especially in combi- 
nation with a thrombin inhibitor [26,27,170]. 

Thromboxane A 2 synthase and thromboxane AJ  
prostaglandin endoperoxide receptor inhibitors com- 
bine both pharmacologic principles, while a theo- 
retical and experimental advantage over either 
intervention alone [28,171], while heparin remains 
mandatory to optimize the effect [172]. The first drug 
to be tested clinically [173], however, could not im- 
prove the reperfusion rate, reperfusion time, or 
reocclusion rate of alteplase [ 174]. 

Serotonin receptor antagonists represent an alter- 
native approach to inhibiting platelet activation. 
Although a rather weak platelet inhibitor [175], 
especially in the context of deep arterial injury, com- 
bination with a thromboxane/prostaglandin endoper- 
oxide receptor antagonist was shown experimentally 
to enhance thrombolysis and to prevent reocclusion 
with alteplase [24,176]. 

In view of the importance of thrombin as a platelet 
agonist in deep arterial injury, specific thrombin re- 
ceptor antagonists not interfering with fibrin genera- 
tion might be potent inhibitors ofplatelet thrombi at 
plaque rupture sites. 

Prostacyclin is not only a platelet aggregation in- 
hibitor but also a strong vasodilator. Additional pro- 
tection could be anticipated during acute myocardial 
infarction by inhibiting oxygen free radicals and neu- 
trophil function. However, acceleration of experi- 
mental reperfusion by prostacyclin [177], or its more 
stable analogue iloprost [178], was not demonstrated 
unequivocally, and clinical experience with pros- 
tacyclin analogues as adjuncts to thrombolysis re- 
mained disappointing [ 179,180]. 

GPIIe/IIIA INHIBITION 
Following adhesion of a platelet monolayer to 
subendothelial glycoproteins, platelet aggregation is 
mediated exclusively by the binding of circulating 
glycoproteins (mainly fibrinogen and yon Willebrand 
factor) to the activated platelet surface receptor 
GPlIb/llIa. Neutralizing this agonist-independent 
last step, therefore, represents the most potent phar- 
macological intervention to inhibit plateler thrombus 
formation [181]. 

Inhibition of GPlIb/IIIa was first achieved by 
monoclonal antibodies [182]. Subsequently snake 
venom proteins were identified, which compete, with 
their arginine (or lysine)-glycine-aspartic acid (RGD 
or KGD) sequence, with fibrinogen or von 
Willebrand Factor for receptor occupancy. Snake ven- 
oms have a high affinity but low selectivity for GPllb/ 
Ilia, also interfering with other related cellular sur- 
face receptors (integrins). A number of smaller syn- 
thetic RGD (or KGD) peptides were developed with 
increased selectivity and intermediate affinity for 
GPlIb/llIa. Finally, peptidomimetics, organic mol- 
ecules based on the RGD structure, without peptide 
bonds and therefore of potential oral activity, are now 
available. 

As anticipated, GPlIb/Illa inhibition is particu- 
larly effective in conjunction with experimental 
thrombolysis. The moncolonal antibody fragment 
7E3-F(ab') ., shortens the time to lysis and effectively 
abolishes reocclusion [46-48,183-185],  even when 
administered after thrombolysis [48,185] or in strin- 
gent models, such as everted artery preparations 
[186,187]. Additional thrombin inhibition, for ex- 
ample by heparin, nevertheless seems beneficial [57]. 
In a direct comparison, the combination of 7E 3- 
F(ab')2 and heparin, added to alteplase, offered better 
protection from reocclusion than the combination of 
argatroban and aspirin [l 29]. Snake venoms were also 
shown to be potent adjuncts to alteplase and heparin 
in various animal models of platelet-rich clot lysis 
[50,51,188,189]. While some weaker RGD peptides, 
especially without heparin, were less effective than 
hirudin + aspirin [30,52], others [53,54], including 
at least one peptidomimetic [56,190], appeared to 
be as potent as 7E3-F(ab %. Again, caution is war- 
ranted when comparing data from different animal 
models. 

Clinical studies with GPlib/llIa inhibitors have 
first focused on preventing thrombotic events follow- 
ing percutaneous coronary revascularization proce- 
dures (PTCA, atherectomy, stenting) and in unstable 
angina. In patients undergoing percutaneous coro- 
nary revascularization at incremental risk of acute 
thrombotic complications, 7E3-F(ab'), (ReoPro) sig- 
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nificantly reduced the incidence of death, MI, or 
reintervention at 1 month from 12.8% to 9.8% 
(EPIC [191]) and became the first new anti- 
thrombotic agent to be approved for clinical use. This 
benefit was recently shown to remain significant at 6 
months [192] and to extend to elective PTCA, with 
two comparative studies stopped prematurely because 
of an impressive (albeit perhaps overestimated) reduc- 
tion in death and AMI (EPILOG, 3.1% vs. 8.1% 
[193]; CAPTURE, 5.4% vs. 10.9% [194]; prelimi- 
nary results) at 1 month. 

While the KGD-peptide Integrelin (IMPACT-2 
[ 195]) and the peptidomimetic Tirofiban (RESTORE 
[196]) showed a significant early benefit in patients 
undergoing PTCA as well, this effect, similar to what 
was experienced with hirudin [136], was not sus- 
tained (9.5% vs. 11.6% [195] and 10.3% vs. 12.2% 
[196], respectively, for death, AMI, or reintervention 
at 1 month, data preliminary), leaving the question of 
an adequate duration of intravenous or oral follow-up 
treatment open. Indeed, RGD or KGD-related sub- 
stances that compete with fibrinogen for receptor 
occupancy have a much shorter pharmacodynamic 
half-life than a monoclonal antibody blocking the 
receptor irreversibly. In patients with unstable an- 
gina, the peptidomimetic Lamifiban looked promis- 
ing in a small randomized trial (death and MI at 1 
month 2.5% vs. 8.1% [197]). Lamifiban (PARA- 
GON), as well as Tirofiban (PRISM, PRISH PLUS) 
and Integrelin (PERSUIT), are currently being evalu- 
ated in large-scale trials of unstable angina. 

Based on experimental evidence, GPIlb/Illa an- 
tagonists seem particularly effective adjuncts to 
thrombolytic therapy in AMI [183-190], with the 
aim of optimizing reperfusion quality (TIMI 3 flow 
rate), which was shown to correlate with the clinical 
outcome in GUSTO-1 [18]. 7E~-F(ab')e (ReoPro) has 
been given to a limited number of patients following 
treatment with alteplase [198]. Integrelin (IMPACT- 
AMI [199]), as well as Lamifiban (PARADIGM 
[200]), given concomitantly with either alteplase or 
streptokinase, are currently being evaluated in dose- 
finding trials of AMI. 

With new specific and potent antithrombotic 
drugs in development, concomitant thrombolytic and 
antithrombotic treatment now faces particularly in- 
teresting opportunities and challenges. Ultimately, 
large clinical trials will have to determine the benefit 
to risk ratios of well-selected regimens, which 
might also include lower dose combinations of 
thrombolytics, antithrombios, and antiplatelet drugs. 
However, accelerating the process of lysis, although 
experimentally attractive, will have much less clinical 
impact than shortening the delay between vessel oc- 

clusion and the start of therapy. Infarct mortality 
rates of 4% in patients obtaining early complete 
(TIMI 3) reperfusion [18] indicate both the therapeu- 
tic advance as well as the limits of validating luther 
progress with this endpoint in reasonably sized 
studies. Mortality rates among patients with acute 
myocardial infarction not reaching the hospital are 
still considerably higher 

Future efforts will, therefore, focus on safe ambula- 
tory thrombolysis as well as secondary, if not primary, 
prevention of plaque rupture. Protection from 
reocclusion beyond the time of immediate drug ef- 
fect, without increased bleeding risk, remains an 
important goal, called vessel passivation. Increasing 
awareness of health costs will probably focus interest 
on synthetic compounds, if equivalent to biotechnol- 
ogy products, when new antithrombotic drugs be- 
come available clinically for the conjunctive 
treatment of acute myocardial infarction. 

Since submission of this manuscript in early 1996 
several important clinical trials using new anti- 
thrombotic agents in the setting of PTCA and 
unstable angina were completed. Although they 
could not be included and referenced here, these 
studies have not, as yet, changed the clinical practice 
in the conjunctive antithrombotic-thrombolytic 
treatment of AMI. 
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Introduction 
Platelets play a pivotal role in the pathogenesis of 
acute coronary syndromes [1]. Platelet activation at 
the site of arterial injury leads to a cascade of events 
generating a platelet-rich thrombus, which may oc- 
clude vessels with subsequent ischemia or infarction 
[2,3]. A range of drugs aimed at modifying the ac- 
tions ofplatelets are currently being developed for the 
adjuvant treatment of acute myocardial infarction and 
unstable angina, and following percutaneous coronary 
interventions. This chapter reviews the structure and 
function of plarelets during thrombosis, and outlines 
the previous and current clinical studies of 
antiplatelet agents in the adjunctive treatment 
of acute myocardial infarction. 

Coronary Thrombosis 
Occlusive thrombus in a coronary artery is the pre- 
dominant cause of acute myocardial infarction 
[4,5]. Prompt reperfusion of the occluded artery is 
crucial for limiting the size of the infarct [61 
and preserving left ventricular function [71. 
Thrombolytic therapy is the most widely applicable 
therapy [8-10],  although both primary and rescue 
angioplasty following failed thrombolytic therapy are 
increasingly being advocated [11-13] as alternative 
means of opening occluded infarct-related arteries. 
From detailed autopsy studies of patients who died 
after acute myocardial infarction, it is now well 
established that atherosclerotic plaque rupture and 
the exposure of plaque contents and subendothelial 
material initiate thrombus formation [2,4,14]. It has 
also been shown that a layer of adherent platelets 
covers the plaque site [15] and that the accompanying 
platelet-rich thrombus is often accompanied by both 
proximal and distal clot, consisting mainly of fibrin 
and erythrocytes [15]. The understanding that plate- 

let adhesion and aggregation play a central role in the 
initiation of arterial thrombosis makes adjuvant 
antiplatelet therapy a central therapeutic approach for 
the treatment of unstable coronary syndromes, in- 
cluding acute myocardial infarction. 

Platelet Structure and Function 
Anatomically, platelets consist of plasma and internal 
membranes, a cytoskeleton, mitochondria, glycogen 
granules, storage granules (co granules and dense bod- 
ies), lysosomes, and perioxisomes [16]. Mature plate- 
lets do not have a nucleus, and hence very little 
protein synthesis occurs. Their actions are modulated 
via a variety of surface receptors. In thrombosis both 
external chemical and mechanical srimuli are able to 
induce the three major platelet responses of adhesion, 
activation with secretion from storage granules, and 
aggregation. These three steps lead to the formation 
of a platelet hemostatic plug. 

PLATELET ADHESION 
Platelet adhesion is the first step in the process of 
hemostasis. It is triggered by damage to the arterial 
wall and local exposure of the subendothelial matrix, 
particularly collagen [171. Coverage of the exposed 
site by platelets is dependent on the recognition of 
arterial wall adhesive proteins (ligands) by specific 
platelet-membrane glycoproteins, many of which are 
integrins (heterodimeric molecules composed of a se- 
ries o f ~  and 13 subunits) [17-19]. 

Glycoprotein Ib is the principal receptor involved 
in the initial contact between platelets and the vessel 
wall, using the yon Willebrand factor as the ligand 
[20]. Other receptors also contribute to the process of 
adhesion, including glycoprotein Ia/Ila [21,22], gly- 
coprotein Ic/IIa [23], glycoprotein IIb/IIIa (in addi- 
tion to its major function in platelet aggregation) 

375 
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TABLE 30-i. Platelet-membraae gIyc{~protein receptors invobed k~ the adhesion and aggregation ofplatelers 

RecEptor Li~and Receptor-mediated action Amino acid sequeney recognized 

lntegrin 
~,}~ (GP Ia/Ha) Collagen Adhesion DGEA" 
~xs~ ~ (GP I¢I!!a) Fibroneedn Adhesion RGD 
(~(,~ Lmia{n Adhesion Nor confined t0 a short sequence 
(~Hb~ (GP IIb HIa) Fihrlm~gen Aggregation KOAGDV or RGD 

Fibronecrin RGD ~ 
y o n  W[lbbrand ~actOr RGD 
Vkr0nectin 

{xV~ Vkronecdn AdheSion RGD 
1 ~ibri~0~en ROD 
Fibrmectin RGD 
yon Wi]bbra~d fe.c~or ROD 

Nonintegrin 
GP ~b yon ~X;i[lebmnd {:'actor Adhesion Not confined t e a  short sequence 
G P  JV Thrombospondin AdhesiOn CSVTCG 

COI]ageu > 

~Orher amin/~ add sequ{ocea may also be invet 'ed. 
G P = £ ly¢opm(:e~n 

From I efkov{ts et ai. N Eng J Med 332 1353-1550, !995, wj~h i~erm ssio ~. 

Strong Af~on}sts We~k Agonim~$ 
ThromNP, Adeoosin~ diphosphat~ 
rh~'omboxane A 2 Epinep lnn~ 
Vasopressln Collagen 

S[~ 3ton~n 

A~ 

FIGURE 30-} Platelet acrwa~on (simplified schematic 
diagram~ 

[24,25}, g lycoprotem IV [26,27],  and others [17,23] 
Fheir Iigands include collagen, fibro~)ectin, yon 
WiHebrand {~etor, virronecrm, and th rombospond in  
{Table 50-1) [ 17}. tn  addi t ion adhesion under  condi-  
t ions of high shear stress is media ted l)y glycopro~ems 
Ib and l lb / I I Ia  using the yon "%fillebrand [ i fand  [28]. 

PLATELE2 AC'IIVATION 
Ptateler acdva tmn (ollows adheskm and can be n n r >  
a~ed by several mechanical  and chemical  sdmuJ< 
which can be divided m m  s:rong mx~ weak e,~;omsrs 
{29,30t. Strong a~,~nn~rs~ such as rhrombin .  ~hrom- 
boxane A2, pla~elet a< t iva t ing  f;actor~ and vasopressm. 
can cause direct  p l a rebr  activation,  which dc~s no~ 
reqmre addk iona t  secretion of platelet  substances 
(Figure 30-ol}. Via specific receptors these s trong ago- 
msLs act ivate phosphoiipase C, leading ro the release 
of stored calcium and the act ivat ion of ¥arlokts ca]- 
c imn-dependene  ~'nzymes in the platelet [3,31]- 
These er~zymes cm~se changes h~ d~e shape of die 
platelets,  w ~ h  c> toske[e~al reorganization,  aerwarion 
of the Ilb/H][a receptor, secretion1 of factors from c, and 
dense granules,  an increase m p r o c o a g a h n t  aetJwty, 
and arach~donic acid release [ 3 2 3 4 } .  Because s t rong 
agonJsts induce plarelet act{ration directly, aspirin {a 
cyciooxygenase inhibitor} is no~ a particularly effec- 
t ive anragomsr,  except against  fhe small cumponenr  
derived £rom secondary rhromboxane A~ rdease 

Weak agon{sts, such as adenosine diphosphare.  
epinephrine,  collagen, and serommn,  first s t imula te  
p~atebts fo secrete th romboxane  A ,  which by a feed~ 
back loop is then able <o d i recdy a<xivate pfatebrs  
} b n c e  these agom~rs b ind ro specific platele~ recep- 
tors chat activate phosphotipase A, and cau,~e the re~ 
base of eudogenous araehidonie acid from membrane  
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phospholipids. Via the cyclooxygenase pathway, 
arachidonic acid is ultimately converted to thrombox- 
ane A2, a strong agonist, which then activates other 
platelets (see Figure 30-1) [32,35]. Platelet activation 
can also result from shear stress [28]. 

The release of calcium and other granule products 
provides feedback amplification of the platelet activa- 
tion process because the granules contain vasocon- 
strictor and proaggregatory substances [35]. The 
or-granule contents include platelet factor-,i, {3- 
rhromboglobulin, von Willebrand factor, epidermal 
growth factor, transforming growth factor-~,, factor 
V, fibrinogen, immunoglobulin-G, albumin, and 
possibly platelet-derived growth factor and 
thrombospondin [30]. The O.-granule membrane con- 
tains P-selectin and the glycoprotein l ib/I l ia  recep- 
tor, which represents a storage pool of this platelet 
surface receptor. With  activation and the release of 
Oc-granule factors, P-selectin appears on the platelet 
surface [30]. P-selectin mediates the attachment 
of platelets to moncytes and neutrophils [36]. 
With  activation, the glycoprotein IIb/IIIa receptor 
can translocate to the platelet surface. Later return to 
the storage pool may represent a recycling of this 
receptor. Dense granules store serotonin, adenosine 
diphosphate, adenosine triphosphate, and calcium 
[301. 

Specific platelet receptors that mediate the platelet 
response to agonist activation have been identified. 
These include receptors to thrombin [37], collagen 
[38,39], ADP [40,41], epinepherine [42,43t, 5HT 
(serotonin) [44,45], and thromboxane A, [46]. The 
final result of platelet activation is the release of cal- 
cium from the sarcop[asmic reticulum into the cyto- 
plasm and a series of reactions resulting in activation 
of the intracelhdar contractile apparatus. 

Specific receptors to factors that inhibit platelet 
activation have also been identified, in particular, re- 
ceptors to the inhibitory prostaglandins PGI, 
(prostacyclin) and PGDe [47,48]. Glycoprotein Ilb/ 
IIIa receptors that have been activated can return to a 
resting state when prostacyclin is added to stimulated 
platelets [49]. In addition, nitric oxide is a platelet 
inhibitor that has actions independent of a platelet 
receptor. By diffusing into the platelet and stimulat- 
ing cyclic GMP (guanosine monophosphate) synthe- 
sis, nitric oxide can inhibit platelet adhesion, 
secretion, and aggregation [50-52].  

PLATELET AGGREGATION 
Aggregation occurs when platelets that have adhered 
to the arterial wall and been activated then crosslink 
to form a mesh. Irrespective of the platelet agonist or 
pathway responsible for platelet activation, glycopro- 

rein IIb/IIIa receptors mediate the final common step 
leading to platelet aggregation. These receptors are 
the most abundant on the platelet surface [53]. Plate- 
let activation initiates conformational changes in the 
unactivated glycoprotein IIb/IIIa receptors, trans- 
forming them into an activated, ligand-competent 
state, Fibrinogen is the principal adhesive ligand in- 
volved in platelet aggregation [57,55], with adhesion 
to the glycoprotein IIb/IIla receptors of adjacent 
platelets. Other crossiinking adhesive proteins, 
including fibronectin, vitronectin, and von 
Willebrand's factor, can also bind glycoprotein l ib/  
IIIa [53,56,57] but play only a minor role [53]. 

The recognition specificity of the glycoprotein IIb/ 
lIla receptor is defined by two peptide sequences. The 
arginine-glycine-asparagine (RGD) sequence is 
present in fibrinogen, yon Willebrand's factor, 
vitronectin, and fibronectin [34,58]. The KQAGDV 
recognition sequence is found in fibrinogen [59] and 
may be the principal sequence for plateler aggrega- 
tion [60,61]. Following receptor occupancy, a 
multiprotein cytoskeleton forms, which helps to rein- 
force and contract the developing clot [62]. 

SHEAR STRESS 
Shear stress is a physical agonist that induces the 
platelet responses of adhesion, activation with secre- 
tion, and aggregation. Shear stress results from forces 
created at the vessel wall between blood flowing down 
an artery and the stationa~, endothelium. With  the 
exposure of the subendothelial matrix by endothelial 
denudation or plaque rupture, shear stress-induced 
platelet adhesion may occur at sites of high shear 
stress, being mediated by the von Willebrand factor 
ligand and the platelet receptor glycoprotein Ib [63], 
which also stimulates platelet activation [20,64]. It is 
likely that the shear stress functionally alters the gly- 
coprotein Ib receptor to induce activation, because 
the von Willebrand factor itself is unaltered [65]. 

Platelet aggregation in areas of high shear stress is 
mediated principally by yon Wiliebrand factor bridg- 
ing [28,66] between glycoprotein l ib/I l la  receptors 
on adjacent platelets, with some additional bridging 
between glycoprotein Ib receptors [63-68].  Shear- 
induced platelet aggregation occurs more readily in 
the presence of epinepherine [69] or desmopressin 
[70]. 

PROTHROMBOT1C EFFECTS OF PLATELETS 
Platelets have direct and indirect prothrombotic ef- 
fects. They secrete coagulation factor V and calcium, 
with the result that the prothrombinase complex 
forms from factor Va, calcium, and factor Xa [71]. 
When present on the platelet surface, this enzyme 
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complex catalyzes thrombin formation from pro- 
thrombin. Thrombin, itselfa strong agonist for plate- 
let activation, also catalyzes the formation of fibrin 
from fibrinogen, with the resulting meshwork neces- 
sary for erythrocyte-rich clot. 

Indirect prothrombotic effects include the release 
of potent vasoconstrictors, especially ADP, serotonin, 
and thromboxane A2, which cause further intravascu- 
lar stasis and coagulation. Thrombospondin and 
platelet factor-4, which are also released, may exert 
antiheparin effects [72], and release of transforming 
growth factor ]3 leads to plasminogen activator in- 
hibitor- 1 (PAl-1) release by hepatocytes and endothe- 
lial cells [73,74]. 

Platelet Activation After Thrombolysis 
Using in vitro and animal models of thrombotic oc- 
clusion with pharmacologic reperfusion, the addition 
of various platelet-inhibiting drugs has been shown to 
increase the rate and incidence of reperfusion, and also 
to limit reocclusion (Table 30-2) [72]. In vivo 
pharmacologic lysis ofa  thrombus with streptokinase 
or tissue plasminogen activator (t-PA) results in in- 
creased platelet activation. During thrombolysis, 
plasmin-induced platelet activation occurs [75-77]. 
Streptokinase may also increase platelet activation via 
an immunological mechanism [78]. Thrombin is 
generated during thrombolysis and, as the strongest 

TABLE 30-2. Platelet-inhibiting agents shown experi- 
mentally to decrease time to lysis with plasrninogen 
activators and to decrease the frequency of reocclusion 

TxA 2 inhibition 
TxA 2 receptor blockers 
Combined thromboxane synthase and thromboxane 

receptor inhibitors 
lloprost 
Prostaglandin E~ 

Serotonin receptor blockade 
Combined serotonin and TxA: receptor blockade 
Adhesion receptor blockade 

Aurin tricarboxylic acid 
Monoclonal anti-lb receptor antibody 

Aggregation receptor blockade 
Snake venom~lerived RGD peptides 
Synthetic RGD peptides 
Anti-lib/Ilia monoclonal antibody (7E3) 

From Klciman. Antiplalelet therapy in the setting of acute myocardial 
infarction In Califl et al. Acute Coronary Care, 2nd ed St Louis, MO: 
Mosby-Year Bt×)k, 1995:34 I-~ 53. 
RGD - argimne-glycine-asparagine; TxA, = thromhoxane A 

platelet agonist, it probably significantly enhances 
platelet aggregation [79-  81 ]. 

Enhanced platelet activity may be a factor in failure 
to achieve reperfusion after thrombolytic therapy, and 
in reocclusion. However, thrombolytic drugs may 
also encourage or inhibit platelet aggregation, t-PA 
has been reported to disaggregate platelets [82], and 
plasmin-dependent platelet inhibition has been 
shown in vitro with t-PA [83]. 

The constituency of the coronary artery thrombus 
is important. Jang and colleagues demonstrated in a 
rabbit arterial model that platelet-rich thrombi are 
more resistant to thrombolysis than are erythrocyte- 
rich clots [84]. Furthermore, platelet-rich thrombi 
are three times more likely to be present in patients 
who die despite thrombolytic therapy than in those 
who die without thrombo[ytic therapy [85,86]. 

Antiplatelet Treatment in Patients 
A variety of platelet inhibitors have been studied in 
the setting of acute myocardial infarction. Most 
agents have been tested with pharmacologic 
thrombolysis, although there have been some studies 
in the absence of thrombolytic therapy. 

Cyclooxygenase Inhibitors 

ASPIRIN 
Aspirin irreversibly inhibits platelet and endothelial 
cell enzyme cyclooxygenase [87]. Prostaglandin 
cyclooxygenase catalyzes the formation of cyclic en- 
doperoxides (which are intermediaries in the forma- 
tion of thromboxane A 2 and prostacyclin) from 
arachidonic acid. In vitro, aspirin inhibits the refor- 
mation of thrombolysed clots formed in platelet-rich 
plasma but does not accelerate thrombolysis [88]. 
Aspirin does not reduce shear-induced platelet aggre- 
gation [89,90], and in most in vivo models of 
thrombolysis in a severely stenosed vessel does not 
prevent reocclusion as effectively as a g[ycoprotein 
Ilb/IIIa receptor antagonist [91]. 

The landmark clinical trial demonstrating the effi- 
cacy of aspirin in patients with acute myocardial 
infarction was the Second International Study of 
Infarct Survival (ISIS-2) [9]. In this srudy, 17,187 
patients with suspected acute myocardial infarction 
underwent randomization to treatment either with 
aspirin 162.5mg chewed immediately, 1.5 million 
units of intravenous streptokinase over 1 hour, nei- 
ther, or both. Compared with placebo, there was a 
significant reduction of mortality with aspirin of 
23%, with streptokinase of 25e~, and with both 
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of 42~ .  Unlike the effect seen after streptokinase 
treatment, the mortality reduction in patients receiv- 
ing aspirin was independent of time from the onset of 
symptoms. Treatment with aspirin at any point 
within the first 24 hours had the same relative effect 
on 5-week mortality. 

No trial has prospectively assessed the benefit of 
aspirin therapy as adjunctive treatment with t-PA. 
Two retrospective studies have examined the issue. In 
the TIMI lI study prior ingestion of aspirin did not 
lead to better arterial patency 18-48 hours after t-PA 
treatment compared with patients who had not 
received aspirin prior to the study [92]. The 
Thrombolysis and Angioplasty in Myocardial 
Infarction (TAMI) group reported a retrospective re- 
view of their data and showed that patients who had 
previously received aspirin did not have lower rates of 
reocclusion after successful thrombolysis compared 
with patients first treated with aspirin at the time of 
t-PA treatment [93]. However, meta-analysis by 
Roux and colleagues suggested that for patients 
treated with either streptokinase or t-PA, reocclusion 
rates were approximately half those seen in studies in 
which aspirin was not used [94]. 

ASPIRIN DOSE 
The optimal dose of aspirin required to achieve clini- 
cally important inhibition of platelet function is con- 
troversial. In healthy volunteers, 20rag taken once 
daily over a period of days inhibits cyclooxygenase 
activity and platelet aggregation [95]. Similar inhibi- 
tion of platelet aggregation and thromboxane A e an- 
tagonism after regular daily dosages ranging from 20 
to 1000rag has also been reported [95-98]. Smaller 
doses than the 160-mg dose used in ISIS-2 may take 
more than 24 hours to fully inhibit platelet aggrega- 
tion [99-101]. Virtually complete inhibition of 
cyclooxygenase occurs with the ISIS-2 dose of aspirin 
by 1 hour [95,102]. 

The rationale for avoiding higher daily doses of 
aspirin is based on the reported frequency of side 
effects, predominantly gastrointestinal, which are 
dose dependent [103]. Gastrointestinal symptoms 
have been reported in 39% of patients on 1200 mg/d 
[104]. However, low-dose aspirin therapy may be 
beneficial because it can inhibit platelet cyclooxy- 
genase without suppressing endothelial production of 
the vasodilator prostacyclin, which is suppressed by 
higher doses [97,100]. 

Prostacyclin Analogs 
Prostacyclin, a metabolite of arachidonic acid, is a 
potent vasodilator produced by the vascular endothe- 

lium and media. Prosracyclin antagonizes the release 
of thromboxane A, and is potentiated by aspirin 
[105]. It may also inhibit oxygen free radicals and 
neutrophil function. In vitro, prostacyclin has a 
powerful antiaggregatory effect on platelets [106]. 
However, when given by the intracoronary route to 
patients with acute myocardial infarction and 
occluded vessels refractory to streptokinase, pro- 
sracyclin (1, 5, and 10ng/kg/min) did not improve 
reperfusion rates [107] and, in another small study, 
did not limit infarct size or the frequency of clinical 
events [ 108]. Furthermore, the TAMI 4 investigators 
found lower patency rates and no improvement in left 
ventricular ejection fraction when patients treated 
with t-PA also received an infusion of iloprost (a 
stable synthetic prostacyclin analog). This double- 
blind study produced major side effects of fever, 
nausea, and diarrhea in patients receiving iloprost, 
and was stopped early [109]. The lower patency rates 
seen in the TAMI 4 study may be explained by in- 
creased catabolism of t-PA, which has been shown at 
high doses ofiloprost in the dog model [110] but has 
not been shown in humans [111]. 

Another prostacyclin analogue, taprostene, has re- 
cently demonstrated slightly more promise as an ad- 
junctive agent. It was well tolerated in acute 
myocardial infarction patients treated with single- 
chain urokinase plasminogen activator (scu-PA). 
However, it did not enhance the patency achieved 
with scu-PA, despite being associated with less 
postinf;arction ischemia [112]. 

PROSTAGLANDIN E~ 
Prostaglandin E 1 (PGE 1) is a vasodilator [ l l 3 ] .  
By stimulating, platelet adenylcyclase activity [114], 
it causes suppression of the calcium-induced release of 
thromboxane A,. Hence in vitro it is a mild antago- 
nist of platelet adhesion and aggregation. This effect 
is potentiated by the phosphodiesterase inhibitors 
dipyridamole and theophylline [105,l 15]. High con- 
centrations of PGE L have been shown to accelerate 
thrombolysis with t-PA both in vitro [88] and in vivo 
[116]. However, a major problem with the therapeu- 
tic use of intravenous PGE~ is that approximately two 
thirds is metabolized on the first pass through the 
pulmonary circulation [117,118] and large infused 
doses are required. 

Some benefit was shown in an early trial in which 
patients receiving intracoronary streptokinase were 
given 5-20 ng/kg/min of intracoronary PGE~ [119]. 
In this small study, there appeared to be more rapid 
reperfusion and less reocclusion. However, when 
PGE~ was given at the same dose with intravenous t- 
PA, tile rate of reperfusion was not improved [120], 
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THROMBOXANE A, SYNTHASE INHIBITORS 
These agents block platelet thromboxane A2 produc- 
tion and preserve endothelial prostaglandin produc- 
tion. However, prostaglandin endoperoxides may 
activate platelets and also stimulate the thromboxane 
A, receptors [ 12 l]. Thromboxane A 2 synthase inhibi- 
tors have not been evaluated with respect ro parency 
rates in humans. 

THROMBOXANE A. PROSTAGLANDIN 
ENDOPEROXIDE RECEPTOR ANTAGONISTS 
These agents block platelet activation by thrombox- 
ane A, and endoperoxides, but high thromboxane A, 
levels may overcome the effect. They may improve 
patency rates and also reduce reocclusion, particularly 
if used in combination with a thrombin inhibitor 
[122-124]. 

THROMBOXANE A, SYNTHASE AND 
THROMBOXANE A, PROSTAGLANDIN 
RECEPTOR INItlBITORS 
Ridogrel is a thromboxane synthase inhibitor that, 
like aspirin, inhibits thromboxane A, production, 
with additional antagonism of the thromboxane Ae 
receptor. Ridogrel did not improve reperfusion or 
reocclusion when used with t-PA [125]. Ridogrel was 
also compared with aspirin in a study of 907 patients 
treated with streptokinase. There was no additional 
benefit over aspirin on early reperfusion, assessed 
noninvasively or by angiographically determined ar- 
terial patency at 7-14 days. Interestingly, on post hoc 
analysis a significant decrease in recurrent ischemia 
was seen in patients treated with ridogrel (19% vs. 
t3G~, P < 0.025) [126]. 

SEROTONIN RECEPTOR ANTAGONISTS 
Ketangenin is a weak platelet inhibitor, which, in 
combination with a thromboxane A_, receptor antago- 
nist, has been shown in dogs to increase reperfilsion 
and to decrease reocclusion with t-PA [ 127J. 

Glycoprotein lib~Ilia Receptor Antagonists 
A number of glycoprotein llb/ll la receptor antago- 
nists are being developed. The effective murine 
monoclonal antibody mTE3 [128] was cleaved into 
fragments and m7E3 F(ab-)~ or m7E3 Fab was devel- 
oped. By removal of the Fc (fragment crystallizable) 
region, there was aw)idance of the potential for 
complement activation, circulating platelet clearance 
by the reticuloendothelial system [129], and result- 
ing thrombocytopenia. With mTE3 Fab there was a 
shorter lysis time [130] and a decrease in reocclusion 
with t-PA [ 131 ]. (;old and colleagues reported that 
m7E3 Fab enhanced t-PA-induced thrombolysis and 

prevented reocclusion in the dog coronary artery 
thrombosis model [130]. The reperfusion time was 
shortened from 33 minutes in the heparin group to 6 
minutes in the antibody group, and reocclusion did 
not occur during the follow-up period. Further, after 
antibody treatment the arterial surface was covered 
with a monolayer of platelets, and there were no 
platelet clumps present [132]. 

The effect of m7E3 Fab on prevention of re- 
thrombosis after t-PA-induced reperfusion was also 
studied in another dog coronary artery thrombosis 
model [131 ]. Rethrombosis occurred in all animals in 
the saline control group but in only one of nine dogs 
in the antibody-treated group. The same antibody 
was further tested with t-PA for lysis of thrombolysis- 
resistant, platelet-rich coronary thrombus in dogs 
[133]. The resistance was overcome by the combined 
use of a reduced dose of t-PA and roTE3 Fab. In rhis 
model, roTE3 Fab combined with t-PA induced 
reperfnsion in all five animals, whereas heparin with 
r-PA reperfused only one of five dogs. 

The development of human-antimurine antibodies 
to roTE3 Fab was detected in 37 of 78 patients in two 
small dose-finding human studies [13i,135]. 
Abciximab (ReoPro TM) was synthetically designed to 
retain the murine tleavy and light chain variable re- 
gions, which include the antigen binding site for the 
GPIlb/IIIa receptor, but human constant reginn se- 

Fab Fab 

P< 
Human murine chimeric Fab 

(eg ablciximab) 

I IpFe , ,  . . . . . . . . . . . . . . . . . . . .  

FIGURE 30-2. Diagram of the relationship between ttle 
basic murine monoclonal antibody (MTE';) against the gly- 
coprotein llb/llla receptor, routine 7E3 (Fab), and chimeric 
7E3 (abciximab or ReoPro TM) [143l. Fab = fragment anti- 
sen binding; Fc = fragment crystallizable. (From Faulds er 
al. l)rugs 48:583-598, 1994, with permission.) 
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TABLE ~0-3. Glycoprotein lib/Ilia inhibitors recently evaluated in clinical trials 

Agent Glycoprotein lib/Ilia inhibitor type 

Chimeric 7E3 
MK-852 
Integrilin (COR Therapeutics, South San 

Francisco, CA) 
Lamifiban (Hoffman La-Roche, Basel, 

Switzerland) 
Tirofiban (Merck & Co, West Point, PA) 
Xemilofiban 

Monoclonal antibody 
Cyclic RGD peptide 
Cyclic KGD peptide 

Peptide derivative 

Nonpeptide 
Orally active agent 

From Lefkovits et al. N Eng[ J Med ~a,2:l 5~3-1559, 1995, with permissmn. 

quences were substituted. Abciximab, the chimeric 
human-murine 7E3 (c7E3) Fab fragment, contains 
approximately 50% human genetic sequence (Figure 
30-2) [ 136]. 

However, monoclonal antibodies such as c7E3 Fab 
have several potential problems besides immunoge- 
nicity, such as prolonged duration of action, lack of 
reversibility, and high production costs [34]. Alter- 
native agents based on the RGD recognition sequence 
have been developed from naturally occurring RGD 
peptides from viper, leech, and tick venom, all of 
which inhibit the glycoprotein IIb/Illa receptor 
[137-139]. Nonpeptide oral agents are also being 
developed (Table 30-3). 

Although much experimental work has supported 
a beneficial role for glycoprotein l ib/I l ia  antagonism 
as an adjunct to thrombolysis, there have been few 
clinical trials. In the TAMI 8 pilot study [135], the 
Fab fragment of the murine monoclonal antibody 7E~ 
was administered at escalating bolus doses (0.10, 
0.15, 0.20, and 0.25 mg/kg intravenously) at decreas- 
ing intervals (15, 6, or 3 hours) after initiation of 
thrombolysis in 60 patients receiving t-PA, aspirin, 
and heparin. An additional 10 control patients were 
studied without receiving m7E~ Fab. The cautious 
protocol included a decrease in heparin dose for pa- 
tients treated 3 or 6 hours after t-PA. Administration 
ofm7E~ Fab produced profound dose-dependent inhi- 
bition of platelet aggregation to below 20% of nor- 
mal, with 50% recovery of aggregation 6 hours 
after the m7E~ Fab bolus. The extent of inhibition 
was directly proportional to the degree of binding of 
m7E~ Fab to the GPIlb/II la receptor. Importantly, 
there was no increase in bleeding complications, and 
there was a trend toward improved coronary 
patency (92% vs. 56%) among patients receiving 
m7E~ Fab. 

The chimeric form of the GPl lb / l l Ia  antibody 
c7E3 has been studied in a small group of patients 
undergoing primary angioplasty or rescue angioplasty 
following failed thrombolytic therapy for acute 
myocardial infarction. From the initial trial of 2099 
patients undergoing high-risk angioplasty [140], 
this subgroup of patients with myocardial infarction 
demonstrated a dramatic reduction in recurrent 
ischemic events when treated with the GPlIb/ l l Ia  
antagonist antibody. There were no episodes of recur- 
rent infarction or need for revascularization by 6 
months in patients treated with a 0.25 mg/kg bolus 
followed by a 12-hour 0.1()mg/h infusion of c7E3 
[14l] .  

A number of GPllb/II la  receptor blockers are cur- 
rently undergoing evaluation in conjunction with 
thrombolytic drugs. The IMPACT-AMI group com- 
pared integrilin with placebo in a double-blind trial 
of 106 patients receiving accelerated t-PA, aspirin, 
and heparin, lntegrilin was given as a bolus dose of 
180~g/kg followed by a 0.75btg/kg infusion, 
which was continued for 24 hours. The rate of severe 
bleeding was similar in both groups (49~ vs. 5if), 
but there was an incidence of intracranial bleeding of 
2% with integrilin. TIMI-3 angiographic flow at 
90 minutes was 39% in placebo-treated patients 
and 66% in integrilin-treated patients (P < 0.01) 
[142]. 

Conclusions 
An understanding of the role of platelets in arterial 
thrombosis is central to current developments in the 
treatment of acute myocardial infarction. The most 
promising antiplatelet agents are the GP|Ib/II la  re- 
ceptor antagonists, which are likely to provide sub- 
stantial additional benefits in treatment strategies, 
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wi th  the possibil i ty of improving  reperfusion rates 
and decreasing reocclusion wi thou t  substant ia l ly  in- 
creasing bleeding.  
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Introduction 
Braunwald et al.'s hypothesis that the extent of myo- 
cardial injury reflects tile degree of imbalance be- 
tween myocardial oxygen supply and oxygen 
requirements gained wide acceptance in the 1970s as 
a result of observations in both experimental animals 
and patients [1]. It soon became clear that reduction 
of myocardial oxygen requirements by itself only 
modestly attenuated the extent of ischemic injury [2]. 
Subsequently, major efforts have been made to de- 
velop techniques that directly restore nutritive myo- 
cardial perfilsion. In particular, with the knowledge 
that thrombotic coronary occlusion occurs in the vast 
majority of patients in the early phase of acute myo- 
cardial infarction [3], a rationale for thrombolytic 
therapy existed. Administration of drugs capable of 
lysing the intracoronary thrombus seems particularly 
attractive because its simplicity makes it applicable 
to most of the patients with acute myocardial 
infarction. This review summarizes advances related 
to thrombolysis and suggests additions to or alter- 
ations in thrombolytic therapy that could make it 
even more effective as a therapeutic intervention in 
the future. 

How Effective Is Thrombo/ysis? 
The ultimate goal of optimal thrombolysis is salvage 
of jeopardized myocardium by restoration of 
antegrade perfusion at the tissue level. Although a 
few investigators have argued that the salutary effects 
of thrombolytic agents may result from mechanisms 
other than restoration of infarct artery patency [4], it 
is almost universally accepted that benefit with this 
form of therapy is linked to the establishment of an 
open artery. Failed recanalization after thrombolysis 
has been associated with higher rates of in-hospital 
mortality and morbidity, and with minimal recovery 

of left ventricular function compared with outcome in 
patients in whom reperfusion is successful [5,6]. 

Results of numerous studies attest to the efficacy of 
coronary thrombolysis in achieving recanalization of 
the infarct-related artery. During the first 24 hours 
after acute myocardial infarction, angiography reveals 
a patent infarct-related artery in only 9-29% of pa- 
tients who have not been treated with thrombolytic 
agents [7-11]. Thus, conventional angiographic as- 
sessment of the efficacy of various thrombolytic 
agents has focused on the establishment of infarct 
artery patency, typically at 90 minutes after initiation 
of therapy. By these criteria, early effective 
thrombolysis is achieved least frequently after treat- 
ment with intravenous streptokinase (43-64%) 
[9,12-14] or urokinase (53-66%) [15-17] and in 
nearly equal proportions of patients receiving tissue 
plasminogen activator (t-PA) in standard dosages 
(63-79%) [7-18] or anistreplase (53-73%) [19-21]. 
Superior results have been obtained using accelerated 
dosing regimens of t-PA, with 90-minute patency 
rates ranging from 82% to 91% in five studies of a 
combined more than 500 patients [16,19,22-24]. 

However, although patency rates appear to be ac- 
ceptably high at 90 minutes after initiation of 
therapy, it has been suggested that this parameter 
may not be an adequate reflection of optimal 
reperfusion. In particular, it has been reported that 
patients exhibiting fully restored flow (TIMI grade 3) 
at 90 minutes after thrombolysis have a 30-day mor- 
tality rate less than half (4.0%) that of patients with 
TIMI grade 2 flow [25]. These observations have 
persuaded some investigators to designate TIMI 
grade 2 flow after thrombolysis as reperfusion failure 
rather than reperfusion success [25]. Considering that 
with the currently most widely used thrombolytic 
regimen, accelerated t-PA plus heparin and aspirin, 
the prevalence of angiographic complete restoration 
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of flow (TIMI grade 3) at 90 minutes is -55%,  and 
that the prevalence of TIMI grade 3 flow after the 
therapeutic alternative, namely, direct angioplasty, 
exceeds 90%, it is evident that every effort should be 
made to identify adjunctive interventions to 
thrombolysis in order to achieve a similar rate of 
complete reperfusion. 

Potential Pharmacological Interventions 
for Enhancement of Thrombolysis 
The duration of the ischemic period is by far the most 
important factor that ultimately affects the clinical 
outcome of thrombolysis. Indeed, as already outlined, 
using currently employed doses and means of admin- 
istration of t-PA, about 55~  of patients exhibit full 
recanalization 90 minutes after the initiation of 
therapy. It seems, therefore, of pivotal importance to 
identify interventions capable of increasing the 
reperfusion rate and reducing the interval between 
the administration of t-PA and the achievement of 
full reperfusion. 

One possibility for overcoming this problem is 
to enhance the lytic properties of a thrombolytic 
agent or possibly to use different thrombolytic 
agents, the combination of which has been shown to 
be synergistic in lysing intravascular thrombi. It 
has been suggested that mutant forms of t-PA as well 
as chimeric molecules containing the fibrin recogni- 
tion site of t-PA and the protease activity of single- 
chain urokinase plasminogen activator (scu-PA) may 
be more potent and fibrin specific than native t-PA 
[26]. It has been also shown that a mutant form 
of t-PA with a glycosylation defect and prolonged 
clearance time causes lysis of experimentally induced 
coronary thrombi more rapidly than wild-type t- 
PA and may delay reocclusion, while having similar 
effects on circulating fibrinogen as wild-type t-PA 
[27]. Other experimental studies have shown that 
vampire bat salivary plasminogen activator (bat- 
PA), a plasminogen activator displaying strict fibrin 
specificity, is more rapid than t-PA in inducing 
effective thrombolysis in a rabbit model of femoral 
artery thrombosis, but is associated with less 
plasminemia and depletion of circulating fibrinogen 
[28]. 

More recently, Markland et al. have studied the 
thrombolyric effects of fibrolase in a canine model of 
coronary artery thrombosis [29]. Fibrolase is a direct- 
acting fibrinolytic enzyme isolated from the southern 
copperhead snake venom. It does not rely on plasmi- 
nogen activation or any other bloodborne components 
for its activity, and is not inhibited by any of 
the rapidly acting serine proteinase inhibitors present 

in the blood. In that study, fibrolase effectively lysed 
experimental coronary artery thrombi within 10 
minutes following its administration without 
causing fibrinogen depletion or excessive hemorrhage 
[29]. 

There is also some evidence in studies carried out 
in vitro or in experimental animals [30] and on a 
limited number of patients [31-33[} that there may be 
a synergism between the actions of scu-PA and t-PA. 
Finally, coupling t-PA to antifibrin monoclonal anti- 
bodies may also improve fibrin specificity [34]. All of 
these alterations of thrombolytic agents might be 
beneficial, but other than the preliminary studies on 
the combination of t-PA and scu-PA, they have not 
been tested rigorously as yet. Therefore, their clinical 
value is presently uncertain and further studies about 
these new agents are warranted. 

Another approach to enhance thrombolysis might 
be through interfering with the process of thrombus 
formation. It has been demonstrated that thrombus 
formation is a dynamic process, with new fibrin and 
platelets being added to the thrombus for several 
hours after its formation [35,36]. This growth of the 
thrombus during the first hours may well proceed 
during administration of thrombolytic therapy, thus 
increasing the total amount of the thrombus to be 
lysed and therefore the time to reperfusion. Starting 
from the observation ofSalimi et al., who showed that 
arterial thrombi continue to incorporate new fibrin 
for up to 72 hours after their formation [36], Cercek 
et al. demonstrated that concomitant treatment with 
heparin increases the thrombolytic properties of t-PA 
on experimentally induced coronary thrombi [37]. 
The authors speculated that heparin may enhance 
thrombolysis by blocking the formation of new fibrin 
and by preventing its incorporation into a thrombus 
during infusion of t-PA. Based on this and other 
observations [38,39], the majority of clinical trials of 
intravenous tissue plasminogen activator have been 
performed with the concomitant use of heparin. In 
particular, two recent large clinical trials involving 
more than 41,000 patients have clearly established 
that both coronary patency rates following t-PA ad- 
ministration and survival benefits are higher with 
early concomitant systemic heparin treatment 
[40,41]. 

In addition to fibrin, another major component of 
arterial thrombi is platelet aggregates [42]. It has 
been shown that platelets bind fibrin both through 
exposure of specific membrane receptors [43] and by 
nonspecific binding [44]. Furthermore, increased lo- 
cal concentrations of proaggregatory substances, such 
as thromboxane A 2 (TxA_,), serotonin (5HT), ADP, 
and platelet activating factor (PAF), secreted by 
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activated platelets already embodied into the throm- 
bus may recruit additional platelets, which, in turn, 
may contribute to thrombus growth. In a recent 
study, Gold et al. have shown that intracoronary 
platelet activation continues after formation of the 
thrombus and that deposition of additional platelets 
onto the thrombus may prolong the time to 
reperfusion during thrombolytic treatment in a ca- 
nine model of coronary thrombosis [45]. These 
authors demonstrated that administration ofa  mono- 
clonal antibody directed against the platelet glyco- 
protein IIb/IIIa receptor (a specific receptor for 
fibrinogen and fibrin as well as other adhesive plasma 
proteins), together with t-PA, caused a more rapid 
recanalization of the occluded vessel as compared with 
animals treated with t-PA alone [45]. 

It is known that platelets aggregate in response to 
a variety of substances in vivo. In particular, TxA 2 and 
5HT are two important mediators of platelet activa- 
tion in stenosed, endothelially injured canine coro- 
nary arteries [46-48]. We have shown that TxA 2 and 
5HT cooperatively mediate intracoronary platelet ac- 
tivation during administration of t-PA and that 
simultaneous administration ofTxA 2 and 5HT recep- 
tor antagonists markedly reduces the time to 
reperfusion as compared with that in control animals 
and animals treated with either antagonist alone [49]. 
Alterations in prostaglandin synthesis have also been 
shown to be a useful intervention in potentiating the 
thrombolytic properties of t-PA. In the same animal 
preparation, simultaneous blockade of TxA 2 receptors 
and inhibition ofTxA 2 synthase is more effective than 
either intervention alone in shortening the time to 
thrombolysis by t-PA because of a redirection ofpros- 
taglandin endoperoxides toward the synthesis of 
antiaggregatory prostaglandins, such as PGI2, PGE~, 
or PGD~ [50,31]. 

Because PGH 2 shares the same receptor on platelet 
membranes with T x A  2 and it has a proaggregatory 
effect, inhibition of TxA 2 synthase results in a poten- 
tiation of the thrombolytic effects of t-PA in the 
presence of concomitant blockade of TxAffPGH2 
receptors. Recently, two experimental studies 
have suggested that a marked improvement in the 
thrombolytic properties of t-PA may be obtained 
when t-PA is administered with either clopidogrel, a 
potent inhibitor of ADP-induced platelet aggrega- 
tion [52], or VCL, a recombinant fragment of human 
yon Willebrand factor that binds to platelet glycopro- 
tein Ib [53]. Both of these interventions have been 
shown to markedly shorten the lysis time of experi- 
mental coronary artery thrombi in a canine model 
with respect to aspirin or heparin alone [52,53]. 
In particular, VCL, because of its mechanism of action 

(see also later), seems particularly attractive for a po- 
tential use in the clinical setting. 

The importance of concomitant antiplatelet 
therapy in patients undergoing coronary thromboly- 
sis was emphasized by the results of the ISIS-2 trial 
[54]. In this study, 17, 187 patients with suspected 
acute myocardial infarctions were randomized to re- 
ceive either streptokinase or aspirin, the combination 
of the two drugs, or neither. Streptokinase alone de- 
creased early cardiovascular mortality by 25%, while 
the combination of aspirin and streptokinase de- 
creased the death rate by 42% as compared with the 
placebo group. The benefits of these agents appeared 
to be independent of one another, and the addition of 
aspirin to streptokinase reduced the clinical 
reinfarction rate by approximately 50%. 

The phenomenon of reocclusion of the infarct- 
related artery after successful thrombolysis remains an 
important problem facing the clinician because it 
may blunt or even negate the benefits of early 
reperfusion. Just as the rate of successful recanali- 
zation has varied from study to study, the 
angiographically documented reocclusion rate has 
ranged from 0% to 45%. It is, however, evident that  

no thrombolytic agent so far studied offers complete 
protection against reocclusion. It can be speculated 
that preservation of higher fibrinogen levels might be 
a contributing factor to reocclusion because fibrino- 
gen is essential for platelet aggregation to occur [55] 
and fibrin (ogen) degradation products exert a potent 
antiplatelet effect [56]. For the 100 mg t-PA dose, the 
expected rate of reocclusion is 10-33%. 

In understanding the pathophysiological mecha- 
nisms involved in reocclusion after thrombolysis, it is 
worth emphasizing that the causes of coronary artery 
thrombosis are not well established as yet, although it 
is widely accepted that the trigger for thrombotic 
occlusions is often related to plaque fissure, rupture, 
and/or endothelial disruption, with consequent expo- 
sure of collagen, tissue factor, and other substances of 
the subendothelial matrix, such as fibronectin and 
von Willenbrand factor, all of which may activate 
both circulating platelets and the coagulation cascade 
[57,58]. Furthermore, these events typically occur in 
a coronary artery with moderate to severe atheroscle- 
rotic stenosis, in which the shear rate is markedly 
increased. As a consequence, a rapid growth of 
platelet-rich thrombi occurs [59-61]. Subsequently, 
a fibrin mesh is added to the platelet thrombus as a 
result of thrombin activation through activation of 
the extrinsic pathway [62,63], as well as the rise 
of thrombin-like activity on the platelet surface [64]. 
Keeping this in mind, reocclusion of the infarct- 
related artery after discontinuation of thrombolytic 
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therapy is not a surprising event if one considers that 
thrombolytic agents might dissolve the thrombus but 
usually will not alter or remove the factors primarily 
involved in causing thrombus formation. Included 
among these factors are severe residual stenosis and 
injury to the coronary endothelium, with continuing 
exposure of circulating blood to the subendothelium 
and, therefore, potential platelet aggregation and ac- 
tivation of the coagulation cascade. 

Several studies have provided evidence for an in- 
crease in platelet activation and in thrombin activity 
after administration of streptokinase or t-PA. In par- 
titular, Fitzgerald et al. observed a marked elevation 
of plasma and urinary m etabolites of throm boxane A, 
(as an index of platelet activation) in patients with 
acute myocardial infarction who were successfully 
reperfiased with streptokinase [65] or with t-PA [66]. 
This eff~:ct was not seen in patients pretreated with 
aspirin or in those patients in whom reperfusion was 
not achieved [65,66], thus suggesting that platelet 
activation was possibly the consequence of their re- 
exposure to the subendothelium of a fissured or ulcer- 
ated atherosclerotic plaque rather than an effects of 
streptokinase or t-PA per se. Furthermore, Eisenberg 
et al. showed an increase in fibrinopeptide A (which is 
released by the action of thrombin on fibrinogen) 
immediately after thrombolytic therapy in patients 
with acute myocardial infarction [67]. 

Several experimental studies have emphasized the 
importance of platelet activation in mediating 
reocclusion after successfnl thrombolysis. In dogs 
with experimentally induced coronary thrombosis 
successfully reperfused with t-PA, reocciusion occurs 
early after discontinuation of the thrombolytic agent 
[45,49-51,68,69], providing that the thrombogenic 
stimulus is not removed (a condition that mimics 
the situation occurring in patients with occlud- 
ing coronary thrombi successfully reperfused with 
thrombolytic therapy). In all these studies, re- 
occlusion occurred despite the administration of a full 
dose of heparin (i.e., sufficient to induce a 2.5- to 3- 
fold increase in activated coagulation time), and it is 
known that reocclusion may occur also in patients 
receiving heparin during the post-thrombolytic state. 
These observations suggest that piatelet activation 
plays an important role in mediating coronary artery 
reocclusion following thrombolytic therapy. 

As previously stated, in spite of high rates of 
reperfiasion achieved with different thromboiytic 
agents, the incidence of acute reocclusion is unaccept- 
ably high, anti it occurs even in the presence of 
fifll anticoagulant therapy. Active research is under- 
way to indentify better antithrombotic interventions 
that will reduce the rate of reocclusion of the int~arct - 

related artery. As discussed earlier, platelet activation 
following thrombolytic therapy in an artery in which 
altered hemodynamics and exposure of a residual 
thrombogenic surface coexist is an important con- 
tributor to coronary artery reocclusion. 

Platelet thrombus fi)rmation in vivo is a complex 
phenomenon, involving initially platelet adherence at 
sites of vascular injury. The components modulating 
this response include adhesive proteins in the 
subendothelial extracellular matrix, such as von 
Willebrand factor (vWF), and the platelet membrane 
glycoprotein (Gp) lb [70]. Binding of vWF ro plate- 
let GpIb results in activation of platelets through a 
series of intracellular biochemical reactions [70]. Ac- 
tivated platelets then release a number of chemical 
mediators, including TxAe, 5HT, ADP, and PAF, all 
of which promote the recruitment of additional plate- 
lets from the circulation via hydrolysis of platelet 
membrane phosphatidylinositol by phospholipase C, 
which results in a decrease in the intracellular concen- 
tration of cAMP and a consequent mobilization of 
calcium from the platelet-dense tubular system 
[71,72]. Any or all of these pathways of platelet acti- 
vation result in the formation of a calcium-dependent 
heterodimer complex of platelet membrane GPl lb  
and GPIIIa. This complex expresses a receptor for 
adhesive proteins responsible for the formation of 
platelet aggregates, including fibrinogen, vWF, and 
fibronectin [55]. The dimeric structure anti twofold 
symmetry render fibrinogen uniquely well suited to 
serve as a molecular bridge from platelet to platelet. 
The combination of platelet secretion an(] rheologic 
changes, resulting in collision of inactivated platelets 
with those that have undergone shape change, allows 
interplatelet contact and the formation of platelet 
aggregates. Thus, there are several potentially differ- 
ent interventions that might interffre with the prn- 
cess of platelet activation. 

One possibility is represented by blocking one or 
more activating receptors present on platelet mem- 
branes. For instance, we have shown that post- 
thrombolysis platelet activation and reocclusion are 
cooperatively mediated by TxA~ and 5HT, because 
simultaneous administration of selective TxA: and 
5HT receptor antagonists prevents or markedly de- 
lays reocclusion following t-PA when administered at 
the time of reflow in an experimental canine m,Mel 
[69]. This protective effect is also observed 
when these antagonists are administered during 
thrombo]ytic therapy [50]. In this case, TxA, and 
5HT receptor antagonists are also capable of enhanc- 
ing the thrombolytic properties of t-PA, because lysis 
time is significantly shorter and the amount of t-PA is 
substantially less than in those animals receiving 
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t-PA alone [5{)]. At least one aspect of this previous 
study deserves further comment. The observation that 
simultaneous blockade of two different types of recep- 
tors (namely, TxA 2 and 5HT) is necessary to enhance 
thrombolysis and to prevent reocclusion, whereas ei- 
ther intervention alone is relatively ineffective in this 
experimental model, suggests that the surface ex- 
posed after lysis of the thrombus represents a strong 
thrombogenic stimulus. Indeed, synergistic inhibi- 
tion of platelet aggregation has been achieved with 
simultaneous use of TxA 2 and 5HT receptor antago- 
nists in the experimental setting [73] as well as in 
humans [74]. 

Interfering with the synthesis of endogenous pros- 
taglandins also seems to be an effective adjunctive 
therapy to thrombolysis. In principle, inhibition of 
TxA 2 synthase, the enzyme responsible for the conver- 
sion of PGH, to TxA 2, should offer more advantages 
than blockade of TxA2 receptors because some of the 
PGH 2 produced during platelet activation can be 
transformed into PGI_, by endothelial cells or into 
PGE 2 and PGD 2 in the plasma by a specific isomerase 
[75]. These prostaglandins are known to possess 
antiplatelet effects, which may be of adjunctive use- 
fulness in preventing platelet activation. However, 
part of the PGH,  is not transformed into potentially 
protective prostaglandins, and it may directly stimu- 
late platelet aggregation through activation of TxAJ  
PGH 2 receptors. 

In this regard, simultaneous inhibition of TxA 2 
synthase and blockade ofTxA, receptors should result 
in more powerful antiplatelet effects than either inter- 
vention alone. To test this hypothesis, we have ad- 
ministered R68070, a drug that has TxA, synthase 
inhibitory and receptor blocking properties [50,51], 
to dogs with experimentally induced coronary 
thrombosis in combination with t-PA. The combined 
interventions resulted in enhancement of thromboly- 
sis and prevention ofreocclusion more effectively than 
blocking TxA e receptors [50] or inhibition of TxA 2 
synthase separately [51]. 

However, according to the pathophysiological 
scheme described earlier, interfering with the binding 
of platelet GPIb to vWF or of GPIIb/IIIa to fibrino- 
gen should result in more effective antithrombotic 
interventions than interfering with the various plate- 
let agonists. In fact, GPIb -vWF interaction repre- 
sents the initial common pathway of platelet 
activation, at least under conditions of high shear 
stress, whereas GPIIb/lIIa binding to fibrinogen is 
the final common pathway of platelet aggregation. 
Indeed, in a canine model of coronary thrombolysis, 
Gold et al. showed that administration of a mono- 
clonal GPIIb/IIIa antibody together with t-PA not 

only shortens the lysis time, but also prevents 
or delays infarct-related artery reocclusion after 
discontinuation of t-PA [68]. In addition, recent evi- 
dence indicates that inhibiting glycoprotein GPIb-- 
vWF interaction with VCL, a recombinant fragment 
of human vWF, also results in a marked improvement 
in thrombolysis and in prevention of reocclusion fol- 
lowing discontinuation of t-PA administration [53]. 
Because of their peculiar mechanisms of action, both 
of these approaches seem particularly promising to be 
used in the clinical scenario. 

Finally, increasing evidence indicates that throm- 
bin plays a central role in mediating both tile con- 
tinuous growth of the thrombus during thrombolyric 
therapy and reocclusion of the infarct-related artery 
[67]. In addition to heparin, new direct thrombin 
inhibitors have been recently identified, including 
hirudin and hirulog [76]. These new thrombin in- 
hibitors have the advantage over heparin in that they 
are antithrombin III independent, inactivate clot- 
bound thrombin, and prevent thrombin-induced 
platelet aggregation [76]. Several experinaental and 
clinical studies have shown that these agents might 
be beneficial when administered in conjunction with 
thrombolytics [77-81]. However, a potential limita- 
tion of these agents is that new formation of thrombin 
is not affected [76]. This may cause persistence uf 
thrombin activity despite the presence of an inhibitor 
[76,82]. In addition, these compounds may carry an 
increased risk of bleeding when administered in con- 
junction with thrombolytic therapy, which represents 
the most concerning adverse effect [79-81].  

With  these possible limitations of thrombin in- 
hibitors, we have tested the efficacy of a monoclonal 
antibod against rabbit tissue factor (AP-1) when ad- 
ministered in conjunction with t-PA in a rabbit 
model of carotid artery thrombosis. Tissue factor (TF) 
is a 47-kd membrane-bound glycoprotein essential 
for activation of the extrinsic coagulation pathway 
that is constitutively expressed by cells that are not in 
contact with blood. Tissue factor complexes with fac- 
tors VII and Vlla, permitting enzymatic activation of 
factors X and IX, the substrates for factor Vlla [83], 
ultimately leading to the generation of thrombin 
[83]. In this regard, a potential advantage of AP-1 is 
that it inhibits an early step of the extrinsic coagula- 
tion pathway, involving binding of factor VII/VIIa to 
TF, which ultimately results in inhibition of new 
thrombin formation, interrupting the positive- 
feedback loop that autoamplifies thrombin genera- 
tion. We have shown that AP-1 administration not 
only significantly shortens lysis time induced by t- 
PA, but also completely prevented reocclusion after 
t-PA discontinuation [84]. 



394 PART B: CLINICAL APPLICATION OF SCIENTIFIC PRINCIPLES 

It should be emphasized that these results were 
obtained without affecting platelet function and 
prothrombin time [84]. These data suggest the im- 
portance of TF exposure, with the consequent activa- 
tion of the extrinsic coagulation pathway, in 
mediating a continuous thrombin generation, leading 
to growth of the thrombus during thrombolysis, as 
well as causing reocclusion of the vessel after 
thrombolytic therapy is discontinued. Further studies 
are required to elucidate the potential clinical appli- 
cations of AP-1 as adjunctive therapy with 
thrombolytic agents. 

Conclusions 
The initial promising results of thrombolytic therapy 
in patients with acute myocardial infarction have 
greatly, and probably permanently, altered the care of 
such patients. Despite the substantial progress made 
during the past few years, a number  of unresolved 
issues still exist. Specifically, much more effort needs 
to be made with regard to shortening the interval 
between the onset of ischemia and the achievement of 
full reperfusion, prevention of reocclusion, and pre- 
vention of reperfusion injury. The ischemic period 
may be significantly shortened by using more power- 
ful thrombolytic agents, such as mutants  of t-PA, or 
by using synergistic combinations of thrombolytic 
agents, such as t-PA and scu-PA. Adjunctive therapy 
might  be provided by a variety of antiplatelet drugs 
that shorten the t ime to thrombolysis and delay or 
prevent reocclusion, including thromboxane A e 
synthase inhibitors and receptor antagonists, seroto- 
nin receptor antagonists, thrombin antagonists, 
ADP receptor antagonists, possibly platelet activat- 
ing factor antagonists, or monoclonal antibodies to 
the platelet receptors responsible for platelet attach- 
ment or aggregation, that is, monoclonal antibodies 
or synthetic peptides to platelet GPIb  or GPl lb / l I la .  
Last but  not least, the important question of whether 
reperfusion injury is clinically important and 
whether it can be prevented in the clinical setting 
needs to be addressed as well as the possibility that 
selected pharmacological interventions, such as beta 
blockers, phospholipase, lysosomal or protease 
inhibitors, free radical scavengers, and calcium an- 
tagonists, might  enhance the infarct-reducing 
ability of thrombolytic interventions needs to be 
evaluated. 
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32. EARLY DIAGNOSIS OF MYOCARDIAL 

INFARCTION W I T H  MB-CK SUBFORMS 

Robert Roberts 

Introduction 
Caring for patients with acute myocardial infarction 
(AMI) in a dedicated critical care unit was introduced 
in 1962 and over the next decade became widespread 
throughout North America and Europe. There was a 
significant reduction in mortality from between 30% 
and 35% to about 20% within 5-6 years of introduc- 
ing the coronary care unit (CCU). As these results 
became available and more knowledge accrued of the 
mechanisms involved with sudden death and cardiac 
failure, it became the accepted norm for patients with 
AMI to be admitted to the CCU. However, due to the 
lack of distinguishing features of chest pain and the 
lack of diagnostic specificity of the electrocardiogram 
(ECG), it was often necessary to admit the patient to 
the CCU to subsequently exclude myocardial 
infarction. Initially the diagnostic enzymatic markers 
performed in the CCU consisted of serum glutamic 
oxaloacetic transaminase (SGOT), lactic dehydroge- 
nase (LDH), and creatine kinase (CK), which were 
performed daily for 3 days for exclusion of infarction 
[l]. In the latter part of the 1970s, this profile was 
replaced with mainly LDH isoenzymes and the MB- 
CK isoenzyme [2]. The daily profile of 3 days was 
soon replaced by every 6-12 hours for 24-48 hours, 
and the marker was primarily MB-CK [1,3]. The 
temporal profile of plasma MB-CK of significant el- 
evation above normal plasma levels within 8-12 
hours of the onset of symptoms, with maximal activ- 
ity around 24 hours, was ideal for triaging patients in 
the CCU, whether it was for treatment, discharge 
home, or transfer to a regular hospital bed. The pa- 
tients in whom AMI was excluded were in the CCU 
for only a few hours, or at most one night, prior to 
transfer. 

Need for Earlier Diagnosis 
Due to recent developments both in diagnosis and 
therapy, the need to triage patients with chest pain 

has shifted from the CCU to the emergency room 
[1,4]. The urgency to triage on admission in the 
emergency room rather than in the CCU is driven by 
many factors. The number of patients seen in the 
emergency room with chest pain, requiring exclusion 
of AMI, has climbed to over 5 million, while the 
percentage of patients with AMI is only 10-159~ [5]. 
Patients with AMI comprise less than 20% of all 
patients admitted to the CCU [5-10]. The CCU cost 
is particularly expensive for those without infarction 
or other justifiable reasons [5]. It is estimated that the 
total cost to the United States alone per year for 
excluding myocardial infarction is around $12 billion 
(DRG Handbook, HCIA, 1993). The introduction of 
acute revascularization for the treatment of AMI, ei- 
ther by thrombolytic therapy and/or primary percuta- 
neous transluminal coronary angioplasty (PTCA), as 
routine, gave the impetus for people to seek therapy 
for their chest pain earlier than in previous years. The 
mean time of patients presenting to the emergency 
room used to be in the range of 10-12 hours after the 
onset of symptoms, whereas today more than half of 
the patients are presenting within 6 hours of the onset 
of symptoms. It is perhaps very important to recog- 
nize that thrombolytic therapy is far more effective if 
implemented within the initial hours aAer symptoms 
appear, with minimal benefit, if any, when given 
beyond 6 hours from the onset of symptoms [11 ]. The 
later observation has significantly accelerated the 
need for an earlier diagnosis. Thus, the need to triage 
patients in the emergency room is, in part, to provide 
for more appropriate therapy and to be more cost 
effective. 

Lack of Sensitivity of Conventional Markers 
for Acute Myocardial Infarction 
The profile of daily enzymes for 3 days in the 1960s 
was replaced in the 1980s by a profile of ever), 4-6 
hours. However, to meet the needs for triaging in the 
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t~IGURE ~ 32-I. Piasma {em~x?ral pmfibs of commonly used 
cardiac diagnostic markers including MB--CK. total CK, 
troponm I, m@omn T, m yoglobia, m~d MB-CK subfurms 
Early diagnos~s of i~ff)~retmr~ ~g6 hours) ~s only potentially 
possible with two of the markers, name v. MB-CK 
subforms and myoglobin. 

emergency room. it woLfld require more frequent  
sampling and a more rapid diagnosis ~han affbrded by 
the conventional  plasma MB-CK The d i t cmnm of 
early detect ion relates m the Iack of specifkiry of the 
present ing  symptoms and t!CO manifestadons ] ~ e  
causes of chest paift are numerous,  and there is veU 
li t t le m its nature  or character to d i s t inguish  cardiac 
pain f rnm pain of noncardiac oriy.m. The ECG exhib- 
its only one specific early manifesta t ion tbr myocar- 
dial infitrcuon, aamety, ST-segment  elevati an. which 
is p~eseat m bss  than 5 0 ~  of pat ients  with  AM1 
{12, i3] .  [n the remainder_ the ECG changes are nor> 
specific and cannot  d i s t inguish  between those origi- 
na t ing  from cardiac and those from noncard ac causes 
In the emergency room it is es t imated that  only about  
15-20@ of else pat ients  present ing wi th  chest pain 
are subsequent ly  shown re, have myocardial in- 
farction, and thus an ECG diagnost ic  of i~lfilrcrioo is 
present  in only about  7 - 1 0 %  o£ patients present ing  
with chest pare [14,I  5], 

The t t adh ionaI  means of confi rming mvocardial  
inGrcdon  a~ routinel~ performed in the CCUo 
namely'_ wit.h biochemical markets  such as MB-CK.  
are noc appropriate  fi)r early diagnosis m the  emer- 
gency room because there is an interval of 8 - I 0  hours 
required between the onset  of  myocardial inf?trcr{on 
and whe~ due marker is rebased @ore the iniured 
myocardiurn in sufficient quant i ty  ro exceed the u p  
per  plasma [ imit  of normal [16.17].  Elevated plasma 
M B - C K  activity is the gold s tandard for the diagnosis 
n(  myocardial infarction, Plasma MB~CK, as mea- 
sured by assays based {m enzymatic  act ,wty,  has a 

diagnost ic  sens idvuy of about  20-30%: wi th in  the  
first 4 hours from d~e onset of symptoms [ ]8] .  and 
5 0 - 7 0 %  after 6 hours, reachh:,g 9 0 - 1 0 0 %  sensit ivity 
after 10 -12  hours from the onset The  sensit ivity is 
increased sl ightly if MB-CK is detected by 
immunologica l  methods  {preferred and rout ine  today} 
such tha t  sens idv iw is 6 0 - 8 0 %  at 6 hours, and 99% 
ar 32 hours {19.20]. The specificity is 9 0 - 9 8 %  ar 
each interval.  Troponin  T. a newny proposed diagnos- 
tic marker,  has sensitivit ies of 50% at 4 hours 7(YX at 
6 hours, and 90% ar t2  hours which,  are similar t{J 
M B - C K  when detected bv enzymatic act ivi ty assays 
and tess sensitive than MB-CK when detected by 
immunologica l  assays [20]. T ropon in  T appears to be 
somewhat  less specific than  MB-CK lbr dle diagnosis 
of AMI, a k h o u g h  th~s may reflect de tecdnn  of un-  
s r abb  angina  by t ropomn T [20}. 

[r may be predicted from thei~ plasma profiles tha t  
nei ther  MB-CK nor m t p o m n  T are ideal diaj~,uosdc 
markers for detect in~ AMI  in the firsr 4 - 6  hours from 
the onset o~ pain (Figure 32-1). Practically all studies 
involving a s,gnificant n u m b e r  o fpa tmnrs  performed 
prior to 1995 compared d~e sens i t lvltv and specificity 
of diagnost ic  markers it, relat ion ro the  t ime  of pre- 
sentat ion rather  than the onset: of symptoms  {20]. in  
tha t  era, patients presented re ~he emergency room 
much later because lhere was no therapeut ic  advan- 
tage to present w k M n  the first ] 2 hours However,  
today, as ~he publ ic  has become bet ter  cducared and 
early thrombol,. ' t ic tfierap~ has become widely avail- 
able. most parmurs are now present ing  to the emer- 
gency room within  4-6 hours of the (reset of 
symptoms.  Thus.  it has {rely been in ~he past velar or 
so tha t  diagnost ic  markets  have been compared t~or 
sensit ivity in r e h t h m  ro onset o(  symptoms,  in  two 
such recent s tudbs .  M B - C K  and ~roponin T weI'e 
compared by hourly sampling in relation to the onset 
of symptoms,  and the investigators cn~cIuded rhat 
ne i ther  MB-CK nor t roponin  T qualify, as markers fbr 
early diagnosis [18,20].  The  more recent diagnost ic  
marker for AMI is rroponin L which has a similar 
temporal  profile as rroponin T, with  a s imilar  sensio 
rivity and specificity ~s MB-CK,  ~nd is nor a marker  
tbr early diagnosis [21,221. h~ clinical condit ions ac- 
cmTlpanied by skeletal mL~cle damage and renal ~-ail- 

u r e ,  rroponin I may be more specific than MB-CK or 
t ropomn T {2] L The overall diagnost ic  problem m 
the emergency room is very much  one of exch~ding 
myocardial infarction rather tbqn including myocar- 
dial infi~rcdon; dins  markers that  have a sensitivity 
below 90% within die first 6 hours are less than 
adequate  for excluding myocardial infarction. How- 
ever an abnormal ly  elevated plasma level of t ropomn 
T MB-CK.  or t roponin  I ar any interval from onset, 
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FIGURE 32-3. Effect of incubation of tissue MM crearme 
kinase (MMCK with carboxi>peptidase-N. The rmgratory 
pattern of 2~{5.f~ and MM~ corresponds to eha~ o[ the in v~vo 
forms of MM, and MM,, with M M  corresponding m tissue 
MM-CK. An'~iys~s was perIormed by nogdenarurir~g poJy- 
atrylarnide gel electrophoresis 

whether  i~ is l or more hours is highly specific G r  
inFarctiom A smalI percentage of pat ients  may show 
elevated levels of these markers~ even m the first 4 - 6  
hours, because severa] factors de te rmine  the i r  quanri~ 
rative reDase into the plasma. The more exreHs~ve the 
area of damage, the  earlier the release of the markers 
and  the greater the  arno~mt released [20] Early resro~ 
ra t inn  of  coronary flow, whether  ir is spontaneous,  as 
ic seems m he m non-Q-wave  infarction [1 I ] ,  or 
induced pha~macologically, as wi th  thrombolyr ic  
therapy, is associated with earher and greater  release 
of the markers (MB--CK peaks [ 2 - I 3  hours). Simi- 
larly, more extensive collateral coronary flow corre- 
lates with  early release of markers from the impaired 
myocardium. However.  m those individuals  in  whom 
the plasma markers remain i~ the normal  range, one 
is required to wait  umi l  8--10 hours from the onset ro 
reliabt'~ exclude inf;~rction based oa MB=CK and 12 -  
I(5 hours fbr t roponin  T and t [20]. 

/~,~B-CK Subfi:rms: Origin and 
Mechanism of Production 
I t  is well documented  ~ha e the cytosollc isoeuzymes ol: 
MM, M B  and BB CK are derived from two separare 
genes tha t  encode for the M or B subuni ts  [23 25]. 
Quan t i t a t ive  analy.~ls of the  CK ~soenzyme compos~- 
cio~ of various h u m a n  t~ssues, inc luding the myocar- 
d i u m  in animals  and humans ,  consistently show only 
one product  £or the  M gone and one for the  B gone. 
such that  tissues have a single f0rm of MM-CK.  BB- 
CK,  or the hybrid MB-CK [251 in the I970s  ~he 
observation was made by Wevers  era[ .  [26] tha t  the 
plasma obtained from pat ients  tmdergoing toyota> 
dial ~nf;arctmn exhibi ted  what appeared to be mul-  
t iple forms of MM= and MB-CK ~%vers  confirmed 
tha t  the ~issue has only one form of M M - C K  and MB= 
CK, and showed that  three forms of MM-CK and rwo 
forms of MB--CK were generated in the blood. 

Elecerophoresis indicated that  rbe newly developed 
[brms in the blood were more negatively charged and 
migra ted  ~aster toward ~he poslr,ve dcc t rode  than the 
p~ren¢ ~issue fi~rm (Figure 32-2)o According to the 
In ternat ional  Sc~-icrv for Biochemistry.  the molecule 
wi th  the least mobi l i  ¢y is given the  h igh  n u m b e r  and 
thus the tissue M M - C K  is designated as M M  3 and the 
two addkiona[  forms observed in the blood are M M  e 
and MM~. In the  case of MB-CK.  there are only two 
forms d~e one in the tissue, referred ro as MB CK and 
the addir{onal form getler~ted m the  blood, reeerred to 
as M B C K .  In 1981, rising chromatofocusing chro- 
matography,  we isolated and purified the three MM 
subfbtrn.~ [27t .  We  demonst ra ted  that  the  subf0rm 
conversion in the blood is m~-diated by the plasma 
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FIGURE 32 .l. Molecular mechanism of MB-CK subform 
converson in the blood. Loss of a single positively charged 
lysine residue (Lys+) yields a more negatively charged mol- 
ecule, resulting in faster anodat migration. 
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FI(}LIRE ~,2-5. The upper Limit fi)r total MB-CK varies from 
10IUgL to 14[U/L. In many individuals the baseline is 
l lUsL or less. Tbe ratio of MB. to MB / at baseline is in 
equilibrium in a ratio of approximately I : 1. Thus, as illus- 
trated here, an increase in the ratio of severaltold, as shown 
at 4 hours, does not exceed the upper limit of normal fi>r 
total MB-CK, yet would be highly diagnostic of inf~rction 
if(me used a 5017 or more increase in the MB eblB, ratio as 
the diagnostic criterion. 

enzyme, carboxypeptidase-N (CP-N). We were able 
to generate MM-CK subforms in vitro in the absence 
of serum by incubating purified tissue MM~CK with 
CP-N (Figure 32-3). 

Using peptide mapping and amino acid sequence 
analysis, the mechanism of production of other 
subforms from MM~CK was shown to be via cleavage 

of the positively charged amino acid lysine from the 
carboxy terminus of the M subunit [27]. This results 
in a polypeptide chain having a slightly greater net 
negative charge and therefore a faster rate of migra- 
tion toward the positive electrode. The conversion 
reaction progresses rapidly; in vitro, MM~CK present 
in excess was converted to MM,CK within 2 hours at 
37°F (see Figure 32-2) [17]. Thus, the sequential 
appearance of the MM-CK sub(orms can be explained 
as follows: Initially, release of MM~CK from necrotic 
myocardium makes it the more abundant subform. 
Subsequent cleavage of the terminal lysine from one 
of the two M polypeptides of MM~CK by C P - N  yields 
a heterodimer MMeCK, which transiently becomes 
the predominant subform after cessation of CK re- 

lease.  Subsequently, the removal of the remaining 
terminal lysine from the second M chain by CP-N 
produces MM,CK,  with the return of the three forms 
in equil ibrium with each other after 16 -2 l  hours 
[16,17t. A similar mechanism has been postuated for 
the conversion of MBeCK to MBf~K,  with only the 
M-chain lysine undergoing removal (Figure 2,2-4). 
However, because both the M and B subunits have 
lysine as the terminal amino acid, other subfi)rms of 
MB-CK may exist that cannot be resolved by electro- 
phoresis [28]. 

Rational for the Use of I~]B-CK Subjbrms 
as a Marker for Early Diagnosis 
The fiailure of conventional markers to detect myocar- 
dial infarction early after onset relates to the interval 
required for the release  of the marker into the plasma 
in sufficient quanti ty to exceed the tipper limits of 
normal. The upper l imit  of plasma MB-CK activity 
detected by enzymatic activity varies from 10 to 
14IU/L and for immunologic activity from 8 to 
10 ng/L (Figure 32-3). The background levels of MB- 
CK vary markedly and in many individuals average 
only 1-2 IU/L. Thus, the level in some individuals is 
required to increase severalfold above baseline before 
providing a plasma level that is considered diagnostic 
of infarction, which may require 4 -12  hours from the 
onset of symptoms, depending on the extent of myo- 
cardial damage and other factors. This is also the same 
l imit ing factor for troponin T and rroponin I. 

The rationale for the use of MB-CK subforms as an 
early marker relates to assessing the ratio nf the  tissue 
form to the plasma form. Under baseline conditions, 
the ratio of MB2CK (tisst,e form) to MB,CK (plasma 
fi)rm) is about 1 : 1 and the concentration of MB, or 
MB~ is about 1 or 2IU/L [16,17]. In contrast to the 
need for MB-CK to exceed 8 -12  units using the 
conventional total MB-CK assay, even minimal re- 
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FIG{IRE 52+7. Plasma MB-CK subfbrm qme-ac~vi D 
curve, tllus~mted here is ~he porernml For MB-CK subforms 
to be kiSed to dia~lOSe ~n} ~+<::~rdiaJ infarction despite mrai 
MB-CK acr~v+u, ~emalmr* g m the normM ra+?gt. This is a 
plot of the MB ,'MB ratio (circle) verst:~s the tm~e {?ore the 
ouser of [nihrction corn F.;+red with ibm of the )lasma rime- 
acrwitv curve of {eta[ MB-CK {squareL There is a 5(t-20{Ie~ 
increase n the MR/MB ran+) ber~een 2 and 6 hours~ while 
~ner~ is n(J s~gn~ficaa~ c~atlge m total M B C K  This ]flus- 
tra~ea how dte ratio of bfg./MB+ ha~; increased set+s~vi~y 
and specifich'y e~ d+a}j~o5+ inf+~rcd{>n earIy, as opposed u} 
*oral MBoCK. 

[ease ++f [~'fB,CK would bc expected to change rnc 

ratio drastically in favor of  MB:CK,  which could pro~ 

vide an early diagnosis.  The  steady s~ate of  baseline 

values in ~ normal {ndiHdual is due ro cont inuous  

re~ease of a small  a m o u n t  o f M B  +CK from skeletal and 

cardiac muscle  that  ~s converted co the modified 

subforrns and c]eared f?om the blood W i t h  the  onse~ 

of AMI,  ~he rate of  myocardial  MB release m~o the 

blood quickly exceeds the rote of  conversion of MH- to 

MB~, so the ratio of  MB 2 to MB increases dramat i -  

cally [16]. Thus .  rapid release of small  q u a n n d e s  of 

M B  will be sufficient ro increase d~e ratio before the 

value for to~al C K  or M B - ( K  acriv,t + is sufficiently 

increased to exceed d~e upper {in'At o( normal.  

Development +jthe Rdh]d MB-CK 
Su@~rne Assay 
Separation of proteins  by e]ectrophoresis is normally 
performed w hh  a vohagc o{ ] 5 0 - 2 0 0 V .  which pro- 

Hdes adequate separation of the M B - C K  sub£orms in 

about 2 hours h~creased voltage generates hem 

which  denatures  the  protein. [n an a~eempt to provide 

more rapid separation, we worked m {onju~crion 

with Helena  Laboratories. The  +emperarure of the 

sample  was controlied by jets supp ly ing  very cold air. 

which pe rmi t t ed  an increase in voltage+ up ~o 1600 V 

wi thout  dama£e  u~ die subforms [161 The  increased 

vokage provides{ separation of the M B - C K  subfotms 

w~rhio about  15 minu te s .  Fo{lowing the rapid separa- 

tion by elecerophoresis+ it was possiblc to ad use and 

develop an au tomated  system it+ which the sample 

was applied and the process au tomated ,  iochMing 

a u u m m r e d  quant+r.armn ot the density of  each electro- 

phorerie band with digi ts]  d i s p h y  of ~_he results 

wirhin  about  25 minu te s  (Figure 32-6). 

Inida]t>, d~e M M  sobform d is t r ibu t ion  was evalu- 
ated for early diagDosA of AMI in a m m a l s  [29] and in 
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several studies involv{n~ h u m a n  sublects f30,31] 
A l t h o u g h  these resuhs were ve W promis ing,  wi th  
the MMJMM, rado r~smg out  of d~e normal  
range beeweel7 4 and 6 hours  a['ter AMt onset° the  
disadvantage of the MM subfi~rms ~s the potential  
lack of specificity. As discussed cartier, assay of  total 
CK acriwry rather  than M B - C K  fbr the  diagnosis of 
AMI may introduce a 2 0 - 3 0 %  false-positive rate due 
ro release of M M - C K  from skeletal muscle {32,33] 
Such elevations, occurr ing due to exercise or myosms ,  
have been show~ ro be associated wi~h a rise m the 
percent  MM ~" [ 3 4 - 3 7 ] .  thus reducing the  diagnosric 
specificity. 

Because of the lack of specificity of M M - C K  
subfi~rm analysis, we evaluated the  ut i l i ty  of MB-CK 
subfnrms m the early diagnosis of AM[ The rapid 
e]ectrophoresis system (REP, }{eDna Laboratories. 
Beaumont .  TX)  was val idated using purified MB:, and 
MB, reconst i tu ted  in heat- inact ivated serum. The  as= 
say was shown to be linear for both  MB subforms,  
even aE very low levds (r = 0.99 between 1.0 and 
10.0IU/L:  n = 70L highly reproducibD, and gener- 
ated the expected MB>/MB; farm when bo th  
subforrns were added to  plasma (r = 0.95- u = 144). 
Its sensit ivi ty is t .01U/l . ,  and  the total  assay t ime  ~s 
about  25 minutes.  The  profile of the MBzCK rc~ 
MB~CK farm as a diagnostic marker  is shown in 
Figure 82&.  The  early port ion of the plasma rnyoglo- 
b in  temporal  profile ~s very similar  ro the same p o f  
f inn of- the  plasma temporal  profile of the  M B - C K  
sub£orms (Figure 32-8)  

EvafuatDn of the MB-CK Sub/~rm Assay 
fi)r Eady Diagnosk 
Initial applieariog of  the  rapid elecrrophoredc assay 
for M B - C K  included a popula t ion of 200 pa~*en~s, of 

FIGURE 32-8. Plasma temporal profile ofMB-CK sub~brms 
versus myog/ohin. [Ilustratcd her<: are the plasma temporal 
profile:; ot MB-CK subforrns and myoj~h~bin, showing that 
both markers are signiflcamly elevmed within the first 6 
hour~ and. tlmso potent~ally provide for the early diagnosis 
of infarction The upper limit of normal for the MBjMB 
~nio usuN the new CaMioRep analyzer is 1.7, and the 
upper hmir of normal fi~r myoglobin is 60 pg/I_ 

which I00  had myocardial infarction 30 had 
ischemia, and 50 were normal  [16]. The results 
showed the  assay to be very promis ing  wi th  respect to 
the  sensit ivi ty and specificity for d iagnosmg myocar- 
dial infarct ion wi th in  the  first 4 - 6  hours of-the onset 
of symptoms.  A systematic  s tudy {181 was rhea un- 
der taken to properly evaluate ~he sensitivity and 
specificity of-the M B - C K  rapid elecrrophoretic assay 
in d iagnosing or excluding myoeardia~ infarctior, i~ 
~he emergency room m pat ients  w i th  chest paiu of_ 
cardiac and aoncardiac origin. The s tudy was per~ 
fbrmed over a 14 -mon th  period from 1992 to 1993 
k~volved I 110 consecurlw patients ,  and was un ique  
m two ways first, careful a t t en t ion  was paid to esti- 
mate  die offset of symptoms m each case, and. sec- 
nnd[y, the pat ients  were enrolled consecutively in the  
emergency room on a 24-hour  basis, 7 days per week. 
Blood samples were obtained every 30 -60  mmu~es 
u n d l  at least d hours had elapsed from the  onset of 
chest pare; among pat ients  subsequent ly  admi t t ed  to 
the hospital,  blood samples were obtained every. 4 
hours for up co 48 hours. Blood samples were ana~ 
Ivzed for total  M B - C K  activity using the quant i ta r lve  
glass bead assay [38}, which has an upper  l imi t  of 
normal  of ~4 IU/L, and for MB-CK suhfbrrns wi th  the 
rapid electrophoresis assay, The  rosa]is of the assay for 
M B - C K  subforms and the convent ional  assay for total  
M B - C K  were analyzed separately and independendy  
by ar least rwn investigators wi thou t  any knowledge 
of  clinical findings. The  diagnos~s of myocardial  
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TABLE 32-1. Occurrence of myocardial infarction, death, or serious 
complications in relationship to time of arrival in the emergency room 

Onset to arrival (h) No. of non-Mls (%) No. of Mls (%) No. of deaths (%) Nonfatal complications (%) 

0-6 598 (60,4) 95 (78.5) 13 (72.2) 18 (69.2) 
6-12 180 (18.2) t l  (9.l) 3 (16,7) 4 (15,4) 

12-24 113 (11.4) 5 (4.1) 0 (0.0) 1 (3.8) 
Uncertain 98 (9.9) 10 (8.3) 2 (11.1) 3 (11.5) 
Total 989 (8%1) 121 (10.9) 18 (1.6) 26 (2.3) 
Male 495 (50.0) 74 (61.3) ~ 10 (55.6) 11 (42.3) 
Mean age (SD) 50.8 + 13.6 56.6 + 11.4 ~ 58.6 + 13.1 60.0 -+ 13.0 

"P < O.0001 versus no acute myocardial infarction. 
MI = myocardial infarction SD = standard deviation. 

TABLE 32-2. Sensitivity and specificity of subform assay ~ 

Myocardial infarction Death or complications ' No MI admitted No MI discharged 
Test results b (n = 118) (n = 41) (n = 539) from ERa(n = 450) 

Positive 114 (96.6) 34 (82.9) 33 (6.1) 17 (3.8) 
Negative 4 (3.4) 7 (17.1) 506 (93.9) 433 (96.2) 

~The sensitivity of the assay is indicated by the percentage of patients with myocardial infarction who had positive test results, and the ~alsemegative rate by 
the percentage who had negative results. The specificity is indicated by the percentage of patients ~,ithout myocardial infarction ([MI] hospitalized or disd~arged 
from the emergency room [ER]) who had negative test results, and the false-positive rate by the percentage who had tx~sitive results 
~Test results were considered positive if one or more samples had abnormal subform activity, and negative if all samples had normal subform activity and at 
least one sample was obtained 6 or more hours after the onset of symptoms. 
' Three patients died before sample collection was complete. 
aA total of 44 patients were discharged from the ER before 6 hours had elapsed since the onset of symptoms. Plasma subform activity in samples obtained from 
these patients prior to discharge were evaluated for false-positive results. 

infarction was confirmed or excluded on the basis of 
abnormal or normal total MB-CK activity, respec- 
tively, according to previously published criteria 
[39,40]. The criteria for myocardial infarction were as 
follows: an MB-CK level _>14IU/L in two or more 
sequential blood samples obtained 6 - 1 2  hours apart; 
an MB-CK level of_>14 IU/L in a single sample if  the 
value represented a threefold increase above the previ- 
ous value; and a single MB-CK level of_>14IU/L if 
only one sample was available. In all the patients 
with myocardial infarction, except the three who 
died early, serial blood samples were obtained over 
a period of  2 4 ~ 8  hours. The diagnostic criteria 
for myocardial infarction, based on the subform lev- 
els, were an MB 2->I.0IU/L and a ratio of MB 2 to 
MB~ >1.5 recurring within 6 hours after the onset of 
symptoms. 

There were a total of 121 patients in whom the 
diagnosis of myocardial infarction was confirmed, A 
total of 531 patients (47.8%) were admit ted to the 
coronary care unit; 118 received a subsequent diagno- 

sis of myocardial infarction, as confirmed by serial 
elevation of plasma MB-CK levels; in the other 413, 
myocardial infarction was excluded. O f  the 129 pa- 
tients (11.6%) admit ted to an in-patient unit other 
than the CCU, three subsequently received the diag- 
nosis of myocardial infarction. A total of 450 patients 
(40.5%) were discharged home from the emergency 
room. Thus, 121 patients received a subsequent diag- 
nosis of  myocardial infarction, with 65 having Q- 
wave infarction and 58 non--Q-wave infarction. It is 
of note that 90% of the 65 patients with Q-wave 
infarction presented with typical ST-segment eleva- 
tion, while only 8 of  the 56 patients with non -Q-  
wave infarction presented with ST-segment elevatinn. 
The other patients with non-Q-wave  infarction 
presented with either ST-segment depression or T- 
wave inversion. It is also of some note that patients 
with myocardial infarction presented significantly 
earlier after the onset of symptoms than did the pa- 
tients without myocardial infarction (P < 0.001; 
Table 32-1). 
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FIGURE 52-9. Comparison o{ the seusirivirv o(rhe a~says of 
total MB-CK @igbt bars) and its subforms (dark bars) 2.4, 
and 6 hours after the onset of ~ymptoms The diagnos{s of 
myocardial inf%rrrion in the srud~ pat,rues w;~ ~onhrrned 
by the total MB-CK activky during the m,bsequ~m 48 
hours 

The overall ~ensKivtw and ~pecHicky bofft {n pa- 

tients with infarction and m those wi thout  infarction 
either adnm~ed or discharged home, are showv in 

Table ~2-2 The seusidvitv of the ass W for detect ing 
myocardial infarction w~rhin the first 0 hours from 
the onser of-symptoms was 96.6%. wm~ a 90--99g~ 
c o ~ d e n c e  inrervai. Tl-ns was in marked ~unrrasr ~o 
the sensinviry o( d~e cnnvent~onaI MZ-CK assav~ 
which had a sensK,vK} of-48% The mean MB~CK 
level ar 6 hours in panenrs with in faKdon was 5.1 m 
3.21U/L and the mean rano o f M B  CK re MB~CK 
was 4.4 0~] y ~6 pa;~envs with myocardia{ infarction 
came ro the emergency room more rha~i 6 h ,u r s  af%er 
the onset of symptoms° and each of them had a posi- 
tive test fbr M B C K  subforms m the first Need 
sample nbrah~ed. The sensitivity of the MB--CK 
subforms as c{unpared wkh Htat o ( r h c  c0nvendona] 
assay is shown in k%y. ure 32-9 ar various iatetvMs {kern 
the onset nf swnproms In panents  with myocard{a 
in[arcdon, the average interval from arrh, a in the 
emergency room until the plasma MB-CK sub%rm 
acnvity was elevated was 1.22 ! 1.17 hours, lr is also 
of note d-mr 3{] o{ ~be pae~en~s with myocardiaI 
i~farction who came re rhe emct£ency room wi@in 6 
hinges had abnormal MB-CK sub[brm activity in the 
firs~ blood sample° which was obtained a mean of 3.25 

1.70 hours af}er the onset of` symptoms.  In the other 
panenrs  with Mtanr~on MB-CK subform assay was 
normal in the first sample, which was taken on ar~ 

average of 2,37 ± 1.07 hours after onset oF symproms 
and became elevated a mean of 4.22 h I. ] ~ hours after 
the onset of symptoms. 

In the 339 patients admit ted  to ~he hospital whh° 
out myocardial infarction, the MB-.CK subform assay 
was abnormal in 33 of these patie~K% givm~ a s p e c ,  
ficity oi 93.9%. However° it is of interest that  79% a[  
d~ose patients with possible false-peskier  results had 
uns tabb  angina, and of the remaining 21%, rwu had 

rabdomyolys,s, two had hypothyroidism, and in the 
remaining three the diagnosis was unknown. Of" the 
450 parienrs sere home. :~:~ were negative for MB- 
CK subforms 196.2% specificity) O f  the 17 p ad ems  
wkh abnormal MB-CK sub}orms, 6 were ~eadmKted 
and shown t a have myocardial irff:aKdon and 7 others 
[tad no symptoms and appeared re do well. Four 
patients were lost eo fol]owoup, Thus. the esdmaEed 
False-posinw-, result of ~.8~: is a sigaifican~ everest> 
mate, bur: in wew of the 6me  ]apse, we could ~ot be 
certain that the ~wo sees of MB-CK values represented 
the same clinical event. Therefore. no chances were 
made in the estimate of false-positive resuks. On 
~tilizing the MB-CK subtorm assay as a means of 
rr{aging patients based on these resulrs we found that. 
the total number  of admissions would have been ,e- 
duced from 53I re 164 rep rescnfng  a 69.1% reduc- 
tion [n summary, the senshiv{ry and specificity of the 
r a n d  assay for MB-CK subforms m diagnosing myo- 
cardial iafar<don wi th in  6 hour~ of`the onset of syrup- 

ran> were 96.6% and 9£99~ respectively, as 
compared with 48,29g a~<] 48,0%° respect,rely ff~r 
tl~e conventional MB-CK assay 

Lh~hations ~/ the MB-CK &¢blbrm As:~y 
The MB~CK subfi)rru assay, with a ~ensir~vtty or 
96% and specificity d 94%, accurately identifies pa~ 
fiends with myocardial infarction wkhin  the first 6 
hours after ~he onse~ of symptoms.  I bweveL m pa- 
t ients wi~h mnseub~f dystrophy ['~ l] or severe skeletal 
m u s c b  damage [42L b i b  CK Is rebased and thus 
wouH give :~ fhlseq~oskive diagnosis. The modern 
assavs R)r MB-CK are based on solubfe immunoMg> 
ca[ deteceku~: however, at tempts  thus mr lo develop 
an antibody that distinguishes bey, teen the sub£orms 
have nor been fru tful, Ir-~ d~e h t g e  prospective study, 
79% of'33 patients sent home w~th abnormal MB~CK 
sub}orms had uns tabb  angina i t  is possible that sev- 
eral of tl-te pauents  wJth tms tabb  angina who were 
a d m i H d  to the hospital had small areas o(m~ ocardiaI 
~ecros~s below the threshold detection of d~e conven- 
tional assay [43]. However. the possibility rhar very 
snmH quantit ies oF MB~CK were teleased because of 
cardiac ischemia canner be excluded b i4Ah] .  
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Nevertheless, in a recent experimental study, we 
have shown that release of CK from the heart reflects 
necrosis [46]. In a series of conscious dogs, the left 
anterior descending coronary artery was occluded for 
10, 15, 20, or 25 minutes followed by reperfusion 
for at least 48 hours. The dogs were anesthesized and 
the hearts removed and analyzed for myocardial 
ischemia (glycogen depletion and swelling) and ne- 
crosis (organelle disruption and sarcolemma disrup- 
tion) with light and electron microscopy. There were 
seven animals for each duration of coronary occlusion. 
None of the animals undergoing 10 minutes of occlu- 
sion had elevated plasma CK, and histological analy- 
sis showed severe depletion of glycogen and cell 
swelling but no evidence of necrosis. Five of the seven 
animals undergoing 15 minutes of coronary occlusion 
exhibited no elevation in plasma CK and no evidence 
of myocardial necrosis. In contrast, two animals 
showed a minimal elevation in plasma CK, and the 
myocardium showed two areas of micronecrosis of 
about 1 mm in diameter. All animals with 20 min- 
utes or more of coronary occlusion had elevated 
plasma CK and morphological evidence of myocardial 
necrosis. These results strongly indicate that release of 
CK from the heart does not occur with reversible 
ischemia but is consistently released with myocardial 
necrosis. 

Advantages of MB-CK Subform for 
Earl), Diagnosis 
The assay is very simple to perform, requiring mini- 
mal expertise, because it utilizes electrophoresis, 
which has been available in clinical laboratories for 
decades. This technique, with which practically all 
technicians are acquainted, even in community hospi- 
tals, makes the assay available to the medical commu- 
nity regardless of the size of the institution. The assay 
is rapid, requiring about 25 minutes, and is com- 
pletely automated. The test is extremely cost effective 
when performed every hour for the first 6 hours after 
onset because the majority of the patients with 
infarction will only need one sample to ascertain the 
diagnosis, and in the remainder without infarction 
only two to three samples will be required. It is 
estimated that using this assay to triage patients 
with chest pain in the emergency room would save 
the nation several billion dollars per year. In the 
patients presenting within 6 hours of onset, in whom 
infarction is not present, the mean number of samples 
required to exclude the diagnosis is 2.5. This is, in 
part, because many patients with chest pain without 
myocardial infarction present to the emergency room 
after the first 4 hours, whereas patients with myocar- 

dial infarction are more likely to present within the 
first 4 hours. 

MB-CK Subforms Versus Other Afarkers for 
Early Diagnosis of AMI 
The diagnosis of myocardial infarction within the first 
6 hours of onset of symptoms at the 90c~ , confidence 
level is only feasible at the present time with the 
MB-CK subform assay. The only other marker that 
is appropriate for early diagnosis of myocardial 
infarction is myoglobin [20,47]. Myoglobin is ana- 
lyzed by a rapid immunological assay, which requires 
only 20 minutes to perform. In several studies, myo- 
globin has lacked both sensitivity and specificity for 
early diagnosis of myocardial infarction. However, 
myoglobin, when performed within the window of 2-  
6 hours from onset, if consistently negative, has a 
high negative predictive value for excluding myocar- 
dial infarction [20]. It must be taken into account 
that the window for myoglobin is very short, becom- 
ing elevated within the first 1-2 hours from onset and 
rapidly declining because of renal clearance after 
about 6-7 hours from onset. Thus, myoglobin must 
not be relied upon after 6-7 hours from onset. Also in 
very small infarcts, if one does not have serial samples 
from 4-6 hours, the sensitivity may be less than 
adequate. The specificity is a problem in patients with 
skeletal muscle injury because the antibody cannot 
differentiate between myoglobin from the heart and 
myoglobin from skeletal muscle [35,37]. Neverthe- 
less, myoglobin is the next best assay to perform in 
excluding myocardial infarction early alter admission 
to the emergency room if the MB-CK subforms are 
not available. The other markers previously discussed, 
such as troponin T, troponin I, and total MB-CK, 
are not released early enough after the onset of pain 
to provide the necessary sensitivity for exclusion of 
myocardial infarction within the first 6 hours, even if 
performed serially [20]. 

Suggested Protocol for Utilization ~ 
MB-CK Subforms 
In assessing the patient in the emergency room, it is 
recommended that a sample be obtained on admission 
and another at 1 hour. If either of these samples is 
positive for myocardial infarction, then revert to 
samping every 4-6  hours for 24 hours. If after 1 hour 
the sample is negative, it is necessary to do hourly 
samples until 6 hours from the onset of chest pain. 
One can only reliably exclude myocardial infarction 
with MB-CK subforms if the values remain normal 
up to 6 hours from onset. ]'he necessity tbr determin- 
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ing samples beyond the 6 hours in those patients with 
infarctions admitted to the hospital is arguable, al- 
though many would prefer to determine the peak 
MB-CK activity as a rough estimate of the extent of 
myocardial infarction. 

Although knowing these data may not affect the 
patients' treatment, it is a good prognostic index. In 
many instances, once the diagnosis of myocardial 
infarction has been confirmed, additional assays may 
be omitted to be cost effective. In patients admitted 
to the hospital 12 or more hours after the onset of 
symptoms, if the MB-CK subform assay is to be used, 
then every 4 hours until at least two values are posi- 
tive is recommended for making the diagnosis of 
myocardial infarction [1]. In this time interval after 
infarction, other assays could be equally effective, 
such as total MB-CK, troponin T, or troponin I. 
While we recommend every 4-6  hours for 24 hours, 
once two samples are abnormal and the diagnosis is 
confirmed, further sampling may be unnecessary. 
Samples for MB-CK subforms should be collected in 
EDTA and the plasma separated from the cellular 
components, preferably within 3 hours if the sample 
is at room temperature, and if kept on ice, within 8 
hours [ 16t. For storage, samples are preferably frozen 
at -20°C, and under these conditions they have been 
found to be stable fbr at least 3 years [ 18]. The EDTA 
removes the calcium, which is a necessary cofactor for 
CP-N. About six samples can be assayed on the 
CardioRep (Helena Laboratories) every 20-30 min- 
utes. The criteria used for MB-CK subforms in the 
evaluation study [18] required MB~CK to MB~CK of 
_>1 IU/L and a ratio of MB,CK to MB~CK of_>l.5. 
However, the new updated CardioRep has greater 
sensitivity, and thus the diagnostic criteria have been 
adjusted to the following: MB2CK of>_2.6IU'/L and a 
ratio of MB~CK of _>1.7. In our own laboratory over 
the past 4 years, we have routinely used the MB-CK 
subforms as the only marker and have had experiences 
in over 20,000 samples. The negative predictive value 
of a normal MB-CK subform rate at 6 hours from the 
onset of symptoms is essentially 100~:. Total MB-CK 
can be obtained from the MB-CK subform assay for 
late diagnosis. 

Future Prospects 
While the role of MB-CK subforms as a marker 
for the early diagnosis of myocardial infarction is 
being established, there is considerable reluctance to 
adopt the method on a routine basis in many hospi- 
tals. The major objection to the MB-CK subforms is 
the inconvenience of performing electrophoresis de- 
spite automation of the assay. Nevertheless, several 

investigators have confirmed the high sensitivity 
and specificity of the technique [48-50]. The tech- 
nique is now employed in countries throughout the 
world, and in the United States over 200 medical 
centers are utilizing this technique. Cannon and 
Walls [51], in a recent editorial, outlined the prob- 
lems as well as the need for an early diagnosis and 
indicated that at present the MB-CK subforms appear 
to be the only marker that offers adequate sensitivity 
and specificity. In large prospective, multicenter, ran- 
domized study, all of the markers (myoglobin, tropo- 
nin I, troponin T, and total MB-CK) were sampled 
hourly for the first 6 hours, and then every 6 hours for 
24 hours, in 1002 patients seen consecutivly in the 
emergency room with chest pain. Results showed 
that the MB-CK subform reliably diagnosed 92% of 
the patients with myocardial infarction within the 
first 60 minutes of arrival in the emergency room, 
and myoglobin reliably diagnosed 81%. In contrast, 
total MB-CK, troponin T, and troponin I had a sen- 
sitivity of 60% at 6 hours from onset, but 95% sen- 
sitivity at 16 hours from onset. These studies confirm 
that the MB-CK subform assay is a reliable marker for 
diagnosis of infarction within the first 6 hours of onset 
and troponin T, troponin I, and total MB-CK are 
reliable markers for late diagnosis after 12--16 hours 
from onset [52]. 
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Introduction 
Acute myocardial infarction is a major cause of car- 
diovascular morbidity and death [1 ]. The diagnosis of 
acute myocardial infarction, as formally established 
by the World Health Organization requires at least 
two of the following criteria: a history of characteris- 
tic chest pain, evolutionary changes on the electrocar- 
diogram, and elevation of serial cardiac enzymes [2]. 
Unfortunately, these findings are not always present 
in every patient with infarction. As many as one in 
three acute myocardial infarctions is not recognized 
clinically by either the patient or physician because 
symptoms are often atypical or absent [3,4]. 
Similarly, electrocardiographic findings in patients 
with possible acute myocardial infarction are often 
nonspecific. The electrocardiogram (ECG) has been 
reported to be misleading in 8% of patients with 
acute myocardial infarction and can be indeterminate 
in an additional t2% [51. Furthermore, only a small 
percentage (10-20c~) of the patients with chest dis- 
comfort or other symptoms compatible with cardiac 
ischemia subsequently have documentation of acute 
myocardial infarction. During the last quarter cen- 
tury, blood assays of a variety of protein markers 
of myocardial injury have played a pivotal role in 
the diagnosis of acute myocardial infarction [61. 
These tests have helped to redefine acute myocardial 
infarction, often revealing degrees of myocardial ne- 
crosis that previously could not be detected. Indeed, 
because marker proteins are so much more sensitive 
and specific than the clinical presentation or the ECG, 
some have suggested that elevations alone in the 
proper clinical setting should be considered diagnos- 
tic of acute myocardial infarction [7]. 

Recently there has been increased emphasis on de- 
veloping strategies to detect the presence of myocar- 
dial injury as early as possible in patients who present 
with chest discomfort [8]. This effort has been predi- 
cated on several presumptions: 

1. Early diagnosis will facilitate aggressive interven- 
tion with either angioplasty or thrombolysis and 
thus aid in salvaging myocardium at risk for 
necrosis; 

2. Early diagnosis will permit better triage of pa- 
tients into critical care units versus less intensively 
monitored areas; and 

3. Early diagnosis will aid in identification of pa- 
tients not having acute myocardial infarction, en- 
suring that patients can be sent home from tile 
hospital safely, and thus avoiding liability if such 
patients subsequently have poor outcomes. 

The success of this strategy depends not only on its 
rapidity and effectiveness, but also on how well it 
compares wkh existing measures in terms of the three 
goals listed earlier. There are substantial questions 
about whether any marker can accomplish these 
goals, as well as controversy concerning the appropri- 
ateness of the goals themselves. [9]. 

Molecular Biology of the Troponins 
Myofibrillar proteins have been explored extensively 
as markers of myocardial injury with the hope that 
they would provide not only comparable sensitivity as 
established markers, but also be more specific for 
myocardial injury. On the basis of the current litera- 
ture, troponin T and troponin I offer the most excit- 
ing potential as highly specific markers for the 
diagnosis of myocardial injury. 

Troponins are a complex of regulatory proteins 
uniquely present in the striated muscle that mediate 
the interaction of calcium with actin and myosin 
[10,1 1]. Contractile activity in vertebrate striated 
muscle is regulated by the changes in the concentra- 
tion of free calcium in the sarcoplasm, mediated by 
changes induced by the interaction of the troponin 
complex with tropomyosin [l  l]. The troponin corn- 

~13 
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plex is composed of three components, troponin I, 
which inhibits actinmyosin ATPase; troponin C, 
which binds calcium; and troponin T, which binds to 
tropomyosin and helps to locate the complex at a 
repeat of 385 ~l along the thin filament [10-12]. 

These three isoenzymes exist in a number of 
isoforms, each a product of unique genes. Different 
isoforms of troponin 1 and T are expressed in slow- 
twitch, fast-twitch, and cardiac muscle [14-17]. 
Troponin C has only a skeletal muscle and a 
slow-twitch/cardiac isoform [18]. Each form has a 
unique structure (troponin 1 has a molecular weight 
of 23,500d, whereas troponin T weighs 33,000d 
[6]) and different regulatory effects on calcium bind- 
ing, as well as varying responses, to beta agonists 
and changes in the pH. During the development of 
the cardiac and skeletal muscles, some of the isoforms 
of the troponin components manifest a high degree of 
tissue specificity. While the exact reason for this is 
not known, it is believed that a highly complex con- 
trol mechanism is at work in tile gene expression for 
the different muscle proteins, triggered endogenously 
or influenced by exogenous factors [19]. 

Embryonic to adult cardiac troponin T (cTnT) 
switching has been clearly demonstrated in the mam- 
malian heart, and a similar switch in the cardiac 
troponin I (clnI) protein has been demonstrated in 
the rat cardiac muscle [15,17-19]. This switching 
does not occur in skeletal muscle, because, as far as 
can be determined, cTnl is not expressed in skeletal 
muscle at any time during ontogeny [17,19]. Fetal 
rat, chick, and human heart express both the skeletal 
and cardiac forms of TnI initially. After the ninth 
postnatal month, only the cardiac isoform of TnI is 
expressed. This isoform differs from the others, not 
only in basic structure but also by virtue of an addi- 
tional 31 amino acid sequence at the N-terminal 
end, which is believed to be a post-translational 
modification [17,20]. In comparison, the specificity 
of cTnT for myocardium has not been fully delin- 
eated. Skeletal muscle troponin T (sTnT) and cTnT 
are both expressed in fetal heart and skeletal muscle. 
The skeletal muscle form is suppressed during ontog- 
eny in the heart and is re-expressed in response to 
stress [21]. In contrast to cTnI, the cardiac isoform of 
TnT also is expressed in fetal skeletal muscle and is 
re-expressed in adult rat skeletal muscle after injury 
or denervation [22]. 

The notion that proteins initially expressed during 
ontogeny but suppressed prior to maturation can be 
re-expressed in response to injury is conceptually im- 
portant. It is, for example, the reason why the concen- 
tration of creatine kinase B chain protein increases 
after an acute or chronic insult or after extreme exer- 

cise [23]. The fact that cTnT is expressed during 
development suggests that it may be expressed in 
response to injury. 

This was documented recently in humans by 
immunohistochemical analysis of diseased skeletal 
muscle by Bodor and colleagues [24]. Even in some 
putatively normal skeletal muscle, the cardiac form of 
cTnT is observed, but it is more frequently observed 
in patients with skeletal muscle myopathies or the 
myopathy associated with renal failure [25], Because 
the cardiac form ofcTnI is never expressed in skeletal 
muscle, it is not observed in either normal or dam- 
aged skeletal muscle [26]. Thus, from these basic 
developmental principles, cTnl should have an advan- 
tage over cTnT in terms of cardiac specificity. These 
differences may be less apparent clinically now, but 
they may be in the future if the assays for cTnI and 
cTnT become substantially more sensitive. 

Normal Levels 
If release of troponin is specific for cardiac injury, 
there should be no troponin circulating in plasma. 
Indeed, with the present iteration of assays, values of 
troponins in normal subjects are undetectable [27- 
29]. Using a highly sensitive assay, Missov and col- 
leagues have reported a group of "normal controls" 
with very low levels of cTnI, suggesting either some 
ongoing turnover of the protein or a small degree of 
ongoing cardiac injury, whether reversible or irrevers- 
ible, that leads to release of an epitope that is detect- 
able in plasma [30,31]. However, with the assays 
presently available, normal subjects should not have 
detectable levels. Nevertheless, for most measure- 
ments, the lowest level of sensitivity is associated 
with a higher degree of analytic fluctuation, and 
therefore there are some analytic "false positives" at 
this level of detection. There will, of course, also be 
analytic false positives from any assay that depends on 
a variety of chemicals for stabilization [32]. 

Levels above the normal range of the present assays 
represent either release of the protein or abnormal 
clearance, and therefore should be considered indica- 
tive of some pathologic process. However, elevated 
values do not imply that the pathologic process 
needs to be ischemic heart disease, only that there is 
myocardial release or reduced clearance. Thus, myo- 
carditis, occult or overt [33,34], contusion [35], dam- 
age related to any other potential injurious substance, 
for example, catecholamines, could all lead to eleva- 
tions of troponin. Given the fact that most of the 
troponin is bound to the myofibrillar apparatus (97% 
for cTnI [361 and 94c~, for cTnT [37]), it is likely that 
release represents irreversible injury. However, early 
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TABLE 33-1. Duration of elevations fi:ime to normalization for cTnI) 

Day cTnI normalized 

Pat bne group rl Range Median 10% 90% 

lntetve~md 
Q~wave 62 3, > [6  9,5 6 10, > i 6  
Non Q~wave 22 3, >I0  6 4 >9 

No~-intervened 
Q-wave 23 3 ,213 8 d 12 
Non-Q-wave 56 4, >13 7 4 11 

Reproduced with perm s~io~* from ]a[b  eE aL [51 ] 

FIGURE 33-1 B~pha~tc release of cardiac ~roponin T 
a~er acute myocardial infamdom Initial release is p~edomi- 
naudy fl-om ~he *'cvrosoli~ pool ~" Subseq{~en~ release ~s 
indicarive ~ff degradation of strucrum[ly bound protein. 
A simihr pattern has been described wiEh cardiac rropomn 
I as well. (Reproduced f~m Kurus e~ al {46L with 
permissk)m) 

release from a "cvtosolic pool" [s sub~ect to some 
controversy, which has e×i~ted wi th  regard ro creative 
kinase (CK~ [38] wi th  regard to whether  cyrosohc 
proteins can be released by injury ~hat does not  resuk 
in celt death.  

Release and Kinetks 
The release and kinetics of any protein marker 
depends on 

t .  The intrace]lular localization of the protein,  be- 
cause cytosolic proteins am released more rapidly 
than are s tructural  proteins [39L 

2, The molecular  weigh< becatme larger molecules 
d~f~hse a r a  slower rare c~m~pared to smaller ones 

{2]; 
:5 koeaJ blood and ~ymph flow [40]; and 
4 The rare of d i m i n u t i o n  from the blood [36]. 

Small markers generally are cleared more rapkily than 
chose of greater size [2], Tb~ls~ when myocardia pro- 
reins are released, those of small  size tha t  are localized 
on the plasma membrane  or in d~e cytosol are released 
more rapidly. Structural  proteins rake lm~ger m be 

released. 
Most of the cardiac r roponin  ts r ight ly  compbxed  

Eo the contracti le apparatus. Circula t ing levels are 
normally low, bu t  ~hey rise reht ivel7  rapidly after 
acute myocardial infarctiom m a r ime course como 
parable with  odmr marke~s wi th  a cyrosolic pool (e .g ,  
CK and MB-CK).  These pools have been es t imated ro 
be 3 ~  for cTnl  [36] and 6°/.,: {or c ] n T  [37] However,  
the t roponins  remain elevated for a prolonged period 
(i,e.. a median of 8 days and. in some case< far beyond 
10 days [ d l - 4 3 ] ) .  irrespective of the locus of 
in(arcrion (Q-wave or rmn=Q~wave) or t r ~ t m e n t  
(Table ~33~1) {36] The durat ion of elevation may be 
somewhat  longer for cTnT than for cTnl  [37]. The  
likely explanat ion for the blphasic nature  o{ r the 
rroponins ( f igure  33-I)  is that  release occurs early 
from the cytosolic pool, and subsex~uendy more 
slowly f)om the structural  poul. This concept is sup- 
ported bv the fact that. the half2iifb of (TnI  is short .  
whether  as an isolated pepdde  [36] or as parr of a 
larger complex (Figure 33-2) (Ladensom Land< and 
Abendschein ,  unpL~blished data). 

Prel iminary data wi~h cT~] suggest  that  ir in- 
creases at about  the same t ime  a~ter acuse kffarcdon as 
MB-CK (1 -6  hours, range 3 - 1 9  hours), peaks at 
about  11 hours (range 6 - 2 9  hoursL and remains el- 
evated beyond 144 hours, whereas MB--CK nor rnab  
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FIGURE 33-2. Half-life of purified cTnl and TnI complexed 
with cTnT when injected into dogs. The alpha-distributive 
half-life for the purified form was 4.6 _+ 0.9 (SD) minutes, 
with a beta-distributive half-life of 67.2 + 29.2 minutes. 
For the complex, the corresponding values are 4.8 -+ 9 
mimites and 47.6 _+ 6.6 minutes. (Reproduced from Jaffe 
et al. [51], with permission. With the addition of 
unpublished data.) 

izes by 69 hours (range 32-116  hours) [36,41]. cTnT 
demonstrates similar kinetics, although it appears to 
rise a little earlier than MB-CK [29]. in patients with 
Q-wave infarctions, Katus et al. [29] have reported 
the diagnostic window fbr cTnT as 11-140 hours 
after the onset of pain, with the first peak occurring at 
24 hours, a rise as early as 3.5 hours, and sustained 
elevations for up to 12 days. In patients with n o n - Q -  
wave infarctions, the diagnostic sensitivity occurred 
at 10-131 hours after the onset of pain [29]. Other 
studies have shown comparable results, with some 
showing even earlier rises in cTnT during the first 
hour after symptoms [28,42,.i3]. 

Assays 
Assays for the detection of the troponins in plasma or 
serum, in general, depend on antibodies. Wi th  the 
exception of one assay that relies on polyclonal sera 
[49], all other assays reported for cTnl  have relied on 
monoclonal antibodies that provide highly efficient 
analytic specificity and good sensitivity [41,'45]. A 
new version of a more sensitive assay that maintains 
specificity has recently been reported in association 
with two clinical abstracts [30,31]. 

Assays fi)r cTnT also have relied on monoclonal 
antibodies. However, the initial laboratory assay uti- 
lized a monoclonal antibody in the "tag position" that 

had some degree of cross-reactivity with skeletal 
muscle troponin T [46]. This led to concern, espe- 
cially in patients with concomitant skeletal muscle 
injury and renal failure, that analytic false-positive 
elevations might  be reported [47,48]. This is likely to 
be true because even minor degrees of cross-reactivity 
may be important when the upper bound of the refer- 
ence range is equivalent to detectability, as is the case 
with cTnT. A new assay utilizing a more specific 
monoclonal antibody in the tag position reduces 
many of these analytic false positives ['49]. It is still 
likely, however, that there may be some biologic in- 
creases in cTnT due to its presence in normal and 
abnormal skeletal muscle [24,25]. 

Use of Troponin as an Earl), Marker 
Studies have confirmed the specificity and the sensi- 
tivity of the troponins as reliable markers of myocar- 
dial injury [27,29,36,42,50,51]. They have been 
shown to improve the specificity of diagnosis in 
patients with concomitant skeletal muscle injury 
[35,521. Furthermore, minor elevations in a variety of 
patients have been shown to have potent prognostic 
implications, for example, patients who are critically 
ill [8] and those with unstable angina [53-58].  How- 
ever, there are conflicting results about the time re- 
quired to rise to abnormal levels. Some researchers 
have observed the elevations of troponins (specifically 
cTnT) very early (by I hour) after the onset of 
acute myocardial infarction [43,59]. Most, however, 
agree with the report of Katus et al. [29], who ob- 
served rises in cTnT within 3 hours after the onset 
of symptoms in only a small number  of patients. 
For cTnI, elevations appear to occur slightly later 
than elevations of MB-CK [45]. Thus, the troponins 
do not compete effectively as early markers with 
CK isoforms, myoglobin, or fatty acid binding pro- 
tein, which arc often elevated shortly after the onset of 
infarction [8]. 

One comparative study used cTnT and myoglobin 
obtained at the time of admission [59]. cTnT was 
reported to be more sensitive than myoglobin ( 5 1 ~  
vs. 36%, respectively) but less specific as a marker of 
acute myocardial infarction during the first 4 hours 
after the onset of symptoms. However, cTnT should 
have greater specificity for myocardial damage than 
myoglobin. One possibile reason for this finding is 
that some of the early cTnT elevations reflected small 
myocardial infarctions that had occurred in the days 
prior to admission because elevations of the troponins 
persist for many days after acute events. If recurrent 
injury was subsequently diagnosed at the t ime of 
presentation in response to the new symptoms, cTnT 
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FIGURE 33-3. Mortality rates at el2 days according to the 
time of onset of pain to study enrollment and baseline cTnl 
levels, in patient groups separated by time from the onset of 
symptoms to presentation and those with and without in- 
creases in MB-CK. (Reproduced from Antman et al. [57], 
with permission.) 

would appear to be a sensitive early marker. If, on the 
other hand, infarction was not diagnosed, cTnT 
would appear to lack specificity. Furthermore, in two 
studies with cTnI in patients with unstable angina, 
the data suggest that increases in cTnl in response to 
myocardial injury have prognostic significance, even 
when MB-CK remains within the normal range 
[54,57]. Thus, early elevations of the troponins may 
be indicative of more sensitive detection, in addition 
to detecting events that occurred in the days prior to 
presentation. This may be another reason why a few 
studies have shown high early sensitivity [43] but 
most have not [60,611. 

Although the troponins may not be as early a 
marker as myoglobin, CK isoforms, or fatty acid 
binding protein, elevations, especially in critically ill 
patients [62] and those with unstable angina, have 
substantial prognostic value [53-58]. Thus, early as- 
sessment of a troponin (I or T) should assist triage of 
patients into low- and high-risk groups [53-58,62]. 
Furthermore, recent data in patients with acute 
infarction suggest that increases in troponin at the 
time of presentation nearly doubles the risk of subse- 
quent mortality and the complications of acute 
infarction, such as congestive heart failure, shock, and 
arrhythmias [621. These relationships were observed 
both in patients with non-Q-wave infarction as well 
as in those with Q-wave myocardial infarction and 
were only partially explained by differences from the 

time of onset of symptoms to presentation [63t. Fur- 
thermore, Collinson and associates recently have con- 
firmed that the prognostic significance of elevations of 
troponins at the time of hospital admission persist as 
long as 3 years after the acute event, suggesting that 
elevations of troponin may be indicative of some rela- 
tively important finding, perhaps within the coronary 
vasculature [64]. 

The initial findings in patients with unstable an- 
gina are attributable to Hamm and associates [56t. 
They reported that patients with unstable angina, 
especially those with ST-segment changes, had an 
increased incidence of complications and mortality if 
they presented with elevated values of cTnT. Thirty- 
three of the 109 patients (36%) had elevated levels of 
cTnI on admission. Thirty percent of these 33 pa- 
tients subsequently had myocardial infarctions and 
five died. Nearly identical values were reported by 
Collinson et al. in a series of 400 patients [55]. 
Ravildke et al. further confirmed these studies but 
suggested that it was the group of patients who had 
subsequently had elevated MB-CK values as well 
(indicative of non-Q-wave infarction) that were at 
greater risk [53t. For that reason, studies by Galvani 
et al. [54] and Antman et al. [57] with cTnI in 
similar patients corrected for this problem by elimi- 
nating patients with elevations of MB-CK early after 
admission. They found a slightly lower incidence of 
elevations with this strategy, but there was persis- 
tence of the adverse prognostic factor associated with 
elevations (Figure 33-3). In studies with large popu- 
lations, risk has risen in association with higher 
troponin values (Figure 33-d) [57,58]. 

Some elevations of troponins may represent those 
that persist from previous events. Thus, it would 
not be surprising if patients with unstable angina 
superimposed on previous non-Q-wave myocardial 
infarction were at higher risk than others. However, 
several lines of data support the contention originally 
made by Hamm and colleagues [561 that many of 
the elevations of troponins in plasma represent more 
sensitive detection of small amounts of myocardial 
necrosis. For example, in the study by Galvani 
and colleagues [54], elevations of cTnl were present 
on admission in only one third of patients who 
subsequently had elevations. The remainder devel- 
oped elevations, while values of MB-CK utilizing a 
sophisticated mass assay performed in a centralized 
core laboratory remained within the normal range. 
These data suggest that elevations of troponin are 
more sensitive than MB-CK for the detection of myo- 
cardial injury [54]. Similarly, Antman and colleagues 
[57] corrected their data to exclude patients with 
elevations of MB-CK. Their study documented a 1.8- 
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FIGURE 33-4. Incremental increases in mortality at 42 days 
associated with increasing levels of cTnl measured at the 
time of enrollment. (Reproduced from Autman eta]. [57], 
with permission.) 

fold increase in mortality in patients who presented 
early after the onset of symptoms ( 0 - 6  hours) and 
a 9.5-fold increase in patients presenting between 6 
and 24 hours after onset. For these patients, risk 
ratios of 1.7 and 5.5 persisted, even in the subset of 
patients without MB-CK elevations during their 
initial period of hospitalization. Overall, the risk ratio 
of 3.8 was diminished only slightly to 3.0 when 
patients who developed elevations in MB-CK were 
excluded. These data suggest, bur do not prove, 
that increases in the rroponins may be more sensitive 
than those of MB-CK for the detection of myocardial 
injury. 

Another important subgroup in whom elevations 
of troponin may be of significance are patients 
who are critically ill. In a recent study, Guest and 
colleagues [62] reported that of 209 consecutive 
patients admitted to the respiratory and critical care 
units with a variety of diagnoses, including gas- 
trointestinal bleeding, sepsis, diabetic ketoacidosis, 
etc., increases in cTnI occurred in 15% of patients 
and marked a subsequent mortality rate of 40%. Indi- 
viduals with normal cTnI values had a mortality rate 
of l 5%. In this study, troponin values were not made 
available to the physicians managing the patients. 
Thus, it is possible that minor increases in cTnI, 
which indicate the presence of cardiac involvement 
with the underlying disease process and/or con- 
comitant ischemic heart disease, render their prog- 
nostic significance by indicating the presence of 
cardiovascular dysfunction. Treating cardiac involve- 
ment in these patients may lead to a reduction in 
mortality. 

Conclusions 
In conclusion, the troponins should not, from first 
principles, facilitate an earlier diagnosis of acute myo- 
cardial infarction. However, the finding of elevated 
cardioc troponins in plasma, whether because of their 
persistence after acute events or because of their in- 
creased sensitivity compared with other markers in 
patients with definite acute MI, suspected acute MI, 
unstable angina, or those who are critically ill, may 
add important prognostic information that could 
optiminze therapy. Such prognostic information due 
to the persistence of elevations or increased sensitivity 
should be distinguished from the idea that increases 
in the cardiac troponins occur earlier than elevations 
of markers such as myoglobin, CK isoforms, or fatty 
acid binding protein because with the present genera- 
tion of assays this does not appear to be the case. 
However, more sensitive assays that improve detec- 
tion should be available in the near term. It may well 
be that once they are available, improved early sensi- 
tivity will be achieved allowing a cost-effective strat- 
egy of combining the potent prognostic information 
garnered by cardiac troponins with early sensitivity 
for the detection of myocardial injury. Such increased 
sensitivity may be a mixed blessing because very sen- 
sitive detection of tiny amounts of myocardial injury 
may lead to confusion over the etiology and signifi- 
cance of minor amounts of cardiac damage. Such pos- 
sibilities exist whenever major strides are made in 
diagnostic or therapeutic efficacy. 
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34. MARKERS OF THROMBOSIS 

A N D  FIBRINOLYSIS 

L. Veronica Lee, Dana R. Abendschein, and Paul R. Eisenberg 

Introduction 
Thrombosis plays a central role in the pathogenesis 
of acute coronary syndromes. Currently available 
therapies, which possess primarily antithrombotic 
and fibrinolytic properties, have improved the cli- 
nical outcome of patients with unstable angina and 
myocardial infarction. However, because of residual 
thrombosis, a significant proportion of patients with 
acute coronary syndromes develop complications 
such as reocclusion, reinfarction, recurrent ischemia, 
and stenosis, with clinical manisfestations ranging 
from stable angina to death. We currently lack 
critical information regarding the balance between 
thrombosis and fibrinolysis that would help guide the 
development of short-term, long-term, and preven- 
tive treatments. Plasma markers of thrombosis and 
fibrinolysis are likely to be crucial to the development 
and use of current and future therapeutic approaches. 
The following is an overview of some currently avail- 
able and novel assays for thrombotic and fibrinolytic 
activity, and recent clinical data on their potential 
role in the assessment of acute coronary syndromes 
and in guiding therapy. 

Markers of Activation and Inhibition 
of Coagulation 

TISSUE FACTOR: THE INITIATOR 
OF THROMBOSIS 
Tissue factor is a membrane-associated glycoprotein 
(263 amino acids, 37 kd) [1] that mediates activation 
of the coagulation cascade in response to endothelial 
injury (e.g., atherosclerotic plaque rupture) by bind- 
ing factor VIla and promoting activation of factor X 
(Figure 34-1). In normal arteries tissue factor is 
expressed by cells in the adventitia, and to a lesser 
extent the media [2,3], and its expression is increased 
in atherosclerotic plaques [3,4] and in response to 

arterial injury [5,6]. Increases in tissue factor have 
been identified by immunohistochemical methods in 
atherectomy specimens from patients with unstable 
coronary syndromes [4], suggesting that tissue factor 
expression may be a marker of a thrombotic mecha- 
nism in these patients [4]. However, there are no data 
available to suggest that plasma concentrations of 
tissue factor antigen or measurement of its activity 
(induced or constitutive) are markers of vascular wall 
expression of tissue factor. 

Tissue factor antigen has been measured in plasma 
with assays based on specific monoclonal antibodies 
[7-11] that do not distinguish between procoagulant 
and potentially inactive forms [12]. A whole-blood 
assay for measurement of tissue factor antigen concen- 
trations has recently been developed, but it has not 
been extensively evaluated in a clinical setting [ 13]. 
Assays that measure the expression of tissue factor 
activity induced in cultured circulating monocytes 
have been used to characterize plasma tissue factor- 
dependent procoagulant activity. Increases in time- 
dependent expression have been found in patients 
with myocardial infarction and in those with unstable 
and stable angina [ 13-151. In these studies, circulat- 
ing monocytes were collected, cultured, and stimu- 
lated in vitro by direct contact with the patient's 
lymphocytes [14], or by the addition of endotoxin 
[15]. Increased tissue factor-dependent procoagulant 
activity has been shown to persist for as long as 4 
weeks in patients admitted to the hospital for un- 
stable angina, suggesting a prolonged hypercoagu- 
lable state [14]. Monocyte expression of tissue factor 
in whole blood has also been characterized by flow- 
activated cell sorting (FACS) with the use of specific 
fluoroscein-labeled monoclonal antibodies [13}. 
Whether tissue factor antigen in plasma is membrane 
bound, possibly on circulating monocytes, or free in 
solution has not been well defined, and the functional 
significance of plasma levels is also unclear, because 
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IqGURE 34-I. Activation of" the coagulatim~ cascade. Men> 
brane-assodared tissue [act~w (TF) acts as a cofac~or m acti- 
vated {actor VII. "lhe TF--faeror Vlla complex rhea 
promotes the activation of factors IX aM X Factor VIHa, 
which can be m h i b i t ~  by activated protein C. I[[.)rms a 
complex with factor iXa m also. activate ~acror X Tissue 
f[~c[or parhwa} inhibitor (TFPt) forms a complex with ~hc- 
mr Xa that inhibhs d~e membra~e-bound TFA~cror VlIa 
complex Prorhrorabin ~s activated bv the membrane- 
associated prorhrombinase complex of-~actors Xa and Va in 
~he presence of calcium. Activated protein C atso hfffibirs 
the prothrom~inase complex. Prorhrombin (raiment FI.2 
is released when thrombin [factor ]h~ is activated by factor 
Xa/f~ctor Va Factor lIa is inhibited by anrithrombin tli. 
{brains *he thrombin-an[irh rombia complex (TAT). 

tissue factor acr~v~;y musr  be closely regulated to 
prevent  intravascular cnagulatioe Curremiy  ava ihb te  
infbrmat ion suggests d~at p~asrna tissue ~cror  is 
e i ther  reactive or tha t  ~rs act ivi ty is regulated by a 
mecha~ sm tha t  is as yet undefined. 

Increased concentra t ions  off fl~is an t igen  m urine 
correlate wi th  the  severhv of disease in inf lammatory 
bowel disease, as welt as breast, colon, m d  bladder 
cancer. In parienrs with cancer, increased plasma 
r>sue factor activity is associated with an elevated 
risk of  thrombosis  [16,17].  Endoroxin~mediared 
mcreases in [issue factor expression on maerophage.~ 
and endothel ia l  cells are t hough t  to be a mechanism 
for disseminated intravasc~dar coagulation [18-20}.  
bu t  plasma Ieve[s of t issue [;actor acriwry measured 
bv enzyme~linked immunosorber t t  assay (EL1SA) 
do nor direct ly correlate wi th  ~he presence of sucB 
consular[or? [8,12]. Nonetheless,  changes m plasma 
levels of tissue factor may reflect the c]i~ical se- 
veri ty of  pat ients  with  dissemir~ated intravascu]ar 
consular[ore 

FACTOR VII 

Factor Vii (56kd)  is activated bv f~ctor IX~, fi~cmr 
Xa, or rh rombin ,  and au[oactivares when bound to 
r~ssue factor [ 2 1 - 2 4 ]  The  half=lifb of  factor VIi  is 5 
hours and ~ha~ of acdva[ed facto~ VII  (VI[a) is 
approximately 2 hours [23}. Normally ,  factor 
VIIa exists as Iess rha~ 1% of the  total factor VII  
concentrat ion of 0.5 btg/mL m p~asma, unless there is 
a hypercoaguhb le  state o~ rapid turnover  of c lo t t ing  
factors [26,271. The tissue f;actor-&ctor Vl l a  complex 
~cdvates [i~ctors IX and X (see Fimlce 34-1) 

The majori ty  of p lasma assays fbr tacmr VII mea= 
sure only the act ivated ~brm and factor Vfla  actlv~tv 
agains~ synthet ic  substrates  [23] or {~lcror VIIa co- 
agulant  acrivley [28],  bu t  ant igen-based assays (eog,, 
ELISA, R1A) have also been described [29-32] .  As- 
says d.mt detect  an t igen  or c o a g u h n t  activity may nor 
accurately measure concetlrrations of [;actor VII  be- 
cause they may detect  it in several fbrms wi th  variable 
procoagutant  act ivi ty (factors VH and VHa. and in 
e i ther  membrane -bound  or tissue fgc~or pathway 
inhibi tor-associa ted  cm~tpiexes) and because factor 
VIIa  may cont inue ro be generated after plasma 
sampl ing [33]. 

A more p romismg  specific assav f(}r f~cror VHa 
has been developed by the use of sire-directed muta-  
t ions of tissue factor. This t echnique  permits  direct  
detect ion of factor Vt la  coagulant  ac~ivhy in phs rna  
wi thom the need fr}r phospho l iDd  membranes  {br 
b indh ,g  of the  ~ssue f-actor factor VHa complex 
[34°35]. I s  [he absence of  phosphot{pid membranes .  
autoacr~vation of ~acLor Vlf does not occur, and only 
factor VHa activated m vivo is measured {27,36,37]. 
Using  thls method fhcmr VIIa concentra~mns have 
been measured in normal  volunteers and have been 
found m be in the range of O .5 -8 .4ng /mL lmean 
3.6 ng/mL),  representing 0.8 % of the  rural c irculat ing 
factor VI1 [27]. Levels of factor VIIa are elevated in 
assoc*arion wi th  pregnancy a~d decrease in parwnrs 
wi th  deep veto thrombosis  who are receiwng antico- 
agulants  [27] Elevated factor VIIa concenEra~lons are 
also present in non-- insul in-dependenr  diabetics and 
in elder]y pa~lenrs wi th  cardiovascular disease, how~ 
ever. there is no relat ionship to cholesterol or rr,glyc- 
or[de concentrat ions m the latter group,  as previous[} 
described wi~h assays based on factor VIIa coaguhr,  r 
activity [ 3 8  40] .  

Elevations of ~acror V]la  coagulan~ acriviry have 
been reported in parmnts wi th  complicated myocar- 
dial infarction and in those wi th  uncompbca ted  
myocardial infarction, and in pat ients  wirh unstable 
angina  and peripheral  vascutar disease; these eleva- 
¢ions have been shown en be a risk factor for bo th  f;atal 
and nonfatal cardiac events in prospective popula t ion 
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studies [41-47].  In the Northwick Park study, factor 
VIIa coagulant activity was a risk factor for ischemic 
heart disease and correlated with early cardiac-related 
death. Other studies have not found a significant 
relationship between factor VII concentrations and 
cardiac events, but this may reflect differences in the 
assays used [48]. Thus, whether the increase in the 
concentration of factor VlIa activity or that in factor 
VII results in increased cardiovascular risk is unclear 
[28,43]. 

Although there are data that suggest that increases 
in factor VII concentrations are correlated with the 
risk of cardiac events (principally myocardial 
infarction and death), differences among assays pre- 
clude any recommendations for the measurement of 
either factor VII coagulant activity or antigen. Factor 
Vlla activity measured with the soluble tissue factor 
assay appears accurate, but the clinical utility of this 
assay remains to be defined. 

TISSUE FACTOR PATHWAY INHIBITOR 
Tissue factor pathway inhibitor (TFPI), a Kunitz-type 
serine protease inhibitor (both 34 and 41kd forms 
have been found), initially binds and inhibits factor 
Xa, and the factor Xa-TFPI complex inhibits factor 
VIIa-tissue factor complex (see Figure 34-1) [49,50]. 
Fifty to 70% of total TFP1 in the circulation is bound 
to endothelial cells, 10% is in platelets and can be 
released by platelet activation, and the rest circulates 
bound to low-density lipoproteins [51]. The normal 
plasma concentration of TFPI is approximately 89 ng/ 
mL. Endothelial release is thought to be responsible 
for the observed tripling of TFPI concentration in 
blood when samples are obtained by a template 
bleeding-time incision [52]. 

Concentrations of TFPI in plasma are increased in 
association with sepsis, cancer, exercise, pregnancy, 
adult respiratory distress syndrome, hypercholester- 
olemia, and disseminated intravascular coagulation 
[53-58].  Levels have also been shown to increase 
in patients with coronary heart disease in associa- 
tion with elevated concentrations of the factor VI I -  
phospholipid complex [59]. After myocardial infar- 
ction, increases in the concentration of TFPI have 
been shown to correlate with increased levels of low- 
density lipoprotein (LDL), and it has been suggested 
that binding of TFPI to LDL in hyperlipidemic pa- 
tients may impair the antithrombotic effects of the 
former [60,61]. 

Subcutaneous or intravenous unfractionated 
heparin results in a twofold to fourfold increase in 
plasma TFPI concentrations [56,62-64], presum- 
ably caused by its displacement from endothelium 
[61,65], with levels returning to baseline within 24 

hours of cessation of dosing [66]. However, TFPI 
levels have been reported to remain elevated for up to 
7 days after exposure to low molecular weight heparin 
in patients with deep venous thrombosis [67]. From 
studies in patients with deep venous thrombosis and 
in normal volunteers, there is some evidence that the 
absence of an increase in TFPI with heparin is a 
marker, and possibly the mechanism, of heparin 
resistance [67,68]. 

Markers of Thrombin Generation 

PROTHROMBIN FRAGMENT 1.2 
Prothrombin is cleaved by the factor Xa-factor Va 
complex to form Ot-thrombin and prothrombin frag- 
ment 1.2 (F1.2; 32 amino acids) [69]. Factor Xa 
mediated activation of prothrombin requires the 
formation of the factor Xa-factor Va complex in the 
presence of calcium on a membrane surface, probably 
provided by platelets (prothrombinase complex) 
[70,71]. Plasma concentrations ofF1.2 appear to be a 
sensitive marker of prothrombin activation and may 
be a more sensitive marker of the prerhrombotic state 
than measures of thrombin activity, such as fibrin- 
opeptide A (FPA) [72]. 

F1.2 concentrations have been measured by several 
immunoassays, but interpretation of the results has 
been hampered by the dissimilarity of the assays with 
regard to anticoagulants and antibodies used [73,74]. 
In general, however, F1.2 concentrations are elevated 
in the presence of disseminated intravascular coagula- 
tion, deep vein thrombosis [75], and promyelocytic 
leukemia [76]. Concentrations also increase with age, 
body mass index, and in patients with cardiac risk 
factors (e.g., smokers, sedentary lifestyle, parental his- 
tory of heart disease, and hypercholesterolemia) [40]. 

Concentrations of F1.2 are increased in patients 
with coronary atherosclerosis, but the degree of eleva- 
tion does not correlate with the severity of disease 
[77]. A recent study documented elevations in F1.2 
for 6 months after a first episode of unstable angina or 
acute myocardial infarction, although no association 
between levels and the risk of cardiac events could be 
found [78]. Concentrations of FPA normalized in this 
group of patients over the same time period. The 
finding of persistently elevated F1.2 levels after acute 
ischemic events may be a marker of a persistent 
procoagulant state. 

The measurement of F 1.2 levels has been proposed 
for monitoring the adequacy of anticoagulation. Al- 
though concentrations of F1.2 decrease in patients 
with angina and deep venous thrombosis treated with 
heparin or warfarin, they do not consistently correlate 
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Markers of Fibrin Formation and Degradation 
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FIGURE 34-2. Markets of fibrin formation and degradation. 
Proteolytic actions of thrombin are displayed on the left 
side of the figure and of plasmin on the right. Sequential 
cleavage of FPA and FPB by thrombin results in the forma- 
tion of fibrin 1 and then fibrin II. Factor XIlla crosslinks the 
fibrin II monomers to form crosslinked fibrin polymers. 
Plasmin degrades fibrinogen, farming fragment X and 
B[31-42. Plasmin proteoiysis of fibrin II results in the 
production of fragment ~15-42. Plasmin degradation of 
crosslinked fibrin results in the fi)rmation of crosslinked 
fibrin degradation products (XL-F1)P). 

with other measures of anticoagulation (e.g., PT, 
aPTT) or with the intensity of therapy [77,79,80]. 
In one study of patients undergoing coronary bypass 
surgery, concentrations of F1.2 were found to peak 
within 3 hours and to return to baseline within 20 
hours after discontinuation of cardiopulmonary by- 
pass, despite treatment with heparin [81]. The 
increases in F 1.2 after surgery correlate with increases 
in soluble fibrin and thrombin-antithrombin III 
complex levels over the same interval and with the 
occurrence of myocardial ischemia, suggesting that 
inadequate thrombin inhibition may be a mechanism 
for ischemia in these patients. The use of protamine at 
the end of surgery to reverse the effects of heparin may 
also contribute to a procoagulant state [82]. Thus, 
increases in F1.2 may identify patients at risk for a 
postoperative myocardial infarction. These findings 
also suggest a need for improved postoperative anti- 
coagulation, but the value of routine measurement 
of F1.2 levels as a marker of adequate inhibition of 
thrombin has not yet been confrmed. 

Results of studies using long-term oral anticoa- 
gulation with warfarin have suggested that measure- 
ment of F1.2 may have a role in monitoring the 
adequacy of anticoagulation, but concentrations of 
FI.2 do not correlate with the prothrombin time or 

the occurrence of venous and arterial thrombotic 
events [83,84]. Measurement of F1.2 has recently 
been suggested for monitoring oral anticoagulation 
after coronary stent placement [85], and may also 
have a role in assessing the efficacy of novel anticoagu- 
lants, such as inhibitors of factor Xa or the tissue 
factor pathway. For example, several recent studies 
have found that F1.2 concentrations are not decreased 
in patients treated with hirudin, suggesting that per- 
sistent thrombin elaboration is occurring despite in- 
hibition of thrombin activity [86-88]. 

Concentrations of F 1.2 increase in association with 
rhrombolytic therapy, due to activation of prothrom- 
bin, and are not normalized by administration of 
heparin [89,90]. These data are consistent with in- 
creased procoagulant activity during thrombolytic 
therapy, attributable in part to plasmin-induced acti- 
vation of the coagulation system and to exposure of 
clot-associated factor Xa-factor Va complex [91]. 
However, increases in F1.2 concentrations in patients 
treated with coronary thrombolysis do not appear to 
be associated with an increased risk of adverse events 
[92]. 

FIBRINOPEPTIDES 
Fibrinopeptide A (FPA) and fibrinopeptide B (FPB) 
are released by the prnteolytic action of thrombin on 
fibrinogen. FPA is a 16 amino acid peptide from the 
amino terminus of the fibrinogen no-chain. The con- 
centration of FPA in plasma has been estimated to 
increase by 4 ng/mL for ever), 1 mg of fibrinogen con- 
verted to fibrin by thrombin [93]. FPA is rapidly 
cleared by the kidneys, with a halfLlife uf3-3 minutes 
[93]. FPA is released more rapidly from fibrinogen 
than is FPB, resulting in the intermediate fibrin 
I molecule (des AA-fibrin; Figure 34-2) [94-96]. 
FPB is released from the amino terminus of the ]3- 
chain of fibrinogen or fibrin 1, and is a 14-amino 
acid peptide. The sequential cleavage of FPA and 
FPB results in the formation of the fibrin II monomer 
(des AABB-fibrin). Fibrin I forms double-stranded 
protofibrils that can be crosslinked by Factor Xllla in 
the presence of calcium [97]. However, crosslinked 
fibrin usually consists of a complex gel-like matrix of 
protofibrils formed from fibrin II [98]. Fibrin clots 
form when the ratio of fibrin to fibrinogen exceeds 
1:3 [99]. 

The concentration of FPA in healthy volunteers 
is between O.1 and 1.3nM, with a mean of O,6nM 
[1OO]. Three molecular forms of FPA circulate in 
plasma: FPA-P, in which the serme at position 3 is 
phosphorylated; unphosphorylated FPA; and FPA-Y, 
in which the amino-terminal alanine is cleaved 
[101,102}. The percentage of the phosphorylated 
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form appears to be increased in acute illness and may 
represent as much as 60% of the total concentration of 
FPA [103]. The mean urinary excretion of FPA is 
1.67 + 0.1 (SE) p.g/24h or 0.2-0.5% of total FPA 
released from fibrinogen in 1 day [104]. FPA may be 
dephosphorylated, and the carboxy terminus may be 
cleaved by the kidneys before excretion [105]. Con- 
centrations of FPA in urine collected over 24 hours 
correlate with plasma levels [104,106]. 

Assays for FPA and FPB. Several plasma assays for 
FPA have been developed since the initial descrip- 
tion of a radioimmunoassay (RIA) by Nossel et al. 
[93,107,108]. Most assays recognize the amino 
terminus of the AOc-chain of fibrinogen, and there- 
fore fibrinogen and fibrinogen degradation products 
must be removed from plasma samples before the 
assay is performed. This can be accomplished by 
bentonite adsorption [109,110], Q,-reversed phase 
chromatography (SEP-pak), or 50-75cA ethanol pre- 
cipitation. Recovery of FPA from plasma after sample 
preparation ranges from 70% to more than 90% 
with these methods [93,111-115]. Antiserum (R2) 
specific for the carboxy terminus of FPA has also 
been described by Nossel [107,108], and Kudryk 
[116] later developed a monoclonal antibody with 
similar specificity. Because these assays recognize only 
FPA, removal of fibrinogen from tile sample is not 
necessary. 

Measurement of FPA requires meticulous acquisi- 
tion, collection, and processing of blood samples to 
avoid rhrombin elaboration and ex vivo increases in 
FPA concentration [117,118t. Thrombin must be 
rapidly inhibited at the time of sampling or concen- 
trations of FPA will be artificially elevated; therefore, 
samples must be collected in a mixture that includes 
both an anticoagulant and a plasmin inhibitor, such 
as aprotinin, to prevent fibrinogen degradation. 
In initial studies, high concentrations of heparin 
were shown to be sufficient to inhibit thrombin dur- 
ing sample acquisition for measurement of FPA under 
a variety of thrombotic conditions [117,119]. How- 
ever, in samples from patients treated with tissue 
plasminogen activator (t-PA), inhibition of t-PA 
activity against fibrinogen required the addition 
of d-phe-pro-arg-chloromethylketone (PPACK). 
PPACK was initially designed as a thrombin inhibi- 
tor, but at high concentrations it also inhibits plas- 
min and t-PA [117]. 

An assay for FPB was developed initially by 
Eckhardt et al. [120], but this peptide has been diffi- 
cult to measure in plasma because of reduced immu- 
noreactivity after cleavage of C-terminal arginine by 
carboxypeptidase. A radioimmunoassay [96] and an- 

tiserum to des-Arg FPB [76] have also been de- 
scribed, but there is little information on the concen- 
trations of FPB in humans. 

Clinical Utility of Measurements of FPA. Con- 
centrations of FPA are increased in patients in 
thrombotic states, such as those with ischemic stroke 
[121,122], pulmonary embolism [123], venous 
thromboembolism [100,124], malignancies 
[ 125,126], burns, disseminated intravascular coagu- 
lation, systemic lupus erythematosus [111], ischemic 
chest pain [127], mural thrombosis [128], and 
sudden cardiac death [112,123,129]. Increases in 
FPA levels are sensitive markers of thrombosis, but 
may not reflect a pathologic condition if other induc- 
ers of thrombin elaboration are present, such as 
indwelling catheters or extravascular thrombin activ- 
ity [130,131]. 

Concentrations of FPA in plasma have been shown 
to be more elevated in patients with unstable than in 
those with stable coronary artery disease, and eleva- 
tions have been related to increases in the incidence of 
ischemic events [ 132]. FPA levels are also elevated in 
the urine of patients with unstable angina, and the 
differences in FPA concentrations ill those with un- 
stable and those with stable angina are even more 
marked in urine [133]. Plasma FPA increases soon 
after the onset of ischemic symptoms and then de- 
creases rapidly in the majority of patients. Elevations 
may persist in patients with active thrombosis and are 
a marker for increased risk of complications, such as 
recurrent infarction [ 134,135]. The presence of clini- 
cal markers of high-risk unstable angina (e.g., symp- 
toms refractory to medical management, ST 
depression on the ECG, or plaques complicated by 
thrombosis) is associated with more marked increases 
in plasma and urine concentrations ofFPA [ 135,136], 
and concentrations are higher in patients with myo- 
cardial infarction and unstable angina than ill patients 
with stable angina, even when the blood samples are 
drawn from those without clinically active ischemia 
[78,106,137]. 

Concentrations of FPA in plasma are decreased 
by heparin, and the rapid decrease (<15 minutes) in 
FPA after an intravenous bolus of heparin has been 
used as a criterion for distinguishing intravascular 
(fast response) from extravascular thrombin genera- 
tion (slow response) [100,125]. The effects of heparin 
are not complete or long lasting. However, in a stud), 
by Mombelli et al., patients with myocardial 
infarction treated with a 5000 IU intravenous bolus of 
heparin had rapid decreases in plasma FPA, even 
during a constant intravenous infusion of 20,000 IU 
daily FPA did not return to normal levels [138]; and 



426 PART B: CLINICAL APPLICATION OF SCIENTIFIC PRINCIPLES 

once heparin was stopped, the FPA concentration 
increased significantly. 

Persistent increases in FPA despite heparin therapy 
have been found to be markers of heparin resistance 
and of an increased risk of thrombosis in several stud- 
ies. In patients undergoing coronary interventions 
in whom the activated clotting time (ACT) was 
maintained above 300 seconds with heparin boluses, 
concentrations of FPA in samples obtained from 
the coronary sinus remained above the threshold 
for suppression of thrombin activity in 45% of 
patients [ 139]. There was also a significant relation- 
ship between elevations in FPA and the presence 
of intracoronary thrombus, abrupt closure, postpro- 
cedural myocardial infarction, and unsuccessful 
procedures. In patients with myocardial infarction, 
concentrations of FPA in samples obtained from a 
peripheral vein decreased rapidly after administration 
of intravenous heparin, but more gradually after ad- 
ministration of subcutaneous heparin. As in the study 
described earlier, neither mode of administration of 
heparin decreased concentrations of FPA to normal 
levels, suggesting that patients are more resistant to 
the effects of heparin after myocardial infarction 
[140]. 

Concentrations of FPA are increased in patients 
treated with fibrinolytic agents, in part because of de 
novo elaboration of thrombin [89,141,142], Such in- 
creases are attenuated, but not abolished, by concomi- 
tant intravenous heparin [ 143,144]. Increases in FPA 
levels during treatment with fibrinolytic agents have 
been associated with inadequate thrombolysis or 
persistent procoagulant activity, which can result in 
reocclusion or failure of reperfusion [145-147]. 
Specifically, high or persistent elevations of FPA 
concentrations within 30 and 90 minutes of 
streptokinase (SK) and t-PA therapy, respectively, 
have been associated with inadequate thrombnlysis 
[141,146]. Elevations of FPA decrease within 30 
minutes of the initiation of heparin therapy in pa- 
tients without clinical evidence of reocclusion who 
are treated with t-PA [146]. Proteolytic activity of 
fibrinolytic enzymes at concentrations reached during 
pharmacologic thrombolysis may result in the forma- 
tion of FPA (t-PA, plasmin), FPB (t-PA, urokinase), 
and in the release of fragments with the potential for 
cross-reactivity in FPA assays, such as fragment AO~l- 
21 (plasmin, elastase) [ 148]. 

THROMBIN-ANT1THROMBIN COMPLEX 
Antithrombin III inactivates thrombin by irrevers- 
ibly binding to its catalytic site. The concentration of 
antithrombin III in plasma is approximately 2.5 ~IM, 
but this does not include that which is bound to 

heparin-like molecules on the endothelium [149]. 
The measurement of concentrations of thrombin-  
antithrombin III complex (TAT) provides a means 
of monitoring the elaboration of thrombin and its 
direct inhibition by antithrombin III [150]. TAT is 
thought to have a half-life in plasma of approximately 
5 minutes [ 151 ]. Measurement of TAT may be clini- 
cally useful as a marker for thrombin activity, because 
of this rapid turnover and because blood samples do 
not appear to be contaminated by elaboration of the 
complex ex vivo [152,153]. 

Two assay methods are available to measure TAT 
levels [ 154,155]: RIA (normal concentrations, 2.32 -+ 
0.36 nM [SD]) [150] and ELISA (normal concentra- 
tions, 1.45 + 0.4ng/ml) [155]. Concentrations of 
TAT have been shown to be elevated in disseminated 
intravascular coagulation, deep venous thrombosis 
[76,156], and pulmonary embolism [157], and tend 
to be higher in women than in men under basal 
conditions [158]. 

Concentrations of TAT are elevated in patients 
with atherosclerotic heart disease, but the levels do 
not appear to correlate with the extent of disease 
[77]. In contrast, there does appear to be a relation- 
ship between TAT levels and the severity of periph- 
eral vascular disease [159]. Concentrations of TAT 
are also increased in patients in whom reperfusion 
does not occur with coronary thrombolytic therapy 
[90,151 ], although it has not been proven that these 
increases are a sensitive or specific marker of reper- 
fusion in these patients [92]. Heparin therapy does 
not suppress TAT formation completely, consistent 
with the hypothesis that thrombin elaboration during 
treatment with thrombolytics is resistant to heparin 
antithrombin I l l -mediated inhibition [89,92,151]. 
Concentrations of TAT are elevated 3 hours after 
thrombolysis of a lower limb arterial occlusion and 
after anticoagulation during coronary pulmonary by- 
pass, and correlate with F1.2 and soluble fibrin levels 
[81,160]. Interestingly, TAT is decreased after 9 
months of oral anticoagulation in patients with coro- 
nary artery disease, but is increased in patients treated 
with aspirin therapy alone [77,161], suggesting an 
additive role for combining antithrombotic and 
antiplatelet therapy in coronary artery disease. 

SOLUBLE FIBRIN 
There has been considerable interest in measuring 
soluble fibrin species in plasma as a marker of the 
prethrombotic state, because of its longer half-life 
(several hours) and decreased susceptibility to sam- 
piing artifact. However, the molecular structure of 
soluble fibrin species in plasma has not been well 
characterized, and available assays differ considerably 
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in the methods used for detecting soluble fibrin, as 
will be described later. There is general agreement 
that soluble fibrin species result when FPA is cleaved 
and fibrin I associates with fibrinogen in plasma 
[162], and it has been shown that soluble fibrin is 
associated with fibrin(ogen) degradation products 
[ 162-168]. Levels of soluble fibrin species have been 
reported to be increased in plasma from patients with 
myocardial infarction or unstable angina [169-171 ], 
but the assays used in these studies were not specific 
for fibrin moieties so that fibrinogen degradation 
products may have been measured as well. 

Assays for soluble fibrin have been described that 
measure the extent to which plasma stimulates t -PA- 
mediated plasminogen activation, reasoning that this 
stimulation is attributable to the fact that soluble 
fibrin acts as a cofactor for t-PA. However, this 
method is not specific, because fibrinogen degrada- 
tion products also act as cofactors for t-PA [148]. 
Soluble fibrin can also be characterized by electro- 
phoresis and immunoblotting, but this method, 
while more specific, is not clinically applicable. One 
electrophoretic approach that may be feasible for 
clinical assays involves extraction of fibrin-related 
antigens from serum with antihuman fibrinogen lgG 
bound to disk probes. The extracted antigens can 
be eluted and separated by GPR-phoresis. The pro- 
portion of each is then determined by densitometry, 
with the presence of fibrin monomers and small fibrin 
polymers confirmed by the ethanol gelation test 
[170,172-174]. 

Assays for soluble fibrin based on an ELISA incor- 
porating monoclonal capture antibodies that are spe- 
cific for neoepitopes on soluble fibrin have recently 
been developed. One such assay uses an antibody 
directed against a neoepitope on the ]'-chain of fibrin 
formed after FPA is cleaved [175] and a tag mono- 
donal antibody specific for the D-region of fibrin in 
fibrinogen (4D2) [176] conjugated to horseradish 
peroxidase. In initial studies, the normal range for 
levels of soluble fibrin in plasma from healthy volun- 
teers was 0.69-t.73btg/mL, with an upper limit of 
normal of 1.45-4.5[.tg/mL [177,178]. Changes in 
concentrations of soluble fibrin measured with this 
assay were as sensitive as measurements of FPA for 
detection of fibrin elaboration in vitro. In patients 
with myocardial infarction, soluble fibrin concentra- 
tions were increased, and they did not appear to 
change after treatment with SK or t-PA [178]. 

PROTEIN C ACTIVATION PEPTIDE 
Thrombin, when bound to thrombomodulin on the 
vascular endothelium in the presence of calcium, acti- 
vates protein C (62 kd) by cleaving protein C activa- 

tion peptide, a 12-amino acid polypeptide, from the 
amino terminus [179]. Activated protein C pro- 
teolytically inactivates factors Va and Villa [180- 
182]. Proteolysis of these cofactors results in 
inactivation of the factor IXa-factor Villa and factor 
Xa-factor Va complexes (see Figure 34-1). 

An RIA for protein C activation peptide was devel- 
oped by Bauer et al., who reported a mean concentra- 
tion in healthy volunteers of 6.47 pM, with an upper 
limit of normal of 180pM [183]. The half-life of 
protein C activation peptide in primates was found to 
be approximately 5 minutes. Concentrations of pro- 
tein C activation peptide were elevated in patients 
with disseminated intravascular coagulation and deep 
venous thrombosis, and decreased in response to war- 
Farin therapy [183]. In elderly men, elevated concen- 
trations of protein C activation peptide may be a 
marker of a prethrombotic state, but there appears to 
be no correlation with F1.2 or FPA levels [184]. 

Markers of Plasmin Generation 
Characterization of fibrinolytic activity in vivo has 
been accomplished primarily by measuring the con- 
centration of activators and inhibitors ofplasminogen 
activation and plasmin. Plasminogen (90kd) is acti- 
vated by both fibrin-dependent t-PA and urokinase- 
type plasminogen activator (u-PAL both of which 
transform it into the double-chain enzyme, plasmin 
[185]. Physiologic intravascular fibrinolytic activity 
is attributable to t-PA, which has no catalytic activity 
toward fibrinogen. However, in the presence offibrln, 
both t-PA and plasminogen bind to fibrin, forming a 
trimolecular complex that induces plasmin formation 
and fibrinolysis. Urokinase is secreted by cells as a 
single-chain polypeptide that is relatively inactive in 
plasma, but the enzyme appears to be the principal 
regulator of extravascular fibrinolytic activity when 
bound to specific cell receptors. Plasminogen activa- 
tion is inhibited by plasminogen activator inhibitor 
(PAl-I) by the formation of stable complexes 
with either t-PA or u-PA in a l : l  stoichiometric 
relationship [186-189]. Plasmin is inhibited by o~,- 
antiplasmin, a glycoprotein that forms a 1 : 1 stoichio- 
metric complex with plasmin [190-192]. Under 
normal conditions, depletion of fibrinolytic inhibitors 
has been found to result in an increased production of 
plasmin and increased fibrin degradation [193]. 

t-PA AND PAI-1 
Plasmin promotes the conversion of t-PA, a 527- 
amino acid poiypeptide, to a two-chain molecule 
[ 194]. The one-chain form of t-PA binds fibrin more 
strongly than its two-chain form, which binds plas- 
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minogen and the inhibirors of t-PA more avidly 
[ 195-199L When  either t -PA :)r plasmin is bound ro 
fibrin, ~c is relatively resistant "co inactiva~,on by PAL 
1 and ~ -an t ip l a smim CompJexes of t -PA with PAL 
1 or ~Tantiplasmin have recendy bees shown to be 
cleared from the liver by low-density lipopratein 
receptor-rehted protein (LRP) [200-202}. The he- 
patic clearance of r-PA rnay onh be initiated after 
corr~pbx formation with PAl-1 [203--206], Rebase of 
t-PA ~s thought  re be primarily from the vascular 
endothelium [207-209] ,  aud ~s concentration in 
plasma exhibits circadian varmrion and varies wbh 
age, the presence of altered hepatic clearance or in- 
creased catecholamines [210 -2 [ 3]. 

PA[-I (30kd) is a serine prorease inhibitor 
[186.2011 that has the porenria| m mhil-~ir plasrnm. 
rhrombin, and factors Xa, XIa. and XIIa m addition 
m its primar) substrares, t -PA aud u-PA [214,2l  3], 
P A b l  ts synthesized by endothelial co]Is° and ~,~ 
stored m platelets [215-217] ,  vascular smooth 
muscb  cells, adipocy~es {218], and heparocy~es 
[21q,219]; k exists m ~wn flmcdona]|y different 
molecular conformations: active and intent [ 220 -  
223t. The laten~ form can be converted to the active 
conforn~adon by weatmenc w k h  guanidine chloride, 
sodium dodecyl sulfate, or z e a  (denaturing condi~ 
~mns) ex vivo. Sue whether conversion occurs m v~vo 
is noe known [222,224,225].  hi ehe (x-granules of 
platelets, PAt--] concentrations are high (]00-- 

200 rGlmL), but ir ~s unclear ~a hod-mr this is artri :m~- 
,~bb ~o the arrive or the ]atone form [226] The 
plasma eoncenwa~ion of PAL1 is 10 -20ng /mL 
[186 227]. 

Free PALl  has a halglife of  4 hours in piasma 
[224] buc P A L l  bind~ eo the gtycopro~em 
virronecrin with ] : 1 sroichiometry, both in plasma 
and at extravascular shes. increasing ehe haIf-lifb of 
the complex (75 kd} ro more than 24 hours, and P A b  
] remains m the active coafbtmadon when bound ~o 
rhe complex [ 2 2 8  231] tr is present at a concen~ra- 
rmn nf 0 . 2 5 - 0 A S m g / m L  m blond [231]. it ~s an 
obligatory cofacror for PAI- I  inhibkion of rhrombin 
t232.233] and potentiates P A I l  inhibkion of t -PA 
sixfMd. Other  cofactors fur PAI - t  inhibi~ior: n( t-PA 
are {ibrin(ogen) and unf'ractionated heparin {234}, but 
nor ~ow molecular w-e~ghr heparin [235t. ][]eparm 
ar~emm~es PAL1 binding to vi~ronectm, which may 
make P A L l  less stable~ resuJting m enhanced fibrin- 
olytic activity {-236], 

A.;Ja)a Jor PAI- I and t-PA. Recent assays to charac- 
terize P A I d  aceivi;y in plasma have measured the 
residual t-PA activity after addition of a known q~mno 

PAM ma*;S e0ne~n[r~gi~n 

f-PA activity 

t I 
GDA ma~$ cQneet~tra~[~l~ 

FIGURE 34-3 Assa}s Of fire fibeinolyd¢ system. Current 
assays measure either mass concenr~atim~ or acdvky, Mass 
concentration assays me ,ore  ~otal PA]-I or t-PA concen- 
trations, whereas assay of" the activity of' t-PA does nor 
measure the inactive fraction of tq~A hotrod m PAn-1 or 
othe~ ~nh~birors. {za~M = c@macroglobulin; O:FAP : cz 2- 
andplasrnina (From ]ansson JH, Boman K, Nihson TK. 
Eaa[aprii- related changes in the fibrinMytic system in sur- 
vivors of myocardial in{hrctioa. Eur J Cl{a Pharmacof 
44:483488,  1993, wkh permission,) 

dry  of  t~PA ro the sample, or the activity of PAI-1 
direedy after additimt of single<hMn t-PA (Figure 
34-3) [201,237-242}. Measured concentrations of. 
PA!- I  and voPA may be fMse!y high or ]ow when 
measured by these methods, because of  formation 
of t PA-PAI-1  complexes, inhibkion of e=PA by 
ether inhibirors, conc~irmnt ~hrombolysis, or p[atebt  
activation wieh release of active PAI-1 ,  phsminogen,  
or g?-an t iphsmin  during sample acquisition 
[239,243]~ 

Mass concentrations of ~-PA a~d PAI-1 have 
been assayed by R[A and ELISA me~!mds (see Figure 
34,3) {21!,239,2'14-247}. These assays are more 
sensitive than activity-based assays and are able to 
de~ecc t -PA and PAL1,  whether they ate free or 
bound in a complex, but they may nor be sufficiently 
sensitive for measuring minimal  increases in the con- 
centration of toPA antigen above baseline levels 
[2 i ]~238,248]. 

Accurate measmemer~t of PAI . I  requites rapid 
separation of" plasma and anaiysis of fresh sampbs,  
because ie is unstable and sensitive eo repeated freez- 
ing/thawing, which may cause ~he release of addi- 
tional P A i l  from platelets [249]. Similar  rapid 
handling is required befbre measuremen~ of t-PA in 
plasma because of ks instability and increased activity 
in the presen<e of fibrin. Assay of t=PA activity re- 
quires the addition of anticoagulants to prevent fibrin 
[brmation, and acidification to prevent inhibition 
by PAI-1, C-1 esEerase inhfbitor, or e<7-andplasmin 
[ t 85~201 ]. Samples should be obtained at the same 
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time of day to standardize measurements when used 
for comparison within or between individuals, be- 
cause there is a significant diurnal variation in PAI-1 
and t-PA concentrations: the concentration of PAI-1 
is increased and that of t-PA is decreased in the morn- 
ing [250]. Some data suggest that the resulting po- 
tential for a decrease in fibrinolytic activity correlates 
with an increased risk of coronary thrombosis in the 
morning [213,249-253]. 

Clinical Utility of Measurements of PAl-1 arid t- 
PA Several factors increase the synthesis of PAl-l, 
including endotoxemia [237,254], administration of 
insulin [255,256], elevations of very low density 
lipoproteins (VLDL) [257], and increased concentrations of 
low density lipoproteins (LDL) [258,259]. PAl-1 is also 
increased in thrombotic disorders such as myocardial 
infarction, deep venous thrombosis, and pulmonary 
embolism [237,241,260-263], but PAI-1 is not a specific 
marker of thromboembolic disease because it is also an 
acute-phase reactant and concentrations are increased after 
the first trimester of pregnancy, and in patients with 
hepatitis, pancreatitis, and malignancies [239,264-266]. 

PAI-1 concentrations are higher in patients with 
cardiovascular risk factors, such as diabetes, hyper- 
triglyceridemia, obesity, and hypertension, and in 
postmenopausal women. Several investigators have 
found that PAI-I is increased and correlates with 
high insulin levels in diabetic patients with insulin 
resistance syndrome, which is characterized by eleva- 
tions of serum triglycerides, body mass index (BMI), 
and the waist-to-hip ratio (WHR) [238,267,268]. A 
genetic link between PAI-1 concentration and the 
presence of coronary artery disease in diabetic patients 
is suggested by the predominance of the PAI-1 
genotype 4G/4G in non-insulin-dependent diabetes 
mellitus patients with coronary artery disease. This 
genotype is associated with increased PAI-1 levels 
[269]. Reduction of insulin levels by exercise, weight 
loss, or metformin therapy has been shown to 
decrease both insulin resistance and PAI-1 concentra- 
tions [270,271], although corresponding increases in 
insulin levels do not lead to an analogous increase 
in PAI-1 concentrations [249]. Treatment of hyper- 
triglyceridemia with diet, weight loss, or gemfibrizol 
therapy decreases fibrinolytic capacity, as measured 
by changes in the concentration of D-dimer in 
response to infusion of 1-deamino-8-d-arginine 
vasopressin and increases in PAI-1 concentrations 
[272-274]. 

Obesity is associated with increased PAl-1 concen- 
trations, which also correlate with BMI and WHR 
[275]. Concentrations of both fibrinogen and PAl-1 
correlate with glucose and insulin levels [276], and 

inversely correlate with BMI and t-PA activity [277]. 
Both WHR and PAI-1 concentrations have been 
found to be independent risk factors for left ventri- 
cular dysfunction [278], confirming the importance 
of obesity and PAI-1 as measures of the risk of heart 
disease. 

There is evidence that estrogen increases fibrin- 
olytic potential, possibly providing a mechanism for 
its cardioprotective effects [279]. Women have lower 
PAI-1 levels than men of the same age, In rats, 
the sex-related difference in PAI-1 concentration 
disappears after orchiectomy [280]. Women receiv- 
ing oral or transdermal hormone replacement have 
lower PAI-1 concentrations than those not receiving 
treatment, irrespective of their endogenous hormone 
levels [281]. 

In patients with established hypertension, PAI-I 
and t-PA antigen concentrations have been reported 
to be increased and t-PA activity decreased, but this 
relationship could be the result of preexisting athero- 
sclerosis or the coexistence of other factors such as 
obesity or diabetes [277,282-284]. PAl-1 concentra- 
tions increase in a dose-dependent manner after 
intravenous administration of angiotensin II in both 
normotensive and hypertensive patients, perhaps 
representing a mechanism for the increased risk of 
thrombotic events observed in hypertensive patients 
with elevated renin concentrations [285,286]. In 
the SAVE study, PAI-1 concentrations and renin 
activity were compared after myocardial infarction 
(mean 12 days) [287]. Treatment of patients after 
myocardial infarction with angiotensin-converring 
enzyme inhibitors reduces t-PA and PAI-1 concentra- 
tions, and increases the t-PA antigen concentration 
[243,288,289]. 

The use of increased plasma levels of PAl-1 as a 
marker of atherosclerosis has been proposed based 
on the increased expression of PAl-1 in atherosde- 
rotic tissue. Increased expression of PAl-1 mRNA has 
been documented in intimal smooth muscle cells, 
macrophages, and the fibrous cap of atherosclerntic 
plaques, as well as in the surrounding neovessel 
formation [290-292]. In patients with well- 
documented atherosclerosis, plasma PAI-1 and t-PA 
concentrations are elevated. However, the sensitivity 
of PAI-1 for atherosclerosis may be limited by the 
decreases in concentration that occur with advancing 
age [293]. In a case-control study, patients with 
atherosclerotic disease and a thrombotic event within 
1 year of follow-up had significantly elevated levels of 
PAl- l ,  t-PA, and crosslinked fibrin(ogen) degrada- 
tion products compared with those in patients in 
whom a thrombotic event did not occur [294]. 
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However, in two other case-control studies, no as- 
sociation between the presence of coronary artery dis- 
ease and t-PA and PAl-1 concentrations was found 
[295,296]. Elevations of PAI-1 and t-PA were 
demonstrated in patients with coronary artery disease 
documented by coronary angiography, but no rela- 
tionship between the severity of coronary artery dis- 
ease and altered fibrinolytic activity was apparent 
[297]. In another study, patients with exercise- 
induced ischemia and angiographically documented 
coronary disease were tbund to have increases in PAI- 
l concentration and reductions in t-PA activation 
that corresponded to those associated with more se- 
vere ischemia or multivessel disease [298]. 

PAI-1 concentrations are higher in patients with 
angina without a prior myocardial infarction c o m -  

pared with control patients, but are even higher 
in patients with angina and a prior myocardial 
infarction, and are highest in patients with acute 
myocardial infarction [299,300]. Nonetheless, in sev- 
eral studies of patients with angina, the correlation 
between PAl-1 concentrations and the severity of 
coronary artery disease was unclear [301-304]. 
Whether the increases in PAI-1 observed reflect on- 
going thrombosis or a risk of thrombosis has not been 
established, but in one study of patients with myocar- 
dial infarction without significant coronary artery 
disease, PAI-1 concentrations were elevated and 
were associated with an increased risk of spontaneous 
thrombosis. These patients also demonstrated de- 
creased t-PA activity, suggesting inhibited fibrin- 
olytic activity [305]. After myocardial infarction, 
concentrations of PAI-1 and t-PA remain elevated, 
but t-PA activity is reduced for up to 3 years [306- 
309]. These results suggest long-term inhibition of 
fibrinolytic activity in patients with coronary artery 
disease who have had a myocardial infarction. 

It is possible that the measurement of t-PA and 
PAl-1 could be useful in identifying patients at high 
risk for future myocardial infarction [308,310,311 ]. 
In prospective studies of patients with myocardial 
infarction and/or severe angina for a minimum of 4 
years who later developed a reinfarction, PAI-1 and t- 
PA antigen concentrations were elevated and t-PA 
activity was reduced compared with that in controls, 
and there was a correlation between increased t-PA 
antigen and mortality [312-315]. 

Patients exhibiting restenosis after angioplasty 
have higher t-PA concentrations 6 hours after the 
procedure, and increased free PAI-I and t-PA con- 
centrations at I week and 3 months, compared with 
levels in those without restenosis [302,316-318]. 
In patients with myocardial infarction, PAI-I or 
t-PA antigen concentrations do not increase after 

angioplasty of arteries that have failed to recanalize 
with intravenous t-PA, whereas successful reperfusion 
after emergency catheterization and intracoronary 
urokinase is associated with an increase in PAI-I con- 
centration [319,320]. In patients with myocardial 
infarction treated with t-PA, PAI-1 concentrations 
increase more rapidly and are higher at 4 hours than 
those in patients treated with primary angioplasty 
[321]. Before initiation of therapy in patients 
with myocardial infarction, spontaneous intermittent 
myocardial reperfusion, as measured by Holter ST- 
segment recording, is associated with reduced levels 
of t-PA and C-reactive protein compared with levels 
in patients with myocardial infarction without evi- 
dence of intermittent reperfusion [322]. 

It has also been shown that patients with intermit- 
tent reperfusion exhibit increased thrombin activity 
(increased concentration of FI.2) and high soluble 
fibrin levels, even when coronary artery patency ar 90 
minutes after thrombolytic therapy is similar to 
that in patients without intermittent reperfusion 
[322]. It has been hypothesized that resistance to 
thrombolysis and reocclusion may be the result of 
release of PAl-1 from activated platelets and exposure 
of thrombus-associated procoagulants during 
thrombolysis [323]. Resistance to clot lysis may 
also be the result of 0~e-antiplasmin and factor XIII-  
mediated fibrin crosslinking [226,324-328]. 

PLASM | N-Ot_,-ANTI PLASMIN COMPLEXES 
Several assays have been developed to measure Ot,- 
antiplasmin concentrations in plasma [329]. A latex 
agglutination assay developed by Collen et al. [3301 
has been shown to be a measure of fibrinolytic activity 
in patients with disseminated intravascular coagula- 
tion and after thrombolytic therapy. However, this 
assay is not specific for the complex; it detects free 
0t,-antiplasmin as well as plasmin-antiplasmin 
complex (PAP) [331]. With a more specific RIA, 
measured concentrations of free 0c,-antiplasmin are 
shown to decrease more markedly in patients treated 
with SK than in tilose receiving t-PA, consistent 
with differences between these activators with regard 
to the extent of activation of free plasminogen 
[332,333]. An ELISA specific for free o~_,-antiplasmin, 
and another specific for the complex, have also been 
developed, but have not been used extensively in 
clinical trials [329,334]. A recent study with another 
ELISA specific for the PAP complex has shown 
significantly higher levels of PAP in the presence of 
sepsis, malignancy, pregnancy, diabetes, myocardial 
infarction, and thrombolytic therapy, but it is still 
unclear whether the measurement of concentrations 
of free cAe-antiplasmin or plasmin-&:-anriplasmin 
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complexes is useful for defining risk in patients with 
acute coronary syndromes [335]. 

CROSSLINKED FIBRIN(OGEN) 
DEGRADATION PRODUCTS 
Fibrin(ogen) degradation products are a heteroge- 
neous group of polypeptides that result from the deg- 
radation by plasmin of fibrinogen, fibrin I monomer, 
fibrin II monomer, or crosslinked fibrin polymers (see 
Figure 34-2) [336,337]. Fibrinogen is composed of 
three polymerized chains and is a homodimer. 
Plasmin-induced proteolysis of fibrinogen produces 
the well-characterized fragments containing the 
amino terminus (E fragment) and carboxy terminus 
(D fragment; see Figure 34-2) [337,338]. 
Crosslinking of the y- and (x-chains of fibrin render it 
more resistant to further catabolism [339]. Proteoly- 
sis ofcrosslinked fibrin results in the release of numer- 
ous crosslinked fragments, the best characterized 
of which is D-dimer, which contains D regions 
crosslinked at the y-chains. The plasma concentration 
of crosslinked fibrin degradation products (XL-FDP; 
half-life of 3-6  hours) [175] reflects plasmin turnover 
of crosslinked fibrin, which is also a sensitive marker 
of ongoing thrombosis; concentrations measured by 
most immunoassays are attributable to D-direct and 
larger fragments containing D-dimer regions. 

Assays for XL-FDP. Early assays for serum 
fibrin(ogen) degradation products were based on 
measurement of fibrinogen immunoreactivity with 
the use of polyclonal antiserum and did not distin- 
guish between fibrin and fibrinogen degradation 
products. Immunoassays have been developed that are 
specific for fibrin degradation product neoantigens, 
such as fragment D and E, but these also do not 
distinguish between fibrin and fibrinogen degrada- 
tion (see Figure 34-2). 

Measurement of D-dimer may be the most specific 
marker of fibrinolytic activity [340]. However, early 
D-dimer assays varied in the absolute specificity of 
antibodies for XL-FDP, because non-cross-linked 
products of fibrinogenolysis were also measured 
[341-343]. Development of monoclonal antibodies 
specific for D-dimer has permitted accurate quantifi- 
cation of XL-FDP in a variety of assay formats. 
Immunoassays recognizing the D-D region and y- 
crosslinks can distinguish crosslinked fibrin from the 
non-crosslinked fragments [176,344-347], and also 
can detect fragments DDE, DDX, and DDY (see 
Figure 34-2) [176]. Nonetheless, ELISAs in which 
one of the antibodies is not specific for fibrin degrada- 
tion products can overestimate concentrations of XL- 
FDP, because in plasma the crosslinked fibrin species 

may be associated with both crosslinked and non- 
crosslinked fibrin(ogen) [348-350]. 

Recently, more fibrin-specific crosslinked fibrin 
degradation product ELISAs have been described in 
which both the capture and tag antibodies are fibrin 
specific [351]. These assays do not appear to overesti- 
mate concentrations of XL-FDP in the presence of 
marked fibrinogenolysis [348,352]. One such assay 
uses a capture monoclonal antibody specific for the 
crosslinked D region of fibrin (3B6; Agen Biomedical 
Limited, Brisbane Australia) [176,347], and a fibrin- 
specific tag antibody (1D2; D-dimer Gold, Agen Bio- 
medical Limited, Brisbane, Australia) conjugated to 
horseradish peroxidase [353]. Concentrations of XL- 
FDP in normal patients vary from 40 to 50ng/mL 
depending on the ELISA used, reflecting differences 
in the specificity of monoclonal antibodies against D- 
dimer [351,354-356]. 

Rapid latex bead D-dimer tests have also been 
developed. Initial studies did not show them to be 
sufficiently sensitive for clinical use [357], but subse- 
quent trials have shown them to be useful in the 
detection of deep vein thrombosis [358-361]. A 
rapid whole-blood assay for XL-FDP (SimpliRED 
D-dimer) has been recently reported to be sufficiently 
sensitive to exclude deep venous thrombosis, 
pulmonary embolism, and endotoxemia [359,362- 
366]. 

Clinical Utility of Measurements of XL-FDP. 
Concentrations of XL-FDP are increased in patients with 
thromboembolic disease, such as pulmonary embolism 
[157,367-370], arterial embolism, and peripheral vascular 
disease [159,)~58,371-373], and in those with disseminated 
intravascular coagulation, neoplasia [356], and brain 
trauma [374]. However, increases in XL-FDP are not 
specific for thrombosis; they occur in hospitalized patients 
without clinically evident thrombosis, likely reflecting 
increased fibrin turnover. 

Concentrations of XL-FDP are significantly el- 
evated in some patients with unstable angina and 
myocardial infarction, compared with levels in 
healthy volunteers and patients with stable angina 
[356,375-377]. Marked increases in the concentra- 
tions of XL-FDP are indicative of thrombotic compli- 
cations in patients with myocardial infarction (such as 
severe congestive heart failure, ventricular tachy- 
cardia, mural thrombus, or death), particularly those 
who present more than 8 hours after the onset of 
symptoms, probably reflecting physiologic fibrinoly- 
sis in response to ongoing thrombosis, or a more 
pronounced fibrinolytic response to coronary throm- 
bosis and infarction [348]. Thus, elevated XL-FDP 
may be a marker for increased risk of developing 
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myocardial infarction-related complications and may 
be predictive of outcome in patients with coronary 
artery disease. Although not an independent risk fac- 
tor for myocardial infarction, these levels are a marker 
of increased physiologic fibrinolysis before the devel- 
opment of infarction [378], and they remain elevated 
for 1 month after myocardial infarction [379]. In 
addition, elevated XL-FDP is indicative of an 
increased likelihood of infarction in patients with 
peripheral arterial disease [380], is a risk factor for 
rethrombosis after angioplasty [381,382], and may be 
an indicator of poor prognosis in patients with myo- 
cardial infarction who are treated medically (e.g., 
warfarin) [ 161]. 

Levels of XL-FDP increase in patients receiving 
fibrinolytic therapy for venous or arterial disease 
[356,375-377]. However, because of the lack of 
specificity of most ELISAs used in earlier studies 
[352,376], quantitative interpretation of the results 
of the assays for characterization of the extent of 
crosslinked fibrin degradation is not possible. Mea- 
surement of XL-FDP appears useful for excluding 
venous thrombosis in some clinical settings, and as a 
marker of complications in patients with coronary 
artery disease. The most recently available rapid bed- 
side assays fbr XL-FDP offer the potential for exten- 
sive clinical use of this marker of thrombosis and 
fibrinolysis. 

FIBRINOPEPTIDES: B~ 1-42, [~15-42 
Fibrinopeptides are measures of plasmin activity on 
fibrin and fibrin(ogen) degradation products (see Fig- 
ure 34-2) [336]. B~1-42 is cleaved from fibrinogen or 
fibrin I by plasmin. The median concentration is 
1.2pmol/mL in healthy volunteers [383]. Plasmin 
proteolysis of fibrin II, which lacks FPB, results in the 
fi)rmation of [~15-24 [116,384-386], the half-life of 
which is 10-20 minutes. [315-42 is not detected in 
plasma unless there is fibrinolysis [387,388]. 

Several assays based on polyclonal antisera have been 
developed to measure B[31-42; however, most detected 
~315-42 as well [116,336]. Specific ELISAs have been 
developed to B[31-42 and 1315-42 using monochmal 
antibcmties [116]. In renal failure patients, concentra- 
tions of all B~ fragments were shown to be elevated 
because of decreased clearance [389]. Increases in ~15- 
-t2 have also been reported in patients with venous 
thrombosis, disseminated intravascular coagulation, 
liver disease, pancreatitis, pregnancy-related 
fibrinolytic disorders, malignancies, after exercise, and 
with the use of either antirhrombotics or thrombolytic 
therapy [376,390]. However, ~15-24 concentrations 
do not appear to be significantly elevated in patients 
with uncomplicated myocardial infarction. B~1-42 is 

a specific and sensitive marker of fibrinolysis and has 
been used to characterize the fibrin specificity of 
fibrinolytic agents, particularly with t-PA and other 
fibrin-specific activators [391]. 

Future Role for Markers of Thrombosis 
and Fibrinolysis 
The value of markers ofprocoagulanr and fibrinolytic 
activity in vivo in the routine clinical evaluation of 
patients with ischemic heart disease remains to be 
defined. Although assays of plasma concentrations of 
fibrinopeptide A, prothrombin fragment 1.2, and 
thrombin-anti thrombin III complexes have been 
shown to be useful in well-defined populations in 
clinical studies, the value of these assays in unselected 
populations, even when performed with optimal tech- 
niques, has nor been well characterized. Nonerheless, 
the potential value of such markers in assessing the 
response to novel anticoagulant therapies is consider- 
able. Further development of assays of soluble fibrin 
or measurement of fibrinopeptide A in urine are po- 
tential novel approaches for characterizing thrombin 
activity that should be considered in the future. In 
addition, recently developed rapid assays for measure- 
ment of XL-FDP appear to be very sensitive for the 
detection of these markers of venous thrombosis and 
of increased risk for thrombotic complications in pa- 
tients with acute ischemia. If these results are con- 
firmed, it is likely that rapid assays of XL-FDP will be 
more widely used clinically for detection ofthombosis 
in vivo. 

There is considerable evidence tbat fibrinolysis 
may be impaired in patients with atberosclerosis 
and ischemic heart disease, and several studies have 
shown that increases in plasma concentrations of 
PAI-I are markers of increased risk in patients with 
ischemic heart disease. The clinical application of 
these observations will depend on whether furure 
studies define the role of measurements of PAI-1 in 
guiding therapeutic interventions. Other methods, 
such as measurement of XL-FDP, may also have prog- 
nostic value in such patients and may be more clini- 
cally applicable. 

In summary, the potential value of markers 
of thrombosis and fibrinolysis in identifying 
patients at high risk of thrombotic events and in 
evaluaring the response to therapeutic interventions 
is widely appreciated. The biochemical and physi- 
ologic validity of these markers appears well 
established, and there are now considerable data re- 
garding the validity of specific assays. However, addi- 
tional clinical studies focusing on the value of these 
assays in guiding therapeutic interventions are neces- 
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sary before widespread clinical application can be ad- 
vocated. 
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35. MARKERS OF CORONARY 

RECANALIZATION AFTER 

THROMBOLYSIS 

Dana R. Abendschein 

Introduction 
Rapid assessment of coronary patency in patients re- 
ceiving intravenous fibrinolytic agents for the treat- 
ment of acute myocardial infarction is needed to 
identify those in whom adequate and sustained pa- 
tency has not been achieved who could benefit from 
secondary mechanical interventions (e.g., coronary 
angioplasty and surgical revascularization). Because 
delayed initiation of secondary interventions will im- 
pede salvage of ischemic myocardium, markers cho- 
sen to assess the success of fibrinolytic therapy should 
have (1) sensitivity to coronary recanalization within 
minutes of its occurrence, facilitating prospective di- 
agnosis; (2) rapidity for virtual on-line acquisition of 
results; and (3) specificity for persistent and complete 
recanalization, because those patients exhibiting tran- 
sitory or incomplete recanalization may benefit from 
additional interventions as much as those with persis- 
tent arterial occlusion. Among these qualities, high 
specificity for arteries potentially in need of additional 
intervention is the most important, even if a modest 
number of patients with patent vessels are falsely 
identified as having an occluded artery. 

LIMITATIONS OF CLINICAL MARKERS 
AND ANGIOGRAPHY 
Clinical markers of coronary recanalization, including 
resolution of chest pain, changes in the ST segment of 
the electrocardiogram (ECG) obtained intermit- 
tently, and the appearance of reperfusion arrhythmias, 
although simple and practical to perform, lack suffi- 
cient accuracy. Complete resolution of ST-segment 
changes is associated with a 96% coronary patency 
rate and complete or partial resolution of chest pain 
with an 84% patency rate, but these occur in only 6% 
and 29% of patients, respectively [1]. Arrhythmias 
such as accelerated idioventricular rhythms and ven- 
tricular tachycardias, though common after re- 

perfusion, are not invariably present and are common 
also during the evolution of infarction per se [2]. 
Even when clinical data are used in concert, their 
predictive value is lOOC~ only when all three are 
present or absent, a situation that occurs in only 9~, 
of patients with and 34cX of patients without 
reperfusion [3]. 

Coronary angiography has been regarded as the 
gold standard for patency, but it is not practical for 
use in every patient, considering that it would expose 
the majority in whom intravenous fibrinolytic agents 
are successful to the risk and expense of an unneces- 
sary procedure. Angiography is also limited by visual- 
izing blood flow in the inFarct-related artery for brief 
intervals that do not reveal cyclic or unstable patency 
occurring frequently in patients undergoing treat- 
ment with fibrinolytic agents [4]. Accordingly, there 
has been considerable interest in alternative markers 
of patency, including changes in circulating levels of 
the MB isoenzyme of creatine kinase (CK) [5-12],  
subforms of individual CK isoenzymes [13-24],  myo- 
globin [17,19,24-29], cardiac troponins [24,30-34], 
and changes in the ST segment monitored by con- 
tinuous computer-assisted analysis [35-40].  

PRINCIPLES FOR USE OF 
BIOCHEMICAL MARKERS 
Biochemical markers are particularly attractive for 
rapid detection of coronary recanalization because res- 
toration of blood flow induces a so-called washout 
phenomenon, leading to immediate, abrupt increases 
in the rates of appearance of intracellular proteins in 
the circulation. Angiographic-based studies have 
documented that the time of onset of marked in- 
creases in the concentration of tissue proteins in blood 
corresponds closely with the time of onset of vessel 
reopening [10]. The washout phenomenon has been 
attributed to restored myocardial blood flow or to 
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transient profound increases in blood flow induced by 
reactive hyperemia, which facilitates the transfer of 2000  

protein from necrotic myocytes and interstitial fluid ~" 
to the circulation [41,42]. It may be also due, in part, eo 
to accelerated myocyte necrosis associated with ../ 
reoxygenation, which hastens sarcolemmal damage 
and the release of proteins from previously ischemic _ ~" 1000 
cells [431. 

Whatever the cause of washout, the changes in 
plasma profiles of proteins induced are unique for ~¢ ¢0 
reperfusion of myocardium following coronary 
recanalization and are presumably modulated by the ~ , 
amount and persistence of blood flow, providing an 0' 
approach to assess the success of therapy. Thus, it is 
not essential that the proteins employed as markers 
be specific for myocardium, as in the circumstance of 
their use for the detection of acute myocardial G" 
infarction. Rather, they must have characteristics of 
low circulating levels before treatment, high intracel- J 
lular concentrations, and rapid egress from myocar- 
dium, facilitating detection of the washout profile in 
plasma samples obtained serially. This chapter re- "~ 
views several potential marker proteins, their relative 
sensitivity and specificity for detection of coronary ¢~ 
recanalization, and, more importantly, the absence of m 
recanalization. Although rapid assays for some mark- ~; 
ers are not yet available for routine clinical use, results 
of recent studies have elucidated the principles for 
their application as new technology emerges. 

H Reper fusion 
i 1 i 

0 10 20 30 

0 10 20 30 

Time (hours) 

Creatine Kinase Isoenzymes 
It is well known that coronary recanalization induces 
rapid release of cytosolic CK isoenzymes into plasma, 
resulting in a shortened time to peak activity in the 
majority of patients (Figure 35-1) [5-8,13]. The time 
to peak, defined as the interval between the onset of 
persistent chest pain and the occurrence of peak total 
CK activity in plasma, ranges from i0 to 14 hours in 
patients with recanalization 3-4  hours after the onset 
of symptoms, compared with 18-27 hours in the 
absence of recanalization [5-7}. Comparable changes 
are observed for the more cardiac-specific MB isoen- 
zyme (comprising 10-20~d of the CK in myocar- 
dium, with the MM isoenzyme comprising the 
remaining 80-90~:), considered separately, because 
both MB-CK and MM-CK are released from myocar- 
dium at similar rates [48]. Despite its early appear- 
ance, however, the time to achieve peak activities of 
CK isoenzymes are not useful for monitoring the 
success of fibrinolytic therapy because of the delay (as 
much as 16-18 hours) involved in defining whether a 
peak has occurred. This is true, in general, for other 
marker proteins as well. In addition, the time of 

FIGURE 35-1. Time-activity profiles for total CK (top) and 
MB-CK (bottom) in a patient exhibiting coronary 
recanalization and a patient who did not exhibit coronary 
recanalization after intravenous administration of tissue- 
type plasminogen activator (beginning at rime 0). 

occurrence of peak CK varies considerably among pa- 
tients because of differences in the extent of infarction 
and collateral blood flow [451. This results in sig- 
nificant overlap of the intervals to peak CK in groups 
of patients with and without coronary recanalization, 
precluding reliable diagnosis in individual patients. 

An alternative strategy based on analysis of CK 
isoenzymes involves detection of their accelerated rate 
of appearance in plasma. Shell et al. [5] initially re- 
ported that plasma levels of MB-CK activity were 
significantly higher and the rate of appearance of CK 
activity was threefold faster after 2 hours in patients 
exhibiting recanalization compared with those with 
persistent coronary occlusion. More recently, in- 
creases in plasma MB-CK of 2.2- to 2.5-fold [9], or 
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TABLE 35-1. Characteristics of biochemical markers of coronary recanalization 

Criteria for Sensitivity ~ Specificity b Advantages/  
Marker recanalization n (%) n (%) limitations Re£.  

MB-CK ->2.5-fold increase over 12/13 (92) 3/3 (100) Easily measured; good apparent 9 
activity 90 minutes  for left coronary specificity after 90 minutes;  

reperfusion relatively late compared with 
other markers; reliability may 
be affected by variations in 
infarct size and collateral flow 

_>2.2-fold increase over 10/13 (77) 3/3 (100) 
90 minutes  for right coronary 
reperfusion 

->IOU/L/h over 90 minutes  (85) (71) 
Appearance rate constant 

>0.185 over 4 hours 25/29 (86) 33/33 (100)' 

MM-CK MM~%, ->O. 18C~/min over 11/12 (92) 5/5 (100) Good sensitivity within 60 
subforms 60 minutes  minutes;  assays are labor 

intensive and not yet widely 
applicable 

MM~%->0.18C~/minover  124/136 (91) 27/40 (68) 
90 minutes  

MMdMM~ >0.35 at 60 (60) (100) 
minutes  

MMJMM~ >2.0 at 90 (68) (87) 
minutes  

MB-CK MB:/MB~ ->3.8 over 1 -  18/20 (90) 17/19 (90) Good sensitivity within 90 
subforms 2 hours minutes;  assays are not yet 

widely applicable 

Myoglobin 

Troponin T 

Troponin I 

MBe/MB ~ >3.8 over 90 110/136 (81) 27/40 (68) 
minutes  

>2 .6ng / mL / mi n  over 11/12 (92) 3/5 (60) 
60 minutes  

4.6-fold increase over 29/34 (85) 6/6 (100) 
2 hours 

>5.5 ng/mL/min over 60 (54) (83) 
minutes  

22.5 ng/mL/min  over 90 (94) (88) 
minutes  

Ratio of value after to (91) (100) 
value before fibrinolytic 
t reatment  >2.4 

_>0.2 ng/mL/h  over 90 (80) (65) 
minutes  

_>0.5 ng/mL/h (92) (100) 

->6gg/mL over 90 minutes  (82) (100) 

Good sensitivity within 60 
minutes;  reliability may be 
affected by rapid release and 
clearance, which limit the 
diagnostic window 

Dist inguishes patency within 15 
minutes  of  recanalization 

Early sensitivity somewhat lower 
than other markers 

46 

11 

17 

63 

19 

24 

18 

63 

17 

26 

19 

46 

27 

46 

32 

34 

~Sensitivity is defined as the number of patients identified by the marker as having had adequate reperfusion divided by the total number of patients exhibiting 
coronary recanalization documented independently (e.g., TIMI grade 2 or 3 flow). 
bSpecificity is the rmmber of patients identified by the market as having had inadequate reperfusion divided by the total numL~r do, umented as ba~'ing 
persistent occlusion (e.g., TIMI grade 0 or 1 flow). 
' Adjusted for an estimated 259~ rate of spontaneous reperfusion. 
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~yocardium Plasma 

MMa MM~ 

> l 0 U/L/h {10,46] dur ing  :he  inieid 90 minu tes  of 
~rea:ment wid:  f:brh:olyt~c ~genrs~ or art appearance 
rate constant  >0.185 defined wi th  the use of a 
mul t icompar{menta l  model dur ing  the first 't hours 
after : rearrnem {11} have been shown to separate 
patients with  a~x~ wi thout  recanalizado:, reasonably 
well iTable 35-1 } Nevertheless,  the amoun t  of CK 
released early after ruperfusion i,~ modes: .  [n part  be- 
cause of ks  large s~ze (moDcular  w e G n r  8(LOOOdL 
and varies ,~u:h the durat ion or-preceding ischemia, 
the exren~ of inf:arcrMn, and colla~eral blood flow. 
Thus, very early (Le., wi th in  I hour~ identificar[on of 
pa:~e~:s £~iling ro exhibi t  recar:a[iza~inn has not been 
a ror:sistenr finding [ l  5,17,20]. 

ASSAYS 
Blood samples should  be obtained before administra~ 
t ion  of the  ~bri rmI ytic a~u~:: and serially a~ 3(> to 60- 
mmu:e :r:rer~,als for 4 ho~rs thereafter.  CK activity 
and/or  mass can be assayed in {@her plasma or serum 
Assays based on measurement  of  CK mass wi*h 
monoclonal  anfibodies exhibi t  h igh  anMytical sensi~ 
r iwry and specificity, and have become the method of 
choice [47 49}. Methods  employing  automated  
e q m p m e n t  yield results wathin 10 -20  minutes ,  facili- 
t a t ing  prospecnve diagnosis [49]. 

Suhf~rm.r of CK [foenzymes 
Anoeher approach ff>r the assessrnen: of coronary pa- 
rency based on CK has emerged because ~r was 
learned that  CK ;soenzymes released from myocar- 
d M m  do nn: remaM homogeneous  in the circularh~:: 
[50,51}. Both M M - C K  and M B - C K  ~mdergo sequen- 
tial and irreversible removal of a positively charged 
]ysme residue from me  earboxyi te rminus  of each M 
and g s a b u n k  compris ing  ~he d imer  du r ing  exposure 

FIGURE 35-2 Schematk dcorwersion ofsabf))rms of MM-. 
CK and MB-CK. MvocardiaI subforms are converted m 
plasma ~ two nrher subform~ [w carbo~ypep*idase-N 
(CPase N) <a~lv~ud hydroIysts of the carboxy-rerminal 
lysMe from each subuni:  A fourth subf0rm of MB-CK with 
lysine removed from the M bur r~o~ the B sabunit ma 2 no: 
be induced in significant quaarmes because hydrolysis of 
the B subunit is favored in vivo [58}. Ele::rrophoresis pro- 
files of plasma (right) shrew three bands for MM-CK, bur 
onh two bands fbr MB-CK beea:~se of corni gradon of the 
tissue a:td :nrermediare spuc~es. 

to drc~:tat ing carboxypepddase-N (Figure ~5-2) [ 5 2  
57], 'This results ]n the appearance in rhe plasma after 
infi:rction of d~e tissue sub(nrms with bo th  carboxy- 
rerminat  lysines re:act and exhibi t in~ the highest  
:soelec~ric poin~s~ followed by rime..,dependenr con- 
vershm and the  appearance o~ oEher s~bfbrms (Figure 
35~3), which  retain enztma~ic ae rmry  bu t  have one 
or bo th  carhoxy~terrninal lysme residues removal ,  
and d:ereby progressively Dss positive charge and 
lower isoelectd:  points  (Table 35=2), The subf}~rrns 
are numbered  by the i r  relative m:gra t ion  toward ~he 
anode da r ing  electrophorcsis, wi th  those migra t ing  
furrhes: having k>wer numbers  [50]. Thus. fbr MM- 
CK, e~ectrophoresis separates three subfi>rrns, w i th  
the snbform compr is ing  > 9 3 %  of the M M - C K  m 
myocardium {57]o MM~, migra r ing  closes: ~o the 
cathode: followed by the intermediatc  subform~ wi th  
one carbnxv-termigal  lvsme removed. MMe; and the 
st~bform wi th  bo th  carboxy-terminai  [ysmes removed, 
MM . mig ra t ing  closest ro the anode. For MB-CK 
cnasiderab[e co,flus,on has arisen because electro° 
phoresis resolves only two bands° designated MB~ and 
MB [50], However,  sI~xdies combin ing  chromato-  
graphic and immunolng~c me~hods have shown that  
three suhfbrms ana!ogotls co M M - C K  circulate in vivo 
[38]; the t~ssue subform, a subform with d~e carboxy- 
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TABLE 35-2. Characteristics of CK subforms 

MM 3 . ~ O  Isoelectric 
O----O MM 2 / " "  ~ Subform point" 

MM~ ~' 6.90 
MM, 6.67 
MM~ 6.45 
(MBO d (3.4) 
MB: 5.2 
MB~ 5.1 

I 1 I ) 

6 12 18 24 

a I I I 

6 12 18 24 

T i m e  ( h o u r s )  

FIGURE 35-3. Time-activity profiles for MM-CK subforms 
in a patient who did not exhibit coronary recanalization (A) 
and in a patient who did exhibit coronary recanalization (B) 
after intravenous administration of tissue-type plasminogen 
activator (beginning at time 0). Peaks ofMM 2 and MM, in 
patients without recanalization (not shown) are typically 
reached at 24 and 34 hours, respectively [14]. 

terminal lysine on the M subuni t  but  not the B sub- 
unit ,  and a subform with both carboxy-terminal 
lysines removed (see Figure 35-2). Thus, cleavage of 
lysine from the B subunit  appears to be favored in 
vivo. Comigration during electrophoresis of the tissue 
subform and the subform with tysine removed from 
the B subuni t  may account for separation of only two 
bands, which could blunt  the accuracy of analyses 
based on changes in subform profiles. The physiologic 
role of subform modifications is unclear because re- 
moval of carboxy-terminal lysines from MM-CK de- 
lays its clearance from the circulation [59]. 

Percentage of total MM-CK 
or MB-CK isoenzyme 
activity in normal plasma 

15_+Z 
30 --- 10' 
55_+ 14' 
NA 
49" 
51" 

' Determined by isoelectric focusing. 
SComprises >95(:; ot MM-CK in the supernatant of extratts ot human 
myocardium [571. 
' Mean and SD of data from 26 healthy subjects with subi'orms quantitated 
by chromatoR)cusing [66]. 
'hPutative tissue subfi-~rm tn extracts of human myocardtum [67] MB, anti 
MB: together likely comprise rhe MB: band identified by electrophoresis 
(Figure 2,5 2). 
¢ Average percentages tlx~m 56 normal sublects wi'th subforms separated by 
electrophoresis [91]. The biB, fraction is likely to be comprised of both the 
tissue subform (MB) anti an intermediate subfi~rm lacking one carboxv 
terminal lvsine (Figure 35 2). 

Subform analysis facilitates early detection of coro- 
nary recanalization because conversion and plasma 
clearance of the tissue-specific species occurs rapidly 
and continuously. Thus, the modest amounts of the 
tissue subforms released into plasma within the first 
few hours after the onset of acute myocardial 
infarction are partially eliminated, keeping the pro- 
portions of the tissue subforms in plasma near physi- 
ologic concentrations (see Table 35-2). This enhances 
the sensitivity for the washout of tissue subforms 
associated with coronary recanalization. 

CHARACTERISTICS OF PLASMA PROFILES OF 
SUBFORMS OF MM-CK ASSOCIATED WITH 
CORONARY RECANALIZATION 
Patients in whom coronary recanalization is induced 
early (during the 0 - 6  hour time window) after the 
onset of symptoms exhibit more rapid appearance and 
earlier peaking of MM-CK subform activities com- 
pared with those in whom recanalization is not 
achieved (see Figure 35-3). The first manifestation of 
enzyme washout is the rapid rise in MM,, which 
reaches a peak within 9 hours, at least 3 hours before 
the peak of total CK and MB-CK activities [14,23]. 
Accelerated rates of increase of MM~ (expressed as a 
percentage of total MM-CK activity to eliminate 
much of the variability seen in CK activity profiles 
induced by differences in the extent of infarction at 
the t ime of reperfusion) have been shown to reliably 
distinguish animals with release of coronary occlusion 
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from those with persistent occlusion as early as 30 
minutes after reperfusion [ 17,60,61], and to separate 
patients with and without recanalization within 1 
hour after the onset of administration of fibrinolytic 
agents [15,17,20]. This is remarkable because the 
average time to recanalization in patients is approxi- 
mately 45 minutes [62]. 

The accelerated appearance of MM3% after release 
of coronary occlusions in experimental animals is 
minimally affected by superimposed flow-limiting, 
high-grade stenosis (94% reduction of lumen area), 
typical of that seen in patients [61]. This suggests 
that any degree of reperfusion may be sufficient to 
induce striking, early changes in the MM-CK 
subform profiles, which could make delineation of 
patients exhibiting only transitory recanalization and 
early reocclusion more problematic. 

Criteria based on accelerated rates of increase of 
MM~ appear valid when administration of fibrinolytic 
agents occurs within 4 - 6  hours after the onset of 
symptoms and for acquisition of blood samples up to 
2 hours after the onset of reperfusion [21,60], before 
acceleration of release of MM-CK occurring with 
nonreperfused infarction overtakes that induced by 
reperfusion. Preliminary results from the TIMI study 
group [63] with patency of the infarct-related artery 
documented angiographically 90 minutes after the 
onset of fibrinolytic therapy have indicated that a rate 
of increase of MM~:  ->0. f8C~/min over the first 90 
minutes distinguishes the majority of patients 
with occluded from those with patent arteries (see 
Table 35-1). 

Some investigators have reported criteria for 
reperfusion based on changes in the ratio of MM~ to 
MM, [13,14,19,20,23,24], but this index does not 
appear to improve the reliability compared with MM~ 
alone, and it requires measurement of two subform 
species instead of one. However, inclusion of a crite- 
rion that requires MM~% to exceed some absolute 
value indicative of marked and persistent reperfusion 
(such as MM~C~ ->54%, equivalent to the mean plus 
one standard deviation of the peak among patients 
not exhibiting reperfusion), together with a rate of 
increase ->0.18%/rain, appears to increase specificity 
to nearly 90% for Thrombolysis in Myocardial 
Infarction Trial (TIMI) blood flow grades 0 and 
l ,  indicative of persistent coronary occlusion 
(Abendschein, unpublished observation). Similarly, 
Laperche et al. [24], reporting on the performance of 
criteria applied prospectively in patients treated with 
fibrinolytic agents, found that the relative increase in 
absolute value of the ratio of MM~ to MM, over the 
first 90 minutes exhibited greater specificity for failed 
reperfusion compared with the slope of the increase. 

CHARACTERISTICS OF PLASMA PROFILES OF 
SUBFORMS OF MB-CK ASSOCIATED WITH 
CORONARY RECANALIZATION 
Changes in profiles of subforms of MB-CK have also 
been examined for their potential to detect recana- 
lization [16,18], although their utility is presently 
limited compared with subforms of MM-CK because 
of the more modest quantity of MB-CK in myocar- 
dium and the lack of assays to separate all of the 
subforms induced in vivo [58]. Based on changes in 
the two sub-bands separated by electrophoresis, the 
ratio of MB 2 (the band containing the tissue subform) 
to MB~ was shown to increase significantly in the first 
hour after fibrinolytic therapy, with a peak ratio ->3.8 
permitting reasonable separation of patients identi- 
fied subsequently as having undergone coronary 
recanalization (see Table 35-1) [18]. 

Conjoint analysis of the tissue subfbrms of both 
MM-CK and MB-CK may provide even more robust 
detection of recanalization than is possible with either 
alone. Very high sensitivity and specificity for detec- 
tion of recanalization within 30 minutes of its onset 
was reported with the use of an immunoinhibition 
assay that quantifies M subunits with intact carboxy- 
terminal lysines derived from the tissue subforms for 
both MM-CK and MB-CK, as well as the subform 
intermediate for MM-CK [22]. Preliminary results 
also suggest that the rate of increase of MM~%, con- 
sidered together with either the ratio of MB e to MB, 
[63] or the rate of increase of MB,% [64], enhances 
the sensitivity for the detection of recanalizarion. 

ASSAYS 
Blood samples should be obtained before and at 30- 
to 60-minute intervals for 3 hours after the onset of 
administration of the fibrinolytic agent. Subforms 
may be assayed in either plasma or serum, but plasma 
obtained from blood added directly to ice-cooled 
tubes containing ethylenediaminetetraacetic acid 
(EDTA; final concentration 7-10retool/L) is pre- 
ferred to immediately inhibit the carboxypeptidase 
that induces conversion of the subforms [65]. 

Because subforms differ with respect to charge, 
methods including electrophoresis [ 14,16,18], iso- 
electric focusing [13,20,23], and chromatofocusing 
[17,21,65,66] have been used for their separation. 
Chromatofocusing is the most quantitative method 
for MM-CK subforms [57,65,66], but it is labor in- 
tensive. Electrophoresis, particularly with systems 
employing high voltage, permits completion of assays 
within 30 minutes and requires minimal technician 
time, but it tends to underestimate MM, and to over- 
estimate MM~ compared with chromatofocusing 
(Abendschein, unpublished observation), and, as 
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described earlier, it does not separate all of the 
subforms of MB-CK. Isoelectric focusing has been 
reported to separate MB-CK into three sub-bands 
[67], but whether the third band represents a true 
subform or an additional species induced by changes 
in the redox state, as occurs for subforms of MM-CK 
separated by isoelectric focusing [68,69], remains to 
be determined. 

More facile assays for rapid quantification of CK 
subforms currently in development are based on im- 
munologic methods. One commercial assay employs 
an antibody for M subunits lacking carboxy-terminal 
lysines to detect the circulating subform species [70]. 
However, immunodetection of the tissue-specific 
subforms with intact carboxy-terminal lysines would 
likely permit even earlier, more reliable detection of 
new enzyme release associated with coronary 
recanalization. One such assay in development em- 
ploys an antibody that recognizes only M subunits 
with the carboxy-terminal lysines intact [22,71]. 

Myoglobin 
Considerable interest has been shown for myoglobin 
as a marker of coronary recanalization because of its 
rapid appearance in plasma, attributable to the small 
size of the molecule (molecular weight 17,800d). 
Like CK, myoglobin is a cytosolic protein found in 
both skeletal and cardiac muscle, but, as discussed 
earlier, the lack of specificity for myocardium does not 
hinder its use to detect the washout response after 
recanalization. In experimental animals, plasma myo- 
globin levels peak approximately 30 minutes after the 
release of coronary occlusions [17,25], which coin- 
cides with the time of onset of the peak of MM5 
proportion, but precedes the peak of MB-CK activity 
by as much as 5 hours [25]. 

In patients with reperfusion following administra- 
tion of fibrinolytic agents and/or percutaneous 
transluminal coronary angioplasty, the peak of myo- 
globin in plasma occurs within 2 hours after the onset 
of therapy and the rate of increase is 10-fold higher 
(13.5 ng/mL/min) than in those with persistent coro- 
nary occlusions (peak at 6 hours and rate of 1.2 ng/mL/ 
rain) [26]. Criteria for reperfusion based on rates of 
change of myoglobin concentration >2.5-5.5 ng/mL/ 
rain over 60-90  minutes, or a 4.6-fold increase over 2 
hours, have been demonstrated to provide reasonably 
high sensitivities and specificities for recanalization 
that are comparable with those observed with MM- 
CK subforms (see Table 35-1) [17,26,46]. Although 
some have reported that a peak of myoglobin occur- 
ring later than 9 hours predicts persistent occlusion 
with 100% accuracy [72], others have shown consid- 

erable overlap of times to peak among patients with 
and without successful thrombolytic reperfusion pre- 
cluding reliable diagnosis [19,73]. This limitation, in 
addition to the delay imposed by delineation of the 
time at which the peak concentration occurs, suggests 
that criteria based on rates of increase of plasma con- 
centrations may be most useful. 

Because of its smaller size, myoglobin appears in 
the circulation in significant quantities earlier than 
CK, which increases its rapidity in diagnosis of 
recanalization [17,25,27,28]. However, faster release 
of myoglobin may make the assay less sensitive to 
transitory or partial reperfusion. Myoglobin also 
clears from the circulation faster than CK (the clear- 
ance half-life in dogs is 38 minutes for myoglobin 
[25] and 106 minutes for MM-CK [74]), shortening 
the interval available for detection of the accelerated 
rates associated with recanalization. Thus, better 
separation of patients exhibiting recanalization from 
those with persistent occlusion was observed by 
analysis of the rate of increase of myoglobin over the 
first compared with the second hour after the onset of 
fibrinolytic therapy [17]. Other investigators have 
suggested that assay of myoglobin every 15 minutes 
after the onset of treatment may be most useful to 
yield a high predictive accuracy (->95%) for 
reperfusion [27,28]. 

Because patients with brisk reperfusion blood flow 
(TIMI grade 3) sometimes develop small infarcts, and 
therefore may not exhibit a rapid rise in serum myo- 
globin, leading to a false-negative conclusion, a recent 
report has suggested the use of a cutoff value for 
serum myoglobin in addition to the rate of increase 
[29]. In a modest retrospective study, these investiga- 
tors observed that an appearance ratio of <2.4 (ob- 
tained by dividing the myoglobin concentration at 2 
hours by the baseline value), combined with a serum 
myoglobin value of >2001ag/L at 2 hours, correctly 
identified patients likely to have had large infarcts 
and no reperfusion, while patients with ratios <2.4 
and serum myoglobin <2001ag/L could have been 
followed for identification of a peak value within 5 
hours indicative of reperfusion of a small infarct. Con- 
sidering the differences in kinetics between myoglo- 
bin and other biochemical markers, conjoint analysis 
of myoglobin and MB-CK or CK subforms may prove 
more useful than analysis of individual markers alone, 
as suggested by preliminary studies [17]. 

ASSAYS 
Blood samples should be obtained before and at 30- 
to 60-minute intervals for 3 hours after the onset of 
fibrinolytic therapy. Several assays are commercially 
available, including a radioimmunoassay, a latex 
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agglutination assay, and an immunonephelometric 
assay. A quantitative radioimmunoassay was de- 
scribed initially [75], but it takes approximately 2 
hours to perform and is therefore unsuitable for pro- 
spective analysis. Both the latex agglutination and 
the immunonephelometric assays are semiquanti- 
tative but more rapid, yielding results within 30 
minutes [76--78]. Recently, a two-site particle con- 
centration immunofluorescence immunoassay was de- 
scribed that is both rapid (reaction completed in l 5 
minutes) and sensitive, with a linear analytic range 
between 20 and 675 gtg/L and exhibits good correla- 
tion with radioimmunoassay [79]. 

Troponins 
Subunits of the troponin complex (troponin T, the 
tropomyosin binding subunit, molecular weight 
39,000d; troponin I, the actinomyosin-adenosine 
triphosphate inhibiting subunit, molecular weight 
26,500d; and troponin C, the calcium binding sub- 
unit, molecular weight 18,000d) have been studied 
as markers of acute myocardial infarction because they 
exhibit tissue-specific isoforms [80]. Troponins are 
primarily bound to the contractile apparatus, ac- 
counting for a very low circulating level under physi- 
ologic conditions and a protracted release following 
tissue necrosis. 

Nevertheless, patients with coronary recanalization 
within 6 hours after the onset of symptoms exhibit a 
more marked early release and peak of troponin T 
after 12-14 hours compared with a peak after 1-5 
days in the absence of reperfusion [30,31,46}. This 
has been interpreted as reflecting the presence of a 
mobile pool of troponin, possibly in the cytosol, that 
is released more rapidly than the bound fraction [30]. 
Using the rate of increase of plasma troponin T for 
early diagnosis of coronary recanalization, several 
studies [32,46] have shown that rates >0.2-0.5 ng/ 
mL/h permit relatively good detection of coronary 
patency compared with MB-CK and myoglobin (see 
Table 35-l). More recently, preliminary results [34] 
with a rate for troponin I of >6lug/mL over the first 90 
minutes after the onset of fibrinolytic therapy showed 
better sensitivity for recanalization compared with 
either MB-CK or myoglobin (see Table ;5-1). 

ASSAYS 
Optimal sampling intervals have not been defined, 
but blood samples acquired at intervals similar to 
those for CK subforms (i.e., 30- to 60-minute inter- 
vals over 3 hours) are likely to be useful to identify 
recanalization. Available assays employ polyclonal or 
monoclonal antibodies to specific troponin isoforms 

and enzyme immunoassays that are suitable for 
semi-automated analysis to be completed within 30 
minutes to 2 hours [30,81,82]. 

Clinical Implications 
and Recommendations 
Approximately 25c~ of patients who receive fibrin- 
olytic agents for treatment of acute myocardial 
infarction do not exhibit sustained coronary 
recanalization. Thus, rapid, easily performed assays 
are mandatory to identify during the first 1-2 hours 
of fibrinolytic therapy, when the majority of vessels 
reopen, patients with inadequate reperfusion who 
require alternate interventional procedures. Serial 
coronary angiography is neither logistically feasible 
nor required in all patients. Because the kinetics of 
myocardial protein appearance in the circulation 
depend on coronary blood flow, monitoring serial 
changes in selected marker proteins is useful to assess 
the restoration of blood flow after treatment. Specific- 
ity of the marker proteins for myocardium is not as 
important because their occurrence in abundance in 
myocardium and in low concentrations in the circula- 
tion enhance the analytical sensitivity for protein 
washout associated with recanalization. 

Among potential marker proteins studied thus far, 
subforms of CK and myoglobin appear to permit the 
earliest reliable separation of patients with and with- 
out coronary recanalization (see Table 35- l ) [83-88]. 
The small quantity of CK released during the first 1- 
2 hours after the onset of fibrinolyric therapy limits 
the accuracy of delineation of coronary recanalization 
from its absence by changes in plasma total CK or 
MB-CK activity alone, particularly when circulating 
levels are elevated before therapy begins. However, 
analysis of subforms permits quantification of the tis- 
sue-specific species that increases the sensitivity for 
even small amounts of released CK. The amount of 
troponin released early after reperfusion may be even 
less than for CK, but the low circulating levels of 
tropnnins seen initially, and their relatively low mo- 
lecular weights compared with CK, may facilitate tile 
detection of the washout associated with restored pa- 
tency. Additional studies are needed to define and test 
potential criteria for recanalization based on troponin 
subunits. 

For prompt recognition of recanalization by CK 
subforms or myoglobin, analysis of the rates of in- 
crease and the magnitude of change in tile tissue 
protein concentration in blood is preferred over the 
time to peak concentration because the delay in defin- 
ing whether a peak has occurred is longer than the 
time available m rescue unsuccessfnlly reperfused 
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myocardium. Thus, rates of increase of the tissue 
subform of MM-CK, MM~%, _<0.18%/rain, defined 
by analysis of two blood samples collected before and 
90 minutes after the onset of use of a fibrinolytic 
agent, have yielded specificities for persistently oc- 
cluded arteries in the range of 70-100% (see Table 
35-1) and nearly 90% when evaluated together with 
a 90-minute value of MM~%, of-<54%. Comparably 
high specificity has been observed with the use of 
rates of increase of myoglobin of <2.4ng/mL/min 
measured over the first 2 hours after the onset of use 
of a fibrinolytic agent (see Table 35-1). Specificity 
may be increased further by combining the rate with 
an absolute value that facilitates the delineation of 
large, non-reperfused infarcts [29]. 

Despite the promising results obtained from initial 
retrospective studies, all of the biochemical markers 
tested thus far are limited in that they do not ad- 
equately distinguish patients with TIMI grade 3 
blood flow from those with TIMI grade 2 flow, be- 
cause any restoration of flow appears to lead to a rapid 
rise and fall of the marker in plasma. Distinguishing 
the adequacy of reperfusion blood flow may be impor- 
tant, however, because patients with TIMI grade 2 
reperfusion appear to exhibit poor clinical outcomes 
[89]. Another limitation of currently available mark- 
ers is that reocclusion occurring after short periods of 
reperfusion may not be detectable. 

Preliminary results suggest that conjoint analysis 
of multiple markers may be even more sensitive and 
specific for the adequacy of coronary recanalization 
than individual markers. Combinations of proteins 
wirh different kinetics of release and clearance from 
plasma, such as myoglobin and subforms of CK or 
troponin, may be particularly effective [17,63,64]. 
Another combined approach that is under investiga- 
tion involves analyses of one or more biochemical 
markers, together with continuous, computer-as- 
sisted monitoring of changes in the QRS complex and 
ST segments [90], which have been shown to permit 
rapid, qualitative identification of vessel patency [35- 
40]. Combinations of biochemical markers and se- 
lected clinical variables may be useful as well [12]. 

Because these approaches are ultimately utilized 
for virtual on-line detection of arteries requiring addi- 
tional intervention, results will need to be available 
within 30-60 minutes of the time of aquisition of 
blood samples to enable prospective clinical decision 
making. This is currently a limitation of application 
of biochemical markers because assays are specific for 
single analytes, labor intensive, and require process- 
ing of plasma or serum samples, which adds to the 
delay. Subforms of CK are analyzed by semi- 
automated electrophoresis within 30 minutes of 

sample collection, and myoglobin and troponin by 
immunoassays within 10-20 minutes. However, 
availability of additional immunologic-based assays, 
coupled with low-cost automated equipment capable 
of analysis of multiple markers in whole blood 
samples, should facilitate STAT laboratory or bedside 
testing. 
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James M. Wilson 

Introduction 
Inhibition of normal hemostatic mechanisms is the 
cornerstone of medical therapy for many cardiovascu- 
lar diseases. Inhibition of thrombus growth and de- 
velopment is the goal of antithrombotic therapy, yet 
it results in an increased risk of spontaneous hemor- 
rhage, which may result in substantial morbidity and 
even death. Therefore, if antithrombotic therapy is to 
be of value, a delicate equilibrium must be main- 
tained between prevention of pathologic thrombosis 
and an excess risk of life-threatening hemorrhage. 

The therapeutic administration of antithrombotic 
drugs must be guided by some assessment of the risk 
of bleeding or continued thrombosis. While many 
clinical indicators are useful, the most reliable means 
of judging the effectiveness of therapy is by laboratory 
evaluation of drug effect [1]. Platelet function tests, 
such as the bleeding time, are useful in the diagnosis 
of specific platelet disorders but are of limited clinical 
value in judging the efficacy of antiplatelet therapy, 
which may be directed at a variety of mechanistic 
targets. However, measurement of blood coagulation 
is of extraordinary value in guiding drug therapy with 
conventional anticoagulant agents such as heparin 
and coumadin. Multiple types of assessment are pos- 
sible, including individual enzyme inhibition [2-5], 
quantitation of thrombosis byproducts [6,7], and 
overall measures of clotting efficiency [8-11]. 

For years, global measures of coagulation enzyme 
efficiency, such as the prothrombin time and partial 
thromboplastin time, have been used as a rough guide 
to antithrombotic drug dosing. Ease of performance, 
simple reporting, and abundant clinical experience all 
contribute to the popularity of coagulation times for 
the guidance of routine antithrombotic therapy. Be- 
neath the apparent simplicity of the routine coagula- 
tion times lies the incredibly complex interplay of 
enzymes, coenzymes, and inhibitors that combine to 
produce coagulation. Thorough understanding of 
these mechanisms and their effect on coagulation test- 
ing is a must for proper test interpretation and intel- 
ligent management of antithrombotic therapy. 

This chapter focuses on the commonly used labora- 
tory tests to assess and adjust the intensity of antico- 
agulant therapy. A number of different "coagulation 
times" are presented. For each, the background, 
theory, methodology, and interpretation are 
discussed. 

Coagulation 
In-vivo thrombosis involves platelet activation, ag- 
gregation, and the coordinated generation of fibrin, 
producing a platelet-fibrin polymer meshwork. 
Blood or plasma coagulation tests are a laboratory 
reproduction of events resulting in fibrin polymer 
formation, with or without platelet assistance. As a 
general rule, the relative speed with which blood or 
plasma coagulates in the laboratory is a measure of the 
function of the enzyme pathways, resulting in fibrin 
generation and thrombosis. However, the two pro- 
cesses are not necesscarily synonymous. Coagulation 
tests are initiated artificially, within the sraric con- 
fines of a test tube, often without the presence of 
erythrocytes or platelets. In vivo thrombosis is far 
more complex and may not be adequately repre- 
sented, or in some instances may be misrepresented 
by in vitro coagulation. For example, the presence of 
a lupus anticoagulant, while prolonging in vitro co- 
agulation, confers an increased risk of thrombosis 
[12]. 

Two principles govern laboratory measures of co- 
agulation: the need for activation of an enzyme path- 
way and the need for a functional cofactot to assist 
enzyme function [14-17]. The characteristics of an 
individual test are determined by the activator and 
whether or not there is an excess of the necessary 
cofactors, such as phospholipid membrane. In many 
biological systems, unhindered enzyme cascades 
achieve their goal within a fraction of a second. Yet, 
when studied in the laboratory, the coagulation en- 
zyme cascade requires several seconds from activation 
to the generation of an endpoint. Part of this extra or 
"lag" time reflects intrinsic regulatory processes in the 
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TABLE 36-1. Effect of cofactors on enzyme function 

K~ + K,+, t' K,JK., 
Enzyme Complex Substrate (lamol/L) (rain ') (tool/L-rain t) 

Vlla X 4.87 0.1124 4.93 x 10' 
V i l a / T F / P C P S / C a  2* X 0.45 69•11 1•53 x 111 ~ 
IXa X 299 0.002 6•69 
l X a / V I I I / P C P S / C a  2' X 0.063 500.0 7•94 x 10" 
Xa II 131 0.6 4.58 x 10 ~ 
XaJVa/PCPS/Ca  2" I1 1.0 1800.0 1.80 x 10" 

' ,Dee T e x t  

~' PCPS  P h o s p h a t i d y l c h o l i n e - p h m p h a t i d y l s e r i n e  vesicles. A d a p t e d  wi th  l ~ r m i s s i o n  [ 2 1 ]  

progression of coagulation (see Figure 36-2) [14-16]. 
In vivo regulation of thrombosis is incredibly com- 
plex, with delicate coordination of a vast number of 
reactions involving the platelet, endothelial cell, 
procoagulant, anticoagulant, and thrombolytic en- 
zymes. With the activator supplied in a simplified 
rest tube reproduction, which obviates many of the 
regulatory and counter-regulatory mechanisms, the 
primary limitation to thrombus initiation and 
growth is cofactor availability. 

For example, to reproduce the intrinsic pathway to 
thrombin generation in the laboratory, factor XlI is 
activated on a negatively charged surface such as glass 
or kaolin. The pathway then proceeds with the activa- 
tion of factor XI and the subsequent generation of an 
abundance of factor lXa. Factor Ixa works slowly in 
the absence of factor Villa, limiting the velocity and 
quantity of factor Xa production [ 15,17- l 9]. Factor 
Xa is similarly encumbered, so that after its produc- 
tion by factor lXa, it very slowly produces small 
amounts of thrombin (Table 36- l) [ 15,17-20]. 

Peak function of Factors Ixa and Xa occurs when 
they are part of an enzyme complex, Ten-ase  (factor 
IXa-factor Vllla-phospholipid membrane-Ca 2+) or 
prothrombinase  (fa.ctor Xa-factor Va-phospholipid 
membrane-Ca -'+ ) [21-23]. These complexes are made 
up of an active enzyme (factors IXa and Xa) and the 
assisting cofactor (factors VII1 and Va), interacting 
with ionized calcium and a catalytic phospholipid 
surface• In numerical terms, factor Xa alone requires 
over 100 micromolar concentrations of prothrombin 
to function at 1/2 Vm~x (a concentration known as the 
kin), with a catalytic constant (K,,~) of 0.6rain -*. 
When bound to cofactor Va, the reaction proceeds 

• - l  
much faster, with the k~ increasing to 2000m,n , 
while the k,,~ falls to 0.01 nM, making prothrom- 
binase incredibly efficient. All of these reactions 
proceed upon the surface of a specific type ofphospho- 
lipid membrane (see Table 36-1) [21]. 

Factors V and VIII do not circulate in an active 
form and are not within the stepwise progression 
leading to thrombin generation; active thrombin 
must independently activate these necessary cofac- 
tors. An activated phospholipid membrane is also not 
always freely available. It must have specific charac- 
teristics and usually be supplied with activated plate- 
lets, inflammatory cells, or stimulated endothelial 
cells [25-33]. Therefore, after maximal contact acti- 
vation has produced an abundance of factor IXa, the 
intrinsic pathway is poised, awaiting the generation 
of factors Va and VIIIa, and perhaps platelet activa- 
tion, to reach its full potential. When thrombin be- 
gins to emerge, it may activate factors VIII and V, 
thereby releasing the regulatory bottleneck and am- 
plifying its own generation [14,15,18-20,25]. The 
result is a burst of thrombin activity, quickly reach- 
ing concentrations that will produce detectable 
amounts of fibrin, and timing is stopped. 

Performing coagulation or clotting times requires 
the exposure of blood or plasma to an activator and, in 
some instances, the addition of calcium and a platelet 
membrane substitute. The endpoint of the test is the 
time at which sufficient fibrin has been generated to 
be detectable. Fibrin polymerization may be detected 
by a variety of methods, including the appearance of 
a visible fibrin clot, an increase in the optical density 
of the specimen, or a change in mechanical resistance 
(using a magnetic field manipulation or electrical 
conduction; Figure 36-1) [13]. 

Prothrombin Time 
Near the turn of the century, the understanding of 
blood coagulation was summarized by: 

Prothrombin ,hro.,bo~+ .... > thrombin 

Fibrinogen thromhin > fibrin 
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FIGURE 36-1. Fibrin polymer detection methods. A: Light 
transmission of a plasma sample increases as fibrinogen 
leaves the solution in fibrin polymers. A rhreshold value or 
percentage of light transmission may be set to stop the 
timer. B: As fibrin polymers fi~rm, specimen viscosity rises. 
When a plunger is lifted and then allowed to fall, the rate 
of fall is a measure of specimen viscosity. C: Two electrodes 
may be placed in a specimen and a current established. One 
of the electrodes may be withdrawn from the specimen at 
preset intervals. When viscosity rises, contact between the 
moving electrode and the specimen will nor be broken 
and the timer will stop. D: Ira ferromagnetic substance is 
placed in the specimen, motion may be established by 
an oscillating magnetic field. When motion is restricted to 
a preset value, timing will stop. E: A probe may be placed 
in the specimen and vibrated at a preset frequency. A sen- 
sol  positioned outside the specimen, regulates the output 
of the probe to maintain a constant value. Fibrin polymer- 
ization and increased viscosity decrease sound transmission, 
increasing the output required of the probe. 

The fiactors necessary to produce coagulation of blood 
were felt to circulate in an inactive state, awaiting 
conversion to their active form. The tr iggering sub- 
stance for the conversion of prothrombin to active 
thrombin was termed thrombokinase or thromboplastin. 
It was recognized that tissue injury or inflammation 
promoted blood coagulation; therefore, tissue juice 
was considered to be a source of thromboplastin. Us- 

ing this framework, A.J. Quick devised a method of 
reproducing in the laboratory what he thought  to be 
physiologic blood coagulation. He reasoned that the 
efficiency of  coagulation would primarily be a func- 
tion of the prothrombin concentration. The test re- 
quired a single step, the addition of calcium and 
tissue-derived thromboplastin to a plasma sample, 
and observing clot formation; thus it became known 
as Quick's one-stage prothrombin time [34,351. Our  
mechanistic understanding of the prothrombin t ime 
is a bit  more sophisticated than in Quick's  t ime, but 
with the exception of automation, the methodology is 
quite similar. 

THEORY 
When tissue Factor and a suitable phospholipid mem- 
brane are added to recalcified, platelet-poor plasma, 
the extrinsic pathway is activated, producing throm- 
bin and a fibrin clot [17,21,31]. In the presence of  
excess tissue factor, the efficiency of fibrin formation 
depends on the presence and activity of factors VII, 
X, and V, and of thrombin and fibrinogen. Drugs 
or pathologic states resulting in markedly decreased 
activity of a component of the extrinsic or com- 
mon pathway may prolong the prothrombin t ime 
[35,361. 

METHOD 
Venous blood is collected in a tube, which, when 
filled to a predetermined level, will contain nine parts 
of  blood and one part of sodium citrate. Citrate re- 
moves ionized calcium, rendering blood incoagulable. 
The tube is usually a glass vacuum tube, whose inner 
surface is coated to prevent activation of factor XII. 
Platelet-poor plasma is prepared by centrifuging the 
specimen at approximately 2000g,  or more, for 15-  
30 minutes. Plasma is separated and frozen for storage 
or tested. 

In a separate tube, a suspension of calcium chloride 
and thromboplastin is incubated at 37°C. One part 
test plasma is added to two parts calcium chloride/ 
thromboplastin suspension and a t imer is started. The 
calcium chloride solution contains a sufficient quan- 
ti ty of calcium to overcome the chelating potential of 
citrate, thereby restoring a necessary cofactor for 
blood coagulation. Fibrin polymerization marks the 
endpoiot  of the test. Most automated systems detect 
the appearance of fibrin polymerization by a change in 
the optical density of the specimen (see Figure 36-1). 
Each batch of unknown plasma is compared with a 
laboratory prepared or commercially available control 
plasma. The ratio of clott ing t ime of test plasma to 
control plasma gives an estimate of  the efficiency of 
clott ing factor function in the extrinsic pathway. 
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INTERPRETATION 
As previously mentioned, deficiencies or inhibitors of 
factors VII, V, and X, and of thrombin and fibrino- 
gen, may prolong the prothrombin time in propor- 
tion to the severity of the defect [35-37]. In the 
prothrombin time, an excess of tissue factor (the nor- 
mally unavailable cofactor) is supplied, allowing fac- 
tor VII-tissue factor to convert factor X to Xa 
[17,38,39]. The amount of tissue factor supplied dur- 
ing the test makes the activity of factor Vlla, rather 
than the amount of tissue factor, the primary determi- 
nant of extrinsic pathway activation [40]. The inten- 
sity of extrinsic pathway activation affords the 
prothrombin time complete independence from 
the intrinsic pathway enzymes [38]. Factor VII has 
the shortest half-life of all of the vitamin K-depen- 
dent procoagulant enzymes, making it the most sen- 
sitive to changes in production [41]. In times of 
limited enzyme production, ta.ctor VII activities will 
fall fastest. Therefore, the prothrombin time, which 
hinges on factor VI1 function, can be used to screen 
for and to estimate the severity of factor production 
abnormalities, such as liver failure, vitamin K defi- 
ciency, or warfarin effect. 

One caveat regarding the sensitivity of the pro- 
thrombin time to factor VII activity is that in the 
early stages of initiating oral anticoagulation (the first 
4-5  days), a prohmged prothrombin time, represent- 
ing primarily Factor VII depletion, does not accu- 
rately reflect the antithrombotic effect. Only after 
factors with a longer half-life, such as thrombin, have 
equilibrated (a period of 7-10 days) is the prothrom- 
bin time proportional to the antithrombotic effect 
[4o]. 

Heparin and the specific antithrombins will also 
prolong prothrombin times [42,43]. However, the 
plasma activity of heparin required to do so is close to 
1 U/mL. Because most commonly used heparin regi- 
mens attempt to achieve heparin concentrations, or 
activities, near 0A U/mL (Figure 36-2), this is not of 
major clinical utility. 

Specimen collection and testing methodology may 
produce abnormal results in the prothrombin time or 
its ratio to control plasma [44,45t. Collection of 
blood in improperly prepared tubes, allowing contact 
between the specimen and glass, which activates the 
intrinsic pathway, may abbreviate the prothrombin 
time. An improper relationship between the amount 
of citrate anticoagulant and collected blood resulting 
from underfilling (or overfilling) of commercially 
prepared collection tubes may prolong (or shorten) 
the prothrombin time. In addition, a similar effect 
may be seen with blood from patients with 
polycythemia, in which there is an abnormal ratio of 

citrate to plasma. Incorrect prothrombin time ratios 
may result from an incorrect determination of the 
control plasma prothrombin time, due to aging, 
improper handling, or an aberrant control plasma 
[46]. 

INR.  The original source of thromboplastin, which 
is actually a combination of tissue Factor and phos- 
pholipid, was a saline extract of pulverized human 
brain. Commercially available testing kits use nonhu- 
man, mammalian brain as the source of thromboplas- 
tin. These individual thromboplastin preparations 
differ in their capability to initiate and support co- 
agulation factor activity (according to their species of 
origin and the method of preparation) [47] due to 
many factors, including the amount and activity of 
tissue tZactor supplied and the physical characteristics 
of the accompanying phospholipid membrane. As a 
result, there may he substantial interlaboratory varia- 
tion in the prothrombin time of identical specimens 
[48-50]. A particularly powerful tissue factor- 
phospholipid preparation may overcome mild defi- 
ciencies in factor activity, producing a normal pro- 
thrombin time, whereas a weaker preparation may be 
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FIGURE ";6-2. A: Tile enzyme cascades prcxlucing active 
thrombin share the principle of tonic inhibition through 
cofactor depriwltion. Provision of Vllla and Va is the result 
of thrombin activity. Exposure of tissue factor requires a 
loss of vascular integrity, activation of certain inttammatory 
cells, or aberrant production and release (e.g., a tumor). B: 
In the extrinsic pathway, tissue (actor acts as a cofa~tor fi>r 
factor VII. Activated f,<tor V, phospholipid, and calcium 
are also required. C: The intrinsic pathway meets a bottle- 
neck at fiactor IX, which is dependent on activated ta.ctor 
VIII. Similar to the extrinsic pathway, active fi~ctor V. 
phosphnlipid, and calcium are required. 
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produce a prolonged prothrombin time and differ- 
ences in the ratio of test to control prothrombin 
times. 

At the time that the prothrombin time became 
popular for guiding warfarin therapy, many laborato- 
ries used homemade thromboplastins, derived from 
human brain. Based on available data, the American 
Heart Association declared that the therapeutic effect 
of warfarin was greatest, with the least risk of hemor- 
rhage, when the prothrombin time had prolonged to 
2.0-2.5 times the control value. This ratio became 
the recommended target for oral anticoagulant 
therapy. Over the ensuing decade, many laboratories 
began acquiring their testing materials from com- 
mercial sources. Most of these thromboplastins were 
prepared from rabbit brain, which is less sensitive to 
tile effects of factor depletion than a thromboplastin 
derived from human brain [46]. As a result, warfarin 
dosing escalated as clinicians continued to follow the 
AHA recommendations for oral anticoagulant 
therapy [46,5 l ]. Although long suspected, the effect 
of these different thromboplastins was clearly estab- 
lished in a multinational study of the treatment of 
venous thrombosis, which reported an increased risk 
of bleeding when drug dosing was guided by pro- 
thrombin time ratios in North America [52]. 

A method of controlling of variations in thrombo- 
plastin sensitivity to the effect of warfarin was 
established in 1983 [10,47]. The standardization 
method employs a mathematical correction of the 
prothrombin time ratio obtained by an individual 
laboratory so that the reported result is the same as it 
would have been if tile specimen had been tested 
using a reference thrombopiastin reagent held by the 
World Health Organization. To calculate this ratio, 
known as the International Normalized Ratio (INR), 
the thromboplastin to be used is compared with a 
reference thromboplastin. When prothrombin times 
using the different reagents are plotted on a logarith- 
mic scale, there is a linear relationship between the 
different values. The slope of this relationship is a 
function of an individual thromboplastin's sensitivity 
to the effects of factor depletion and is known as the 
International Sensitivity Index (ISI). Reference 
thromboplastins have an ISI value of 1.0. Thrombo- 
plastin preparations similar to this, which are sensi- 
tive to the effect of factor depletion, have a value near 
1.0. Less sensitive preparations have a value near 2.0. 
Using the ISI, an INR can be calculated according to 
the following formula: INR = (prothrombin time 
ratio) lsl [10,46]. 

Errors in the reported INR may arise from an in- 
correct prothrombin time, prothrombin time ratio, or 
an ISI (due to tile original calibration, change with 

thromboplastin aging, or choice of reference plasma). 
Additionally, differences in automated methods may 
produce some variation in prothrombin times inde- 
pendent of the thromboplastin reagent. This, of 
course, will produce some variation in the calculated 
INR [46]. 

Native Prothrombin Antigen. The realization that 
coagulation times are an imprecise measure of 
antithrombotic drug effect and the variation of pro- 
thrombin times assc~iated with different reagents 
prompted a search for an alternative method to guide 
warfarin therapy that prevents normal carboxylation 
off;actors VII, IX and X, and ofprothrombin, render- 
ing them nonfunctional [54]. One such new measure- 
ment technique uses immunoassay techniques to 
quantitate tile amount of fully carboxylated biologi- 
cally active prothrombin by measuring the concentra- 
tion of functional prothrombin antigen present in 
plasma [53]. The native prothrombin antigen assay 
has been compared with the prothrombin time and 
prothrombin time ratio in its ability to estimate the 
intensky of drug effect at the time of drug failure, or 
hemorrhagic complication, with good results [55]. 
More recently, it was compared with the prothrombin 
time ratio in managing warfarin therapy and was 
associated with and 85% reduction in the incidence of 
complications or drug failure [56]. The consistent 
test method avoids interlaboratory variation and tile 
need for mathematical manipulation, which may 
magnify errors in testing. Large-scale testing and 
comparison with the prothrombin t ime-INR system 
has not been performed. Therefore, the role of die 
native prothrombin antigen assay in the routine man- 
agement of oral anticoagulant therapy has not been 
established, but it would appear to be a promising 
technique for the future. 

Whole-Blood Clotting Time 
In 1913 Lee and White described the whole blood 
clotting time, the original method of evaluating the 
intrinsic capability of blood to clot [57]. This re- 
mained the favored method of assessing heparin's an- 
ticoagulant effect for a number of years [58]. Among 
the many derivative tests, the activated partial throm- 
boplastin time and activated clotting time are still 
widely used in clinical practice. 

THEORY 
When blood is placed in a glass tube, the intrinsic 
pathway to thrombin generation is activated. Initial 
thrombin generation is limited by the availability of 
cofactors that augment clotting enzyme fonction, 
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specifically factors VIlIa and Va, calcium, and a phos- 
pholipid membrane [ 14,19-21 ]. The initial appear- 
ance of active thrombin, albeit at low concentrations 
due to the sluggish nature of unassisted enzyme func- 
tion, results in the generation of necessary cofactors 
through its action on factor VIII, factor V, and plate- 
let activation [14,19-25,59]. A burst of thrombin 
generation and fibrin polymerization follows. This 
test does not utilize exogenously administered activa- 
tors (other than the glass tube) or limiting cofactors. 

METHOD 
The whole blood clotting time is primarily of histori- 
cal interest because the test methodology and results 
vary greatly. As usually performed, a blood sample is 
drawn from a peripheral vein using a 20-gauge or 
larger needle. Approximately 2-5 mL is withdrawn 
and discarded. Into a second syringe, the second 
sample of 5+mL is withdrawn and the timer started. 
One-milliliter aliquots are placed in each of three 
glass tubes, which are incubated at 37°C. The tubes 
are examined at least every 30 seconds, and timing is 
stopped at the first appearance of clot in any tube 
(some methods require that a solid clot be formed). 
The solid clot may be observed further for evidence of 
retraction or dissolution [60]. 

INTERPRETATION 
Normal whole-blood clotting times are in the range 
of 4 -20  minutes, depending on the methodology 
employed and the endpoint chosen. Even with a con- 
sistent protocol, there is wide variation in normal 
values, which are, in part, a function of platelet num- 
ber and function and the extent of contact activation 
by the glass tube. This variation limits the utility of 
the whole blood clotting time for detecting of mild 
clotting factor aberrations or low-level antithrombin 
therapy. Historically, when used to guide the admin- 
istration of heparin, a frequent target range for whole- 
blood clotting times was about twice the baseline 
value. Additional assessment of clot retraction and 
fibrinolysis is also possible. Normal clot retraction is 
a decrease in the extent of contact along the sides of 
the tube of more than 50% by 1 hour, and is a 
function of hematocrit, platelet number, and platelet 
fimction. Dissolution of a well-formed clot can also be 
interpreted as evidence of fibrinolytic activity. 

Plasma Recalcification Time 
The plasma recalcification time provides similar in- 
formation as the whole-blood clotting time, without 
the necessity for making immediate measurements as 
the time of phlebotomy. A specimen of platelet-rich 

plasma (prepared from citrate-anticoagulated blood) 
is placed in a glass tube and contact activation is 
allowed [61]. Calcium is then added to the prepara- 
tion to overcome the citrate inhibition of coagulation, 
and the time to fibrin clot formation is recorded. This 
test suffers excess variation due to inconsistency of 
platelet numbers in platelet-rich plasma preparations 
as well as by variation rising from inconsistencies in 
the degree of intensity of contact activation. 

Activated Partial Thromboplastin Time 
In the 1950s, a group of investigators developed a 
variation of the prothrombin time that used lipo- 
philic extraction of brain for thromboplastin prepara- 
tion [62]; they used platelet-poor plasma and an 
excess amount of a membrane substitute. They found 
that, in contrast to the prothrombin time, their test 
method gave abnormal results with plasma from he- 
mophiliacs [63]. Concluding that their thromboplas- 
tin must be incomplete, they called this test the 
partial thromboplastin time (PTT). Since then other 
variations have been introduced, but the PTT, in 
principle, remains the primary clinical means of ex- 
amining the intrinsic pathway to thrombin activa- 
tion. The PTT addresses the problems of the plasma 
recalcification time by separating coagulation from 
platelet function. It avoids the extrinsic pathway by 
excluding tissue factor from its reagents. A com- 
monly used modification of the PTT, the aPTT (acti- 
vated partial thromboplastin time), avoids variation in 
the intensity of activation by initiating activation, 
during a pretest incubation period, with a constant 
quantity of kaolin or other substances (Table 36-2). 

THEORY 
When citrated platelet-poor plasma Js exposed to 
strong contact activation, recalcified, and platelet 
membrane substitute supplied, the time required for 
a fibrin clot to form is dependent on the presence and 
function of enzymes and cofactors within the intrinsic 
pathway to thrombin formation. The partial throm- 
boplastin used to perform the test is simply a phos- 
pholipid membrane on which coagulation enzyme 
reactions may proceed. This serves as a surrogate for 
activated platelets and is prepared so as not to be 
contaminated with tissue factor, which would acti- 
vate the extrinsic pathway. The addition of calcium is 
required for interaction between several of the acti- 
vated factors and the phospholipid membrane. 

METHOD 
Platelet-poor plasma is obtained as described for the 
prothrombin time. Two parts test plasma are mixed 
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FIGURE 36-3. Prothrombin time. In this graphic depiction 
of prothrombin time, the diverging lines and the area 
encompassed by them represent the increasing enzyme 
activity resulting from the initial activation process. The 
endpoint is clot formation. A: There is minimal lag time to 
thrombin production. When active factor VII and tissue 
factor activate X, thrombin production begins. An ava- 
lanche ensues, eventually generating thrombin in concen- 
trations that will form a clot. B: Cofactor depletion, 
secondary to warfarin, dampens the avalanche, prolonging 
the time to clot formation. C: In the presence of high 
concentrations of thrombin scavengers, such as heparin-AT 
IIl or hirudin, thrombin is consumed as it is formed, damp- 
ing and minimally delaying the avalanche effect. 

with two parts activator/phospholipid emulsion 
and incubated for 3 minutes at 37°C. Two parts 
CaCI 2 solution are then added to the mixture and 
t iming  is begun. The endpoint  is the detection of 
fibrin polymerization. Detection methods used for 
the aPTT are the same as used for the prothrombin 
time. In both the prothrombin t ime and the aPTT, 

control plasma is tested in conjunction with test 
plasma. 

INTERPRETATION 
The aPTT reported by most laboratories is in the 
range of 2 0 - 4 0  seconds. It is prolonged when any of 
the factors from contact activation to fibrin polymer- 
ization are deficient or are inhibited to less than 30% 
of normal activity [64-67]  (Table 36-3), including 
high molecular weight kininogen; prekallikrein; fac- 
tors XI1, XI, IX, VIII, X, and V; thrombin;  and 
fibrinogen [62,68-74].  Abbreviated times may be 
seen when there has been inappropriate contact acti- 
vation [75], increased availability of factor "q1~ or 
VIIIa, and perhaps disseminated intravascular coagu- 
lation [76-81]  (Table 36-4). 

Heparin. When heparin is complexed with 
ant i thrombin III (AT III), the ability of hepar in-AT 
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TABLE ~6-2. Substances with 
the capability for contact activation 

Kaolin 
Ellagk acid 
Colloidal silica 
Asbestos 
Spider web 

Celite 
Glass 
Bentonite 
Collagen 
Saturated fatty acid 

TABI.E 36 4. Causes of an abbreviated aPTT 

Pregnancy (last trimester) 
Surgery (postoperative state) 
Oral contraceptives 
Increased factor VIII 
Increased lactor V 
My¢u:ardial infarction 
Disseminated intravascular coagulation (DIC) 

111 to inhibit  thrombin may be increased 1000-fold 
over that of AT II1 alone [82]. As a result, the initial 
steps fbllowing contact activation proceed slowly 
through the regulatory points. The small amount  of 
thrombin produced decays at an accelerated rate, and 
the activation of factor VIII is impaired. Conse- 
quently, more t ime is required to produce thrombin 
in sufficient concentrations to effectively overcome 
tile rate-limiting steps in the intrinsic pathway (Fig- 
ure 36-4). This lag time is the measurable prolonga- 
tion of clotting times produced by the thrombin 
inhibitors (such as heparin; Figure 36-5) [14-16,18].  
Because the aPTT has a strong contact activation step, 
it is intermediately sensitive to the presence of throm- 
bin inhibitors. The aPTT is prolonged at a level of 
thrombin inhibi t ion that correlates with heparin ac- 
tivity of O.I-0.6U/mL, a range of heparin therapy 
that has been shown to be effective for tile treatment 
of venous thrombosis and some forms of arterial 
thrombosis [83-90] .  ] 'he aPTT has become a widely 
utilized test for guiding heparin therapy, with a usual 
target range of 1.5-2.5 times the control value [82 -  
911. 

More intense ant i thrombin therapy is utilized in 
specific situations, such as percutaneous angioplasty 
and cardiopulmonary bypass [92-96].  However, 
when heparin is administered to achieve concentra- 
tions greater than the above-quoted ranges, the aPTT 
is mmlinear in its response to heparin and may be 
almost infinitely prolonged; the aPTT in these cir- 
cumstances is no longer a tlsefill test [9,95,97,98]. 
Because hepar in-AT 111 activity rises above tile nor- 
mail aPTT target ranges, its unchecked activity in a 

TABLE 36-3. Causes of a prolonged aPTT 

Hereditary factor deficiency 
Heparin-anrithrombin III 
Activated protein C* 
Liver disease 
Disseminated intravascular 

coagulation (DIC) 
Polycythemia 
Gaucher's disease 

Acquired lhctor inhibin~r 
Thrombin inhibitors 
Tick anticoagulant peptide 
Vitamin K deficiency 
Warfarin/cnomarins 

Dysproreinemia 

• In vitro 

platelet-free environment,  and perhaps, serial inhibi- 
tion of mult iple  enzymes, may so severely cripple the 
early phase of enzyme activity that tile st imulus dies 
before thrombin is produced in sufficient quantities 
to effectively activate factors V and VIII. This phe- 
nomenon is nor as important in vivo, where platelet 
participation in the evolving thrombus antagonizes 
hepar in-AT lII inhibitory effects (Figure 36-6) [99-  
101 ]. Similarly, whole-blood preparations containing 
piatelets will be less susceptible to this problem than 
platelet-poor plasma. 

In the guidance of heparin therapy, particularly for 
laboratory standardization, the aPTT can be com- 
pared with tests of individual enzyme inhibition, 
such as anti-Xa units or anti-Ila units [5,102]. In 
these tests, which are often used as an assay of heparin 
concentrations, plasma samples, to which AT III may 
or may not have been added (depending on the 
method employed) are incubated with active factor 
Xa or thrombin for a prespecified length of time [4]. 
A chromogenic substrate is used to estimate enzyme 
activity during that period of time, and comparison 
with calibration curves provides the measure of en- 
zyme inhibition. 

Heparin's action is dependent on endogenous AT 
III. Therefore, knowledge of the heparin concentra- 
tion alone would appear to be of little value if the 
patient's AT 111 concentration is not known. This is 
particularly important because AT III concentrations 
may change during an active thrombotic state or with 
ongoing heparin therapy [ 103,10d]. t fence, measure- 
ment of heparin activity concentrations in which AT 
III is not added in testing seem more appropriate and 
more clinically useful in situations in which the aPTT 
is abnormal at baseline (e.g., lupus anticoagulant or 
factor deficiencies not associated with an increased 
risk of hemorrhage). Despite theoretical differences, 
between testing methods, heparin concentration, 
heparin activity, and aPTT measurements appear 
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FIGURE 36-4. Thrombin generation in platdet-free 
plasma. The presence of heparin delays the onset of peak 
thrombin production and decreases the peak concentration 
of thrombin that is generated. (Modified from Hemker and 
Beguin [16], with permission.) 
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FIGURE 36-5. Lag time of the aPTT. A: In normal plasma, 
pretest activation produces abundant factor lXa. In the 
absence of factor Villa, production of significant quantities 
of factor Xa is slow. This is represented by the section 
labeled lXa. Factor Xa, similarly, is slow to produce active 
thrombin. When thrombin is produced, it may provide 
factors Villa and Va, resulting in a burst of activity, and 
clot formation ensues. B: In the presence of heparin or a 
specific antithrombin, the initial thrombin that is produced 
is rapidly consumed, impairing factor Villa production. 
Thus, a hmger time is required to overcome the bottleneck 
at factor IXa. At the same time that factor VIIla appears, 
improving the function of lXa, factor Va begins to assist 
factor Xa. As a result, the change in lag time resulting from 
antithrombin therapy is due to the production rate of (actor 
VllIa. 
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FIGURE 36 6. Influence of heparins on thrombin genera- 
tion in platelet-rich plasma. In contrast to the plateler-free 
preparation, heparin cannot limit the peak thrombin con- 
centrarion generated when platelets are present. Low mo- 
lecular weight heparins, unaffected by platelet factor-4, 
continue to limit thrombin production in the presence of 
platelets. ~3, control; ~ ,  unfractionated heparin (1.1 U/mL 
(-0.51ag/mL); A, unfractionated heparin 0.2 U:'mL 
(-1.0blg/ml.) ; . ,  Fraxiparine (5 blg/mL). 

to perform equally well in predic t ing the an t i t h rom-  
botic effect of heparin therapy [4]. 

Unfor tunate ly  the aPTT is also subject  to tile same 
pitfalls as the p r o t h r o m b m  time. Different physico- 
chemical effects of the various activators produce 
variation in activation intensi ty  and c lot t ing t imes 
that  depend on tile type of contact  activator and its 
concentrat ion [ 1 0 5 - 1 0 8 ] .  These variations are mag-  
nified when  aPTT is measured in the presence of 
ant icoagulants  [106,11)9,110]. The membrane  sur- 
face supplied by activated plarelets or, in the case of 
the aPTT, by an artificial source, plays an integral  role 
in coagulation enzyme function [2 l ] .  Variations in 
the characteristics of this  membrane  may also resuh 
in test- to-test  variabil i ty in the sensit ivity to fiactor 
deficiencies and heparin effect [107 ,108 ,111] .  At -  
t empts  to categorize differences in test results accord- 
ing to reagents and to devise a system of 
normalizat ion analogous to the I N R  have not been 
successful to date [111].  Consequent ly  a P T F  values 
are not interchangeable  from site tn site, and general 
recommendat ions  for a part icular  range of prolonga- 
t ion or ratio of test to control are not precise, and 
adherence to such guidel ines  may not provide the 
desired intensi ty  of ant icoagulat ion.  In mul t icen te r  
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studies ofantithrombotic therapy, if the aPTT is used 
to guide therapy, each center should either utilize 
identical testing apparati/reagents or establish the 
relationship of their aPTT to heparin activity and 
"standardize" on the basis of heparin activity. 

Specific Thrombin lnhibitors. Specific thrombin in- 
hibitors, in contrast to heparin, are active against 
fibrin-bound thrombin, which is otherwise resistant 
to the actions of heparin [101]. Unlike heparin, 
which is bound to AT IIl, specific inhibitors not only 
limit thrombin production and enzyme activity, but 
may, in addition, inhibit thrombinqnduced platelet 
activation [112,113]. Because direct thrombin in- 
hibitors have different mechanisms of action than 
heparin, and different dose--effect relationships, the 
relationship between aPTT prolongation and 
antithrombotic effect for thrombin inhibitors will not 
be the same for direct thrombin inhibitors as for 
heparin. A given aPTT range for a specific thrombin 
inhibitor may correspond to an equal or greater 
antithrombotic effect than for heparin, especially in 
situations in which thrombosis is platelet dependent 
(i.e., arterial thrombosis) [114,115]. Conversely, in 
situations in which a thrombotic tendency is due to 
excessive coagulation enzyme activity (i.e., venous 
thrombosis), it is conceivable that very mild 
inhibition, especially of multiple enzymes, beneath 
the range that may be detectable by the aPTT, 
may restore normal regulatory influences. Direct 
comparisons of drug efficacy cannot necessarily be 
made based on equal prolongation of a clotting time, 
such as the aPTT [115]. Risk/benefit ratios, with 
respect to measures of antithrombotic effect, must be 
determined separately for anticoagulants of different 
classes. Therefore, antithrombotic recommendations, 
using the aPTT, must specify not only reagents 
but also the type of antithrombotic therapy that is 
utilized. 

Activated Coagulation Time 
The ACT (activated coagulation/clotting time) entails the 
addition of a contact activator to whole blood and 
measurement of the time required for a clot to form 
[ 117]. The phospholipid surface necessary for coagu- 
lation is provided by the patient's own activated 
platelets. The ACT may be somewhat less sensitive to 
low levels of heparin anticoagulation than the aPTT. 
However, it maintains a good correlation with the 
heparin effect at higher heparin doses [9,97,98] and is 
popular for guiding heparin therapy in clinical situa- 
tions such as cardiopulmonary bypass and percutane- 
ous angioplasty [92-96]. 

THEORY 
The ACT is essentially a modified whole-blood clot- 
ting time in which an attempt has been made to 
standardize contact activation by using a constant 
amount of kaolin or celite. The ACT is similar to the 
aPTT in its dependence on the contact activation 
pathway for thrombin generation, but the ACT does 
not supply an excess of phospholipid membrane. In 
the aPTT, a phospholipid surface area is supplied in 
excess so that this will not interfere with the measure- 
ment of coagulation enzyme function. The ACT re- 
quires that this surface area be developed through 
platelet activation during the testing process. This 
introduces an additional variable to the function of 
coagulation enzymes. In the ACT following contact 
activation, the first thrombin to appear must activate 
platelets, in addition to factors V and VIIl, and any 
alterations in endogenous platelet function may also 
alter activated clotting times. Rather than being a 
pure test of coagulation enzyme function, the ACT 
is also a somewhat imprecise measure of the coopera- 
tion between the intrinsic pathway and platelet 
function. 

METHOD 
Venous blood is withdrawn in a similar manner to 
that described in the whole-blood clotting time. Al- 
though it is common practice to withdraw blood 
through vascular access devices, some measure of im- 
precision certainly results. Indwelling catheters, even 
while patent, form thrombus on their surtace. To 
limit thrombin growth and to prevent catheter clo- 
sure, these catheters are often flushed with heparin- 
containing solutions or may be impregnated with 
heparin. These two factors, heparin and thrombus, 
which may provide activated platelets, thrombin, and 
fibrin degradation products, may influence the ACT. 
Blood samples are placed in commercially prepared 
containers in which a contact activator and fibrin 
polymer detection device is present and a timer is 
started simultaneously. The time from activation to 
fibrin polymer detection is recorded. 

INTERPRETATION 
There are currently two systems that perform an auto- 
mated ACT, Hemochron (International Technidyne, 
Edison, NJ), and HemoTec (Medtronic HemoTec, 
Englewood, CO). System activators and fibrin detec- 
tion mechanisms differ, giving them different sensi- 
tivities to factor depletion and inhibitor therapy. The 
Hemoehron system uses a celite activator and detects 
fibrin polymerization using an oscillating magnetic 
field (see Figure 36-1). The HemoTec uses a kaolin 
activator and measures the rate of plunger fall to 
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detect fibrin polymerization (see Figure 36-1). Simi- 
lar to the prothrombin time and aPTT, any recom- 
mendations for anticoagulant intensity, measured by 
the ACT, must be qualified by the specific type of 
device used [118]. Although there is a reasonable 
correlation between the results, the values of one sys- 
tem cannot be extrapolated to the other two systems 
[119]. 

In general, the normal ACT is in the range of 90-  
130 seconds. It may be prolonged in situations in 
which there is a deficiency or inhibition of any of the 
factors from contact activation to fibrin polymer for- 
mation, including platelet activation [ 116,120]. Due 
to the range of variation in normal values of the ACT, 
small effects will likely go unnoticed in an individual 
patient. Powerful antiplatelet drugs, such as the gly- 
coptotein IIb/IIla inhibitors, may prolong the ACT 
[128]. The ACT may be shortened during ongoing 
thrombosis, such as surgical procedures or unstable 
coronary syndromes [121,122], largely as a function 
of the availability of activated platelets. In vitro addi- 
tion ofplatelet activators, such as ADP, epinephrine, 
and collagen, to the blood of normal volunteers will 
decrease the ACT by 5-10 seconds compared with the 
addition of saline diluent (Wilson JM, Ferguson JJ 
unpublished observations). 

The theoretical advantages of the ACT as a test of 
the entire coagulation cascade may also be viewed as 
disadvantages. Contamination of the blood sample 
with activated platelets (as with indwelling catheters) 
may shorten the ACT. Heparinized blood samples 
may be particularly sensitive to platelet factor-4 re- 
leased from contaminating activiated platelets [100]. 
In vitro addition of platelet-activating agents to hep- 
arinized blood has been shown to almost completely 
normalize ACT values when heparin concentrations 
are in the range of 0.2 U/mL. When heparin is added 
to platelet-rich plasma activated by tissue factor, con- 
centrations of 0.5 U/mL are required to affect throm- 
bin concentrations, and even then, do so only slightly 
[99]- The mere act of phlebotomy has been shown to 
negate some part of heparin's effect on blood speci- 
mens [123]. Although theoretically an excellent glo- 
bal measure of coagulation and the coordination of 
platelet activation and coagulation, the limitations of 
the ACT must be kept in mind. 

Because the aPTT and ACT measure similar phe- 
nomenon (except for the contribution of activated 
platelets), there is a fair correlation between the tests 
when assessing heparin therapy [95]. Not surpris- 
ingly, the relationship differs when a specific 
antithrombin is used, in contrast to heparin (Figure 
.36-7). Specific thrombin inhibitors, in addition to 
impairing the feedback amplification of coagulation 

enzyme function, also prevent thrombin-induced 
platelet activation [112,113]. The resultant denial of 
factors VIIIa and Va and a phospholipid surface pro- 
longs the ACT. Unlike heparin, specific antith- 
rombins are not affected as thrombin production 
begins to overcome regulatory restriction. In drug 
concentration ranges at which the two tests are re- 
sponsive, antithrombins produce a proportionately 
greater rise in the ACT than the aPTT [115]. Thus, at 
drug concentrations producing an equivalent rise in 
the aPTT, the ACT increase with specific thrombin 
inhibitors is significantly longer than that with 
heparin. 

The efficacy of the aPTT and ACT in predicting 
the antithrombotic effect of heparin and two throm- 
bin inhibitors were compared in a guinea pig carotid 
thrombosis model [115]. At comparable levels of 
aPTT prolongation, heparin had virtually no 
antithrombotic effect, whereas the thrombin inhibi- 
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FIGURE 36-7. ACT. A: Accumulating contact activation 
produces factor IXa, which requires factor VllIa for optimal 
function. Similar to the aPTT, this produces a bottleneck 
and a lag time until thrombin generation begins. 
Thrombin's appearance results in cofactor production and 
platelet activation, supplying rate-limiting factors for ex- 
plosive thrombin generation and clot fbrmation. B: In the 
presence of heparin, the early phase of the test is essentially 
platelet free (in absence ofpre-activation) and appears simi- 
lar to the aPTT. The appearance of thrombin and platelet 
activation produce an unfavorable environment for heparin. 
As a result, the eventual amount of thrombin formed and 
the duration of this final phase of the ACT are unchanged. 
C: The specific antithrombins may prolong the lag phase by 
limiting the activation of factors VII and V, as well as by 
inhibiting platelet activation. 
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tors decreased thrombus formation by 80%. When 
the ACT was prolonged to similar ranges, the 
antithrombotic effects were equal. This suggests, at 
least that the ACT may be more useful that the 
aPTT in studies that seek to compare the 
clinical efficacy of direct thmmbin inhibitors with 
heparin. 

Limitations aside, the association between platelet 
activation or inhibition and changes in the ACT sug- 
gest that this is the best available test tor assessing the 
intensity ofantithrombotic drugs when combinations 
of anticoagulants and antiplatelet agents are used in a 
clinical syndrome that may involve endogenous plate- 
let activation or when a single drug may have mul- 
tiple effects. 

Whole-Blood aPTT 
The whole-blood aPTT can be thought of as a test 
that is somewhere between the ACT and the aPTT. It 
is a global measure of coagulation enzyme function 
that does not require piatelet activation but that 
can be influenced by the endogenous level of platelet 
activation. 

THEORY 
When contact activation is carried out in whole 
blood (instead of plasma), the intrinsic pathway still 
functions as previously described. If phospholipid 
surfi<e and calcium are supplied in excess (as for an 
aPTT), thrombin production requires only the 
activation of ta.ctors VIII and V. In whole blood, 
newly generated thrombin goes no to activate 
platelets, which may additionally participate in en- 
zyme function and fibrin tormation. More impor- 
tantly, the release reaction producing platelet 
fiictor-4 from endogenous activated platelets is not 
i m p e d e d .  

M Ii T 1 ] 0 D 
Venous blood is obtained and placed in a prepared 
test tube containing lyophilized citrate, activator, 
phospholipid, and buffers. Calcium chloride solution 
is added and testing is begun [124]. 

INTERPRETATION 
The normal range of the whole-blood aPTT differs 
according to the test kit manufacturer. The 
Cnaguchek plus system (Boehringer Mannheim Diag- 
nostics, Indianapolis, IN) applies a mathematical con- 
version to report ranges similar to that of the plasma 
aPTT (20-40 seconds). The Hemochron system (In- 
ternational Technidyne, Edison, N J) reports a raw 
coagulation time (55 85 seconds). In the unfettered 

intrinsic pathway, when phospholipid is supplied in 
excess, the effect of bystander platelet activation is 
probably minimal and the test result represents co- 
agulation enzyme function. However, in a heparin- 
ized whole-blood specimen, the anticoagulant effects 
of heparin will be reduced by bystander platelet acti- 
vation and the release ofplatelet factor-4. As a result, 
the whole-blood aPTT will respond to heparin in a 
similar fashion as the ACT, although it may perhaps 
be a bit more sensitive to heparin's anticoagulant 
effect [125]. In fact, when the two tests are compared 
during heparin therapy, there is an extraordinarily 
good correlation. The rate of rise in coagulation 
time is almost identical. The primary difference be- 
tween the two tests is that the whole-blood aPTT is 
about 45 seconds shorter than the ACT. This may, in 
fact, represent the lag time of initial platelet activa- 
tion that is part of an ACT but nor a whole-blood 
aPTT. 

Specific antithrombins have the added effect of in- 
hibiting thrombin-mediated platelet activation. The 
whole-blood aPTT does not require this step. Fur- 
thermore, the anticoagulant response to the specific 
antithrombins is not influenced by the platelet release 
reaction or platelet factor-4. For the specific 
antithrombins, the whole-b[oc~ aPTT should be con- 
sidered to be essentially comparable with a standard 
aPTT. 

The whole-blood aPTT, like the ACT, is a test that 
may be performed at the bedside, decreasing the turn- 
around time from sample acquisition to a therapeutic 
decision [125-127]. Its use substantially reduces 
the time required to achieve adequate heparin 
anticoagulation when compared with the standard 
aPTT [ 127]. The theoretical aspects of this test, in- 
cluding independence from variations initial platelet 
activation, responsiveness to both high and low con- 
centrations of heparin, and rapid turnaround 
time, make it an ideal test with which to judge the 
intensity of the heparin effect. However, its indepen- 
dence from platelet activation makes it very ana[a- 
gous to, and subject to the same drawbacks as, the 
standard aPTT in evaluating specific thrombin in- 
hibitors or combination antiplateler/anticoagulant 
therapy, 

Dry Reagent Technolog), 
One of the new techniques for clotting time perfbr- 
mance is the use of dry reagent preparations. Rather 
than using separate solutions that must be added to a 
test tube, the coagulation activator and cofactors are 
dried and placed on a card. A very small amount 
of citrated blood is placed in a reaction chamber; the 
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particular reagent preparation used determines the 
type of clot t ing t ime that is performed. If all of 
the clott ing times use the same type of detection 
mechanism, a single analyzer may be used for a vari- 
ety of different tests. There may be variations in the 
correlations between this type of testing and conven- 
tional methods due to differences in the type of acti- 
vator, thromboplastin (if added), degree of mixing, 
and detection mechanism. Furthermore, at present 
there is only limited experience with this technology, 
al though utilization of this type of testing will, in all 
likelihood, increase as enthusiasm for point-of-care 
testing grows. 

Conclusions 
A variety of laboratory methods are available to help 
guide anti thromboric therapy. Each test has indi- 
vidual strengths and weaknesses (Table 36-5). There- 
fore, the most appropriate test to use depends on the 
clinical situation at hand. For example, there is sub- 
stantial evidence and clinical experience supporting 
the use of the standard aPTT in guiding heparin 
therapy for the prevention of pulmonary thromboem- 
bolism in patients with acute deep venous throm- 
bosis. In contrast, the aPTT has been supplanted by 
the ACT for assessing heparinization for angioplasty 

TABLE 36-5. Laboratory measures of coagulation 

Test Strength Weakness Use Comment 

PT Sensitive to defects in Interlaboratory variation Coumadin therapy 
extrinsic pathway; 
extensive experience 

Uniform test method; 
may be superior to the 
PT in measuring 
antithrombotic effect 

Bedside test sensitive to 
intrinsic pathway 
defects 

Sensitive to intrinsic 
pathway defects 

Very sensitive to defects 
in intrinsic pathway 

NPA 

WBCT 

PR 

PTT 

aPTT 

WBPTT 

ACT 

Sensitive to defects in 
intrinsic pathway; 
extensive clinical 
experience 

Sensitive to defects in 
intrinsic pathway; may 
respond to platelet 
influence on heparin; 
bedside test. 

Sensitive to defects in 
intrinsic pathway; may 
be responsive to 
platelets, coagulation 
enzyme interdependence 

Inadequate clinical 
experience 

Awaits widespread 
testing and acceptance 

Non-uniformity requires 
skill in performance 

Variability 

Variation in contact 
activation 

Unreliable estimate of 
intense intrinsic 
pathway inhibition 

Measures coagulation 
enzyme function only; 
unreliable estimates 
of intense intrinsic 
pathway inhibition; 
interlaboratory 
variation 

Lack of experience 

Coumadin therapy 

Primary" weakness is partially 
corrected by the INR 

Narrow utility may limit 
popularity 

Heparin therapy Rarely used 

None 

Heparin therapy 

Heparin therapy; 
specific thrombin 
inhibition therapy 

Heparin therapy; 
thrombin 
inhibitor therapy 

Insensitive to low- Heparin therapy; 
intensity inhibitor thrombin 
therapy variable inhibitor therapy 

Has been supplanted by the 
aPTT 

No available correction of 
inrerlaboratnry variation 

Prolongation by heparin and 
thrombin inhibitors may 
not mean comparable 
antithrombotic effect 

Ease of performance at the 
bedside may substantially 
reduce the time required 
to achieve therapeutic 
values 

Current role is during high- 
intensity therapy, such as 
cardiopulmonary bypass 
and PTCA; may be the 
best methcKI to judge 
comparisons between 
heparm and thrombin 
inhibitors 

PT prothrombin rune. NPA native prothrombin antigen, WBCT whole bl(x.,d clotting rime, PR plasma recalcifi~atmn rime, IrI-r partial thrcm~N*lqastin time. 
aPTT a; tivared PTT, WBPTT whole blood PTT, ACT activated coagulation time 
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or bypass surgery, in which rapid determination of 
the effect of high-dose heparin therapy is required. 

The PT and aPTT are designed as measures 
of coagulation enzyme function. These two tests, 
although using standardized methods, may be 
performed with different reagents producing 
interlaboratory variation in the test results for an 
identical specimen. To some degree, this variation in 
the PT is addressed by the INR.  Unfortunately,  no 
such correction is available for the aPTT. Additional 
newer testing methods are becoming available that 
may be useful in assessing anti thrombotic therapy 
without these concerns. 

The current state of anticoagulant monitoring dic- 
tates that the application of experience from clinical 
trials account for variations in testing methods. This 
may be done by using the I N R  as a preferred report- 
ing method rather than prothrombin times or ratios 
(in studies util izing PTs to guide therapy) and by 
paying special attention to the type of aPTT or ACT 
and has been used. Finally, as new anti thrombotic 
drugs and strategies evolve, a relationship between 
the risk, benefit, and anti thrombotic effects measured 
by individual tests needs to be established indepen- 
dently, rather than relying on traditional values 
established for older drugs, because the old 
"therapeutic" ranges may not be applicable to newer 
compounds. 
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37. ANTICOAGULATION MONITORING FOR 

PERCUTANEOUS TRANSLUMINAL 

CORONARY ANGIOPLASTY 

James J. Ferguson and James M. Wilson 

Introduction 
Percutaneous transluminal coronary angioplasty 
(PTCA) relieves coronary obstruction through me- 
chanical disruption of atherosclerotic lesions. It re- 
suits in focal, traumatic injury, and loss of endothelial 
integrity, and is an intense stimulus for the formation 
ofthrombus. Thrombus formation at the site of injury 
may result in reocclusion of the treated vessel and is 
thought to be a major factor contributing to the 
process of restenosis. Evidence from the cardiopulmo- 
nary bypass literature provides a strong argument 
that the intensity of anticoagulation influences the 
frequency with which thrombotic complications may 
develop. A growing body of evidence suggests 
that this is true for catheter-based intervention as 
well. As a result, patients are routinely anticoagulated 
with intravenous heparin during and immediately 
after angioplasty, and the degree or intensity of 
anticoagulation is frequently monitored during 
PTCA. This chapter presents current views on moni- 
toring the efficacy and adequacy ofanticoagulation for 
catheter-based interventional procedures. 

Thrombus and Percutaneous Transluminal 
Coronary Angioplasty 
The presence of thrombus is a major risk factor for 
adverse outcome following interventional procedures 
[1-11]. Retrospective studies of several thousand 
single-vessel angioplasty procedures have shown that 
angiographic evidence of thrombus prior to interven- 
tion may double or triple the likelihood of procedural 
failure [9-11]. Despite increasing experience and im- 
provements in technology, this risk remained un- 
changed as late as 1991 [9]. A recent retrospective 
review of 2699 single-vessel angioplasty procedures 

by Reeder et al. [9] identified thrombus as an inde- 
pendent predictor of procedural failure (odds ratio 
1.68; P < 0.0001). In this study, the degree of risk 
associated with thrombus-containing lesions appears 
to have remained relatively constant between 1984 
and 1991. A similar study by Tan et al. [10] showed 
the presence of thrombus, although infrequent 
(<4%), was a strongly negative independent predictor 
(odds ratio 0.28, P = 0.002) of procedural success. 
Hillegass et al. [11] showed that patients with un- 
stable angina and angiographic thrombus were more 
likely to have lower procedural success, higher abrupt 
closure risk, and worse in-hospital clinical outcome. 

An even more powerful predictor of procedural 
failure is the development of thrombus during a pro- 
cedure. In a prospective series of 591 consecutive 
angioplasty procedures at 9 clinical centers, abrupt 
vessel closure occurred in 65 patients (11%), includ- 
ing both established closure (TIMI grade 0 or 1 flow, 
7.1%) and impending closure (>50c~ stenosis, TIMI 
grade 0-2 flow, plus use of additional interventions, 
3.9%) [12]. Angiographic evidence of thrombus 
(filling defects) developed in 12.3% of lesions; the 
presence of newly developed thrombus was associated 
with significantly lower procedural success (61c~ vs. 
86%) and significantly higher rates of abrupt vessel 
closure (27.8% vs. 7.2%) and major complications 
(24.4% vs. 6.4%) (Figure 37-1). Newly developed 
thrombus was also identified as an independent pre- 
dictor of procedural failure, abrupt vessel closure, and 
major complications. 

The introduction of new technologies, such as in- 
travascular ultrasound and angioscopy, has empha- 
sized the limitations of contrast angiography in 
detecting mural thrombus. White  et al. [13] used 
coronary angioscopy to evaluate lesions prior to inter- 
vention. Intracoronary thrombi were identified in 
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FIGURE 37-1. Newly developed thrombus as a risk factor 
for procedural complications. The incidences of death, myo- 
cardial infarction (MI), emergent coronary artery bypass 
graft (CABG), and combined adverse events are shown for 
patients who developed angiographically visible thrombus 
versus those who did not. (Adapted from Ferguson et al. 
[12], with permission.) 

61% of target lesions with angioscopy, in comparison 
with only 20% of lesions by angiography. Major in- 
hospital complications (death, myocardial infarction 
[MI], emergency coronary artery bypass graft 
[CABG]) developed in 14% of patients with angios- 
copically visible thrombi and only 2% of patients 
without angioscopically visible thrombi. Recurrent 
ischemia developed in 26% of patients with thrombi, 
versus 10% without thrombi. There was a definite 
association (relative risk 3.11, 95% Ct 1.28-7.60) 
between the presence of angioscopic thrombus and 
adverse outcome. No such relationship was evident 
for angiographic thrombus. In patients with unstable 
coronary syndromes, the likelihood of thrombus de- 
tectable by angioscopy is even greater (100% in pa- 
tients with postinfarction angina) and the association 
with procedural failure even stronger (RR 8.8, 95% 
CI 1.2-66.9) [14,15] 

Thrombus is also a significant risk factor for 
restenosis following interventional procedttres. 
Violaris et al. [ 16] retrospectively reviewed data from 
2950 patients (3583 lesions) participating in 4 differ- 
ent restenosis studies, and identified 160 lesions with 
angiographically identifiable thrombus either before 
or after the procedure. The- categorical restenosis rate 
was significantly higher (43.1%) in lesions with 
thrombus than in lesions without thrombus (34.4%). 
This higher rate of restenosis was found to be due 
primarily to a higher incidence of target lesion occlu- 
sion at follow-up (13.8% vs. 5.7%). 

Pretreatment with thrombolytic therapy in pa- 
tients with unstable angina appears to be ineffective 
in reducing procedural complications and may even 
increase the incidence of complications in patients 
with visible thrombus or complex lesions [17]. 
Heparin infusions prior to PTCA in patients with 
unstable angina appear to result in a significant de- 
crease in the incidence of thrombotic complications 
during or after angioplasty [18-20] ,  although prior 
heparin infusions may make patients relatively 
heparin resistant. 

Intraprocedural Anticoagulation Monitoring 
In the early years ofangioplasty, the common practice 
for PTCA was to administer 10,000U of heparin at 
the start of the procedure and an additional 5000 U if 
the procedure lasted for more than an hour [21]. 
However, this empiric dosing regimen has fallen out 
of favor, at least in the United States, and has been 
replaced by close intraprocedural monitoring of hep- 
arin therapy [22]. 

Hattersley [23] first described the activated coagu- 
lation time (ACT) in 1966. His method involved 
drawing whole blood into tubes containing diatoma- 
ceous earth, which served as an activator for the co- 
agulation reaction. The tubes were tilted back and 
forth by hand, and the "coagulation time" was the 
time that it took for the first visual evidence of throm- 
bus to appear. Further details of the ACT test itself 
and the current automated techniques employed are 
discussed in Chapter 36. 

With the evolution of extracorporeal bypass 
support in cardiovascular surgery, dozens of empiric 
protocols for dosage and reversal of heparin were 
developed but, in general, failed to provide safe 
anticoagulation for a significant number of patients. 
Soon after the introduction of the ACT to control 
heparin infusion during prolonged extracorporeal 
bypass, Bull and coworkers [25,26] reviewed the 
problems with fixed-dose heparin protocols and 
recommended the use of the ACT to guide the ad- 
ministration and reversal of heparin during cardiop- 
ulmonary bypass. 

Less blood loss was seen in ACT-monitored pa- 
tients than in those monitored by the standard em- 
piric protocols [27]. Furthermore, a small percentage 
of patients in whom anticoagulation was not safely 
accomplished with the use of standard protocols was 
recognized [28]. The common problem of heparin 
resistance was essentially solved by the intraoperative 
use of ACT, but as late as 1985 articles still appeared 
in which empiric protocols were compared with 
ACT-guided anticoagulation in cardiopulmonary by- 
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FIGURE 37-2. The difference between Hemochron and 
HemoTec ACT measurements plotted as a function of the 
mean value of the two measurements. The degree of vari- 
ability increases in the higher range of measurements, after 
the administration of heparin, indicating that measure- 
ments on one system cannot be extrapolated to the other. 
(Adepted from Avendano et al. [38], with permission.) 

pass. During the next few years, the focus shifted 
from the question of whether monitoring was neces- 
sary to which method would be the best for monitor- 
ing anricoagulation. 

In 1986, Scott and associates [29J examined the use 
of ACT during interventional procedures (i.e., bal- 
loon occlusion of the carotid arteries) in which it 
was used to ensure adequate heparin administration 
and reversal of its effect prior to sheath removal. 
Several investigators [30 33] reported the use of 
anticoagulation monitoring with ACTs for PTCA 
procedures and documented that standard bolus doses 
of 10,000U of heparin do not reliably achieve "ad- 
equate" levels of anticoagulation in much the same 
way that empiric heparin administration for cardiop- 
ulmonary bypass was shown to provide inadequate 
anticoagulation. They recommended that ACT moni- 
toring become standard practice for PTCA proce- 
dures. Others [34,35] have documented thrombus 
development during intravascular procedures associ- 
ated with low ACTs. Satler and associates [36] em- 
phasized that adequate anticoagulation (defined as 
ACT greater than 300 seconds) was a primary factor 
influencing the angioplasty success rate. 

As discussed in Chapter 36, a major confounding 
factor in many of the studies of ACT usage during 
PTCA is that the data from two different automated 
systems have been combined. Clear and well- 
documented differences exist between HemoTec and 
Hemochron ACTs, and any extrapolations to "target" 

ACTs, must remain system specific (Figure 3%2) 
[37,38]. After a 10,000-U bolus of heparin, 89~  of 
patients achieve an ACT level of 300 seconds mea- 
sured with a Hemochron system [3l]. A much 
smaller percentage of patients (13.6%) will achieve a 
"target" ACT of 300 seconds measured on a HemoTec 
system [33]. 

To date, a number of published studies have di- 
rectly examined the relationship between the degree 
of procedural and postprocedural anticoagulation 
and the outcome of PTCA (Table 37-1) [39-43], 
while others have examined this question more indi- 
rectly. A retrospective analysis using the aPTT to 
monitor anticoagulation in 336 patients receiving 
empiric heparin therapy following PTCA (10,000 U 
heparin bolus; 2000U/h infusion) identified two 
disparate groups [41 ]. Four percent of patients with 
aPTTs >3x control suffered abrupt closure or an 
ischemic event (more than half after withdrawal 
of heparin) compared with 20% patients with an 
aPTT <3× control. In contrast, a prospective study 
[42] of 189 patients undergoing PTCA with fixed 
doses of heparin and HemoTec ACTs measurements 
revealed no difference in predilation ACT values, 
and the authors questioned whether high ACT levels 
were necessary. However, tile low event rate (six 
episodes of abrupt closure) severely limited their 
ability to detect any difference in their small study 
population. 

A third study [39] retrospectively examined factors 
affecting outcomes in patients who developed coro- 
nary artery thrombus after a PTCA procedure. Multi- 
variate analysis revealed an association between a 
postheparin ACT (type not specified) of less than 300 
seconds and the occurrence of clinical endpoints of 
death, CABG, MI, and emergency stent placement to 
avoid abrupt closure. A total of 92% of uncompli- 
cated cases had a postheparin ACT of >300 second, 
while only 47% of the complicated cases achieved this 
level of anticoagulation. 

A fourth retrospective analysis [40] compared 103 
patients with adverse clinical events (death, emergent 
CABG, urgent CABG) with 400 comparable event- 
free patients. Although baseline ACT values 
(HemoTec) did not differ between patients with and 
without complications, post-heparin and final ACT 
values were significantly lower in patients with com- 
plications (Figure 37-3). More than three quarters of 
the patients who remained free of complications had 
final ACTs of >300 seconds, compared with less than 
1% of patients suffering complications who had final 
ACTs of >300 seconds. 

Narins et al. [43] examined more explicitly 
whether the degree of heparin anticoagulation during 
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TABLE 37-i. 

Design n Test Outcome Refi 

Retrospective 336 aPTT An aPTT <3>: control afier PTCA was 41 
obserx, ational associated with a fivefold increase in 

abrupt closure 
Prospective t89 ACT No correlation between ACT a~d o::tcome 42 

observational 
Retrospective 62 ACT An ACT, after heparia, reach~ 300 39 

observational second in only 8% of patients with 
adverse events compared with 5292 
without adverse e~'enes 

503 ACT Less than t % of case patients achieved an 40 
ACT >300 seconds compared with 
92% of controls 

I84 ACT inverse relationship between ACF and ~he 43 
likelihood of adverse outcome 

39 FPA Elevated FPA to-eels were associated wid~ 56 
adverse events regardless of" .ACT results 

Case<ontroI 

Case=control 

Prospective 
observa[ o£al 

ACT = ~ed,<::ed d e ~ m g  time; aP~Ur = at:iv:ted partial fhromboplasdn time; FPA = flbrinopoptide A; 
P~CA v pe~cuta~eo~s ~ran~ omk:ai coro~agv angioplas~y~ 
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FIGURE 37--3. The relationship between ACT heparin re- 
sponse (hi seconds} and die developmen~ of maior proce. 
du~al complications, Patie:~ts who subsequently develop 
complications are much more likely to have a lower ACF 
response to a t0,000U bolus of hepaAn. (Adapted f)om 
Ferguson et al. {~0]~ with permission,) 
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FIGURE 37-4 The probabilky of abrupt closure (dr*tied 
lines indicate upper and lowe~ 95% confidence ~imks) as a 
lhnction of the iairlal posrheparin ACT (Hemochron) 
(From Narins e: aL [43], wh-h permission:) 

coronary angioplasty (as measured by the activated 
clotting time) is relat:ed to the risk of abrupt vessel 
closure. S~xry=two cases of in- a::d out=of-lab abrupt 
closure in patients u~dergoing non-emergency coro- 
nary angioplasfy who had intraprocedare activated 
clotting times measured were compared with a 
marched control population of t24 patients who did 
not  experience abrupt closure. Relative to fire control 

popuIatlon, patients who expetienced abrupt closure 
had significantly lower ini:iat (media~ 3rio vs. 380 
seconds) and m in im um  (345 vs. 370 seconds) acti- 
vated clott ing times. Higher activated clo:t ing times 
were not associated with an [~creased likelihood of 
ma}or bieeding complications. W i t h i n  :his popola, 
rio::, a strong i:~verse linear relarior:ship existed be* 
tween ~che activated clott ing t ime and the probability 
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TABLE 37-2. Outcome of heparin control arms treatment in recent clinical trials 

Outcome Early 
Date time Major Earl), Early revasc. Late Late Late 

Trial performed points Heparin dose bleeding death MI (CABG) death MI revasc 

EPIC [78,79] 1991-1992 30 days 10,000--I 2,000 U bolus 7% 1.79; 8.6% 8.1% (3.6) 3 . 4 g 4  10.5~ 31.8~ 
6 months ACT 300-350 

HELVETICA 1992-1993 96 hours 10,000 U bolus 6.2% 0.5% 4.2% 7.1~ (2.4) 1.0% 5.274 34°4 
[73] 30 weeks No ACT titration 

Hirulog 1993-1994 In-hospital 175 U/kg 9.8% 0 2~ 3.9% 9.7% + (1.71 1 1 9  6.1~ 23.9~ 
Angioplasty 6 months 15 U/kg/h × 4 hours 
Study [53] ACT >350 seconds 

IMPACT 1993-1994 30 days If)(/U/kg 4.8% I I ,e'4 8.1% 6.1% (2,81 NeA NfA N;A 
11 [50] 6 months ACT 300-350 seconds 

EPILOG 1995 3(1 days 100 U/kg 3.1c~ 0.89/ 8.77~ 5.2?4 (1.71 1.7 <; 9.9eq 19.4f~ 
[51,81] 6 months ACT 300-350 seconds 

CAPTURE 1994-1995 3(I days 10,000 tl  bolus 1.9c~ 1.3qd 8.2¢~ 10.9~' (1.71 2 . 2 " ~  9.3~ 24.99/ 
[51,82] 6 months ACT >300 seconds 

RESTORE 1995 30 days I(R) U/kg 4.2% ~ 0.7~ 5 7q4 N:A N/A NtA N.'A 
[83] 6 months ACT >300 seconds 

• Incidence of abrupt chvsure reported 
Including transfusions >2 U 

' Includer urgent stentmg. 
N+A = nor avai/ahle; Revasc. = revascularization; ACT = activated clothing time; MI = myocardial infarctilm: CAP,(; : coronary artery bypass graft sLtrgery 

of abrupt closure (Figure 37-4). A minimum target 
activated clotting time could not be identified; rather, 
the higher the intensity of anticoagulation, the lower 
the risk of abrupt closure. 

The ACT is not the only technique that can be used 
to assess coagulation status in the catheterization 
laboratory. Blumenthal et al. Studied the relationship 
of whole-blood aPTT, ACT, and laboratory aPTT in 
166 patients undergoing coronary intervention [44]. 
Using receiver-operating characteristic (ROC) curves 
based on laboratory aPTTs as a "standard," they felt 
that whole-blood aPTTs were superior to ACTs and 
were a useful potential alternative to ACTs, although 
additional prospective data are necessary to establish 
appropriate "target" ranges for whole-blood aPTTs 
and to further assess the utility of this technique. 

There may be a relationship between procedural 
ACTs and the subsequent development of restenosis 
[45,46]. This remains purely speculative at present 
but is a hypothesis that can very easily be tested in 
future large-scale interventional studies with a 6- 
month angiographic endpoint. 

There are also some reports supporting the use of 
low-dose heparin for PTCA, without ACT titration. 
The safety of 5000 IU of heparin was evaluated pro- 
spectively in 1375 consecutive elective low-risk 
PTCA procedures [47]. Success (defined as less than 
50% residual stenosis) was obtained in 89.9% of pa- 
tients. Mortality was 0.3%, and CABG within 24 
hours was 1.7%. Prolonged treatment with heparin 

was considered necessary in 123 patients (9%). Of 
the patients selected for prolonged heparinization, 
63% had an uncomplicated course; 2.7% had an MI. 
Re-PTCA for abrupt closure was performed in two 
patients shortly after sheath removal, and in two pa- 
tients during prolonged heparin treatment; in five 
patients re-PTCA within 24 hours was performed for 
an unsatisfactory re-angiography after heparinization. 

A recent study by Boccara et al. [48] randomized 
400 patients undergoing PTCA to either a 15,000 
bolus or a 100U/kg bolus of heparin prior to the 
procedure. There was no difference between the two 
groups in the incidence of death, MI, unplanned 
revascularization, or bailout stenting. 

A number of trials [49-53] have used weight- 
based heparin dosing in catheterization laboratories, 
especially in circumstances in which additional anti- 
coagulants (with concomitant additional bleeding 
risk) are given. Low body weight has emerged as a 
significant risk factor for bleeding complications, 
and weight-based heparin (usually around 100U/ 
kg) may reduce the risk of overshooting heparin 
therapy, particularly in lightweight patients. The 
time to sheath removal and transfer to a stepdown 
unit were significantly shorter in the weight-adjusted 
heparin group. However, one study [54] has in 
fact questioned whether BSA-based or weight-based 
heparin truly does provide more reliable levels of 
anticoagulation. Table 37.2 summarizes the out- 
comes of the heparin control arms of recent major 
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interventional trials utilizing new anticoagulant 
agents. 

The ACT and all similar tests must be viewed 
as surrogate measures of antithrombotic treatment 
efficacy. Elevated FPA levels reflecting thrombin 
activity may be seen in a number of patients (36%), 
despite "therapeutic" ACTs and high heparin 
levels. Weight-adjusted heparin did appear to be 
more effective in this study in achieving 
adequate (ACT >300s) anticuagulation. Elevated 
FPA levels (suggesting heparin-resistant thrombus 
formation) are associated with subsequent adverse 
clinical events, regardless of whether a "therapeutic" 
ACT is achieved [56]. Unfortunately there are at 
present no readily available bedside assays to provide 
the sophisticated analyses of coagulation activation 
necessary to identify patients at risk for future adverse 
events. 

Postprocedure Anticoagulation 
The proper duration of heparin therapy following 
PTCA remains controversial [41,57,58-63}. How- 
ever, inadequate anticoagulation following PTCA 
was associated with a significant increase in adverse 
events in at least one study [4l].  In complicated cases 
an overnight heparin infusion is usttally recom- 
mended, and in cases of unstable coronary syndromes 
and acute MI it can be continued for up to 5 days, to 
provide the time necessary for re-endothelization of 
the injured artery. Postprocedure heparin, if utilized, 
is probably best titrated to aPTT, and the recent 
availability of whole-blood bedside testing, which can 
provide immediate results, may improve the thera- 
peutic efficacy of heparin in this situation. 

Pitney et al. [6.t] have suggested that the "ACT 
differential" (the difference between the ACT and 
the heparinase ACT from the same sample - -  a 
marker of heparin effect in comparison with heparin- 
free baseline) may be an alternative technique 
for monitoring anticoagulation following PTCA. 
They showed a significant reduction in major and 
minor bleeding complications when the ACT differ- 
ential was substitt, ted for the aPTT in adjusting 
postprocedure heparin. 

There are, at present, only preliminary data 
available on the use of low-molecular weight heparin 
(which would not require monitoring or titration) 
following interventional procedures. Low molecular 
weight heparin may be a reasonable alternative, 
and it would be an advantage in not requiring 
anticoagulation monitoring, but much more experi- 
ence with it will be necessary before its routine use 
can be advocated. 

Current Practice 
A recently published survey of interventional cardi- 
ologists was designed to assess the current practice 
patterns (March of 1994) in the United States for 
anticoagulation during PTCA [65]. A total of 76.8e~: 
of respondents routinely started with a I0,000 U bo- 
Ins of heparin, while only 3.2% of respondents used a 
weight-adjusted heparin bolus. Fifty-nine percent of 
respondents routinely used intraprocedure heparin 
infusions, usually 1000U/h. Anticoagulation moni- 
toring was used by 92.6ed , of respondents during 
PTCA, almost always with activated clotting times 
(ACTs). Postprocedure heparin infusions (usually ti- 
trated to an aPTT >2x control) were used by 70.3% 
of respondents. Lower volume operators were more 
likely to use postprocedure heparin inRzsions. 

A survey of 70 sites participating in the IMPACT 
II study revealed that only 48~. of physicians agreed 
upon a heparin dosing protocol at any given site. 
Weight-adjusted heparin was used in 10~ of cases. 
Ninety-three percent of sites surveyed used ACTs to 
adjust heparin dosing. Most physicians surveyed 
(77~)  considered 301-350 (machine unspecified) as a 
desirable ACT target range. 

Thus, heparin therapy for PTCA continues to be 
largely empiric, although the vast majority of cardi- 
ologists surveyed use ACT-guided heparin therapy 
for the procedure. Weight-based heparin dosing is 
still relatively uncommon. The usual target levels of 
anticoagulation for PTCA are 300-350 seconds for 
Hemochron ACTs and >300 seconds fi)r HemonTec 
ACTs. 

Coagulation Monitoring with Neu,er Agents 
There are a number of antithrombotic agents cur- 
rently in clinical trials for PTCA. Two specific groups 
of new drugs have shown particular promise: 
antithrombins and platelet fibrinogen receptor 
(GPIIb/ll la) antagnnists. 

THROMBIN INHIBITORS 
Hirudin, a molecule originally derived from leech 
saliva, is a direct-acting thrombin inhibitor [67] that 
prevents thrombin-catalyzed activation of factors V, 
VIII, and XIII, and thrombin-induced platelet activa- 
tion. In a randomized study comparing heparin with 
hirudin in the prevention of thrombotic complica- 
tions related to PTCA, hirudin significantly reduced 
the incidence of post-procedural ischemic events [68]. 
Hirudin has also been shown to decrease the incidence 
of restenosis in a rabbit angioplasty model [69]. It is 
currently under investigation as an adjunct to 
thrombolytic therapy for acute MI [70-72] and as an 
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alternative to heparin for the treatment of unstable 
angina. 

The HELVETICA study [73] showed a significant 
benefit of hirudin over heparin at 96 hours 
postprocedure in patients with unstable angina. This 
initial benefit was not sustained, and at 6-month 
follow-up there were no differences in event rates 
between groups. In this study, fixed-dose boluses of 
heparin (10,000U) were given in the control group, 
without titration to ACTs. 

Hirulog is a 20 amino-acid synthetic peptide 
that, like hirudin, binds to thrombin at both the 
fibrinogen-binding exosite and the active site, and 
acts to inhibit both free and clot-bound thrombin. 
Topoi er al. [52J recently reported a multicenter dose- 
ranging study of hirulog; a total of 292 patients un- 
dergoing elective PTCA were enrolled in one of five 
ascending dose groups. The abrupt closure rate in the 
three lowest dose groups was 11.3(~, compared with 
3.9% in the two highest dose groups. There was a 
reproducible dose - -  response curve of both ACTs 
and aPTT to hirulog, and there were no thrombotic 
closures in patients with ACTs >300 seconds. 
Hirulog was associated with a rapid-onset dose-de- 
pendent anticoagulant effect, and in higher doses ap- 
peared to provide safe and adequate anticoagulation 
for PTCA. 

In the Hirulog Angioplasty Study [53] 4098 pa- 
tients undergoing angioplasty for unstable or 
postinfarction angina were randomized to procedural 
anticoagulation with either heparin (173 U/kg bolus 
and an 18-24 hour infusion of 15 U/kg; with proce- 
dural ACTs (Hemochron) titrated to >350 seconds) or 
hirulog (1 mg/kg bolus, a 4-hour infusion of 2.5 mgt 
kg/h and a 14-20 hour infusion of 0.2mg/kg/h; no 
titration of procedural anticoagulation ACT levels). 
The primary endpoint was the in-hospital incidence 
of death M1, abrupt vessel closure, or rapid clinical 
deterioration of cardiac origin. In the total study 
group (n = 4098), hirulog did not significantly reduce 
the incidence of the primary endpoint (11.4% vs. 
12.2~ for heparin) but did result in a lower incidence 
of bleeding (3.8% vs. 9.8%, P < 0.001). Patients in 
the hirulog group had slightly lower ACTs after the 
initial study drug bolus; 37(~ , of the heparin group 
received additional boluses. In the subgroup of 704 
patients with postint:arction angina, hirulog therapy 
resulted in a lower incidence of the primary endpoint; 
there was, however, no difference in the primary end- 
point or 6-month outcome of the 3194-patient un- 
stable angina subgroup or the total study population. 

A recent preliminary report by Ahmed et al. [74] 
retrospectively examined the relationship between 
degree ofanticoagulation in the Hirulog Angioplasty 

Study and outcome. They found that with heparin 
there were decreasing event rates at higher ACT val- 
ues, but no such relationship existed for hirulog. They 
speculated that high doses of heparin may overcome 
local resistance to heparin, but that direct-acting 
thrombin inhibitors (which are not subject to local 
resistance) may be effective at a lower intensity of 
systemic anticoagulation. 

Argatroban is an arginine derivative that also di- 
rectly blocks the action of thrombin. In contrast to 
hirudin and hirulog, which irreversibly inhibit 
thrombin binding to both the active site and the 
fibrinogen binding exosite, argatroban is a competi- 
tive inhibitor that binds only to the active site of 
thrombin. It is a much smaller molecule than hirudin 
or hirulog, and is currently entering clinical trials as 
an alternative to heparin for PTCA and unstable an- 
gina. Preliminary data have suggested that ACTs and 
aPTTs do not show parallel changes in patients 
treated with argatroban and heparin [75]. This sug- 
gests that there may be fundamental problems 
in assessing anticoagulation with these new agents, 
and that comparisons with heparin at similar levels 
of ACT or aPTT are not necessarily meaningful. 
Carteaux et al. [76} have recently suggested that the 
antithrombotic effect of the direct thrombin inhibitor 
is more properly assessed by the ACT than the aPTT. 
However, another recent study [77] has suggested 
that, in comparison with heparin, argatroban has dif- 
ferential effects on HemoTec and Hemochron ACT's. 
No comparison data are available at present on other 
direct thrombin inhibitors. 

FIBRINOGEN RECEPTOR ANTAGONISTS 
A number of recent studies - -  EPIC [78,79], 
PROLOG [80], EPILOG [51,81], CAPTURE [51, 
82], IMPACT-II [50], and RESTORE [83] I have 
suggested that GPIIbtIIIa-blocking drugs may be 
particularly effective in decreasing the thrombotic 
complications associated with PTCA. Only limited 
data on the implications of these agents for intra- 
procedural coagulation monitoring are available. 

In EPIC the platelet GPllb/IIIa-blocking antibody 
c7E3 Fab reduced the incidence ofischemic complica- 
tions by 35%, but was associated with a doubling of 
the risk for major bleeding complications and red 
blood cell transfusions [78,79]. Interestingly, c7E3 
Fab treatment appeared to independently prolong 
procedural ACTs by about 30-dO seconds. A small 
pilot study, PROLOG, was undertaken to investigate 
whether reduction and weight adjustment of heparin 
dose, early sheath removal, or both strategies could 
improve the safety while maintaining the clinical ef- 
ficacy of c7E3 Fab therapy for PTCA [491. One hun- 
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dred and three patients undergoing coronary inter- 
vention received c7E3 Fab (0.25 mg/kg bolus, 10~g/ 
min infusion for 12 hours) and aspirin, and were 
randomized by a 2 × 2 factorial design to one of 
two weight-adjusted heparin doses in a blinded 
fashion and to one of two strategies for heparin 
discontinuation and vascular sheath removal. 

In the "standard-dose heparin" group (n = 52), an 
initial bolus of 100U/kg was administered followed 
by additional bolus doses as necessary to maintain 
procedural activated clotting time (ACT) >300 sec- 
onds; in the "low-dose heparin" group (n = 51), an 
initial bolus of 70U/kg was administered without 
adjustment for ACT. In the "late sheath removal" arm 
(n = 50), heparin infusion was continued for the 12- 
hour duration of c7E3 Fab infusion, followed by 
sheath removal 6 hours later; in the "early sheath 
removal" group (n = 53), heparin was stopped after 
the interventional procedure and sheaths were re- 
moved 6 hours later during the c7E3 Fab infusion. 
Patients were followed for 7 days or through hospital 
discharge for tile occurrence of the composite efficacy 
endpoint of death, MI, or urgent revascularization 
and for the incidence of bleeding complications. 

Median Hemochron ACT values immediately prior 
to coronary interventions were 336 seconds and 257 
seconds in the standard-dose and low-dose heparin 
arms, respectively. There were no differences between 
patients randomized to standard-dose and low-dose 
heparin or early and late sheath removal with regard 
to the occurrence of primary efficacy endpoint events. 
The maximum decreases in hemoglobin and rates of 
bleeding, large hematoma formation at the vascular 
access site, and red blood cell transfusion were all 
reduced by low-dose heparin and early sheath re- 
moval, and were lowest when both strategies were 
combined. 

The large-scale EPILOG trial has investigated this 
issue further in a much larger population of patients 
undergoing coronary interventions. EPILOG was 
halted prematurely because of a positive treatment 
effect [51,81], and the combination of low-dose hep- 
arin (70 U/kg, titrated only to ACTs >200 seconds) 
and c7E3 Fab was superior to standard doses of hep- 
arin alone, and at least as effective (with fewer bleed- 
ing complications) as standard-dose heparin plus 
c7E3 Fab. This may have profound future implica- 
tions as to how heparin should be dosed with con- 
comitant c7E3 Fab therapy. The data from PROLOG 
and EPILOG, as well as current clinical experience, 
strongly suggest that much lower ACT targets (only 
>200 seconds) are necessary when c7E3 Fab is used. 

The CAPTURE trial [51,82], conducted in Europe 
at the same time, was also halted prematurely because 

of positive interim results. CAPTURE was originally 
designed as a placebo-controlled study of c7E3 Fab in 
1400 patients with refractory unstable angina sched- 
uled for PTCA. Unlike in EPIC, PROLOG, and EPI- 
LOG (in which patients were treated with c7E3 Fab 
immediately prior to a coronary intervention, and 
treatment continued for 12 hours following the pro- 
cedure), in CAPTURE patients were pretreated with 
c7E3 Fab for 18-24 hours prior to the interventional 
procedure', and continued for 1 hour following the 
procedure. An interim analysis of the first 1050 pa- 
tients showed that the incidence of death, MI, and 
urgent intervention was significantly reduced by 7E3 
Fab (10.8%) versus placebo (16.4%) to a level that 
exceeded prespecified stopping criteria. 

The IMPACT-II study compared two different 
doses of the cyclic RGD heptapeptide IIb/IIIa blocker 
Integrilin to placebo in both low- and high-risk 
PTCA [50]. At 24 hours both doses of Integrelin were 
effective in reducing procedural complications. At 
30 days the benefit appeared somewhat attenuated; 
even more so at 6 months, when it was no longer 
statistically significant. At 6-month angiographic 
follow-up, there was no difference in quantitative 
coronary angiography-measured treatment-site 
minimum lethal doses between groups. 

Similar to c7E3 Fab, Integrelin also appeared to 
prolong procedural ACTs, although much less so 
in heavier patients. Aguirre et al. [84] have noted a 
paradoxical increase in adverse events with increasing 
ACTs (death, MI, revascularization at 30 days) in 
placebo-treated patients in IMPACT I1, while 
no such increase was noted in Integrelin-treated pa- 
tients. This suggests that there may be a point of 
diminishing returns, at which the documented 
increase in bleeding events associated with higher 
levels of anticoagulation may result in worse clinical 
outcomes. 

Another interesting study by Mascelli et al. [85] 
reports the development of a "bedside" platelet aggre- 
gation test to assess the degree of platelet inhibition 
in patients receiving Ilb/IIIa-targeted therapy. While 
it is unlikely that such devices will be utilized rou- 
tinely for monitoring antiplatelet therapy during 
interventional procedures, this technique will no 
doubt prove useful in identifying appropriate dose 
ranges for these potent agents as they come into more 
routine clinical usage. 

Conclusions 
Interventional procedures such as PTCA injure the 
endothelium and create an intensely thrombogenic 
milieu. As a result, anticoagulation antithrombotic 
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therapy is routinely administered to patients under- 
going such procedures. The degree of anticoagulation 
necessary to safely perform PTCA remains con- 
troversial. The standard of care in the United Sates 
currently entails intraprocedural coagulation moni-  
toring, usually with an ACT, and titration of heparin 
to levels deemed "adequate" for that particular labora- 
tory. A number of new agents show particular prom- 
ise as adjuncts ( l ib / I l ia  blockers) or alternatives 
(hirudin, hirulog, and argatroban) to heparin for 
PTCA. As we become more conscious of the processes 
contr ibuting to intraprocedural thrombus formation 
and the limitations of current therapy with heparin 
and aspirin, we are moving forward to a new era of  
aggressive, targeted anticoagulant therapy. Ongoing 
clinical trials will help to define the optimal antico- 
agulant strategy of the future. 

There are emerging concerns that excessive heparin 
anticoagulation (and very high ACTs) may be 
associated not just with more bleeding, but also 
with more procedural complications. Thus, more 
recent interventional trials with new, potent an- 
ticoagulant agents have at tempted not to overshoot 
the degree of anticoagulation. To some extent 
procedural complications (and the requirement 
for more procedural heparin in the setting of 
complications) may play a confounding role, but 
it is clear that a number of major questions remain, 
and that a definitive prospective study to define 
optimal procedural anticoagulation, particularly 
with newer anticoagulant agents, needs to be 
performed. 
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Introduction 
The efficacy of oral anticoagulant therapy is well es- 
tablished for preventing and treating venous and arte- 
rial thromboembolism in a wide variety of clinical 
settings. In recent years, standardized laboratory 
monitoring and recognition of the frequency and haz- 
ards of overly intense anticoagulation have resulted in 
major improvements in the safety and efficacy of oral 
anticoagulant therapy. In this chapter we briefly re- 
view issues relating to monitoring chronic anticoagu- 
lant therapy and discuss guidelines for achieving and 
maintaining an optimal level of anticoagulation in 
clinical settings in which oral anticoagulant therapy 
is used, such as deep venous thrombosis, pulmonary 
embolism, atrial fibrillation, prosthetic heart valves, 
and following myocardial infarction. 

Oral Anticoagulants 
Warfarin and other coumarin anticoagulants inhibit 
vitamin K-2,3-epoxide reductase within hepatic 
microsomes and thus prevent recycling of vitamin 
K, a necessary cofactor for the synthesis of ~{-carboxy- 
glutamic acid residues needed for post-translational 
modification and activation of vitamin K~ependen t  
proteins synthesized in hepatocytes (coagulation fac- 
tors II, VII, IX, and X, proteins C and S) [1]. War-  
farin is extremely soluble in aqueous media, is 
completely absorbed from the gastrointestinal tract, 
and reaches maximal blood concentrations in healthy 
volunteers in 90 minutes [2]. Warfarin is metabo- 
lized by hepatic microsomal enzymes and is almost 
totally bound to plasma proteins, which may be 
partially responsible for its long plasma half-life. The 
biologic half-life of warfarin ranges from 35 to 45 
hours and is independent of the dosage used. It can 
cross the placental barrier, but there is no firm evi- 
dence that the drug appears in breast milk in signifi- 
cant amounts [1,3]. Warfarin is widely used in a 

variety of clinical circumstances and is the 14th larg- 
est selling medication in the United States. 

With  a dose of warfarin sufficiently large to com- 
pletely block hepatic synthesis of vitamin K-depen- 
dent proteins, each of the involved clotting factors 
disappear from the blood as a function of its indi- 
vidual half-life. Thus after a latent period the pro- 
thrombin time becomes prolonged, mainly from the 
effect of lowering of the concentration of factor VII, 
the vitamin K-dependent factor with the shortest 
half-life (5 hours). The plasma concentration of 
the other vitamin K-dependent coagulation factors 
will decrease more slowly because their half-lift is 
longer (20-60 hours for factors IX and X, and 80-  
100 hours for prothrombin). After 3-5 days of war- 
farin treatment, all of the affected coagulation factors 
achieve similar low levels. For effective treatment of 
thrombosis, the levels of factors 1I, VII, IX, and X 
should remain at approximately 25% of normal [4]. 
Wi th  discontinuance of the drug, the clotting factors 
return to normal, again as a function of their indi- 
vidual intrinsic synthesis rates. 

A general clinical approach to warfarin dosing 
and monitoring is summarized in Table 38-1. If a 
rapid anticoagulant effect is required, an initial dose 
of 10mg/day is administered, often in combination 
with heparin; heparin is discontinued when the INR 
has been in the therapeutic range for at least 2 days. In 
situations in which immediate anticoagulation is not 
necessary (e.g., in chronic stable atrial fibrillation), 
treatment can be initiated with an anticipated main- 
tenance dosage of 4-5 mg/day, achieving a steady- 
state anticoagulant effect in 5-7 days. Prothrombin 
time (PT) monitoring using International Normal- 
ized Ratios (INR) is usually performed daily until a 
therapeutic effect has been achieved and maintained 
for at least 2 consecutive days, then two to three times 
weekly for 1-2 weeks, then less frequently, depend- 
ing on the stability of the INR. If the INR remains 
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TABLE 38-1. A practical 
approach for anticoagulation with warfarin 

Rapid anticoagulation 
Day 1: lOmg 
Day 2: lOmg 

Assess INR 
Day 3: 2.5-7.5mg 

Assess INR until stable and therapeutic 

Anticoagulation (rapid effect not required or if there is 
bleeding risk) 

Day 1 : 5 mg 
Day 2: 5rag 

Assess INR 
Day ~,: 5 mg 

Assess INR until stable and therapeutic 

FolLow-up INR assessment 
Three times in first week 
Twice in second week 
Weekly for 4 weeks 
Every 2 weeks for 2 months 
Then monthly or longer 

stable, the frequency of testing can be reduced to 
every 4 - 6  weeks. If dose adjustments are required, 
then the cycle of more frequent monitoring is re- 
peated until a stable dosage is achieved. Some patients 
on long-term warfarin therapy may be difficult to 
manage because of unexpected fluctuations in tile 
INR. These fluctuations may be due to a number of 
factors (Table 38-2), including changes in diet, inac- 
curate PT results, poor patient compliance, undis- 
closed drug use, surreptitious self-medication, or 
intermittent  alcohol consumption. 

MONITORING ORAL 
ANTICOAGULANT THERAPY 
A number of different tests have been employed for 
laboratory' monitoring of oral anticoagulant therapy, 
but the test by far the most widely used is the one- 
stage prothrombin rime (PT) introduced by Quick in 
1935 [5]. As discussed in Chapter 37, the interpreta- 
tion of PT results has been complicated because the 
routine commercial thromboplastin reagents vary 
markedly in their responsiveness, depending on the 

TABLE 38-2. Factors that potentiate or inhibit the anticoagulant effect of warfarin 

Enhanced effect Decreased effect 

Drugs Drugs 
Chloramphenicol Vitamin K 
Cimetidine Oral contraceptives 
Anabolic steroids Rifampin 
D-Thyroxine Griseofulvin 
Clofibrate Glutethimide 
Metranidazole Cholestyramine 
Phenylbutazone Barbiturates 
Sulfinpyrazone 
Qumidine 
Disulfiram 
Sulfonamides 
Chloral hydrate 
ALcohol (abuse only) 
Allopurinol 
Amiodarone 
Antibiotics 
Methyldopa 
Omeprazole 
Tamoxif~en 
aspirin (in high doses) 

Other Other 
Low Vitamin K intake or absorption Increased vitamin K intake 
Liver disease Alcohol 
Hypermerabolic states (fever, 

thyrotoxicosis) 
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tissue of origin and the method of preparation [6-10]. 
Consequently, PT results using reagents from differ- 
ent sources are not interchangeable between laborato- 
ries. This problem has been largely solved by 
calibrating PT ratios to a standard, the INR, which is 
calculated as follows: 

INR = (observed PT ratio) c 

where the PT ratio is (patient PT)/(normal pooled 
plasma PT) and C is the power value representing 
the International Sensitivity Index (ISI) for each 
thromboplastin. 

The ISI is a measure of the responsiveness of a given 
thromboplastin to reduction of vitamin K~lependeot 
coagulation factors; the lower the ISI, the more re- 
sponsive is the reagent and the closer the derived INR 
will be to the observed PT ratio. The INR is that PT 
ratio that would be obtained if the World Health 
Organization's reference thromboplastin itself (ISI = 
1.0) had been used to perform the PT test [7,11]. The 
value of ISI for thromboplastin reagents used in clini- 
cal settings is provided by the manufacturer. A spe- 
cially designed normogram gives INR values from 
the PT ratio value for thromboplastins over a range of 
ISI values [ 12]. 

Clinical Settings 

T R E A T M E N T  OF DEEP VEIN THROMBOSIS 
AND PULMONARY EMBOLISM 
Over the past 20 years, the results of numerous well- 
designed randomized trials in patients with deep-vein 
thrombosis (DVT) have helped guide the treatment of 
this common disorder. In patients with proximal 
DVT, the goals of therapy are the prevention of pul- 
monary embolism and prevention of the postphlebitic 
syndrome by restoration of venous patency and valvu- 
lar function. Anticoagulation is the first-line of treat- 
ment for patients with distal DVT as well as for those 
with proximal-vein involvement. Therapy should 
start with an agent that has an immediate anticoagu- 
lant effect (e.g., heparin) [13], at an adequate dosage 
(PTT 1.5-2.5 times the control) [14]. Failure to reach 
the prescribed intensity ofanticoagulation in the first 
24 hours of treatment increases the risk of recurrent 
venous thromboembolism by 15 times [14]. Five days 
of heparin therapy followed by an oral vitamin K 
antagonist is usually effective treatment and is gener- 
ally regarded as conventional therapy [ 15]. However, 
asymptomatic extension of DVT to proximal veins or 
asymptomatic pulmonary emboli can be expected in 
8% of the patients so treated [13], and symptomatic 

pulmonary emboli may occur in 0.5% [15]. Extend- 
ing the course of heparin (e.g., 10 days) before war- 
farin therapy is begun is not beneficial [16,17]. 

Treatment of DVT with oral anticoagulants alone 
(without heparin) is not a satisfactory alternative and 
is followed by symptomatic extension of recurrence of 
venous thrombosis in 20% of patients [13]. In a study 
by Hull et al. [18], after initial heparin therapy, 
patients were randomized to receive subcutaneous 
low-dose heparin or moderate-intensity warfarin 
(INR 2.4--i.6). Despite the higher incidence of bleed- 
ing in the warfarin group (21%), the recurrence of 
DVT at 12 weeks was remarkably lower (0% VS. 
25.7% in heparin group). In a later study [19] com- 
paring a moderate-dose regimen (INR 2.0-3.0) 
with a more intense regimen (INR 3.0-4.5), a similar 
protection from rethrombosis was achieved in both 
groups, with a significant reduction in the incidence 
of bleeding in the moderate-dose regimen (4.3% 
vs. 22.4%). Although substantially less intense 
anticoagulation may be adequate [20], currently an 
INR value between 2.0 and 3.0 is a generally ac- 
cepted target range for this clinical setting [15,21- 
23]. 

The optimal duration ofanticoagulation therapy is 
more controversial. There is evidence from prospec- 
tive studies [25-27] that the risk of recurrence is 
lower among patients with reversible risk factors 
(e.g., those with thrombosis secondary to surgery or 
trauma) than in those with irreversible risk factors 
(such as cancer) or with idiopathic DVT (thrombosis 
in the absence of a recognized risk factor). In a recent 
study by Schulman and associates [28], 897 patients 
with a first episode of DVT or pulmonary embolism 
were treated with at least 5 days of unfractionated 
heparin or low molecular weight heparin and then 
randomly assigned to receive either 6 weeks or 6 
months of warfarin therapy, with a target INR of 
2.0-2.85. The incidence of recurrence during 2 years 
of follow-up was 18.1% among the 443 patients who 
received 6 weeks of oral anticoagulant therapy, as 
compared with 9.5% among the 454 patients who 
received 6 months of therapy (P < 0.0I)l). There was 
no significant difference in the frequency of bleeding 
or the recurrence of pulmonary embolism between 
the two groups. An earlier study performed by the 
Research Committee of British Thoracic Society 
[25] had also shown that 4 weeks of anticoagulation 
may be adequate for patients with postoperative 
venous thrombosis, but a longer course of treatment 
is necessary for patients without reversible risk 
factors. 

On the basis of these data and other observations 
[27,28], it is difficult to recommend indefinite anti- 
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coagulant therapy for patients with a first episode of 
venous thrombosis. One reasonable approach is to 
use anticoagulation therapy for 6 weeks in patients 
with reversible risk factors and to continue anticoa- 
gulation for up to 6 months in patients with no 
identifiable etiology and presumptive idiopathic 
venous thrombosis. Anticoagulant treatment for 
an indefinite period should be considered in 
patients who have venous thrombosis associated with 
active cancer, and who may be bedridden and 
receiving chemotherapy, factors that may contribute 
to a hypercoagulable state [29]. Long-term antico- 
agulation therapy should also be considered for pa- 
tients with recurrent episodes of idiopathic DVT 
and those with inherited thrombophilia who have had 
one or more unprovoked episodes of major venous 
thromboembolism [30]. 

PREVENTION OF VENOUS THROMBOEMBOLISM 
Of the patients who will eventually die of pulmonary 
emboli, two thirds survive for less than 30 minutes 
after the event, not long enough for most forms 
of treatment to be effective [31]. Preventing DVT 
is clearly clinically preferable to treating the condi- 
tion after it has happened [32], as well as being 
cost effective [32-35] if patients at risk can be 
appropriately identified. The goal of prophylactic 
therapy in patients with risk factors for DVT is to 
prevent both its occurrence and its two major conse- 
quences: pulmonary emboli and the postphlebitic 
syndrome. 

Multiple clinical studies [36-44]  have shown 
that certain clinical factors clearly predispose patients 
at risk for venous thromboembolism and identify 
patients with the most to gain from prophylactic 
measures [45]. These factors include advanced 
age; prolonged immobility or paralysis; prior venous 
thromboembolism; cancer; major surgery (particu- 
larly operations involving the abdomen, pelvis, and 
lower extremities); obesity; varicose veins; congestive 
heart failure; myocardial infarction; stroke; fractures 
of the pelvis, hip, or leg; hypercoagulable states; and 
pnssibiy high-dose estrogen use. 

Although the American College of Chest Physi- 
cians has recommended that in the majority of 
cases low-dose unfractionated heparin, low molecular 
weight heparin (LMWH), dextran, or intermittent 
pneumatic compression are the agents of choice for 
DVT prophylaxis, there are potential beneficial effects 
of oral anticoagulation in certain clinical conditions, 
including: 

1. Selected very high-risk general surgery patients 
(target perioperative INR of 2.0-3.0) [46,47]. 

2. As an alternative for LMWH or unfractionated 
heparin in patients undergoing total hip replace- 
ment surgery (target INR of 2.0-3.0, therapy 
started preoperatively or immediately after opera- 
tion) [48-67]. 

3. As an alternative to LMWH in patients undergo- 
ing hip fracture surgery (target INR of 2.0-3.0) 
[68-72]. 

4. To prevent axillary-subclavian venous thrombosis 
in patients with long-term indwelling central vein 
catheters (1 mg daily dose) [73]. 

5. In selected very high-risk patients will multiple 
trauma, in whom warfarin may be considered as an 
alternative to LMWH or intermittent pneumatic 
compression (target INR not yet well defined) 

6. As an alternative for LDUH in patients with myo- 
cardial infarction, (duration and intensity of 
anticoagulation not yet well established) 

There is considerable controversy regarding the 
optimal duration of postoperative prophylaxis. Virtu- 
ally all reported trials in the setting of elective hip or 
knee replacement provided prophylaxis for at least 7 -  
10 days postoperatively. Despite data suggesting a 
significant risk of DVT for at least 2 months follow- 
ing total hip replacement [74-76], it is currently 
recommended that the duration of postoperative pro- 
phylaxis in these settings should be at least 7-10 days 
regardless of hospital stay (often 5 days or less). There 
are several ongoing trials addressing the issue of 
posthospital prophylaxis. 

Meta-analysis of the Antiplatelet Trialists' Col- 
laboration [77] has shown a beneficial effect of aspirin 
in reducing the incidence of DVT by 37(2; and in 
reducing the incidence of pulmonary embolism by 
71% in general surgical patients; however, multiple 
other well-designed trials have found aspirin ineffec- 
tive in preventing DVT in general surgical patients 
[78] and following total hip [79-84] or knee [79] 
replacement. Therefore, current recommendations do 
not advocate aspirin alone for prophylaxis in these 
settings because other measures have been shown to 
be more effective [85]. There is no convincing evi- 
dence to justify the broad use of routine DVT prophy- 
laxis in all burn patients [86,87]. However, it seems 
reasonable to recommend prophylaxis in burn pa- 
tients with additional risk factors fi~r venous 
thrombosis [88]. 

ATR1AL FIBRILLATION 
Over the past 6 years, five randomized multicenrer 
trials have investigated the safety and efficacy of oral 
therapy (both anticoagulant and antiplateler agents) 
for primary stroke prevention in patients with atrial 
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TABLE 38-3. Primary prevention trials in atrial fibrillation, baseline characteristics 

Clinical trial Total no. of patients Mean follow-up (years) Target INR Primary" outcome measures 

AFASAK 1007 1.2 2.8~i.2 S, SE, TIA, ICB 
SPAF 1330 1.3 2.0-4.5 S, SE 
BAATAF 420 2.2 1.5-2.7 S 
CAFA 383 1.3 2.0-3.0 S, SE, ICB, FB 
SPINAF 525 1.8 1.4-2.8 S 
SPAF II 1 lO0 2.7 2.0-4.5 S, SE 

s = stroke; SE = non-CNS systemic embolus; TIA = transient ischemic attack; ICB - intracranial bleed: FB - fatal bleed; AFASAK = trial Fibrillation, Aspirin, 
Anticoagulation Study [89]; BAATAF = Boston Area Anticoagulation Trial in Atrial Fibrillation study [91]; CAFA = Canadian Atrial Fibrillation 
Anticoagulation study [92]; SPAF = Stroke Prevention in Atrial Fibrillation study [9(1]; SPINAF = Veterans Af£airs Stroke Prevention In Nonrheumatic Atrial 
Fibrillation [93]. 

TABLE 38-4. Event rates for placebo and warfarin in five atrial fibrillation primary prevention trials 

AFASAK BAATF CAFA SPAF SPINAF 
(no. = 671) (no. = 420) (no. = 378) (no. = 421) (no. = 525) 

P W P W P W P W P W 
no. ~ Ilo. ~ no. ~ no. ~ no. ~ no. ~ no. ~ no. -- no. ~ no. 
336 335 208 212 191 187 21 l 210 265 260 

Total patient-year 417 423 435 487 251 239 259 271 440 465 
observation to death 
or end of study 

Stroke 4.8 1.9 3.0 0.4 3.7 2.1 7.0 2.3 4.3 [).9 
Non-neurologic 

systemic embolism 0.2 0 0 0 0.8 0.4 0.8 O 0.4 0.8 
lntracerebral 

hemorrhage O 0.2 0 0 0 0.4 O 0.4 0 0.2 
Subdural hemorrhage 0 0 0 0.2 0 0 0.8 0.4 0 0 
Subatachnoid 

hemorrhage 0 0 0 0 0 0 () 0 0 0 
Transient ischemic 

attack 0.7 0.2 0.9 0.8 0.8 0.8 2.4 1.5 2.6 1.5 
Death 6.5 4.7 6.0 2.3 3.2 4.2 3.1 2.2 5.0 3.3 
Myocardial infarction NA NA 0.7 0.8 NA NA 0.8 0.4 0.9 1.5 
Major bleeds 0 0.3 1.9 1.0 0.8 1.7 0.8 0.4 0.9 1.5 

AFASAK = Atrial Fibrillation, Aspirin, Anticoagulation Study [89]; BAATAF = Boston Area Anticoagulatmn Trial m Atrial Fibrillation study [91 ]; CAFA 
= Canadian Atrial Fibrillation Aoticoagulation study [92]; SPAF = Stroke Prevention in Atrial Fibrillation study [90]; SPINAF = Veterans Affairs Stroke 
Prevention In Nonrbeumatic Atrial Fibrillation [9"~]; P = Placebo; W = Warfarin; NA = not recorded. 
Adapted from Ezekowiz [198], with permission. 

fibrillation [89-93]. The  basic characterist ics of  these 

trials are s u m m a r i z e d  in Tables 38-3 and 38-4. 
As shown  in Figures  38-1 and 38-2,  these trials 

were all remarkably  consis tent  in d o c u m e n t i n g  very 

low rates of  hemor rhag ic  compl ica t ions  and an ap-  

p rox imate ly  70% reduct ion in the risk of  s troke w i th  

low- in tens i ty  warfarin therapy.  Based on in ten t ion  to 

treat  analysis, this  risk reduct ion was even h igher  

(greater  than 80%)  in pa t ients  w h o  remained on 

t r ea tmen t  w i th  warfarin [94],  and, in fact, the major-  

ity of  the s trokes that  were d o c u m e n t e d  in the "war-  

farin g roups"  of  the original  five trials occurred in 

pa t ients  w h o  were not  tak ing  an t icoagulan t  therapy 

at the t ime of  event.  The  target  ranges for in tensi ty  of  
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anticoagulat[on in these trials are shown in Table 

38-3, 
Only two of the five trials (AFASAK and SPAF) 

randomized patients to aspLrM versus warfarin for 

stroke prevent~om \VarGrin was at least 3094 more 
effbct,ve thar~ asDrin d?erapy for the prevention of 
ischemic s~roke m pariems wiH~ arr~a~ fibrillation 
[93] lbigure 3g-3). These darn are flirt}mr supported 
bv the results of the current European Atrial Fibritla- 
rlon Trial (EAFT, [96] which compared antJcoagu 
Ian~ therapy, aspirin, and placebo [n patients with 
atrial fibrilh~tion who had sustained a mild stroke or 
transient ischemic attack within the last 3 months  
There was a 68% reduction in smoke with anEtcoagu 
[ant therapy ve['st15; a I(~)'/; stroke reduction m the 

aspirin group (a trend that  was not significant). Prc- 
Iimina W data trom the recent SPAF ]1I study [97L 
also confirm the su perior~y of standard-dose warfarin 
therapy (INR 2 - %  ~ver aspirin alone in reducin~ the 
risk of stroke in high-risk patients. Low-dose warf;e~rin 
{INR 1.2 ].3) mcombination w i r h a s p i r i n ( 3 2 3 m g l  
day/also appeared to be less eff~-ctive in reducing the  

risk of stroke than standard-dose warf~tin ther;Jpy. 
In a co l labora t  lye analysis done by the investigators 

from the five original atrial fibrillation/stroke preven- 
tion studies (98], four independent  clinical features 
w~re identified on mu}tiw~ria~e ana]ys~s that idemi- 
fled individuals at inc reasd  risk fbr stroke. These 
~)tctors included , history of prewous stroke of tran- 
sient iscBemic attack (TIA) {relative risk [R R] 2.50), 
diabetes (RR. 1.7l history of hyper~ensmn (RR, 

1A>0L and increased age (RR~ IA  for each decade'}. 

FIGURE 58-I Sm~m~a U of bleeding ra~es in the five atrial 
flbrilhHon pnmar) prew'nr,un trials. *Bleeding rcqmrmg 
hospitalizarioe of trans}ils~on. (Adapted from Atber~ eral 
{.94,95], w~t h pernlissiom) 

Patient~ w h h  any of the~e risk iactors had an annual 
stroke risk of: tr least 4?/o if a n t r e a t d .  Associated 

car tiac disorders were alto showp to in{Iuence stroke 
risk~ Patient whose only risk f;ac~or ff~r stroke was 
congestive heart failure or coronary artery disease (an~ 
gina or myocardial iMarctk)n) bad stroke rates ap- 
proximately three t imes those in patients wir}~out any 

risk factors. 
Probably the ,mos~ feared complication of anrlco~ 

agulant therapy is in~racrania[ hemorrhage This 
compi~cation ~s more ......... in the ",'cry elderly, 
with excessive anncoaguladon [99 101] and with 
poorly controlled hypertension [ t00,102.103] .  Be- 
cause approximatdy ha~(: o[ patlent~ with a~riat 
fibrillation in the [Jotted States are over 75 vear.~ of 
age [ 10/1], the safety issues associated with anticoagu- 
lant therapy become extremely re levant  Umfnr tu  
nately, to date hard data on ~he long-term safety o( 
anticoagulant therapy, particu[arly in very elderly 

patients with atrial flbriIIatioo, art l imited. The pro- 
spective randomized trials to date onI} incIude data 
our to 2--5 ,/ears. and there were a l imited number of 
patients (only about 25c/~? over 75 yeats of age e'm 
rotkd m rhese srndies [98j 

Based on the  results of the collaborative analysis of 
these trials and those of the American College o~ 
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FIGURE 3g-2 Stroke rotes in patients ra~domized to we> 
latin and in coactot subiec~s in atrial fibriliarieo prima D, 
prevention tria~s. Sff}ke represents aH strokes. Transistor 
isehemic a~tacks, system[c emboh, and h~tracranial hereof* 
tI~ages ace r~0~ ir~duded (Adapted from Albers eraL 
[94,95,}, with permission,) 

Chest Physidar~s [!05] and the British Society for 
ItematoIogy [22], it is recommended that long-term 
orai ~mricoagulant therapy (INR 2.0-3.0) be s~rongly 
co~isidered for all patients oider than (;5 wkh a~riat 
fibriliarion, and fi)r patients younger than 65 with an}, 
of the following risk factors: previous TIA or stroke, 
hypertension, heart f~dhlre, diabetes, clinical coroner} 
artery disease, mitra[ ste~osis, prosthetic heart valves, 
or thyrotoxicosis~ if they ate goott candidates f%r 
anticoagulation, Unreliable individuals or those with 
other con~rah?dicadons to andcoagulation should be 
considered for aspirin treatment (325 mgid) Desplce 
the higher risk ofanticoagulation ia very eI&Hy (over 
75 }'ears of age), they sriii appear to benefit from 
andcoagulation because ehelr risk for stroke is par- 

ticulaHy high; however, this should bc done with 
ca~Ltio,l arid ~are~a[ morfiroring. 

Alternative a~rithrombotic regimens, such as 
[owe~ inreasi~v andcoagulation @4:- an INR of 1,5 }. 
or combination therapy with very low-dose warfarin 
and aspirin in rhis si~bgroup, are currently under 
mves~Gation [95]~ Preliminary results from rhe h/gh- 
risk arm oF SPAF II[ [97] (whkh was terminated 
prematurely) suNgest that in high-risk patients with 
atrlal fibrillation standard-dose warfarin is effective 
m reducirtg the risk of stroike b~elow ei~at previously 
seen with aspirin alone. Low-dose warf;arin in combi- 
oauon wkh aspirin was not an efDcrive therapy in 
high-risk pat,tots. 

1ndividuaIs less than 60 years of age wid~om any 
clir~icaI risk factors ~Ione atrial fibriltatmn)do nor 
require antirhrombotic therapy for stroke prevention 
becat~se of their low risk for events {less than 0.5% per 
~,ear). The stroke rate is also low (about 254 per year) 
in patients svkh lone atrial fibrilIatio~ between ages 
d~0 and 75 years. These patients appear co be ad- 
equately protecre~ from stroke with aspirin therapy 
A]thoug[~ seco~ldary analysis of the SPAF data iden~> 
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Stroke rates (alt strokes regardless of suspected cause) in patients randomized to oral 

anticoagualtion versus aspirin. 

* P < 0,001 

Adapted from atrial fibrillation investigators [98] 

fled other low-risk subgroups who also appeared to be 
adequately protected by aspirin [106-108] ,  ~hese 
findings need to be confirmed in a prospective study 
prior ro making such general clinical recommenda- 
tions ARhough the high~risk arm of SPAIn III was 
terminated prematurely, the low-risk arm ,s continu- 
ing enrotlrtlenr. 

PROSTItETIC tlEART VALVES 
Despite improvement  m valve design, thrombosis 
and arterial thromboembolism remain major catJses of" 
late morbidity and mortality after the replacement of 
heart valves with mechanical and bioprosthe~ic pros- 

FIGURE 38-3. Stroke race m patients randomized ro oral 
a~ricnagu[a¢ion versus aspmn. 

theses {109L Factors rhar influence the risk ofarterial 
thromboembolism include the type, site, and number 
of valves placed [109 -1 t4 ] ,  the presence or absence 
of atria~ fibrillation, trearmen~ with warfarin or 
other anticoagolants [109} the adequacy of war[arm 
therapy, and the addition ofamipla te le t  drugs such as 
dipyridamole a~id aspirin [109]= The risk of  throm- 
bosis in the mitral position seems to be twice as great 
as with aortic and t i l t ing-disc valves; biLeafler valves 
have a lower incidence of major e m b d i s m  than caged- 
ball valves [L 1.5] The presence of more than one 
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TABLE 38-5. Thromboembolic events as a function of INR in patients with St. Jude prosthetic valves 

Thrombolic event (% y) 

INR Aortic position Mitral position >1 prosthetic valve 

No ant]coagulation [117] 12.3 22.2 91.0 
1.8-2.8 [116] 3.9 6.5 7.2 
2.5-3.5 [116] 2.8 4.7 4.8 
2.8~4.3 [118] 3.0 2.2 0.0 
3.0-4.5 [116] 1.9 2.9 4.7 
4.0-6.0 [116] 1.4 2.4 4.4 

From Horstkotte er al. [1 16], Bander er al. [117], and Voget et al. [118]. 

TABLE 38-6. Effect of ant]thrombotic therapy on the incidence of valve thrombosis and major and total embolism 

Incidence rates per 100 patient-years (95% confidence intervals) 

Ant]coagulation Valve thrombosis Major embolism Total embolism 

None 1.8 (0.9-3.0) 4.0 (2.9-5.2) 8.6 (7.0-10.4) 
Antiplateler 1.6 (l.0-2.5) 22 (1.4-3.1) 8.2 (6.6-10.0) 

Dipyridamole 4.1 (1.9-7.2) 5.4 (2.8-8.8) 11.2 (7.3-15.9) 
Aspirin 1.0 (0.4-0.7) 1.4 (0.8-2.3) 7.5 (5.9-9.4) 

Warfarin 0.2 (0.2-0.2) 1.0 (1.0-1.1) 1.8 (I.7-1.9) 
Warfarin and antiplatelet 0.1 (0.0-0.3) 1.7 (1.1-2.3) 3.2 (2.4-4.1) 

Total embolism includes all reported events (valve thrombosis, major and minor embolism). The data represent a meta analysis of 46 studies, including 13,088 
patients. 
Reprinted, with permission, from Cannegieter et al. 1115]. 

prosthetic valve is also associated with an increased 
incidence of thromboembolic events. 

For obvious ethical reasons, there are no placebo- 
controlled clinical trials of oral anticoagulants in 
patients with prosthetic heart valves. However, obser- 
vational data [116-119]  and meta-analyses [115] 
strongly support the need for lifelong warfarin treat- 
ment  with mechanical valves, particularly in the mi- 
tral site and probably in the aortic site. The main 
remaining area of uncertainty is in determining the 
optimal intensity, specifically the level at which 
thromboembolic  complications are effectively pre- 
vented without  excessive bleeding [107,120,121].  
Table 38-5 presents the incidence of thromboembolic  
events in relation to the INR from a number of stud- 
ies [116-119]  for St. Jude prosthetic heart valves. 

The effect of ant]thrombotic therapy on the inci- 
dence of thromboembolic  events in patients with 
mechanical valve prosthesis [115] are shown in Table 
38-6. Wi thou t  ant]coagulation, the risk of major 
embolism was about 4 per 100 patient-years and was 

reduced by 75% with anticoagulant therapy to 1.4 
per 100 patient-years incidence of major bleeding 
events. Whi le  the beneficial effects of anticoagulants 
were confirmed in mult iple  other studies [ 122,123], 
the optimal therapeutic range in patients with a me- 
chanical prosthetic valves is still the subject of much 
debate. In a recent meta-analysis of 12 studies in 
patients with t i l t ing-disc valves and bileaflet valves 
[124], when the minimal  INR was no lower than 
2.5-3.0,  there was a low thromboembolic  rate with 
an acceptable hemorrhagic event rare (Figure 38-4). 
W i t h  a lower I N R  min imum of 1.6-1.9,  the rate 
of thromboembolism increased considerably, while 
the hemorrhagic events rate decreased slightly. At the 
other end of  the therapeutic range, the throm- 
boembolic rate with a maximal I N R  of 2 .5-3 .6  was 
not different from the thromboembolic  rate with a 
maximal I N R  of 3 .9-4.8 .  The hemorrhagic rate with 
a maximal INR or 2 .5-3 .6  was the same as the hem- 
orrhagic rate with a maximal I N R  of 3 .9-4.8 .  In- 
creasing the maximal value of the I N R  to 8.2 had no 
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fur ther  therapeutic benefit, bu t  the h e m o r r b a g k  rare 
increased. 

The  m i n i m u m  effective inreasir  F of  andcoagu lam 
therapy in the s t r o n g  of mechanical  prosthet ic  v a b  es 
has been evahmred in two studies Fhe first [123] 
compared a vrry high-inte~Mty regLmen (INRo 
7 . / ~ J 0 . 8 )  w b h  a h~wer mtens~w reg iment  ( INR.  1 .9 -  
3.6) and showed rhar there was no difference on ~flbc-- 
dredge% between the two reglmeHts, bU~ the  higher  
intensi ty regJmea pr{Muced signif icandy more bleed- 
ing In the  secoad study [199],  the  saDtv and ef~caev 
of ~ modcra te- inrensk~ regimen ( INR.  2-0-3 .0)  
was compared xvirh a h igh- imens i ry  rcgime~r  ( INR,  
3.{}~,3) in par iems wit[~ mechaniea~ prosthet ic  
vaDcs who were receiving aspirin and dipyridamole.  
There was no difference in effic~<,~ between d~e two 
regm~ens, b~,t. as m the previous study, the h igh-  
mrensit~ regime~ was associated wi th  a stat~sticalty 
s~gnificaae increase in bleeding.  

In con~parison wi th  ant icoagulant  agents° the 
an r i th rombot i c  ef:[ecr of an t iph te l e t  agents m ri?e 
se t t ing of  mechanical prosthet ic  valves has oeen less 
cons,stent,  In Cannegie re rs  meta-anaDsis  [ I I 5 ] ,  
a sp inn  imd a be~eficial effec~ in reducJn~ the  risk o{ 
ma?or embol i sm b~ about  '10q~ ~ compared wi th  no 
t rea tment  { 1 2 6 - 1 2 8 ]  Another  recta-anal ysis showed 
that aspirin m combina t ion  with oral ant icoagulants  

FK;URE 4~-4 Thromboembnlic and hemorrhagic ravc~ ac- 
cording m minimal (A? and maximal (B) INR values used 
m 12 studies analyzed 

signif icandy reduced systemic th romboembn] i  ~nd 
mor t~lky  [ t29 ] ,  This  wa~ of-fser, however, by m 
creased major  bleeding Yet another  me~a-anatvs~s 
showed no benefit o f a s D r m  in combina t ion  wi th  oral 
antmoagulanrs,  and an increased risk o t  bleeding 
[ I15] .  T~rple  ~:r a] [126]  showed ~hat the tare of 
ma~or bleeding may be reduced bv rnimm~zmg the  
dose of-asp/ t in  used in combinamon wi th  warfarin. 
Regarding dipyridamo]e i~, addkion  ro oral antico- 
agulants° some invest igations showed an addit ive 
benefit 7127,~ 30], one invcsrig arlon showed no her> 
efit [131 }, and one invesrigatloe, showed only a t rend 
[132}. I N R  data f}om these studies have not been 
publ ished.  

In conchmmno current  data strongly suggest  tha t  
alI pat ients  with  mechanical  prosthet ic  heart  valves 
should be orally antlcoagulated.  A target  I N R  of 2~ 5 -  
3,5 has been recommended by the American  College 
of  Chest  Phymcians for pat ients  with  bi[eaffet or 
r ih{ng-disk  valves A h igher  INR may be considered 
for pauenrs  wi th  caged-ball or caged-disk valves, The  
addi t ion of aq~r in  to ond anrJcnagulat~ts ot~ers addi-  
tional protect ion bur wi th  an  increased risk o£ bleed- 
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TABLE 38-7. Thromboemboli with bioprosthetic valves in patients with sinus rhythm 

Medication No. of patients Valve position TEe100 pt-y Source (ref) 

None (after 6 weeks warfarin 
N o n e  

None (after 8 weeks warfarin 
None (after 8 weeks warfarin 
None (after 8 weeks warfarin 

546 AO 1.9 136 
117 AO 0.2 137 
34 AO (Hancock) 2.9 137 
45 AO (Carpentier-Edwards 2.0 138 

Mitral 1.9 139 

TE = th rombol i c  events; pt .  = pat ient ;  y = years; A O  = . 
Adapted  from Stein et al. {134],  wi th  permission.  

ing. Patients with mechanical prosthetic heart valves 
who suffer systemic embolism despite adequate 
therapy with oral anticoagulants are good candidates 
for the addition of low doses of aspirin (80mg/d). 
Given conflicting data in favor of and against a role 
for dipyridamole in reducing the risk of throm- 
boembolism [127,130-132], and in view of the 
known benefits of low-dose aspirin therapy in combi- 
nation with oral anticoagulants [126], dipyridamole 
(400 mg/d) is probably limited to an adjunctive role, 
with other oral anticoagulants as an alternative to 
aspirin in patients with systemic embolism despite 
adequate oral anticoagulation. 

For bioprosthetic valves, the frequency of 
thromboemboli among patients who do not receive 
antithrombotic therapy except for the first 6-8  weeks, 
is very low (Table 38-7). In the aortic position, this 
risk has been further decreased by using aspirin 
[133,139]. Gonzalez-Lavin and associates [140] have 
also shown that in the absence of risk factors (such as 
postoperative atrial fibrillation, an enlarged left 
atrium, preoperative thromboembolism, and clots in 
the left atrium), no thrombooembolism occurred dur- 
ing 6 years of follow-up in patients with bioprosthetic 
valves in the mitral position who received warfarin for 
only up to l 2 weeks. The superiority of warfarin over 
antiplatelet agents has also been shown in other clini- 
cal trials [141]. 

Because thromboembolism rates as high as 67-  
80~: have been reported in the first 3 months 
after bioprosthetic valve insertion (particularly in 
the mitral position) in patients who do not receive 
antithrombotics [ 142,144], it has been recommended 
that all patients with bioprosthetic valves in the mi- 
tral position be treated for the first 3 months after 
valve insertion with less intense warfiarin therapy 
(INR, 2.0-3.0) [145]. Turpie has shown that during 
the first 3 postoperative months, less intense antico- 
agulant therapy (INR, 2.0-2.3) was as effective as 

high-intensity anticoagulation (INR, 2.5~4.5) and 
was associated with fewer hemorrhagic complications 
[145], Anticoagulant therapy in patients with 
bioprosthetic valves in the aortic position who are in 
sinus rhythm is optional during the first 3 months. In 
the presence of atrial fibrillation, with evidence of left 
atrial thrombus at surgery or with a history of sys- 
temic embolization, long-term warfarin therapy with 
INRs between 2.0 and 3.0 is recommended [1,46]. 

Although the appropriate duration of therapy still 
remains uncertain, the current consensus is to treat 
patients with a history of systemic embolization for 
a period of at least 3-12 months. Patients with 
bioprosthetic valves who have a permanent pace- 
maker are also at high risk for thromboemboli, but 
there is no evidence that oral anticoagulants are pro- 
tective [147]. Anticoagulant therapy (INR, <2.0-  
3.0) is optional in such patients. Although aspirin 
(325 mg/d) has been shown to offer protection against 
thromboembolism among patients in normal sinus 
rhythm with bioprosthetic valves [139], at present 
long-term aspirin therapy for prosthetic valve pa- 
tients is also considered optional [146]. 

In patients with prosthetic valve endocarditis who 
are not receiving anticoagulant therapy, CNS 
thromboembolic events occur in about 50(;4 [4]. 
There nonrandomized clinical trials [110,148,149] 
in patients with prosthetic valve endocarditis who 
were receiving anticoagulant therapy suggest that the 
thromboembolic rate can be decreased sixfold to 
ninefold with adequate anticoagulation. It shnuld 
be noted, however, that the risk of intracranial 
hemorrhage is substantial and may approach 14~ 
[110,149]. Although the benefits and the risks of 
anticoagulant in patients with native or bioprosthetic 
valve endocarditis are not well defined, anticoagulant 
therapy should not be given in patients with uncom- 
plicated infective endocarditis involving a native 
valve or a bioprosthetic valve in patients with normal 
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sinus rhythm. This recommendation is based on 
the increased incidence of hemorrhage in these 
patients and the lack of demonstrated efficacy of 
anticoagulation in this setting. 

When noncardiac surgery is required in patients 
with prosthetic valves who are receiving anticoagu- 
lants, the risk is minimal when the drug regimen is 
stopped 4-5 days preoperatively and for a similar 
period postoperatively. It may be desirable, however, 
to protect the patient with dipyridamole (300- 
400 mg/d) and intravenous heparin (to maintain the 
activated partial thromboplastin time at two times 
control), continued up to 4-5 hours before the opera- 
tion. Subcutaneous heparin (15,000 units per day 
given in two to three divided doses) can also be con- 
sidered during and early after surgery. Perioperative 
low molecular weight heparin or dextran are other 
options in high-risk patients [150]. 

ACUTE MYOCARDIAL INFARCTION 
Approximately one third of patients with acute 
myocardial infarction develop left ventricular mural 
thrombi [151]; these tend to occur in the first week, 
particularly in the first 2 days follwing infarction. 
Systemic embolism, which occurs in about 10% of 
cases in which left ventricular thrombi are echocar- 
diographically apparent, is the most important com- 
plication [ 131 ]. The aims of antithrombotic therapy 
after myocardial infiarction are, therefore, to reduce or 
prevent cardiac chamber thrombus formation and 
subsequent thromboembolic complications, as well as 
to reduce early infarct extension and recurrence of 
myocardial infarction and death. The initial data 
regarding the role ofanticoagulation in acute myocar- 
dial infarction are from three randomized trials 
perl~brmed in 1960s and 1970s. Two of those, the 
Medical Research Council Study and the Veterans 
Administration Cooperative Study [152,153], 
showed a significant reduction in stroke but no effect 
on mortality with anticoagulants. The third, the 
Bronx Municipal Study [154], showed a significant 
reduction in mortality and a nonsignificant trend 
towards fewer strokes with anticoagulants. There 
was also a reduction in the incidence of pulmonary 
embolism in all three studies (presumptive INR 
1.5-2.5) 

The early evidence that oral anticoagulants are ef- 
fective in the long-term management of acute myo- 
cardial infarction comes from analysis of pooled data 
from seven randomized trials published between 
1964 and 198(/, which showed that oral anticoagu- 
lant therapy during a 1- to 6-year treatment period 
reduced the combined endpoints of mortality and 
nonfatal reinfiarction by approximately 20% [155-  

157]. In Chalmers and coworkers' comprehensive re- 
view of 32 trials of anticoagulant agents after myocar- 
dial infarction, anticoagulant treatment significantly 
reduced mortality [158]. Loeliger, in a review of 19 
previous trials of oral anticoagulants in the prevention 
of death and myocardial infarction [159], found that 
in trials with a level ofanticoagulation within an INR 
range of 2.5-5 [160-167],  the average risk of death 
was lowered by 40% and the average risk of nonfatal 
reinfarction was reduced by approximately two thirds 
by the use of anticoagulant agents. In contrast, stud- 
ies with inadequate or poor documentation of thc 
level of anticoagulation [168-177] found no differ- 
ence in mortality but identified a trend favoring anti- 
coagulant therapy in the prevention of reinfarction. 

Even though the method of pooling data from 
different trials has been criticized for not taking into 
account differences in protocols and the quality of the 
trials [178], analysis with more rigorous methods 
suggests that anticoagulants reduce mortality by 
about 22% (95% confidence interval, 8 -35~) [179 ] .  
The beneficial effects of anticoagulant therapy in the 
postinfarction period have been re-emphasized by the 
results of three more recent studies [ 167, 180,181 ]. I n 
the recent double-blind, placebo-controlled Norwe- 
gian Warfarin Reinfarction Study (WARIS), 1214 
patients recovering from acute myocardial infarction 
were randomized to warfarin or placebo group, and 
were followed for an average of 37 months (target 
INR 2.8-4.8). At the conclusion of the study there 
was a highly significant reduction in mortality (24ff 
in the intention-to-treat group and 35% in patients 
who continued on treatment), rate of nonfatal 
reinfarctions (50%), and number of tatal cerebrovas- 
cular accidents (55%) [180]. The increased risk of 
intracranial hemorrhage during oral anticoagulant 
therapy in this study as well as other studies [167] 
was outweighed by the significant reduction in over- 
all cerebrovascular events. 

The study by the Sixty-Plus Reinfarction Study 
Group was limited to patients older than 60 years 
who had been treated with oral anticoagulants for at 
least 6 months [167]. This study also demonstrated a 
significant reduction in reinfarction and stroke in 
patients randomized to anticoagulant therapy; how- 
ever, these findings were limited by its lack of 
generalizability to the overall population. The Anti- 
coagulants in the Secondary Prevention of Events on 
Coronary Thrombosis (ASPECT) Trial [ 181 ] also re- 
ported a greater than 50%, reduction in reinfarction 
and a 40% reduction in stroke with anticoagulants. 
The INRs used in these trials ranged from 2.7 to 4.5 
in the Sixty-Plus Reinfarction study group to 2.8 to 
4.8 in the other two studies. There is also iodirect 



38. MONITORIN(~ C H R O N I C  ORAL ANTICOA(}UI,ANT THERAPY 507  

evidence, based on studies of patients with peripheral 
arterial disease [182], that higher intensity anti- 
coagulation (INR of 2.6~i.5) results in a significant 
(50%) reduction in mortality in patients with coro- 
nary artery disease. 

The safety and efficacy of aspirin alone (160 mg/d) 
versus aspirin (80 mg/d) plus a fixed low dose of war- 
farin (1 or 3 mg/d) started 3 weeks after acute myocar- 
dial infarction was also tested in the recent CARS 
trial. The primary endpoint was the combined inci- 
dence of cardiovascular death, nonfatal myocardial 
infarction, and stroke. There was no significant differ- 
ence in mortality between groups, and the incidence 
of ischemic stroke was elevated with warfarin (possi- 
bly because of the lower dose of aspirin used in com- 
bination with Coumadin) [97]. 

Considering all these data, the American College of 
Chest Physicians has recommended that in the setting 
of acute myocardial infarction, patients with in- 
creased risk of systemic or pulmonary embolism (i.e., 
those with large anterior Q-wave infarcts, severe left 
ventricular [LV] dysfunction, congestive heart failure, 
history of systemic or pulmonary embolism, two- 
dimensional echocardiographic evidence of mural 
thrombosis, or atrial fibrillation) receive heparin on 
admission (target APPT to 1.5-2 times control) fol- 
lowed by warfarin (target INR ranges, 2.5-3.5) for up 
to 3 months. The optimal duration ofanticoagulation 
in the presence of persistent LV dysfunction or mural 
LV thrombus has not been determined. 

OTHER INDICATIONS 
Despite the lack of well-designed, placebo-controlled 
clinical trials, there are certain clinical conditions, 
such as native valvular heart disease and patients who 
have suffered at least one episode of systemic embo- 
lism, in which the use of oral anticoagulants is reason- 
able and well accepted. 

VakJular Heart Disease. Long-term anticoagulant 
therapy is indicated in patients with rheumatic valvu- 
lar heart disease with associated atrial fibrillation. In 
the absence of atrial fibrillation, based on less rigorous 
studies, accepted indications for oral anticoagulation 
in these patients (target INR, 2.0-3.0) include (1) 
rheumatic mitral valve disease and left atrial size in 
excess of 5.5 cm [183], (2) patients with mitral valve 
prolapse who have documented systemic embolism or 
recurrent TIAs despite aspirin therapy [184-188], 
and (3) patients with mitral annular calcification 
complicated by systemic embolism (not documented 
to be caloric embolism) or with associated atrial 
fibrillation [183]. The optimal therapeutic range for 
patients who have sufered one or more systemic em- 

bolism is unclear, and until further information is 
available an INR of 2.0-3.0 has been recommended 
[183]. 

Dilated Cardiomyopathy. The incidence of embolic 
events in patients with idiopathic dilated cardiomy- 
opathy has been reported to be as much as 10 times 
higher than the incidence in patients with chronic 
left ventricular aneurysm who are not anticoagulated 
(3.5/100 patient-years). In Fuster and colleagues' ret- 
rospective study [189], the incidence of embolic 
events was dramatically less in patients on anticoa- 
gulation (0% vs. 3.5%,). Lacking any prospective trial 
on antithrombotic therapy in these patients, 
current evidence supports chronic warfarin adminis- 
tration, particularly in those with overt heart failure 
or atrial fibrillation [189], independent of any echo- 
cardiographic evidence of left ventricular thrombi 
[190,191]. The intensity of anticoagulation has not 
been well defined and is usually based on clinical 
characteristics of these patients. 

Chronic Left Ventricular Aneurysm. In contrast to 
the prevalence of thromboembolism in acute 
myocardial infarction, the incidence of embolism 
in chronic left ventricular aneurysm (occurring 3 
months or more after myocardial infarction) is signifi- 
cantly lower (0.35~ per year) [192]. Thrombi formed 
within the first few days of infarction are more mobile 
and friable, and project more into the stream of 
flowing blood than the organized, laminated ones 
formed within a chronic aneurysmal sac [193]. De- 
spite the higher prevalence of thrombi in left 
ventricular aneurysms, these thrombi rarely embolize 
and anticoagulation treatment has a negligible 
effect on the development of thrombi or subsequent 
embolization [194-196]. Therefnre, the current rec- 
ommendation is that routine anticoagulation therapy 
for patients with chronic left ventricular aneurysms is 
not indicated. Whether these drugs should be given 
to patients with echocardiographic evidence of mo- 
bile and protruding thrombi, however, remains to be 
established [4]. 

Pregnano,. Ideally, in female patients on anticoagu- 
lant therapy who wish to bear children, pregnancy 
should be carefully planned and the regimen of anti- 
coagulant therapy should be modified to avoid the 
teratogenic effects of the warfarin. Fetal wastage is 
reported to be approximately 6()~ in women who 
receive warfarin therapy at the time of conception and 
during the first trimester. An incidence of 28.6~ of 
congenital anomalies, predominantly nasal hypopla- 
sia, stippling of bones, mental retardation, optic atro- 



508 PART B: CLINICAL APPLICATION OF SCIENTIFIC PRINCIPLES 

phy, and microcephaly, has been reported with war- 
farin exposure between the 6th and 12th weeks of 
gestation [197]. Furthermore, because Coumarin 
derivatives cross the placental barrier, hemorrhagic 
complications can also occur in the fetus, especially 
at the t ime of delivery. Because heparin does not 
cross the placental barrier, it can be used as a substi- 
tute for warfarin during pregnancy. The most com- 
mon approach to this clinical situation is to use 
subcutaneous heparin every 12 hours in doses ad- 
justed to keep the aPTT between 1.5 and 2 times 
control up until the week before delivery, when the 
patient should be hospitalized and switched to a 
heparin infusion, continued until the induction of 
labor. Another, less common,  approach is to use a 
heparin until  the L3th week of pregnancy, then 
change to warfarin until the middle of third trimes- 
ter, and then restart heparin therapy until delivery. 
All antiplatelet agents should be avoided during 
pregnancy because of the risk of premature closure 
of the ductus arteriosus and other possible side effects 
on the fetus. 

Conclusions 
The efficacy of oral anticoagulant therapy in the treat- 
ment and prophylaxis of a wide variety of clinical 
settings has been established either by double-blind 
clinical trials (prevention and treatment of venous 
thromboembolism, atrial fibrillation, prosthetic heart 
valves, and after acute myocardial infarction) or obser- 
vational studies (dilated cardiomyopathy, native 
valvular heart valve disease). The recent widespread 
use of the INR and recent new clinical trials have 
helped to further clarify the optimal range of oral 
anticoagulation tbr many indications. As a general 
rule, an I N R  of 2 .0-3 .0  is effective in the prevention 
of venous thrombosis, in the treatment of venous 
thrombosis after an initial course of heparin, in pa- 
tients with prosthetic tissue valves, and in patients 
with chronic atrial fibrillation. A more intense 
anticoaguLation with INR of 2 .5-3.5 is recom- 
mended for mechanical prosthetic heart valves and 
survivors of acute myocardial infarction. Using even 
higher INR ranges appears to increase the hemor- 
rhagic complications without significant reduction 
of thromboembolic  events. Concomitant  use of 
antiplatelet agents (low-dose aspirin, 8 0 - 1 0 0 m g / d )  
is usually reserved for situations in which systemic 
embolic events recur despite adequate therapy with 
oral anticoagulants. The preliminary results of cur- 
rent studies such as SPAF III argue against the use of 
lower intensity anticoagulation ( INR 1.5-2) in corn- 

bination with antiplatelet agents in high-risk pa- 
tients for bleeding complications. 
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39. HEMORRHAGIC COMPLICATIONS 

Cynthia M. Thaik and Patrick O'Gara 

Introduction 
Over the past decade there has been a marked 
increase in the use of thrombolytic, anticoagulant, 
and antiplatelet agents in a wide variety of clinical 
settings, including the prophylaxis and treatment of 
deep venous thrombosis (DVT) and pulmonary 
emboli (PE), the prevention of embolic strokes in 
atrial fibrillation (AF), and the management of acute 
myocardial infarction (MI). In very high-risk pa- 
tients, the incidence of calf vein thrombosis may 
range from 40% to 80%, proximal vein thrombosis 
from 10% to 20%, and clinical PE from 4% to 10% 
[l] .  Atrial fibrillation develops annually in over two 
million people in the United States and affects 3-  
10% of the adult population over the age of 65 years 
[2]. An estimated 1.5 million people in the United 
States suffer an acute MI yearly [3]. 

Approximately 30% of such patients who reach 
the hospital are candidates for thrombolytic therapy, 
which may establish reperfusion in approximately 
75% of treated individuals and is associated with an 
approximate 25% survival benefit [4-19]. Improved 
survival has been observed among several patient co- 
horts, including those with inferior MI, the elderly 
(age >75 years), and those patients whose symptoms 
have persisted for up to 12 hours prior to presentation 
[4]. At experienced centers, primary angioplasty for 
acute MI compares favorably with the best outcomes 
reported from thrombolytic trials with similar short- 
and intermediate-term survival [5]. There is a higher 
patency rate achieved with angioplasty, as reflected in 
a lower incidence of reinfarction and recurrent angina. 
Recent studies have evaluated the use of more aggres- 
sive and innovative reperfusion regimens, and have 
included direct antithrombin agents, such as hirudin 
and hirulog, and antiplatelet agents, such as glyco- 
protein 2B3A (GPIIb/IIIa) receptor antagonists. 
As the use of these aggressive therapies becomes 
even more widespread and as invasive procedures are 
performed earlier in the course of ischemic syn- 
dromes, improved patient selection and greater vigi- 

lance are necessary to minimize the associated hemor- 
rhagic complications. 

Major hemorrhagic complications can be defined as 
intracranial or retroperitoneal bleeding; episodes 
that require hospitalization, surgery, or transfusion; 
or those that result in death or impairment in sight or 
hearing. Minor bleeding complications might in- 
clude all other events. The extrapolation of observa- 
tions made in large clinical trials to practice is 
hampered by (1) patient variability, (2) the different 
criteria used for the classification of hemorrhagic 
complications, (3) the varying use of invasive proce- 
dures, and (4) the frequency of under-reporting. 

This chapter reviews briefly the mechanisms of 
hemostasis and fibrinolysis, the mechanism of action 
of the various thrombolytic, anticoagulant, and 
antiplatelet agents, and the clinical patient character- 
istics and laboratory parameters that might predict 
hemorrhagic risk. We summarize the efficacy and 
safety data from the available clinical trials on the use 
of these agents in the treatment of unstable angina, 
acute myocardial infarction, cerebral vascular disease, 
atrial fibrillation, deep venous thrombosis, and pul- 
monary embolism, and offer some recommendations 
for clinical practice. 

Mechanisms of Hemostasis and Fibrinolysis 
Hemostasis involves injury to the endothelial surface, 
release of vasoactive substances and tissue factors, 
platelet recruitment and activation, and initiation of 
the coagulation cascade. Platelets adhere to macro- 
molecules on the subendothelial surface of injured 
blood vessels, aggregate to form the primary hemo- 
static plug, and stimulate local activation of plasma 
coagulation factors. The final step in the coagulation 
pathway is the conversion of fibrinogen to fibrin 
monomers via the action of thrombin, followed by 
crosslinking to form a fibrin polymer meshwork, thus 
generating a fibrin clot to reinforce tile platelet aggre- 
gate [20]. 
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Fibrinolysis involves the conversion of plasmino- 
gen to plasmin by naturally occurring or exogenous 
tissue plasminogen activators. Plasmin, an enzyme 
that digests fibrin, then binds to the fibrin surface and 
promotes the breakdown of the hemostatic plug. In 
tile fluid phase, plasmin catalyzes fibrinogenolysis 
as well as the degradation of factors V and VIII, 
which leads, in turn, to a decrease in the generation of 
thrombin and a systemic lytic state. The proteolysis 
of fibrin and fibrinogen leads to an elevation in the 
levels of fibrin(ogen) degradation products, which 
also act as thrombin inhibitors and interfere with 
fibrin polymerization. In addition, plasmin interferes 
with platelet adhesion and aggregation by cleaving 
the platelet sudace receptors, GPIb and GPIlb/IIIa. 
There are naturally occurring inhibitors of plasmin, 
including plasminogen activator inhibitor- l (PAl- 1) 
and 0e.e-antiplasmin, which serve to keep the 
fibrinolytic pathway in check [21]. 

Mechanisms of Action 

THROMBOLYTIC AGENTS 
All currently available thrombolytic agents act via the 
conversion of plasminogen to plasmin [22]. Strep- 
tokinase is a 47-kd protein produced by ~-hemolytic 
streptococci, which has no intrinsic enzymatic 
activity. It forms a stable noncovalent l : 1 complex 
with plasminogen, inducing a conformational change 
in the plasminogen molecule and exposing it to 
cleavage to form free plasmin. Anisoylated plasmino- 
gen streptokinase activator complex (APSAC) has 
an acylated group on the catalytic site of the lys- 
plasminogen. This modification allows the complex 
to bind to fibrin prior to its activation via spontaneous 
deacetylation and may theoretically confer greater 
fibrin specificity. It is administered as a single bolus. 
Urukinase (UK) is a two-chain serine prutease, which 
lacks fibrin specificity and readily induces a systemic 
lytic state. 

Tissue plasminogen activator (t-PA) is a serine pro- 
tease, which is a poor plasminogen activator in the 
absence of fibrin. It is produced in either the active 
double-chain form (duteplase) or in the less active 
single-chain form (alteplase), which, in turn, is im- 
mediately cleaved in the circulation to the more ac- 
tive form. t-PA binds fibrin and activates bound 
plasminogen several hundredfold more rapidly than 
free plasminogen in the circulation. The greater cata- 
lytic activity of t-PA on the fibrin surface confers 
greater fibrin specificity than that associated with SK 
or UK. While it was originally postulated that such 
fibrin specificity would result in less bleeding with t- 

PA, this has not proved to be the case in major trials 
or clinical practice [16,19,36]. 

NEWER THROMBOLYTIC AGENTS 
TNK-tissue plasminogen activator (TNK-tPA) is a 
genetically engineered variant of the wild type activa- 
tor, with amino acid substitutions at three sites. 
These changes have led to a slower plasma clearance, 
greater fibrin specificity, and a greater (80-fold) resis- 
tance to plasminogen activator inhibitor-1 (PAl-l) ,  
with more rapid arterial recanalization and greater 
clot lysis compared with front-loaded alteplase in ex- 
perimental models [23]. Reteplase (r-PA) is a 
nonglycosy[ated deletion mutant of the wild-type t- 
PA, consisting of the kringle-2 and protease domain, 
but lacking the kringle-1 finger and growth Factor 
domain of t-PA. It has a longer half-life than 
alteplase, thus allowing bolus administration [24]. 
Staphylokinase is a 136 amino-acid single-chain 
protein without disulfide bridges, normally secreted 
by strains of Staphylococcus aureus, and reproduced 
by rDNA technology. It has demonstrate greater 
thrombolytic potential and fibrin specificity than 
other currently available plasminogen activators 
[25]. 

ANTITHROMBIN AGENTS 

Heparin. Standard unfractionated heparin is a hete- 
rodisperse mixture of polysaccharides of molecular 
weights ranging between 3 and 40 kd [26]. Heparin 
acts as a cofactor for the naturally occurring anti- 
thrombin III (AT IIl) and serine proteases of the 
coagulatinn pathway. AT Ill is a glycosyiated, single- 
chain polypeptide synthesized in the liver that rapidly 
inhibits tbrombin only in the presence of heparin. It 
inhibits activated coagulation factors of the intrinsic 
and common pathways, including thrnmbin; factors 
Xlla, Xla, Xa, and IXa; and kallikrein. Heparin acts 
as a catalytic template to which both thrombin and 
the inhibitor bind and increases the rate of the throm- 
bin-anti thrombin reaction by at least a thousandfold. 
Heparin can also stimulate tile inhibition of thrombin 
by PAI-I ,  protein C inhibitor, protease nexin-1, as 
well as the inhibition of factor Xa by tissue factor 
pathway inhibitor (TFPI). These four inhibitors are 
present in the plasma in less than one-hundredth the 
concentration of antithrombin I11. In addition, high- 
dose heparin (>5 U/mL) induces thrombin inhibition 
through heparin cofactor II and can interfere with 
platelet aggregation and prolong the bleeding time 
[22]. 

The theoretical disadvantages of heparin compared 
with direct antithrombin inhibitors include ( l)  its 
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failure to inactivate the thrombin that is bound to 
fibrin or to the exposed subendothelial matrix; (2) its 
inactivation by platelet factor-4 and heparinases re- 
leased by activated platelets; (3) its variable effect 
between and among patients due to its binding with 
vitronectin, fibronectin, and other plasma proteins; 
and (4) a not-inconsequential (5-15%) incidence of 
thrombocytopenia [22,30,44,67]. 

Low Molecular Weight Heparins. Low-molecular 
weight heparins (LMWHs) are fragments of standard 
heparin formed by chemical or enzymatic depolymer- 
ization to approximately one-third the size of stan- 
dard heparin, averaging 4-5 kd. Various commercial 
preparations of LMWH can differ in their molecular 
weight distribution, specific activity, clearance rates, 
and optimal dosing. A minimal chain length of eight 
saccharides (including the pentasaccharide sequence, 
composed of three N-acetyl 6-O-sulfate, glucuronic 
acid, and iduronic acid 2-O-sulfate) is required to 
serve as a template for thrombin (factor IIa), factor 
Xa, and antithrombin binding. 

LMWHs bind less avidly to heparin binding 
plasma proteins and to endothelium than standard 
unfractionated heparin, and thus exhibit more com- 
plete absorption from subcutaneous sites, better 
bioavailability, a longer elimination half-life, and a 
more predictable anticoagulant response. LMWHs 
are slightly less effective than standard unfractionated 
heparin as antithrombotic agents in experimental 
models of venous thrombosis but are also associated 
with much less bleeding in models measuring blood 
loss from standard injury for any given level of antico- 
agulant efficacy [27,28]. 

In contrast to the inhibition of thrombin, inactiva- 
tion of factor Xa by AT III requires fewer bound 
heparin molecules. As a result, various commercially 
available LMWHs exhibit a relative 2: I to 4:1 
anti-factor Xa to antithrombin (anti-factor Ila) 
activity, compared with a 1:1 ratio for standard 
heparin. LMWHs exhibit little or no effect on the 
aPTT or whole-blood clotting time, but have a major 
effect on assays for anti-factor Xa activity. When 
necessary, the clinical efficacy of the LMWHs can 
be related to serum heparin levels. In addition, 
LMWHs have less interaction with platelet factor-4 
because platelet affinity for heparin is dependent 
on the length of the heparin polysaccharide chain 
[29]. 

Direct Antithrombins. The direct thrombin inhibi- 
tors include hirudin, synthetic hirudin fragments 
(hirugen and hirulog), and low molecular weight in- 
hibitors that react with the active site of thrombin 

(PPACK and argatroban). These inhibitors act di- 
rectly on the thrombin molecule, blocking its 
catalytic and/or substrate recognition sites, and are 
potent, specific inhibitors of thrombin's biologic ac- 
tions. Natural hirudin, a peptide found in medicinal 
leeches, acts by forming a tight stoichiometric, slowly 
reversible complex with thrombin and is the most 
potent inhibitor of thrombin found in nature [30]. 

The recombinant hirudins are severalfold less po- 
tent, with reduced affinity for thrombin. Hirugen is a 
synthetic dodecapeptide fragment of hirudin, which 
binds to the substrate recognition site (but not to the 
active catalytic site) on thrombin, blocking its inter- 
action with fibrinogen, the thrombin receptor on 
platelets, and other physiologic substrates. The addi- 
tion of the sequence D-Phe-Pro-Arg-Pro-(Gly)~ to the 
amino terminus of hirugen converts this weak com- 
petitive inhibitor of thrombin to a potent bivalent 
inhibitor of both the active site and the substrate 
recognition site, known as hirulog. 

D-Phe-Pro-ArgCH,CI (PPACK) is a low molecular 
weight thrombin inhibitor, the structure of which 
closely resembles fibrinopeptide A. It recognizes 
the active site and irreversibly inhibits thrombin. 
Argatroban is a synthetic arginine derivative of 
PPACK that competitively blocks the active site of 
thrombin. Hirudin and its congeners inhibit both 
bound and fluid-phase thrombin, and thus are more 
potent and specific in their actions than heparin. 

ORAL ANTICOAGULANTS 
Oxidation of vitamin K is coupled to the T- 
carboxylation of the coagulation f;actors II, VII, IX, 
and X, and the anticoagulant proteins C and S. The 
carboxylation of the amino-terminal glutamic acid is 
essential for the assembly of the coagulation factors 
into an efficient catalytic complex. Reduced vitamin 
K must be regenerated to sustain the carboxylation 
and synthesis of these compounds. There are various 
orally available vitamin K antagonists; warfarin is the 
most widely used because of its intermediate metabo- 
lism ( t l  e = 35 hours) and good bioavailability. War- 
farin inhibits vitamin K by blocking the action of the 
specific reductase(s) needed to recycle the vitamin. 
Therapeutic doses of warfarin decrease hepatic syn- 
thesis of each vitamin K-dependent factor by 30-  
50%. In addition, the secreted coagulation factors 
are undercarboxylated, thus resulting in a diminished 
biological activity (10-40% normal) [22]. The 
therapeutic dose response to warfarin is dependent 
on a variety of factors, including the use of concomi- 
tant medications, dietary vitamin K intake, hepatic 
function, metabolic state, and age (Table 39-1) 
[31]. 
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TABLE 39-l. Some factors that potentiate 
or inhibit the anticoagulant effect of warfarin 

Potentiate Inhibit 

Drugs 
Metronidazole 
Trimethoprim/ 

suhCamet hoxazole 
Amiodarone 
Erythromycin 
Cimetidine 
Omeprazole 
Thyroxine 
Ketoconazole 
lsoniazid 
Fluconazole 
Tamoxifen 
Quinidine 
Vitamine E (megadose) 
Phenytoin 

Other 
Low vitamin K intake 
Reduced vitamin K 

absorption 
Liver disease 
Hypermetabolic states 

(thyrotoxicosis) 

Drugs 
Cholestryamine 
Barbituates 
Rifampin 
Carbamazepine 
Penicillin 

Other 
Increased vitamin K 

intake 
Alcohol 

M~×lified, with permissions, from Hirsh [31], 

ANTIPLATELET AGENTS 
Antiplatelet therapy is a critical component of the 
management of the acute coronary syndromes [32]. 
Aspirin, the most widely use antiplateler agent, 
works via the irreversible inhibition of cyclooxy- 
genase, the enzyme that produces the cyclic endoper- 
oxide precursor of thromboxane A2, a labile inducer of 
platelet aggregation and a potent vasoconstrictor. 
Because platelets cannot synthesize new proteins, 
aspirin's effect on platelet cyclooxygenase is perma- 
nent and complete at doses of 160rag taken daily. 

Platelets, however, can continue to be activated 
via thromboxane Az-independent pathways. Recent 
studies have included agents that inhibit platelet ac- 
tivation via a variety of mechanisms - -  thromboxane 
A, receptor antagonists, serotonin receptor antago- 
nists, prostanoids, and inhibitors of the proaggre- 
gatory platelet glycoprotein integrin receptor, GPIIb/ 
IIla. GPllb/IIIa receptors undergo conformational 
changes after platelet adhesion and activation. These 
receptors have high binding affinity for fibrinogen, 
yon Willebrand factor, and other glycoproteins, and 
are a natural target for the prevention of platelet- 
thrombus formation [32]. 

c7E3 is a chimeric human-murine monoclonal an- 
tibody Fab fragment directed against the glycopro- 
tein IIb/lIla receptor. Its mechanism of action is 
thought to involve steric hindrance and/or conforma- 
tional effects to block access to the receptor, rather 
than direct interaction with the RGD (arginine- 
glycine-aspartic acid) binding site of the GPIIb/IIIa 
receptor. A bolus injection (0.25mg/kg) achieves 
>80% platelet receptor blockage with full inhibition 
of platelet aggregation [156]. 

Integrelin is a synthetic cyclic heptapeptide that 
includes a lysine-glycine-aspartate (KGD) sequence. 
It exhibits a high affinity and specificity for the 
GPIIb/IIIa integrin receptor and acts as a competitive 
antagonist with a short (1.5-2 hours) half-life and 
rapid onset of action [162]. Tirofiban (MK 383) is a 
nonpeptide tyrosine derivative antagonist of the 
RGD binding site within the platelet GPllb/II la  re- 
ceptor with demonstrated antithrombotic efficacy. 
Tirofiban demonstrates a dose-dependent inhibition 
of in vivo platelet aggregation that is rapid in action 
and sustained with continuous infusion of the drug 
[165]. 

Dipyridamole interferes with platelet function by 
increasing the intracellular levels of adenosine 3',5'- 
monophosphate (cyclic AMP) through inhibition 
of phosphodiesterase activity [33]. Clinically, 
dipyridamole provides no additional benefit to aspirin 
alone in the treatment or prophylaxis ofcerebrovascu- 
lar and coronary thrombotic events or saphenous vein 
bypass graft occlusion. It may be beneficial in combi- 
nation with warfarin in the prevention of systemic 
embolism in some patients with prosthetic heart 
valves. 

Ticlopidine (Ticlid) inhibits platelet function by 
inducing a thrombasthenia-like state. Its mechanism 
of action is unclear, but it is postulated to affect 
platelet receptor signal transduction or to block ex- 
pression of the platelet fibrinogen receptor, GPIIb/ 
Ilia, thus inhibiting platelet aggregation and clot 
retraction. Some of its activity may be due to mem- 
brane abnormalities produced by megakaryocyto- 
poiesis because ticlopidine is ineffective in vitro and 
requires several days to demonstrate its maximal ef- 
fect in vivo [34]. 

Clinical and Laboratory Predictors of 
Bleeding Risk 

CLINICAL CHARACTERISTICS 
Because thrombolytic and anticoagulant agents can- 
not differentiate between "bad" clot (i.e., coronary 
thrombosis) and "good" clot (i.e., hemostatic plugs at 
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TABLE 39-2. Major risk factors for 
intracranial and hemorrhage with thrombolytic therapy 

Intracranial hemorrhage Systemic hemorrhage 

Intracranial tumor 
Prior neurosurgery 
Recent stroke (<6 months) 
Head trauma (<1 months) 
Acute severe hypertension 
Recent transient ischemic attack 

Major surgery (<6 weeks) 
Organ biopsy (<6 weeks) 
Major trauma (<6 weeks) 
GI or GU bleeding (<6 months) 
Significant bleeding diathesis 
Puncture of a noncompressible vessel 
Prolonged CPR (>10 minutes) 

GI = gastrointestinal; GII = genitourinary; CPR = cardiopul.mortar) resuscitation. 
Modified, with permission, from Califf et al, [35], 

TABLE 39-3. Strokes in the elderly 

Overall strokes (c~) Hemorrhagic strokes (%) 

n <70-75 years >70-75 years <70-75 years >70-75 years 

t-PA SK t-PA SK t-PA SK t-PA SK t-PA SK 

GISSI 2 [16] 10,028 10,067 0.7 0.8 2.7 1.6 
GUSTO I [36] 10,268 20,023 1.2 1.1 3.9 3.1 0.5 0.4 2.1 1.2 

Puoled data not perfi~rmed given different dosing rt~imen of t-PA 
t PA = tissue plasminogen activator; SK = streptokinase 

sites of vascular injury), it is imperative to identify 
risk f~tctors for hemorrhage. Significant risk factors for 
intracranial (ICH) and systemic hemorrhage with 
thrombolytic therapy are listed in Table 39-2 [35]. 

The risk of bleeding is consistently higher among 
older patients. In both the GISSl 2 and GUSTO 1 
studies, total and hemorrhagic strokes were more 
common among the elderly and for patients who re- 
ceived t-PA (Table 39-3)[16,36,74]. This age-related 
increased susceptibility to stroke and ICH is due in 
part to the brittle, leaky vessels seen with amyloid 
angiopathy, a condition frequently observed in the 
elderly [37]. 

TIMI 2 showed a strong trend toward an increased 
risk of ICH in patients with chronic hypertension, 
although conclusive data are lacking [38]. The 
Thrombolytic Predictive Instrument (TPI) project 
collected original data from 12 clinical trials and 
registries and compared 19 patients with 
thrombolytic-related ICH to 175 matched controls, 
A significant relationship between advanced age, 
systolic blood pressure, mean arterial pressure, pulse 

pressure, and the occurrence of ICH was found. For 
example, the mean pulse pressure for patients with 
ICH was 63 mmHg versus 47 mmHg for those with- 
out hemorrhage (P < 0.001) [39]. 

Simoons et al. collected individual patient data 
from five sources, including registries from seven 
large thrombolytic trials involving greater than 
28,000 patients and compared 150 patients with 
documented intracranial bleeds with 294 matched 
controls. Multivariate analysis identified four inde- 
pendent predictors of ICH: age >65 years (odds ratio 
[OR] 2.2, 95% confidence interval [CI] 1.4-3.5), 
body weight <70 kg (OR 2.1; CI 1.2-3.2), hyperten- 
sion on hospital admission (OR 2.0; 95% CI 1.2- 
3.2), and administration ofalteplase (OR 1.6; 95% CI 
1.0-2.5) [40]. 

A major risk factor for bleeding with throm- 
bolytic therapy is the performance of invasive 
procedures (i.e., cardiac catheterization, percutaneous 
transluminal coronary angioplasty [PTCA], intra- 
aortic balloon counterpulsation [IABP], and coronary 
artery bypass grafting [CABG]). Studies with routine 
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early (up to 48 hours post-thrombolysis) cardiac 
catheterization have reported major bleeding rates of 
11-20%, compared with 1-12% when catheter- 
ization has been deferred [14,41,42]. The vast major- 
ity of such complications occur at sites of vascular 
access. 

Comorbidities such as preexisting vascular lesions, 
cerebral vascular disease, previous gastrointestinal 
bleed, trauma, renal insufficiency, alcoholism or liver 
failure, and cancer are additional risk factors for 
bleeding with thrombolytic therapy [35,40,43]. In 
TIMI 2, the use of calcium channel blockers was 
associated with an increased risk of ICH, whereas 
beta-blocker therapy was associated with a lower inci- 
dence of intracranial bleeding [ 15], 

Similar patient characteristics contribute to the 
risk of bleeding with heparin alone. Older age, female 
gender, renal failure, platelet dysfunction, concomi- 
tant use of aspirin and nonsteroidal antiinflammatory 
drugs, and comorbidities such as recent surgery, 
trauma, or gastrointestinal hemorrhage, have all been 
implicated as risk factors for heparin-induced bleed- 
ing [44-46].  

There are conflicting data on the role of age, 
hypertension, and the indication for warfarin as 
risk factors for bleeding [47-52]. The intensity of 
anticoagulation is the predominant risk factor. For 
each 0.5 increase in the prothrombin time ratio 
(PTR), the risk of ICH doubles (OR 2.1; 95% CI 
1.4-2.9). After controlling for the intensity ofantico- 
agulation, other independent clinical markers include 
a history of cerebrovascular disease (odd ratio 3.1; 
95% CI 1.7-5.6) and the presence of a prosthetic 
heart valve (OR 2.8; 95% CI 1.3-5.8) [52]. Addi- 
tional factors associated with bleeding include recent 
initiation of therapy, poor nutrition, liver disease, and 
the use of medications that potentiate the effect of 
coumadin or inhibit platelet function [31,47-52]. 

Gastrointestinal bleeding with aspirin appears to 
be a dose-related phenomenon. Hemorrhagic gastritis 
is due to local mucosal erosion and is uncommon with 
doses <100 mg/day. Pre-existent peptic ulcer disease 
and the concomitant use of other gastric irritants such 
as NSAIDs are additional risk fiactors [151]. 

LABORATORY PARAMETERS 
As discussed earlier, hemostasis depends on a complex 
series of events, involving interactions among coagu- 
lation factors, platelets, and the vascular wall. 
Thrombolytic, anticoagulant, and antiplatelet thera- 
pies interrupt this process at several critical steps. 
While it seems intuitive that standard measurements 
of the products of the coagulation and fibrinolytic 
pathways (i.e., fibrin, fibrinogen, fibrin(ogen) degra- 

dation products, plasminogen, t-PA, 0te-antiplasmin, 
and D-dimer) might predict bleeding risk in an indi- 
vidual patient, these tests do not offer the sensitivity 
and specificity required for routine clinical use 
[53,57]. 

Thrombolytic Therapy. Although it is true that t-PA 
is associated with relatively less fibrinogen depletion 
and hypofibrinogenemia, the incidence of bleeding in 
clinical trials of t-PA has been similar to that reported 
with SK, a non-fibrin-selective agent [16,19,36]. 
In fact, there is a slightly greater risk of ICH 
with t-PA [19,36]. Hypofibrinogenemia and eleva- 
tion of fibrin(ogen) degradation products have been 
weakly correlated with the risk of hemorrhage. How- 
ever, most hemorrhagic events during thrombolytic 
therapy are not associated with fibrinogen breakdown 
per se. The TIMI I, TIMI II, and TAMI studies 
showed a relationship between bleeding and peak 
plasma rt-PA and fibrinogen levels when major and 
minor bleeding events were combined [38,54-56]. 
These associations were too weak to be useful for 
monitoring individual patients. Hemorrhagic stroke 
was not associated with fibrinogen, fibrin(ogen) deg- 
radation product, plasminogen, or peak rt-PA levels, 
Fibrinogen depletion rarely results in levels low 
enough to cause significant bleeding and might sim- 
ply serve as a marker of plasmin activity [57]. 

The fibrinolytic system is modulated by PAI- 1, O~e- 
antiplasmin, and other inhibitors. Factors that de- 
crease PAI-1 levels (high triglyceride levels, occult 
carbohydrate intolerance, or insulin resistance) can 
enhance fibrinolysis and predispose the patient to an 
increased risk of ICH. Similarly, the association be- 
tween diabetes mellitus and occult cerebrovascular 
disease might also increase such risk [58]. 

Consumption of factors V and VIII in a lyric state 
might contribute to bleeding risk. However, in clini- 
cal trials, no consistent change in these levels has been 
documented with thrombolysis. Topol [59] reported 
no significant change in factor V and VIII levels with 
t-PA, whereas Collen [60] demonstrated a decline in 
the levels of these factors that was more significant 
with SK than with t-PA. It appears that some pa- 
tients may develop significant depletion of factor V 
and VIII during thrombolytic therapy the contribu- 
tion of which to hemorrhagic complications is uncer- 
tain. Finally, the development of thrnmbocytopenia 
fisllowing thrombolysis, independent of its possible 
relation to heparin, may also contribute to hemor- 
rhagic risk and excess mortality [69]. 

Anticoagulant Therapy. There is an association be- 
tween the incidence of bleeding and the intensity of 
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anticoagulation. The likelihood of bleeding is higher 
in those patients with an exaggerated anticoagulant 
response as measured by an in vitro test of coagula- 
tion. In the Urokinase Pulmonary Embolism Trial, 
bleeding occurred in 20% of the patients whose 
whole-blood clotting time was greater than 60 min- 
utes compared with 5% in those patients whose clot- 
ting time was less than 60 minutes [61]. 

The activated partial thromboplastin time (aPTT) 
is used to monitor and adjust heparin dosing. TIMI II 
showed that patients with an aPTT >90 seconds had 
an increased frequency of major and minor bleeding 
[38]. Yet, this level of anticoagulation did not sepa- 
rate patients with from those without ICH. GUSTO 
I also showed that a higher aPTT was associated 
with a greater risk of moderate or severe bleeding and 
hemorrhagic strokes, with the risk dramatically in- 
creasing beyond an aP'IT of 70 seconds. For aPTTs 
between 60 and 100 seconds, there was an approxi- 
mate 1% increase in the risk of bleeding for every 
10-second increase in the aPTT [63]. GUSTO 2A 
confirmed the association between the aPTT level and 
the risk of bleeding [75]. 

Standard clinical laboratory measurement of the 
aPTT is cumbersome and prone to multiple potential 
sources of error [64]. A prolonged laboratory turn- 
around time may also contribute to the common ob- 
servation that therapeutic anticoagulation is rarely 
achieved rapidly and is often not maintained over 
time. Bedside aPTT monitoring has been validated 
[65] and has been shown to decrease the time from 
sample collection to data availability (3 vs. 126 min- 
utes, P < 0.001) and the time to decision regarding 
heparin dose adjustment (14.5 minutes vs. 3 hours, 
P < 0.001) compared with standard laboratory testing 
[66]. More widespread use of this simple technique 
could lower the cumulative risk from a nnnthera- 
peutic aPTT, whether it is too low or too high. 

The reliability of warfarin monitoring and report- 
ing has improved with the development of the 
international normalized ratio (INR) as a method to 
account for the use of various thromboplastins by 
different laboratories. The predominant risk factor for 
ICH is the intensity of anticoagulation (prothrombin 
time ratio >2; equivalent INR >4.6-5.3; RR 3.0; 
95°A * CI 1.9-4.7) [50]. Recent initiation of warfarin 
therapy (RR for the first 3 months compared with the 
first year, second year, and thereafter of 1.9 [95% CI 
1.3-3.0], 3.0 [1.8-4.8], and 5.9 [3.8-9.3], respec- 
tively) and the variability of the prothrombin time 
ratio over time (RR 1.6; 9 5 ~  CI 1.2-2.7) may also 
contribute [50]. 

Overall, while laboratory monitoring of throm- 
bolytic, anticoagulant, and antiplatelet therapies has 

theoretical benefit, in practice, there are several limi- 
tations. Several assays pertaining to the fibrinolytic 
system are not readily available, and the patient's 
hemostatic status is changing rapidly during therapy. 
In-vitro activation of the fibrinolytic system might 
occur, resulting in falsely lower levels of factors 
V and VIII, fibrinogen, plasminogen, and o b- 
antiplasmin. The accuracy of any test result is greatly 
dependent on the method utilized. Clinically, the 
value of these laboratory parameters for predicting 
bleeding risk is extremely low [57]. The aPTT and 
activated clotting time (ACT), while used extensively 
to monitor anticoagulation, do not accurately reflect 
the level of anticoagulation in vivo. More elaborate 
testing of in vivo function of the coagulation system is 
being developed with assays for fibrinopeptide A 
(FPA), prothrombin fragment (F1.2), and thrombin-  
antithrombin complex (TAT) [70]. Platelet function 
can be evaluated by assays of proteins released by 
platelet activation (~-thromboglobulin, platelet 
factor-4) and by measuring changes in the conforma- 
tion of surface glycoproteins and the bleeding time 
[7l] .  The clinical utility of such in vivo assays, how- 
ever, has not been established. 

Summary of Experience with Agents 

THROMBOLYTIC THERAPY 

Ischonic Heart Disease. Bleeding is the major compli- 
cation of thrombolytic therapy; more than 70% of the 
hemorrhagic complications occur at vascular punc- 
ture sites [54]. Hemorrhagic stroke, the most devas- 
tating outcome, occurs relatively infrequently, with 
an incidence of 0.2-1% [4-19]. In the prethrom- 
bolytic era, the total stroke rate in acute MI was 
reported at 1.7-3.2%. Central nervous system 
(CNS) events typically occur within the first week of 
the infarct and are most commonly associated with 
anterior or apical infarct, large infarct size, atrial 
arrhythmia, cardiac pump failure (Killip class IV), or 
prior history of stroke [72]. 

In the thrombolytic era, the overall stroke rate has 
not changed, although the etiologies of the strokes 
have shifted. Limitation of infarct size and preserva- 
tion of systolic function with early reperfusion have 
likely resulted in a decreased incidence of mural 
thrombi and embolic strokes. Currently, parenchymal 
ICH, hemorrhagic transformation of bland embolic 
infarcts, and subarachnoid and subdural hemorrhage 
constitute the major fear. The majority of such hem- 
orrhages occur in multiple sites in the cortical and 
subcortical white matter (atypical of "hypertensive" 
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strokes), usually during or within 24 hours of throm- 
bolysis [72]. Strokes associated with acute MI can be 
devastating, with related mortality of 37% (range 
22-50%) in thrombolytic-treated patients. The over- 
all mortality rate is as high as 38% for cerebral 
infarction and as high as 60% for intracerebral 
hemorrhage [73]. There is a high morbidity associ- 
ated with ICH, with only 31% of the patients 
regaining full or partial recovery (minor residual). 
The vast majority of patients with no lasting neuro- 
logic improvement succumb within 60 days of the 
ICH. 

Levine recently reviewed several clinical trials com- 
paring thrombolytic agents with conservative therapy 
in the treatment of acute MI [74]. The incidence of 
major bleeds was reported to range from 0.3% to 6% 
for SK, 0% to 7c~ for APSAC, and 0% to 10%. for t- 
PA. For intracranial bleeds, the incidence was 0 -  
1.3% for SK, 0-1%. for APSAC, and 0-1.4% for 
t-PA. The incidences of major bleeds and intracranial 
bleeds in the conrtol population were 0-7% and 0 -  
0.3%, respectively. Overall, the incidence of ICH 
appears to be slightly lower for those patients treated 
with SK, compared with those treated with APSAC 
or t-PA. These observations were confirmed by a large 
comparative trial (ISIS-3) involving over 40,000 pa- 
tients randomized to SK, APSAC, or rt-PA [19]. The 
incidence of ICH was 0.2%, 0.6%, and 0.7%, respec- 
tively. The increased risk of hemorrhagic strokes asso- 
ciated with t-PA is more pronounced in patients over 
the age of 75 years [36] and demonstrates a dose- 
dependent effect. Patients treated with 150 mg t-PA 
have a 1.3% incidence of ICH compared with a 0.4% 
incidence in those patients receiving 100mg rt-PA 
(P < 0.01) [14]. 

The GISSI-2 study compared SK __+ subcutaneous 
heparin (12,500U BID) with t-PA + subcutaneous 
heparin. Surprisingly, there was less transfusion re- 
quirement with t-PA (RR 0.57, 95% CI 0.38-0.85) 
but a slightly higher incidence of minor bleeding. 
Overall stroke rates were similar for the two throm- 
bolytic regimens. Subcutaneous heparin therapy was 
not associated with an increase in either hemorrhagic 
or total strokes [16]. 

The Global Use of Strategies to Open Occluded 
Arteries (GUSTO I) trial, which randomized over 
40,000 patients with acute MI to one of four treat- 
ment strategies using SK, t-PA, or their combination, 
plus subcutaneous or intravenous heparin, found the 
incidence of major hemorrhage to range from 5.4% to 
6.3% and the incidence oflCH from 0.49% to 0.94% 
[36]. In the analysis of the three strategies using 
intravenous heparin, there was a significant associa- 
tion between the level of the aPTT achieved and the 

incidence of moderate or severe hemorrhage, hemor- 
rhagic stroke, and mortality [63]. 

GUSTO IIA studied the effect of intravenous hep- 
arin (5000U bolus, 1000-1300 U/h to an aPTT of 
60-90 seconds) versus hirudin (0.6mg/kg bolus, 
0.2 mg/kg/h without aPTT monitoring) for the treat- 
ment of acute coronary syndromes (unstable angina, 
non-Q-wave myocardial infarction, and ST-segment 
elevation MI) [75]. Patients with ST-segment eleva- 
tion were eligible for thrombolytic therapy (SK or 
accelerated t-PAl at the discretion of the attending 
physician. The trial was terminated early after enroll- 
ment of 2564 patients because of excessive ICH. The 
overall incidence of hemorrhagic strokes was higher 
for patients receiving hirudin (1.3%) compared with 
heparin (0.7%), although this difference was not sig- 
nificant. The incidence oflCH was higher in patients 
treated with thrombolytic therapy" compared with 
those who did not receive rhrombolytic therapy 
(1.8% vs. 0.3%, P < 0.001). Of the patients receiving 
thrombolysis, the hemorrhagic stroke rate was simi- 
lar, irrespective of whether they received heparin or 
hirudin (1.5% and 2.2c~, respectively; P = 0.34) [75] 
(Table 39-4). 

The stroke rate with heparin and thrombolysis in 
GUSTO IIA (2.7% with SK, 0.9cA with t-PAl was 
higher than that reported for heparin in conjunction 
with SK (0.5%) or t-PA (0.7%) in GUSTO 1 [36], 
possibly reflecting the 20% higher heparin dose used 
in GUSTO IIA. The mean aPTT of patients with 
hemorrhagic stroke was 110 + 46 seconds compared 
with 87 +-- 36 seconds in patients without hemor- 
rhagic stroke. GUSTO IIA also enrolled a signifi- 
cantly higher proportion of older patients, female 
patients, and those with a higher mean systolic blood 
pressure compared with patients enrolled in the 
GUSTO I study. These differences could account for 
the higher bleeding rates observed. 

The Thrombolysis and Thrombin Inhibition in 
Myocardial Infarction (TIMI) 9A trial used an identi- 
cal thrombolytic and antithrombotic regimen as 
GUSTO IIA for patients with acute MI [76]. The 
trial was suspended after the enrollment of 757 pa- 
tients due to increased ICH compared with prior 
studies (1.7c~ hirudin, 1.9%, heparin; see Table 39- 
4). Major spontaneous hemorrhage at nonintracranial 
sites occurred in 7% of hirudin-treated patients and 
3% of heparin-treated patients (P = 0.(12), whereas 
the incidence of major hemorrhage at instrumented 
sites was similar (5.2% both groups). Patients with 
major bleeds were older (68 vs. 61 years, P < 0.01), 
had a lower body weight (74 vs. 8l kg, P < 0.0l), and 
had a higher aPTT at 12 hours after thrombolytic 
therapy (100 vs. 85 seconds; P = 0.001) [76]. 
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TABLE 39-4. ltemorrhagic events in recent thrombolytic trials with adjuvant heparin versus hirudin 

tteparin Hirudin 

Trials n Year t-PA SK t-PA SK 

Major hemorrhage (%) 
HIT [108] 
GUSTO I1A [75] 
GUSTO liB [109] 
TIMI-9A [76] 
TIMI-9B [77] 

Intracranial hemorrhage (%) 
HIT 
GUSTO IIA 
GUSTO lib 
TIMI-9A 
TIMI-9B 

302 1994 1.9 6.8 
2,564 1994 

12,142 1996 1.1 1.2 
757 1994 4.9 4.9 7.9 12.7 

3,002 1996 6.1 3.9 4.9 3.9 

0 3.4 
0.9 2.7 1.7 3.2 

O.2 O.3 
1.9 1.7 
0.9 0.4 

t-PA = tissue plasminogen activator; SK = streptokinase. 

TIMI 9B modified the dose of heparin (5000U 
bolus, 1000U/h infusion) and hirudin (0.1mg/kg 
bolus, 0.1mg/kg/h infusion) and titrated both 
antithrombin regimens to a target aPTT of 55-85 
seconds [77]. The study involved 3002 patients with 
acute MI treated with aspirin and either accelerated t- 
PA or SK. There was a significantly lower incidence of 
major and intracranial bleeding with this less aggres- 
sive regimen compared with the earlier TIMI 9A 
study. In the heparin-treated patients, the incidence 
of ICH was 0.9%, of major spontaneous non- 
intracranial bleed was 1.1%, and of major instru- 
mented site bleed was 3.3%, compared with their 
respective 1.9%, 3.0%, and 5.2% incidences in TIMI 
9A. The rate of major hemorrhage was lower with 
SK (3.9% with heparin or hirudin) compared with 
t-PA (6.1% with heparin, 4.9% with hirudin; see 
Table 39-4). 

In the hirudin-treated patients, the incidence of 
ICH was 0.4%, of spontaneous nonintracranial bleed 
was 1.8%, and of major instrument site bleed was 
2.4%, compared with their respective 1.7%, 7.0%, 
and 5.2% incidences in TIMI 9A. The dose ofhirudin 
administered in the TIMI 9B was more effective than 
heparin at maintaining the aPTT in the therapeutic 
range but did not confer any greater benefit over 
heparin as adjunctive therapy to t-PA or SK in the 
primary endpoint (death, recurrent nonfatal MI, con- 
gestive heart failure, or cardiogenic shock by 30 days) 
[77]. 

GUSTO IIB was a continuation of the GUSTO IIA 
trial at a significantly lower dose of heparin (5000U 

bolus, 1000U/h infusion)and hirudin (0.1mg/kg 
bolus, 0.1 mg/kg/h infusion) in an attempt to mini- 
mize the bleeding complication [109]. In total, 
12,142 patients with acute coronary syndromes were 
randomized. At 24 hours, the risk of death or MI was 
significantly lower in the hirudin group versus hep- 
arin (1.3% vs. 2.1%, P = 0.001). By 30 days, how- 
ever, the benefit was less obvious (odd ratio 0.89, 
95% CI 0.79-1.0, P = 0.06). There was an improved 
safety profile with the lower doses of heparin and 
hirudin, with an incidence of severe or life- 
threatening bleeding of 1.1% for heparin and 1.2% 
for hirudin, an incidence of stroke of 0.8% for heparin 
and 0.9% hirudin, and an incidence of ICH of 0.2% 
for heparin and 0.3% for hirudin (see Table 37-4) 
[109]. 

There is a wide variability in the incidence of hem- 
orrhagic complications reported from the major trials. 
For instance, the rates of major bleeding for SK re- 
ported in the GISSI 1 and ISIS-2 trials were 0.3% and 
0.6%, respectively, with a low incidence of ICH (0- 
0.3%) [4,8]. These rates are contrast with those re- 
ported from the ISAM study, in which major and 
intracranial bleeding were observed among 5.9% and 
0.5% of the study population, respectively [9]. Such 
discrepancies may reflect differences in reporting or in 
the assiduousness with which bleeding complications 
were monitored and verified. 

There have been several recent trials investigating 
newer thrombolytic agents. A small phase-I dose- 
ranging (5-50 mg bolus) study of TNK-tPA demon- 
strated encouraging rates of 90-minute TIMI grade 3 
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TABLE 39-5. Intracerebral hemorrhage associated with thrombolytic therapy in acute ischemic stroke 

Spontaneous mr parenchymal 
hemorrhage (%) 

Trial Rx n Y e a r  Thrombo[ytic Control 

Disability or mortality 

Thrombolytic Control 

MAST-E [168] SK 270 1994 18 t' 3.0 
ASK [169] SK 200 1995 na na 
MAST-I [167] SK 622 1995 6 ~ 0.6 
ECASS [170] rt-PA 62(1 1995 20 ~' 6.5 
NINDS [166I rt-PA 624 1995 6.4 h 0.6 

n a  n a  

62' 43 
62 68 
64 71 
59 s 71 

*P < (I.0l versus cont ro l  

"P < 0,00] verstzs control. 

F < I1.005 versus controh 

na = not available; Rx - t reatment;  SK = streptokinase; rt-PA = r~'combinant tissue plasmmogen a<uvator. 

Modified from Adams [l  fi5 }, with permissmn. 

patency (57-64~)  at the 30-50mg doses [23]. This 
was achieved with a relatively low rare of major 
hemorrhage (6.2~) compared with the 11-23~ in 
other angiographic studies using front-loaded t-PA 
[34,35]. Two trials have compared the recombinant 
plasminogen activator (reteplase, 10mg double bo- 
lus) m SK (INJECT) or rt-PA (RAPID II) [78,79]. 
The INJECT trial of 6010 patients found equivalent 
efficacy in the treatment of acute MI, with a non- 
significant excess of intracerebral events (37 vs. 30) 
and similar rates of overall bleeding events and 
need for transfusion with reteplase compared with SK 
[78]. 

RAPID II found a significantly higher rate of total 
patency (TIMI grade 2 or 3 flow) at 90 minutes with 
reteplase (83.4%) compared with alteplase (73.3%). 
The rates of total and hemorrhagic strokes were simi- 
lar for reteplase (1.8%, 1.2%) and alteplase (2.3%, 
1.9%), respectively. There were similar transfusion 
rates [79]. Recombinant staphylokinase (20 or 30 mg 
infusion over 30 minutes) achieved comparable 90- 
minute (62'~ vs. 59%) and 24-hour (89% vs. 68%) 
TIMI grade 3 patency as accelerated weight-adjusted 
rt-PA in the STAR trial [25]. Hemorrhagic compli- 
cations did nor differ between the two treatments, 
although a higher trend toward adverse bleeding was 
observed with rt-PA. Staphylokinase demonstrated 
significantly greater fibrin specificity, with no evi- 
dence of systemic fibrinogen degradation, Ot:- 
antiplasmin consumption, or plasminogen activation 
during therapy [25]. 

Cerebrovasc/tlar Disease. There have been five ran- 
domized placebo-controlled trials of the use of intra-- 
venous thrombolytic agents (three involving 1.5 

million U SK, two involving 0.9-1.1 mg/kg rt-PA) 
for the management of acute ischemic strokes within 
4-6  hours of presentation [165-170]. All trials in- 
volving SK were stopped after interim analysis re- 
vealed a significantly higher rate of symptomatic or 
parenchymal hemorrhage and death in the SK pa- 
tients compared with controls (Table 39-5). Use of 
intravenous rt-PA is also associated with a signifi- 
cantly higher rate of symptomatic or parenchymal 
hemorrhage. The NINDS trial was the only study to 
show a beneficial effect of rt-PA, when given very 
early and within 3 hours of the onset of symptoms in 
carefully selected patients, on death and severe dis- 
ability at 24 hours and 3-month follow-up [166]. 
Symptomatic ICH within 36 hours after the onset of 
stroke occurred in 6.4% of patients given t-PA and in 
0.6% patients receiving placebo (P < 0.001 ). The use 
of acetysalicylic acid (ASA) (300rag) in addition to 
SK (1.5 million U) in the MAST-1 study was associ- 
ated with a 10% incidence of ICH, compared with 
6.5% with SK, 2~  with ASA, and (l.6~ with placebo 
[167]. 

ThromboembolJc Disease. The risk of bleeding with 
thrombolytic therapy in the setting of venous 
thromboembolism is difficult to quantify given the 
relatively small number of patients entered into pub- 
lished trials. The incidence of major hemorrhage 
ranges from 2.7% to 30%, a threefold greater inci- 
dence than with heparin alone, although these ob- 
served differences are not statistically significant [74]. 
Goldhaber performed a pooled analysis of six random- 
ized trials of SK versus heparin for the treatment of 
acute DVT, and reported a 3.7-fold greater efficacy of 
SK versus heparin (P = 0.0011 [80]. In the three 
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studies reporting complications, SK was associated 
with a threefold greater risk for major hemorrhage, 
defined as blood loss >1 L, transfusion requirement, or 
ICH. The higher incidence of bleeding in patients 
receiving therapy for DVT compared with patients 
receiving thrombolysis for acute MI probably 
reflects the prolonged period of lytic therapy and 
associated patient comorbidities, such as malignancy 
[741. 

The initial multicenter urokinase pulmonary em- 
bolism trials (UPETI,2) reported rates of major hem- 
orrhage of 31-45% with UK, 22% with SK, and 
27% with heparin [61,62]. In more recent trials us- 
ing rt-PA (100 mg over 2 hours), a lower incidence of 
major hemorrhage has been observed (0-25%). In 
these latter trials, the use of heparin alone was associ- 
ated with only a 0-6% incidence of major hemor- 
rhage [741. Most of the major hemorrhage associated 
with thrombolytic therapy for pulmonary embolism 
occurs at sites of vascular puncture for diagnostic 
pulmonary angiography. 

HEPARIN 
Heparin can be administered in low doses subcutane- 
ously for the prophylaxis of venous thrombosis, in 
higher doses intravenously to treat venous throm- 
boembolism and acute coronary syndromes, or in very" 
high doses during percutaneous transluminal coro- 
nary angioplasty (PTCA) or bypass surgery. The 
risk of bleeding is dependent on the dose, formula- 
tion, and method of heparin administration; the 
patient's clinical status and anticoagulant response; 
and the concomitant use of aspirin or thrombolytic 
agents [45,81]. The major mechanism of bleeding 
with heparin is related to its anticoagulant effect. 
However, heparin also interacts with platelets and 
can prolong bleeding time [82], induce thrombocy- 
topenia [67,68], and increase capillary permeability 
[83]. 

Thromboembolic Disease. Although there have been 
no randomized trials comparing different doses of 
heparin, Levine et al. reviewed studies using different 
24-hour dosing regimens and found a significant rela- 
tionship between heparin dose and bleeding [44]. A 
recta-analysis of six randomized trials comparing con- 
tinuous intravenous infusion with intermittent intra- 
venous injection of heparin, and five randomized 
trials comparing continuous infusion to twice-daily 
subcutaneous injection, found an average incidence of 
major bleeding of 6.8% in the continuous-infusion 
group compared with 14.2% in the intermittent in- 
travenous heparin group [81]. These data are con- 
founded by the fact that the patients randomized to 

intermittent intravenous injection received higher 
doses of heparin than the continuous-infusion group; 
thus, the increased bleeding could have been ex- 
plained by differences in dosing. There was no dif- 
ference in the incidence of bleeding between 
the subcutaneous heparin group (4.3%) and the 
continuous-infusion group (4.4%), in which total he- 
parin doses were comparable. 

The reported risks of major bleeding in trials using 
heparin at varying doses and methods of administra- 
tion for the treatment of venous thromboembolism 
range from 1% to 33% [81]. The occurrence of 
major bleeding in contemporary studies, using 
weight-adjusted heparin or the standard clinical 
approach (5000U bolus, 1000U/h infusion) and 
monitoring of continuous infusion with either the 
activated partial thromboplastin time (aPTT) or 
heparin assay, is much less (median rate 1.8%.) 
[81,84,85]. The weight-based heparin nomogram in- 
dividualizes heparin dosing with more rapid achieve- 
ment of the therapeutic range, while avoiding excess 
anticoagulation. 

Ischemic Heart Disease. In trials comparing intrave- 
nous heparin to placebo or aspirin in patients 
with unstable angina (without concurrent use of 
thrombolytic therapy), there is no increased risk of 
major bleeding with heparin, and there is a nonsta- 
tistical trend toward increased minor bleeding, espe- 
cially at sites of vascular access [86,87]. In the 
Montreal Heart Study of patients with unstable an- 
gina, the addition of ASA to heparin had no greater 
protective effect on the prevention of recurrent an- 
gina, MI, or death but was associated with slightly 
more serious bleeding (3.3% vs. 1.9%) [86]. 

The use of heparin as an adjunct to thrombolysis is 
associated with an increased risk of bleeding. In the 
SCATI study, patients with MI who received SK plus 
a 2000U intravenous heparin bolus followed by 
12,500U subcutaneous injection twice daily had a 
higher incidence of bleeding compared with patients 
not receiving heparin (4.4% vs. 0.6%, control) [88]. 
In ISIS-3, adjunctive subcutaneous heparin did not 
increase the incidence of total stroke, but did increase 
the absolute incidence of cerebral hemorrhage by 
0.2% [19]. GISSI z showed that subcutaneous hep- 
arin, in conjunction with SK or t-PA, caused more 
major bleeds, defined as blood transfusions greater 
than 2 units (RR 1.64; 95e7,: CI 1.09-2.45), and 
minor bleeds (RR 1.88; 95% CI 1.64-2.14) com- 
pared with the non-heparin-treated patients, al- 
though there was no difference in the rate of 
hemorrhagic stroke [16]. In a study by Bleich and 
colleagues, patients randomized to intravenous hep- 
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arin in addition to t-PA experienced a greater inci- 
dence of moderate or severe bleeding compared with 
t-PA alone (12% vs. 2%, respectively) [89]. Similar 
findings were observed in GUSTO 1 [36]. Other 
studies, however, have not demonstrated an addi- 
tional risk of bleeding with heparin as an adjunct to 
thrombolysis [90,91 ]. 

Thrombocytopenia is often seen after heparin utili- 
zation and thrombotytic therapy, and may contribute 
to excess hemorrhage and mortality in patients 
with MI [60,67,69]. In TIMI I, thrombocytopenia 
(<150,O00/~L) was observed in 8% of patients treated 
with rt-PA and in 2% treated with SK [54]. In an 
analysis of the 1001 patients enrolled in parts 2, 3, 
and 5 of the Thrombolysis and Angioplasty in MI 
(TAMI) trial and in a urokinase trial of acute MI, 
thrombocytopenia (<100,000/gl.L or half baseline 
platelet counts) occurred in 16.4%, irrespective of 
the thrombolytic regimen [69]. Thrombocytopenia 
in patients with MI treated with heparin and 
thrombolytic therapy was associated with a greater 
drop in hematocrit, a greater need for transfusion, 
and a higher in-hospital mortality. Similarly, 
Bovill and colleagues found in the TIMI II study 
that thrombocytopenia after thmmbolytic therapy 
was associated with a significant amount of excess 
hemorrhage, independent of other important vari- 
ables such as bypass surgery, intra-aortic balloon 
counterpulsation (IABP), or age [38]. 

This form of heparin-induced thrombocytopenia 
is to be distinguished from the clinical syndrome of 
heparin-induced thrombocytopenia with associated 
thrombosis (HIT-T), which is characterized by a 
high incidence of heparin resistance, disseminated 
intravascular coagulation, and arterial and venous 
thromboembolic events. This is a lift-threatening 
complication of heparin administration and is an 
immune-mediated process. The substitution of 
LMWH is not predictably safe in preventing this 
complication. 

Prophylactic low-dose subcutaneous heparin is 
associated with a low incidence of bleeding. Collins 
reviewed 25 trials of heparin prophylaxis in patients 
undergoing thoracic, abdominal, or pelvic surgery 
and found a 2~X absolute increase in minor bleeds, 
and no increase in fatal bleeds [92]. In four double- 
blinded randomized trials comparing heparin pro- 
phylaxis with placebo in patients undergoing surgery 
for hip fracture, the incidence of pustoperative wound 
hematomas, hemoglobin depletion, or blood transfu- 
sions was similar and there were no fatal bleeds 
[4,1,92]. Other studies have suggested that there is an 
increase in minor bleeds and total blood loss with 
heparin prophylaxis [44]. 

LOW MOLECULAR WEIGHT HEPARINS 
Low molecular weight heparins have been studied 
extensively for the prevention and treatment of 
venous thromboembolism in high-risk patients, with 
established safety and efficacy. In patients undergoing 
total knee replacement, postoperative subcutaneous 
twice-daily dosing of LMWH is the most effective 
anticoagulant-based prophylaxis regimen, superior 
even to low-intensity warfarin. Current data suggest a 
2-9% incidence of bleeding with LMWH for regi- 
mens with equal or greater efficacy than other forms 
of therapy [93]. 

More recently, experience with LMWH has been 
gained in unstable angina, silent ischemia, and MI. A 
study of 219 patients with unstable angina random- 
ized to aspirin (200rag/day), aspirin plus regular he- 
parin (400IU/kg body weight IV), or aspirin plus 
LMWH (214 UIC/kg anti-Xa twice daily SC) found a 
significant decrease in the combined endpoint of re- 
current angina, MI, urgent revascularization, major 
bleeding, or death with LMWH (59%. vs. 63c~ vs. 
22% incidence, respectively; P < 0.00001) [9,4]. 
Two episodes of major bleeding (decrease in hemoglo- 
bin >2g/dL or the need for transfusion) occurred in 
two patients on standard intravenous heparin. Minor 
bleeds occurred in 10 patients (14.5%) on standard 
heparin and in one patient (1.5%) receiving LMWH 
(P = 0.01). There were no strokes in the entire cohort. 
A smaller study using high-dose anti-Xa (Fragmin; 
240-360U/kg/24h SC) in 72 patients with acute 
anterior MI reported one ischemic cerebral stroke and 
three minor bleeds, all in patients receiving SK and 
aspirin in addition to Fragmin [95}. 

A large multicenter trial of 1506 patients with 
unstable angina or non-Q-wave MI (FRISC study 
group) compared subcutaneous LMWH (dalteparin, 
Fragmin, 120IU/kg body weight BID for 6 days, 
then 7500 IU QD for 35-45 days) with placebo injec- 
tion [96]. The rate of the combined endpoint (death, 
new MI, revascularization, or need for intravenous 
heparin) was lower in the dalteparin group (5.4(7, vs. 
10.3%; RR 0.52; 95% CI 0.37-0.75). There was no 
difference in the incidence of major bleeds, defined as 
a decrease in hemoglobin >2g/dL with associated 
symptoms, ICH, or bleeding leading to transfusion, 
interruption of treatment, or death (0.8% dalteparin 
vs. 0.5%, placebo). There was a higher rate of minor 
bleeds with dalteparin, especially during the acute 
phase (8.2% vs. 0.3e5~. placebo). 

Of note, the initial study dose of 150IU/kg body 
weight twice daily was discontinued after enrollment 
of 116 patients, when an interim safety analysis 
revealed an excess incidence of major (6%) and minor 
(14%,) hemorrhage during the tirst 6 days of 
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dalteparin therapy. A follow-up study (FRIC) com- 
pared LMWH (dalteparin, 120IU/kg BID) with 
weight-adjusted unfractionated intravenous heparin 
during the acute open phase (day 1-6) and dalteparin 
(7500IU qd) versus placebo in the prolonged treat- 
ment phase (days 6-45) in 1482 patients with un- 
stable angina or non-Q-wave MI [97]. There was no 
difference in the incidence of the combined clinical 
endpoint of death, MI, or recurrent angina during the 
first 6 days of therapy and over the next 39 days (6-  
45 days). A possible explanation for the discrepancy 
in outcome from the earlier FRISC study is the use of 
unfractionated heparin during the acute phase in the 
active control group of the current study. There was 
no difference in the incidence of major bleeds (ap- 
proximately 1% for both), but a greater number of 
minor bleeding events occurred with dalteparin 
(5.1%) compared with placebo (2.8%) during the 
second phase of follow-up. 

ANTITHROMBINS 
Theoretically, the bleeding risk associated with the 
direct thrombin inhibitnrs should be lower than that 
of the indirect antithrombins because of their greater 
specificity, shorter half-life, and lack of antiplatelet 
effects. Several phase I studies have reported low 
bleeding rates using hirulog, [98], hirudin [99], and 
argatroban [100]. Several phase II and IIl  trials have 
examined the role of rhrombin inhibitors in unstable 
angina, as adjuncts to thrombolysis in MI, during 
PTCA, and in the treatment of venous thrombosis. 

Ischemic Heart Disease. Lidon and colleagues used 
three escalating doses of hirulog given over 72 hours 
in 55 patients with unstable angina and reported no 
deaths, infarctions, or bleeding complications [101}. 
TIMI 7 randomized 410 patients with unstable an- 
gina to four escalating doses of hirulog, given with 
aspirin, and found a significant reduction in death or 
nonfatal MI in those patients treated with the higher 
dose of hirulog ( lmg/kg /h  x 72 hours) at hospital 
discharge and at the 6-week follow-up. Hirulog 
therapy had to be discontinued prematurely in only 
one patient due to major hemorrhage [102]. Gold and 
colleagues studied the effects of argatroban in 43 
patients and found a dose-dependent prolongation of 
the aPTT and suppressed fibrinopeptide A levels (a 
measure of thrombin activity), without an effect on 
bleeding time or the rate of spontaneous bleeding. No 
clinical bleeding occurred during or 24 hours after 
drug infusion [ 103]. Topoi et al. compared escalating 
doses of hirudin (0.05, 0.10, 0.20, and 0.30 mg/kg/h) 
with two doses of heparin (target aPTT of 65-90 or 
90-110 seconds) in 163 patients with unstable an- 

gina and a baseline angiogram indicating a 60% or 
greater stenosis in the culprit coronary artery. There 
were seven major bleeds, with no more than two 
occurring in any treatment group. All were procedure 
related or occurred in association with CABG. There 
were three spontaneous bleeds, none requiring trans- 
fusion, and no ICH [104]. 

In a pilot angiographic study, Lidon and colleagues 
randomized 42 patients to heparin or hirulog after 
streptokinase for acute MI and found greater 90- 
minute (77% vs. 47%, P < 0.05) and 120-minute 
(87% vs. 47%, P < 0.01) TIMI 2 or TIMI 3 patency 
with hirulog versus heparin. Total bleeding compli- 
cations were the same, although there was a trend 
toward a higher incidence of severe bleeding with 
heparin (27%) compared with hirulog (13%) [105]. 
The TIMI 5 trial compared hirudin with heparin in 
246 MI patients treated with aspirin and accelerated 
rt-PA [106]. Major spontaneous bleeding occurred 
more frequently in patients given heparin versus 
hirudin (4.7% vs. 1.2%; P = 0.09), whereas major 
hemorrhage at sites of instrumentation occurred with 
similar frequency (18.6% vs. 16.4%). Total major 
hemorrhage was not statistically different between 
the two treatments (23.3~,  heparin vs. 17.5%, hiru- 
din), although the incidence of hemorrhage at the 
highest (0.6mg/kg bolus followed by 0.2mg/kg/h 
fixed infusion for 5 days) hirudin dose (29.4%) was 
significantly higher than the 12.29; incidence of all 
other hirudin doses combined [106]. In this study, 
the hirudin infusion was not adjusted on the basis of 
the aPTT; as a safety measure, however the infusion 
rate was halved if the aPTT was >150 seconds after 
24 hours. 

The Hirudin for the Improvement of Thrombolysis 
(HIT) study evaluated three escalating doses of hiru- 
din in conjunction with aspirin and accelerated t-PA 
for the treatment of ST-segment elevation MI. There 
were only three spontaneous bleeds in the entire study 
group, but an increase in puncture-site bleeding in 
the highest dose (0.4mg/kg bolus followed by 
0.15 mg/kg/h for 48 hours) hirudin group (5 of 83 
patients) [107]. A larger phase 3 trial (HIT III), com- 
paring high-dose hirudin (0.4 mg/kg bolus, 0.15 mg/ 
kg/h infusion for 48-72 hours) with heparin therapy 
following thrombolysis, was stopped prematurely due 
to excessive intracranial bleeding (5 hemorrhagic 
strokes/148 patients) in the hirudin-treated group 
(vs. heparin, 0/154 patients). After considering other 
major bleeding events, the total rates of major hemor- 
rhage in the hirudin- and heparin-treated groups were 
6.8% and 1.9%, respectively (see Table 39-4) [108]. 

Similarly alarming results were obtained in 
GUSTO IIA and TIMI 9A; as a result, GUSTO lIB 
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and TIMI 9B both used a substantially lower dose of 
hirudin (described earlier). Although it would appear 
that a survival benefit was not realized at this lower 
dose of hirudin, a recent prospective meta-analysis of 
the GUSTO liB and TIMI 9B trials demonstrated a 
significant reduction in reinfarction at 24 hours (odds 
ratio 0.63; 95% CI 0.43-0.9, P = 0.018) and a persis- 
tent 14% reduction at 30 days (P = 0.024). 

lnterventional Trials. Hirudin and hirulog, as a re- 
placement for beparin, have been found to be sate and 
effective in patients undergoing diagnostic 
angiography and angioplasty [110-112]. In a dose- 
escalating study of hirulog (0.15mg/kg bolus, 
0.6 mg/kg/h infusion to a maximum dose of().55 mg/ 
kg bolus, 2.2 mg/kg/h infusion) in 291 patients pre- 
treated with 325mg aspirin undergoing elective 
angioplasty, only one patient (0.34%) had a signifi- 
cant bleeding complication requiring 2-unit RBC 
transfusion, although there were minor bleeds in 25% 
[l 12]. A 24-hour infusion of hirudin or heparin, ad- 
justed to the aPTT, in 113 patients with chronic 
stable angina at the time of elective angioplasty re- 
suited in no spontaneous bleeding and four puncture 
site bleeds, all in the hirudin-treated patients 
[113t. 

A large-scale European multicenter trial, Hirudin 
in a European Restenosis Prevention Trial 
Versus Heparin Treatment in PTCA Patients 
(HELVETICA), compared hirudin with heparin in 
patients with unstable angina undergoing coronary 
angioplasty and found similar rates of major and mi- 
nor bleeding for the two groups [114]. Only one 
patient (IV plus SC heparin cohort) in this study 
developed an intracranial bleed. In a large trial of 
4312 patients undergoing angioplasty fi)r unstable 
or postinfarct angina, hirulog-treated patients (vs. 
heparin-treated) demonstrated a lower incidence of 
vascular puncture site bleeds 129.1% vs. 61.6%; P < 
0.001), hematuria (16.6~ vs. 20.6%; P < 0.001), 
bleeds requiring packed red cell transfusion (3.79~ vs. 
8.6%; P < 0.001), and hematemesis (0.8~ vs. 1.9%,; 
P = I).001) [115]. 

Venous Thrombosis Prophylaxis. A dose-escalating 
study of subcutaneous hirulog (ranging from 0.3 mg/ 
kg qI2h  to 1 mg/kg q8h) in 222 patients undergoing 
major orthopedic surgery for prophylaxis of venous 
thrombosis reported a blee-ding event rate of less 
than 5% in all doses examined [116]. A similar dose- 
escalating trial using hirudin (10, 15, 20, or 40mg 
SC q l 2h fbr 8-10 days) in patients undergoing elec- 
tive hip replacement recorded no intracerebral, in- 
traocular, intraspinal, or retroperitoneal bleeds [ 117]. 

Five patients, including all three patients given the 
highest dose of hirudin, experienced major bleeding, 
defined as either a decrease in hemoglobin of 5 g/dL or 
total blood loss or transfusion >3500mL. A larger 
randomized multicenter trial comparing hirudin (10, 
15, and 20mg SC BID) with heparin 15000U SC 
TID) in 1120 patients undergoing elective total hip 
replacement revealed a similar median blood loss in 
all treatment groups [118]. In two small phase 2 
studies evaluating hirudin and hirulog in the treat- 
ment of acute DVT, there was no clinically overt 
bleeding or major adverse experience [l 19,120]. 

ANTICOAGULANTS 
Oral anticoagulation with warfarin is used for the 
treatment of ischemic heart disease, ischemic cerebral 
vascular disease, and venous thrombosis, and for the 
prevention of thromboembolism in patients with 
atrial fibrillation and prosthetic heart valves. A strong 
correlation exists between the level of anticoagulation 
and bleeding (Table 39-6) [121]. Those patients 
managed with moderate-intensity warfiarin (targeted 
INR = 2-2.5) have a bleeding rate of 4-6%,  com- 
pared with patients with higher intensity anticoa- 
gulation (targeted INR = 2.5-4,5), whose bleeding 
rate is 14-22% [122,124]. Independent clinical 
markers of an increased risk of bleeding include a 
history of cerebrovascular disease and the presence of 
a prosthetic heart valve [52t. The roles of age, hyper- 
tension, and the indication for anticoagulation remain 
controversial. 

Ischemic Heart Disea.re. In patients anticoagulared 
for ischemic heart disease, the risk of bleeding has 
ranged from 3.8% to 36.5~,  with the incidence of 
major bleeding ranging from 0%. to 10% and fatal 
bleeding ranging from 0c~ to 2.9% [81 ]. In the Sixty 
Plus study, 878 patients post MI were randomized to 
continue oral anticoagulation (INR 2.7~t.51 or to 
substitute a placebo. There was a significant reduc- 
tion in the 2-year incidence of total mortality (7.6~ 
vs. 13.4%, P = 0.0171 and reinfarction 15.95~ vs. 
15.9%, P < 0.00l)  with anticoagulation, without a 
concomitant increase in the rate of ICtl [138]. 
Major extracrania[ hemorrhage (leading to protocol 
deviation) was observed in 3 placebo patients and 
in 27 patients on anticoaguLation. The Warfarin- 
Reinfixrction Study (WARIS) reported a 24%, 
reduction in total mortality, a 34ff reduction in 
reinfarction, and a 55% risk reduction in total cere- 
brovascular accidents in wartCarin-treated (target INR 
2.8-4.8) patients compared with control patients fol- 
lowing acute MI (P < 0.05). Serious bleeding was 
noted in 0.6ff/y warfarin-treated patients [1 ~9]. The 
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TABLE 39-6. Bleeding as a function of INR 

Indication 

Patients with bleeding complications (%) 

Follow-up INR INR INR INR 
(months) 2.0-3.0 1.9-3.6 2.0-4.5 7.4-10.8 

DVT treatment [122] 3 
Tissue valve replacement [123] 3 
Mechanical valve replacement [137] 
Mechanical valve replacement [125] 11" 

4.3 - -  22.4 - -  
5.9 - -  13.9 - -  
- -  21.3 - -  42.4 
3.9 - -  20.8 - -  

' Plus aspirin and dipyridamole. 
INR = International Normalized Ratio; DVT= deep venous thrombosis. 
Reproduced with permissilm from l'.~>uketis et al. [121], 

ASPECT research group randomized over 3400 pa- 
tients to placebo or oral anticoagulation with warfarin 
(target INR 2.8-4.8) following an acute MI and 
found a statistically significant increased rate of major 
bleeding with warfarin (1.5%/y vs. 0.2%/y, control; 
hazard ratio 9.05, 95%, CI 3.9-21) [140]. 

A t r i a l  Fibri l lat ion.  Six randomized controlled trials 
(RCTs) have examined the role of long-term oral 
anticoagulation (INR range 1.5-4.5) in the treatment 
of AF (Table 39-7) [128-133]. Analysis of pooled 
data revealed an annual stroke rate of 4.5% for the 
control patients and 1.4~ for the warfarin-treated 
patient (risk reduction 68%, 95% CI 50-79%.) [134]. 
The annual rate of major bleeding (ICH or bleed 
requiring hospitalization) in the first five trials was 
1.0~ for control, 1.0% for aspirin, and 1.3% for the 
warfarin-treated patients. The reported annual inci- 
dence of major bleeding ranged from 0.5% to 1.8% 
for control, from 0.9% to 1.4% for aspirin, and from 
0.69~ to 2.5% for warfarin in the individual trials 
(target anticoagulation INR 2-4.2; PTR 1.2-1.8) 
[81]. Overall, the median rates of major bleeding 
and fatal bleeding were 1.7%/y and 0.2%/y, respec- 
tively for warfarin therapy. SPAF II reported a signifi- 
cantly higher rate of major hemorrhage in older 
patients (>75 years) compared with a younger age 
group (<75 years) receiving warfarin (4.2c~ vs. 1.7%, 
respectively) or aspirin therapy (1.6%, vs. 0.9%, re- 
spectively) [133,135]. For the older patients, the inci- 
dence of ICH was 0.8%/y for the aspirin-treated 
group compared with 1.8%/y for the warfarin-treated 
group (P = 0.05). The ICH rate in patients >75 years 
old is substantially higher than the pooled annual rate 
of 0 .3~ reported from the other trials. The higher 
bleeding rate in SPAF II could be explained in part by 
the higher intensity of anticoagulation (upper range 
o f l N R  of 4.5). 

Heart  Valve Replacement. Studies of long-term 
anticoagulation with warfarin for patients with me- 
chanical heart valves or high-risk patients with tissue 
valves (AF or a history of thromboembolism) con- 
firmed the correlation between the intensity of 
therapy and the incidence of bleeding complications. 
Trials using less intense anticoagulation regimens 
(INR 2-2.5) have reported substantially less bleeding 
complication without loss of antithrombotic efficacy 
[122,136,137]. In the trials of oral anticoagulation 
for heart valve replacement, tile median rate of major 
bleeding was 2.4%/y, with a median rate of fatal 
bleeds of 0.7%/y [81]. 

Turpie et al. reported on the efficacy and safety of 
adding ASA (100 mg aspirin) to high-intensity (INR 
3~,.5) warfarin therapy in patients with a mechanical 
heart valve or with a tissue valve plus AF or a history 
of thromboembolism. The combined therapy reduced 
the incidence of major systemic emboli, nonfatal 
ICH, or death from hemorrhage or vascular causes by 
61% (P = 0.005). The addition of ASA reduced all- 
cause mortality, particularly mortality from vascular 
causes. Aspirin, however, increased the incidence of 
major hemorrhage (12.9°~ vs. 10.3%, P = NS) and 
total hemorrhage (38.7% vs. 26.1~,~, P < 0.05) over 
warfarin alone [124]. 

Antman et al. demonstrated the efficacy of low- 
intensity anticoagulation in patients with heart valve 
replacement. High-dose antiplatelet therapy with 
ASA (660rag) plus dipyridamole (150rag) in con- 
junction with low-intensity anticoagulation (INR 2 -  
3) lowered thromboembolic complications, with less 
bleeding (3.9% vs. 20.8%, P < 0.05) than in combi- 
nation with high-intensity anticoagulation (INR 3-  
4.5) [125]. This same group of investigators recently 
reported that low-dose ASA (100rag) with low- 
intensity anticoagularion (INR 2-3) is as effective as 
high-dose ASA (650mg) in preventing systemic 
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TABLE 39-7. Hemorrhage events associated with antithrombotic therapy in atrial fibrillation trials 

No. patients Mean yr F/U Target INR 

Major bleed ¢~/y 

Warfarin ASA Placebo 

AFASAK [130] 1007 1.2 2.8-4.2 0.6 0.3 0 
SPAF [129] 1330 1.3 2.0-4.5 1.5 1.4 1.6 
BAATAF [ 128] 420 2.2 1.5-2.7 0.9 0.4 
CAFA [132] 383 1.3 2.0-3.0 2.5 0.5 
SPINAF [131 ] 525 1.8 1.4-2.8 1.3 0.9 
SPAFII [133l 11 O0 2.7 2.0-4.5 1.7 0.9 (<75 y) 

4.2 1.6 (>75 y) 

F/ I '  - fi)lLow-up; ASA = acetylsalicyllc a ,  id; I N R  = Internat ional  Norma l i zed  Ratio. 

emboli, with a significant decrease in total bleeding 
events (15.9% vs. 24.3%, P = 0.035) [126]. A recent 
multicenter prospectively randomized trial (AREVA) 
compared low-dose (INR 2-3) with standard-dose 
(INR 3~a,.5) anticoagulation for mechanical pros- 
thetic heart valves (95% in aortic position). This trial 
demonstrated similar protection from thromboem- 
bolic events, with a significant decrease in all hemor- 
rhagic events (34 vs. 56 events, P < 0.01) and a 
trend toward lower major hemorrhagic events (13 vs. 
19 events, P = 0.29) in the low-intensity regimen 
[127]. 

Thromboembolic Disease. In patients receiving anti- 
coagulation for venous thromboembolism, the inci- 
dence of major hemorrhage is low, especially if 
less intense therapy is used. Of the trials reported, 
the median rate of major bleeding was 0.9%. 

Among 1283 patients in seven trials examined, 
there was only one fatal bleed [81]. This is in contra- 
distinction to those patients receiving oral anticoa- 
gulation therapy for cerebrovascular disease, in 
which the highest bleeding rates are reported. The 
risk of total bleeds range from 12% to 39%, 
with major bleeds (mostly intracerebral) occurring in 
2-13%, and fatal hemorrhage occurring in 2-7% 
[141-143]. 

ANTIPLATELET AGENTS 

Aspirin. Aspirin alone rarely causes significant 
bleeding, except in patients with a bleeding diathesis 
or those being treated with anticoagulants. In pri- 
mary prevention studies evaluating cardiovascular 
endpoints, a small increase in hemorrhagic strokes 
of borderline significance (relative risk 2.14, P = 0.06) 

has been demonstrated [144,145]. In secondary 
prevention, aspirin clearly reduces the risk of 
stroke [146-148]. A large meta-analysis from the 
Antiplatelet Trialist's Collaboration group reported 
on vascular events in 145 randomized trials involving 
over 100,000 patients treated with a variety of 
antiplatelet regimens [149]. Overall, there was a re- 
duction in nonfatal MI of 34%, nonfatal strokes 
among high-risk patients of 31%,, and vascular 
death of 17% in the treated patients. Aspirin in con- 
junction with thrombolytic therapy prolongs the 
bleeding time and increases the risk of minor bleeds 
[4,6]. Aspirin in combination with warfarin does in- 
crease the risk of minor hemorrhage and shows a 
trend toward increased risk of major hemorrhage in 
patients with unstable angina, mechanical heart 
valves, or tissue valve with additional risk factors for 
thromboembolic complication [ 121,124,150]. Aspi- 
rin has been shown to produce a dose-related increase 
in acute gastric bleeding, due to its direct effect on 
the gastric mucosa [ 151]. 

Ticlopidine. The Ticlopidine Aspirin Stroke Study, a 
blinded multicenter trial, compared the effects of 
ticlopidine (250 mg BID) with aspirin (650 mg BID) 
on the risk of stroke or death in 3069 patients with 
recent transient or mild persistent focal cerebral or 
retinal ischemia [152[}. There was a 12% risk reduc- 
tion in the 3-year event rate for nonf~ttal strokes or 
death and a 21% reduction in the risk of subsequent 
fatal or nonfatal strokes with ticlopidine compared 
with aspirin. Nine percent of patients treated 
with ticlopidine and 10% of aspirin-treated patients 
reported some evidence of bleeding (bruising, 
petechiae, epistaxis, microscopic hematuria, gas- 
trointestinal) [152]. In an older trial, combination 
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therapy with 81 mg aspirin and 100mg ticlopidine 
for cerebral ischemia significantly improved the inhi- 
bition ofplatelet aggregation induced by arachidonic 
acid, adenosine diphosphate, and platelet activating 
factor compared with aspirin (300 rag) or ticlopidine 
(200 mg) alone [ 153]. Minor bleeding complications 
tended to occur sooner, more often, and were more 
prolonged with combination therapy for cerebral 
ischemia. 

In a study of ticlopidine versus placebo added to 
conventional therapy (not including aspirin) in the 
treatment of unstable angina, there was a 46.3% (P = 
0.009) reduction in the primary endpoint of vascular 
death and nonfatal MI, and a 53.2% (P = 0.006) 
decline in the incidence of fatal and nonfatal MI. 
There were only four minor bleeding episodes re- 
ported in the 314 patients receiving ticlopidine 
[154]. 

Currently, the major role for ticlopidine is the 
prevention of intracoronary stent thrombosis. In a 
randomized comparison of antiplatelet therapy 
(250 mg BID ticlopidine for 4 weeks, 100 mg aspiri n) 
versus anticoagulant therapy (heparin infusion 5-10 
days, phenprocoumon to INR 3.5-4.5, 100mg aspi- 
rin), antiplatelet therapy reduced the risk of MI by 
82%, the need for repeat intervention by 78%, and 
peripheral vascular complication by 87% compared 
with anticoagulation (P < 0.02). Stent occlusion oc- 
curred in 0.8% of the antiplatelet therapy group and 
in 5.4% of the anticoagulant therapy group (RR 0.14; 
95% CI 0.02-0.62). There were no severe hemor- 
rhagic events (bleeds requiring transfusion or surgery, 
or associated with organ dysfunction) in the 
antiplatelet group and 17 (6.5 %) events in the antico- 
agulant group. One patient in the antiplatelet group 
had an ischemic stroke [ 155]. 

Glycoprotein Ilb/llla Receptor Antagonists. A large 
clinical angiographic trial, Evaluation of c7E3 for 
the Prevention of Ischemic Complications (EPIC), 
randomized 2099 patients undergoing coronary 
angioplasty or atherectomy and felt to be at high risk 
for abrupt vessel closure, as defined by (1) acute evolv- 
ing MI within 12 hours after onset of symptoms 
necessitating direct or "rescue" percutaneous inter- 
vention, (2) early postinfarction angina or unstable 
angina with at least two episodes of angina at rest 
associated with changes on the resting ECG despite 
medical therapy, or (3) clinical or angiographic char- 
acteristics indicating high risk for PTCA. Patients 
were randomized to placebo bolus and placebo infu- 
sion, c7E3 bolus (0.25 mg/kg) and placebo infusion, 
or c7E3 bolus (0.25 mg/kg) and infusion (10 gtg/min). 
All patients received bolus heparin (ACT 300-350) 

during the procedure and a continuous 12-hour 
infusion after the procedure to an aPTT 1.5-2.5x 
control. 

The GPIIb/IlIa antagonist, c7E3 (bolus and infu- 
sion), reduced the frequency of a composite endpoint 
(death, nonfatal MI, repeat revascularization, and pro- 
cedural failure requiring stent or IABP) by 35% at 30 
days (8.3 vs. 12.8% control, P = 0.008), but at a cost 
of increased bleeding complications, mostly at the 
vascular access site. Major bleeding complications 
unrelated to bypass surgery occurred in 3.3%, 8.6%, 
and 10.6%, and blood product transfusion was re- 
quired in 7.5%, 14.0%, and 16.8% of patients 
treated with placebo, c7E3 bolus, and c7E3 bolus 
plus infusion, respectively. Overall, there was a 112% 
relative increase in major bleeds (from 6.6% to 14%, 
P < 0.001), a 74% relative increase in minor bleeds 
(from 9.8% to 16.9%, P < 0.001), as well as a 125% 
relative increase in transfusion requirement (from 
7.5% to 16.8%, P < 0.001) with c7E3 [157,158]. 
Most major bleeding complications occurred at the 
femoral access site (71% of the nonspontaneous 
hemorrhagic complications). Access site complica- 
tions also accounted for 78% of the total minor 
bleeds. Spontaneous major organ bleeding (1.3%) and 
nonspontaneous bleeding (6.2%.) events occurred in 
more patients receiving c7E3, and were more com- 
mon in those patients receiving bolus plus infusion. 
Strokes (0.7%), ICH (0.3%), and death (0.9%) as a 
result of major bleeding were rare. Among patients 
undergoing CABG <24 hours after study drug infu- 
sion, the estimated blood loss was 6.9, 7.3, and 8.5 
units in the placebo, bolus, and bolus plus infusion 
therapy groups, respectively. Risk factors for major 
bleeding complications with c7E3 included age, fe- 
male sex, lower weight, and duration and complexity 
of procedure [I 58]. 

A preliminary study, PROLOG, examined c7E3 
bolus and infusion in 103 patients undergoing angio- 
plasty, with randomization to high-dose (100 U/kg) 
or low-dose (70U/kg) heparin, and found similar 
rates of major and minor bleeds. Patients randomized 
to the low-dose heparin and early sheath removal had 
no transfusion requirement or major bleed, and 
demonstrated no compromise in efficacy [159]. A 
larger 4500 patient trial, EPILOG (Evaluation of 
PTCA to Improve Long-term Outcome by c7E3 
GP1 lb/IIIa Receptor Blockade), examined the safety 
and efficacy of weight-adjusted c7E3 Fab (0.25 mg/kg 
bolus, 0.125 !tlg/kg/min infusion) plus standard-dose 
(100U/kg bolus, titrated ACT >300s) or lower dose 
(70U/kg, ACT >200s)weight-adjusted heparin in 
both high- and low-risk patients undergoing coro- 
nary angioplasty. This trial was terminated prema- 
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turely after enrollment of 2792 patients when an 
interim analysis revealed a highly significant 68% 
reduction in the combined endpoint of death or MI in 
patients receiving c7E3 plus low-dose heparin (2.6%) 
or c7E3 plus standard heparin (3.6%) versus standard 
heparin alone (8.1%) [160,161]. In contrast to the 
relatively high incidence of bleeding in the EPIC 
study (14% for c7E3), the incidence of bleeding was 
markedly reduced (1.8% low-dose heparin plus c7E3, 
3.5% standard heparin plus c7E3, 3.1r,~ standard 
heparin). The treatment strategy using weight- 
adjusted, low-dose heparin had the greatest efficacy 
and safety. 

The IMPACT trial studied the GPIIb/Il la  antago- 
nist, Integrelin (90btg/kg bolus, l l.tg/kg/min infu- 
sion for 4 or 12 hours), in 150 patients undergoing 
elective percutaneous coronary intervention [162]. 
Major bleeding occurred in 5e2~ of patients treated 
with Integrelin compared with 8% fi3r placebo. Mi- 
nor bleeding, primarily at vascular access sites, oc- 
curred in 40% of the lntegrelin group and 14%, of the 
placebo group. A greater proportion of the patients 
receiving lntegrelin required transfusion of fresh- 
frozen plasma or platelets. IMPACT II randomized 
4010 patients undergoing coronary intervention to 
placebo versus bolus/low-dose 24-hour infusion 
Integrelin versus bolus/high-dose 24-hour infusion 
Integrelin, Weight-adjusted heparin was used during 
intervention and was stopped 4 hours prior to sheath 
removal. At 24 hours, there was a significant relative 
reduction of 30-35% in the composite endpoint 
of death, MI, CABG, repeat urgent/emergent 
angioplasty, or stent for abrupt closure with both 
integrelin dosing strategies. This benefit was lower, 
but still present, at 30 days (13-19~A) [160]. Moder- 
ate to severe vascular access site bleeding occurred in 
more Integrelin-treated patients (8.8% vs. 5.3%' pla- 
cebo; P = 0.001). Early sheath removal (5.6% vs. 
9.6% sheath >12 hours, P = 0.00l)  and awfidance of 
venous sheaths (5.7cX vs. 8.4% with sheaths; P = 
0.002) reduced the risk of vascular complication. 
Overall, the need for surgical repair was rare (1%) and 
did not correlate with treatment, arterial sheath size, 
removal time, or use of a venous sheath [163]. Major 
bleeding (according to TIMI criteria) was the same in 
all three treatment groups. 

A pilot study (TAMI 8) examined the satety of 
m7E3 after t-PA in 70 patients with acute MI. Im- 
proved patency with less recurrent ischemia and with- 
out an increased risk of bleeding was demonstrated 
[ 164]. Blood transfusion was required in 20% of the 
patients receiving c7E3 Fab compared with 40c~ , of 
the control patients. Major bleeds occurred in 23% 
of the c7E3 Fab-treated patients and in 50% of 

the control patients and minor bleeds occurred in 
22% of the treated patients compared with 10c~ , 
of the control. There was a dose-dependent increase 
in minor and major bleeds from O. l m g / k g  to 
0.25 mg/kg c7E3 Fab. 

The CAPTURE study examined the role of 
c7E3 (0.25mg/t~g bolus, 101dg/kg/min infusion) 
in refractory unstable angina patients undergoing 
angioplasty [161]. The trial was stopped early after 
an interim analysis of 1050 patients revealed a 
reduction in the combined endpoint of death, MI, or 
urgent reintervention from 16.4% in the placebo 
group to 10.8% in patients receiving c7E3. c7E3 
was associated with an increased risk of major 
bleeding complication (from 1.7% incidence to 
2.9%). Strokes were observed in 3 of 532 placebo- 
treated patients and in only 1 of 518 c7E:i-treated 
patients. 

An initial dose-ranging study of Tirofiban (MK- 
383) platelet Ilb/Illa blockage in 93 high-risk pa- 
tients undergoing coronary angioplasry demonstrated 
relative safety with this drug [165]. There was no 
corrective vascular surgery, ICI], or retroperitoneal 
hemorrhage reported in the trial. The overall inci- 
dences of bleeding events was ,t.89~, 3.3%, and 
13.6% for the three escalating dose regimens. A 
large randomized, double-blind, placebo-controlled 
trial of Tirofiban (RESTORE) enrolled 21 O0 patients 
undergoing angioplasty for acute coronary syndromes 
[160,161]. At 2 days, the composite endpoint of 
death, nonfatal MI, revascularization due to recurrent 
ischemia, or insertion of stent for abrupt closure 
was reduced by 38% (P < 0.005). Major bleeding 
(defined as a decrease in hemoglobin >5 g/dL, tran- 
sfusion >2 units, retroperitoneal hemorrhage or 
ICH) occurred in 4.2C¢ of the placebo- and 5 .4~ 
of the Tirofiban-treated patients (RR 1.29, 95% 
CI 0.88-1.89, P = 0.225). In patients undergoing 
early CABG, there were equivalent rates of major 
hemorrhage. 

Recommendation for Clinka/Use 
The beneficial effects of thrombolytic, anticoagulant, 
and antiplatelet therapy for the acute coronar T syn- 
dromes and thromboembolic diseases have been well 
established. Bleeding continues to be the major risk 
involved with their clinical use. Much has been 
learned by both investigation and clinical experience 
regarding the optimal use of these agents and the final 
balance between efficacy and bleeding. Therapies 
that combine agents from different classes can be 
powerfully effective, yet the hemorrhagic cosr must 
be justified. 
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The risk of major systemic hemorrhage is essen- 
tially the same among the most commonly used 
thrombolytic agents (SK, APSAC, t-PA), despite 
their varying properties and fibrin specificity. There 
appears to be a slight excess of total stroke and ICH 
with t-PA. Patient characteristics that confer an in- 
creased risk of bleeding have been identified and 
include: age, female gender, low body weight, pre- 
senting hypertension, and a prior history of cere- 
brovascular disease. Aggressive adjunctive therapy 
with heparin and hirudin increases the risk of ICH 
associated with thrombolytic therapy, and in a dose- 
dependent manner. This adverse interaction high- 
lights the need for vigilant assessment of patient risk 
factors, close monitoring of anticoagulant effect, 
and careful delineation of the optimal dosing and 
duration of therapy of the specific anticoagulant and 
thrombolytic agent chosen. Consideration should be 
given to the use of weight-adjusted heparin with 
diligent (possibly bedside) monitoring of the aPTT. 
Similarly the dose of hirudin should be the lowest 
possible to achieve a target aPTT of 65-80 seconds. 

Despite the relative risk, thrombolytic therapy 
should be considered in eligible patients presenting 
within 12 hours of the onset of symptoms compatible 
with an acute MI. If timely and expert primary PTCA 
is not available, SK might be considered for those 
patients deemed at relatively higher risk for hemor- 
rhagic complications on the basis of their clinical 
characteristics and for patients with small anterior or 
inferior MI who present relatively late (6-12 hours). 

Accelerated t-PA has otherwise become the stan- 
dard thrombolytic regimen. There are currently no 
convincing clinical data to support the need for intra- 
venous heparin as an adjunct to SK. Intravenous hep- 
arin should be used in conjunction with t-PA, but the 
duration should be limited to 24-48 hours in the 
absence of a specific indication for its longer use. 
Given the lack of compelling advantage over heparin 
at conventional doses, hirudin is not currently recom- 
mended as conjunctive therapy for MI. 

The use of t -PA for acute ischemic stroke should be 
restricted to patients who present within 3 hours of 
symptom onset to centers with neurological and 
neurosurgical expertise. Thrombolytic therapy can be 
life saving in the treatment of a hemodynamically 
compromising massive pulmonary embolus. The in- 
cidence of significant hemorrhage is high when 
thrombolytic therapy has been used for the treatment 
of DVT and PE, possibly related to the dose and 
duration of the infusion and the need for invasive 
pulmonary angiography. Current experience with 
t-PA (100rag over 2 hours) has improved on the 
complication. Careful selection of candidates for 

thrombolytic therapy with exclusion of patients with 
associated comorbidities known to increase the risk of 
bleeding might minimize these complications. 

The risk of bleeding associated with intravenous 
heparin for the treatment of venous thromboem- 
bolism is less than 5%. This risk is increased with 
higher heparin doses, intermittent intravenous bo- 
luses, and prolonged therapy. The use of heparin 
alone in patients with acute coronary syndromes does 
not increase the hemorrhagic risk. However, its use in 
association with aspirin or thrombolytic agents mag- 
nifies the risk. Thrombocytopenia is associated with 
increased risk of bleeding and death, when observed 
in patients with acute MI treated with heparin and 
thrombolytic therapy. Prophylactic low-dose subcu- 
taneous heparin is associated with an increased in 
minor bleeding at the operative site of patients under- 
going orthopedic surgery. 

LMWH has proven efficacy in unstable angina, 
non-Q-wave MI, and venous thromboembolism. It is 
currently the recommended prophylactic treatment 
of choice for patients undergoing orthopedic proce- 
dures and has been used extensively in the long-term 
treatment of DVT. Its advantages over standard 
unfractionated heparin include better bioavailability, 
longer elimination half-life, more predictable antico- 
agulant response, greater anti-factor Xa activity, and 
a safety and efficacy profile not requiring laboratory 
monitoring. 

The risk of oral anticoagulants in patients with 
atrial fibrillation, venous thromboembolism, or me- 
chanical heart valves is predominantly dependent on 
the intensity of anticoagulation. Evidence suggests 
that low-intensity therapy (INR 2-3) is effective and 
is associated with a lower risk of bleeding. Other 
contributors to the risk of bleeding include patient 
characteristics, concomitant drugs interfering with 
hemostasis or warfarin metabolism, and the length of 
therapy. Aspirin and other antiplatelet agents 
increase the risk of bleeding. Their routine use in 
conjunction with oral anticoagulation is not recom- 
mended. Consideration of the addition of low-dose 
aspirin can be made if there is evidence of ongoing 
thromboembolism despite adequate oral anticoa- 
gulation. Careful instruction to patients regarding 
their diet, concomitant medication, reporting of 
their symptoms, and monitoring of anticoagulation 
levels is critical, given the long-term nature of the 
therapy. 

Aspirin has proven efficacy both in primary and 
secondary prevention of cardiovascular events. Aspi- 
rin is indicated in patients with coronary artery dis- 
ease, acute MI, transient cerebral vascular ischemia, 
thrombotic stroke, and peripheral artery disease. The 
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bleeding risk associated with aspirin is low and 
dose dependent. Doses as low as 7 5 - 1 0 0 r a g  are effica- 
cious for long-term use, al though an initial dose of 
160-325 mg is recommended in the acute setting. 
The bleeding risk is increased in conjunction with 
thrombolytic,  ant i thrombotic,  and anticoagulant 
agents and the lowest effective aspirin dose should 
be used. 

The weight  of evidence suggests that a GPIIb/IIIa  
receptor antagonist should be used in all interven- 
tional patients deemed at high risk for abrupt 
vessel closure as defined in the EPIC trial. The GPIIb/  
IIIa receptor antagonists substantially reduce the 
risk of death, reinFarction, and the need for repeat 
revascularization in patients undergoing coronary 
angioplasty, but does carry a high risk of bleeding. 
The EPILOG trial extended the observed benefit to 
other angioplasty patients, including those patients at 
low risk for abrupt closure. However,  given the enor- 
mous cost of this therapy and the increased hemor- 
rhagic risk, selective use is still recommended. Based 
on the EPIC and EPILOG trials, the recommended 
regimen for c7E3 is currently 0.25 mg/kg  bolus and a 
O.125O_g/kg/min 12-hour infusion with low-dose 
weight-adjusted heparin (70U/kg ,  ACT >200s). This 
regimen and the early removal of vascular sheaths 
have demonstrated improved safety. 
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40. GENE THERAPY FOR THE 

VULNERABLE PLAQUE 

Jeffrey M. Isner 

Introduction 
Rupture of coronary atherosclerotic plaque and subse- 
quent formation of an occlusive intracoronary throm- 
bus (Figure 40-1) are the major events precipitating 
acute coronary syndromes [1-6].  The vulnerable 
plaque is smaller in size [7], richer in lipids [1,2], and 
more infiltrated with macrophages [2,3,8-10] than 
the stable, fibromuscular lesion. Therefore, lower- 
ing the lipid and/or macrophage pools stored in 
the plaque may "stabilize" the plaque and reduce 
the incidence of plaque rupture [2,4-6]. Indeed, 
cholesterol-lowering trials have yielded a significant 
reduction in acute cardiac events [11-18]. 
Antithrombotic therapies may further prevent acute 
coronary syndromes by altering the consequences of 
plaque rupture [4]. 

Recent advances in the field of molecular biology, 
combined with the development of efficient vectors to 
perform in vivo gene transfer, have led to the emer- 
gence of new therapies to prevent acute coronary syn- 
dromes. Because gene therapy, in contrast to drug 
therapy, implies a variable and currently undeter- 
mined time interval for the transgene to be expressed, 
certain gene therapy approaches may ultimately not 
prove appropriate for treatment of patients with 
acute infiarction. Genetic interventions that are de- 
signed to stabilize the vulnerable plaque and/or to 
inhibit thrombus formation (Table 40-1), however, 
hold considerable promise and are the subject of this 
review. 

Gene Therapy for the Vulnerable Plaque 
Lowering the level of plasma cholesterol may reduce 
the progression, and even induce regression, of ath- 
erosclerotic lesions [11-19]. This result appears to 
represent the consequence of reducing plasma low- 
density lipoprotein (LDL) levels as well as increasing 
plasma high-density lipoprotein (HDL) levels. Even 
modest changes in coronary luminal diameter ob- 

served in patients, as a result of lipid-lowering inter- 
ventions, have been associated with a significant re- 
duction in the incidence of acute coronary syndromes 
[11-18].  It is likely that this beneficial effect was due 
to the regression of plaques rich in cholesterol and 
macrophages, that is, plaques prone to rupture [4,19]. 
Therefore, therapeutic strategies aimed at (1) lower- 
ing plasma LDL, (2) increasing plasma HDL, and/or 
(3) mitigating macrophage infiltration hold promise 
for reducing the mortality and morbidity associated 
with coronary atherosclerosis. 

FAMILIAL HYPERCHOLESTEROLEMIA: A MODEL 
FOR LDL-TARGETED GENE THERAPY 
Familial hypercholesterolemia (FH) is caused by a 
genetic deficiency in the hepatic receptors for LDL 
cholesterol and is associated with severe hyper- 
cholesterolemia and premature coronary artery disease 
[20]. The observation that orthotopic liver transplan- 
tation from donors who express normal LDL receptor 
activity may lead to complete correction of the 
dyslipidemia in homozygotes [21] set the stage for a 
genetic strategy, first articulated by Goldstein et al. 
[22], targeted toward introduction into the liver of 
normal LDL receptor genes. 

Two different approaches to gene therapy have 
been developed for FH. In the first approach, referred 
to as ex vivo (or indirect) gene transfer, cells are removed, 
transduced ex vivo with the LDL receptor gene, then 
transplanted back into the liver. In the second ap- 
proach, referred to as in vivo (or direct) gene transfer, 
the LDL receptor gene is directly introduced into 
the liver during a one-step procedure. Although FH 
accounts for only a small minority of patients, the 
promise of genetically increasing LDL receptor 
abundance in the liver may have implications for 
treating more common forms of hypercho- 
lesterolemia, and thereby potentially reducing the 
incidence of acute coronary syndromes in these 
patients [23]. 

547 
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TABLE dO;]~ Po~emial targets for genetic 
intetwentions to 1?reveal acute c0m~arY syndromes 

Target gent [merve~Hioa Mechanisms 

LDL receptor Augmentation 
HDL A~,gr,~entation 
eNOS Augmearation 

sVCAM~. I Augmentation 
Metalloproteinases I , i lbi t iou 
t-PA Augmemadon 
scu-PA Augmentation 
VEGF Aa3mentadoa 

P]aque s~abi[ization 
Plaque stabilization 
Plaque stabilization 
tnhibidon of SMC proliferadoa 
b~hibition of thrombus forrriario~ 
Plaque stabilization 
Plaque stabilization 
Inhibkio,~ of chrombus formation 
!nhibki~n of d~romb~ts ~ormation 
inhibition of ehrombus formation 
In~{bki0n e[ SMC proliferation 

LDI = lowoden~iey lipop>a~ein; H D L  = h ig i>densky Iif~opre~.ein; eNOS : cor~st/rurwe eudorhe[ia[ n i m c  
o~ide sy~iti~ase; SMC := ~ m ~ t h  muscle ceiis; s V C A M  i = soluble vascular cell adhedon mok~cuIe I ; r-PA = 
~fssta}af plasmmogen ac~ivaa}r; s u - P A  = siagle-cl~ab~ uroklnase pIa~rr}in(ger~ activator; VEGI[ = vascutar 
endothe!~a! growth (a¢'mf, 

| 

| // 
b'IG[JRE 40-1 Cross-section of a ruptured atherosderoric 
plaque from an infarct-related coronary a~ery. R = plaque 
rapture; T =  intra[uminal thromb~ t-t = iutraplaqJe hem- 
orrhage; L = lumen. 

EX VIVO GENE T}~.£RARY FOR FAMILIAL 
H Y P E R C H O L E S T E R O L E M I A  

Wilson et al [24} and Chowdhurv er ai. [23] used 
an animal model For F}t. the Waranabe heritable 
hyperlipidemic {WHHL} rabbit. Eo isolate hepato- 
cytes following par6al hepatectomy, ~ transfec~ these 
cells ex vivo with replication=defective reEroviruses 
includb~g an L I ) L  receptor eDNA.  and to impla~r ~he 
transduced heparocyres into the fiver of recipient 

~ ' H  HL rabbits. Stable expression of  the recom binanr 
LDI receptor gent  as well as a co~sistent decrease 
m serum cholesterol could be detec~e~{ [br several 
months  after auro~ogous rransplaKarion [25}. 

Based on ~hese eocomagmg results, the firs~ clini 
ca] rriaI of  gerie therapy to Ereae patients with ho- 
cnozygous FM was init iated in 1992 [261. In this 
protocol, an ex wvo approach similar to ~he one used 
m the W H H L  rabbit was adopted. Afker partial 
hepatectomy, i~epa~ocytes were released and Kans- 
f~ected ex vivo wi th  recombiganr retroviruses express- 
mg a human LDL-recepeor cDNA.  Transduced 
heparocytes were subsequendy infused directly into 
d~e portal ciKulatio~ to allow engraf tment  of LDL 
~eceptor-expressing heparocyres in the liver. Prelimi- 
nary results on the firs~ patient enrolled ir~ this trial 
were recendv published {2T} The patient  tolerated 
the surgical procedure well. and expression of the 
transfected LDL receptor gene was documented 4 
months  after gen t  ¢ransfer in 1 : l03 to I : [0 a liver 
cells This was paralleled by a 17% decrease m serum 
LDL d-xat persisted for ar least l 8 months.  

These results, akhough remarkable, require further 
analysis, Browil et al. have oudincd three maior con- 
cerns that  remain ~o be addressed before the promise 
o fg e~e  therapy for F l i  can be fl,lfiHed [28]. First. ir 
~ unclear whether  the observed reductio~ i~x serum 
Lf)L was due ro an acruM increase of LDL recepror 
activity or a reducrion in LDL production in response 
eo fiver surgery. Study of  LDL clearance, rather allan 
LDL levels, may help to answer this ques~iom Secom]. 
ir muse be esrablished that  the reduction in serum 
LDL resulted from expression of  the exogenous LDL 
receptor gent ,  rather than from upregu[atioa of the 
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patient's own residual LDL-receptor activity induced, 
in this case, by the surgical procedure itself[29] and/ 
or lovastatin therapy [28]. Third, clinical application 
of ex vivo gene therapy is limited by the surgical 
hazard, the costly and time-consuming procedures 
required for ex vivo transfection, and the fact that 
most hepatocytes lose their capacity for re- 
introduction following ex vivo transfection. 

IN VIVO GENE THERAPY FOR FAMILIAL 
HYPERCHOLESTEROLEMIA 
According to the ideal paradigm for in vivo gene 
therapy, a vector expressing a normal LDL receptor 
gene would be directly injected into the liver as an 
atraumatic, one-step procedure. Efficient gene trans- 
fer in vivo, however, has been difficult to achieve 
using retroviral vectors because mitotic activity is 
required to facilitate retrovirus-mediated transfection 
[30] and hepatocytes are typically quiescent under 
normal physiological conditions. Therefore, vectors 
capable of transducing nondividing cells, namely, re- 
combinant adenoviruses and molecular conjugates, 
have been investigated for this purpose. 

Several features of recombinant adenoviruses sug- 
gest that they might be appropriate vehicles for hu- 
man gene therapies in general, and for liver-directed 
gene therapy in particular [23]. Indeed, recombinant 
adenoviruses can be rendered defective for replication 
by deleting the early sequences E1A and E1B from 
their genome. They do not integrate into the genome 
of transfected cells, thus reducing the risk of inser- 
tional mutagenesis. They can be produced at high 
titers, and they accommodate relatively large c D N A  
inserts (up to 7.5 kb). 

These theoretical considerations have been trans- 
lated into successful experimental studies. Indeed, 
intravenous or intraportal introduction of adeno- 
viruses expressing a human L DL  receptor c D N A  - -  
in normal mice [31], knockout mice lacking func- 
tional L D L  receptor genes [32], and W H H L  rabbits 
[33] - -  results in extremely efficient liver transfec- 
tion, as well as increased LDL clearance and/or de- 
creased LDL levels. This effect, however, was 
transient, lasting less than 3 weeks. The relatively 
rapid diminution in transgene expression may involve 
a T-lymphocyte-mediated immune response toward 
certain viral proteins [34]. In the case of hyper- 
cholesterolemia, such transient expression of the 
therapeutic gene is a major drawback of gene transfer 
strategies based on "first-generation" adenoviruses. 
Repeated administration of the same vector may not 
represent a simple solution to more protracted expres- 
sion, given the additional evidence of antibody- 
mediated reduction in gene expression on subsequent 

exposures to the adenovirus [33]. Recent reports sug- 
gest that insertion of a temperature-sensitive muta- 
tion within the E2A region of the adenoviral genome 
results in less immunogenic vectors and prolonged 
transgene expression at permissive temperatures 
[35,36]. The effect of further deletions within the E2 
and E4 regions on the time course ofgene expression 
is currently under investigation. 

Molecular conjugates have been recently used to 
perform liver-directed gene transfer in vivo [37]. A 
DAN-prote in  complex containing an LDL receptor 
cDNA complexed to a protein conjugate was injected 
systemically into W H H L  rabbits. The protein conju- 
gate incorporates a ligand (asialoorosomucoid) for the 
hepatocyte-specific asialoglyeoprotein receptor co- 
valently attached to the polycation poly-L-lysine. In 
this system, referred to as receptor-mediatedgene tran.~r,  
liver transfection is mediated by the interaction be- 
tween asialoorosomucoid and its receptor. Total se- 
rum cholesterol was decreased significantly after gene 
transfer, but returned to baseline in less than 6 days. 
The nonviral nature of the DNA-protein  complex, as 
well as the noninvasive approach for gene delivery, 
nevertheless, remain attractive features for clinical 
application. Alternatively, the coupling of molecular 
conjugates to adenoviral particles has been shown to 
increase the efficiency of in vitro hepatocyte gene 
transfer as obtained by conjugates alone, by promot- 
ing DNA escape from lysosomaI hydrolysis [38]. 

HDL CHOLESTEROL: A NEW TARGET FOR 
GENE THERAPY 
Previous studies have established an inverse correla- 
tion between plasma levels of HDL and the incidence 
of coronary artery disease [39-41].  In several lipid- 
lowering clinical trials, an increase in serum HDL 
was correlated with a reduction in the incidence of 
acute coronary syndromes, and sometimes with a re- 
duction in progression and/or slight regression of 
angiographic evidence of coronary atherosclerosis 
[ 12,14,16,42]. Taken together, these results suggest 
that therapies that increase serum HDL may have an 
antiatherogenic effect. Indeed, Badimon et al. showed 
that intravenous administration of HDL not only in- 
hibited the formation [43] but also induced regres- 
sion [44] of established fatty streaks. 

More recently, Rubin et al. have developed a 
transgenic mouse that overexpresses apo-A1, the ma- 
jor protein component of HDL, and is protected from 
the development of early atherosclerotic lesions 
[45,46]. The mechanism of the protective effect of 
HDL is still unclear. It has been postulated that HDL 
may reduce the amount of cholesterol entering the 
plaque and promote the clearance of cholesterol de- 
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posits from the plaque [47]° At~errta~ively, intrave~ 
r~ous injectior~ of apo-Al, in the hypercholeseerolemic 
rabbit reduces intimai thickening induced by arreriat 
inju W arid is ass{K'iated with a 50% redttctioa in 
neointlma~ macmphage content [48,49]. Therefore, 
high serum H D L  might be expected to induce regres- 
sion of lipid- and macrophage-rich p~aques, and ulei= 
mately to reduce the risk of plaque rtlprure. 
Overexpression of apo=AJ, by means of gene tberapy 
has been recently reported in mice in which ir~trave- 
nous iniection of nix apo-Al=exwessir~g adenovirus 
transiently increased serum HDL to a level com- 
parable wkh char shown to be protective ~r~ hu- 
mans [50]. Such an approach holds promise for the 
furore devdopmenr of gene therapy straeegies tar- 
geted toward stabilization of the vulnerable plaque 
through HDL~mediated lipid a~d/or macrophage 
remnva] 

FUTURE DIRECTIONS: TARGETING 
THE MACROPHAGE 
Certai~ studies have suggested that unstable plaque 
may be composed of abundant macrophages [10] 
(Figure 40-2), especially at the margins of the plaque 
[3], Macrophages release lyric enzymes as well as 
matrix metalloproteinases [51,52] (Figure 40-3), 
which may be responsible f)r fibrous cap weakeni~lg 
and subsequerir plaque rupture [6,10,53]. The as.so- 
clarion between macrophages and plaque rupture has 

FIGURE d0-2, Imm~mohismchemicaI sraimng with moao- 
clor~al antibody m HAM36, a macrophage marker, of an 
atherec~omy specimen from a patient w~th unsrabte angina 
(200×~, 

I 

HGURE 40-3 Atherectomy specimen obtained from pa- 
tient with  unstable angi~ arid ~mmmms~air~ed ff>r 92-kd 
gelarir~ase. Arrows ir~dicare s~tes of positive ,nrracetlular 
staining (200×). 

been strengthened by the recent observations chat 
activity of a 92kd meEalloprotemase is more fie- 
quenrly found m macrophages from corollary lesions 
d patmnrs with unstable wersus stable angina [52], 
and incubation of human atherosclerotic fibrous caps 
with macrophages hi vi~rn increased collagen break- 
down [54}. It is therefore conccivaNe that reducing 
macrophage infiltration may potentially reduce the 
risk of plaque rupture. 

A first approach has been developed by Chen et aL 
in which a recombinant adenovirus expressing a 
solubte form of the etadothelial adhesion molecule 
VCAM=I (sVCAM~I) is transferred turn porcine vein 
grafts ex vivo {55]. Vein j;rafts, interposed as vascular 
grafts in the carotid arteries, were shown m express 
high lewqs of sVCAM-1 5 days postimplanration. 
These findings suggest the possibi{ity that high- 
level sVCAM-1 expression may be exploited to cnm~ 
petitively inhibit interaction berween endothelial 
VCAM= 1 and its VLA-4 counterpart at the stxr~ace of 
circulating monocyres, and thereby to prevent mac- 
rophage infiltration of the ~raft. 

Alternatively, p~eliminary findings indicate that 
mrrie oxide (NO) inhibits monocyre c h e m n t a c t i c  ac- 

mwry of the endothe[ium by downregulating the 
cytokine motmcyte chemoattractam prorcm t (MCP 
1) at the transcriptional level [56]; if these da~a are 
confirmed, it is tikely that secretion of high levels of 
NO in the vicinity of an arhernsclerntic plaque may 
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reduce macrophage recruitment into the plaque. In 
this case, the antithrombotic, antiproliferative, and 
vasorelaxing activities of NO [57] may also facilitate 
plaque passivation. 

One way to increase local levels of NO is to transfer 
into the atherosclerotic lesion the gene encoding con- 
stitutive endothelial nitric oxide synthase (eNOS) 
[58]. It has been recently reported that the transfer of 
a eNOS cDNA packaged into a liposome-Sendai vi- 
rus carrier inhibits neointima formation after balloon 
injury of the rat carotid artery [59]. It is still specula- 
tive, however, whether such a strategy may limit 
macrophage recruitment through downregulation of 
MCP-I because many other cytokines as well as oxi- 
dized LDLs may act as monocyte chemoattractants 
and participate in upregulation of monocyte and/ 
or endothelial cell adhesion molecules [5]. 
Moreover, the potential toxicity associated with local 
secretion of high levels of NO in the arterial wall, 
resulting in further LDL oxidation, remains to be 
addressed [5]. 

Arterial Gene Transfer: Contribution to 
Antithrombotic Strategies 
When plaque ruptures, the development of an occlu- 
sive thrombus plays a major part in determining the 
clinical presentation in acute coronary syndromes 
[1,53,60-62]. Indeed, antithrombotic agents, such as 
aspirin, have been shown to reduce the risk of myocar- 
dial infarction [63,64]. Administration ofantithrom- 
boric therapies in the past has been conventionally 
achieved via a systemic route, enhancing the risk of 
hemorrhagic complications. Because of the focal na- 
ture of atherosclerosis, local delivery of antithrom- 
botic agents at the site of the culprit lesion constitutes 
a logical alternative to systemic antithrombotic thera- 
pies. High concentrations of a pharmacologic agent 
can thus be achieved in the vicinity of the atheroscle- 
rotic lesion with a reduced risk of systemic toxicity 
[65,66]. Pharmacologic agents with antithrombotic 
activity, however, do not address the biologic mecha- 
nisms of thrombosis. Certain of these mechanisms 
involve aberrant endothelial gene expression [67]. 
Specifically, increased expression of prothrombotic 
molecules, such as plasminogen activator inhibitor 
type 1 (PAI-1) [68], and/or decreased expression of 
antithrombotic compound, such as tissue-type plas- 
minogen activator (t-PA) [69], by the diseased endot- 
helium may facilitate the development of an occlusive 
thrombus at the site of plaque rupture. These observa- 
tions suggest a rationale for the application of gene 
therapy to restore and/or augment antithrombotic 
endothelial cell function [70]. 

FEASIBILITY OF ARTERIAL GENE TRANSFER 
TARGETED TOWARD THE ENDOTHELIUM 
As previously described in the liver, two different 
approaches have been used to perform arterial gene 
transfer. Ex vivo gene transfer has been used to seed 
endothelium-denuded arteries, prosthetic vascular 
grafts, and stents with genetically modified endothe- 
lial cells. In vivo gene transfer, in contrast, involves 
direct introduction of genetic material into the arte- 
rial wall. 

Ex Vivo Gene Transfer 

EX VIVO GENE TRANSFER TO VASCULAR PROSTHETIC 

DEVICES. Nabel et al. first demonstrated that geneti- 
cally engineered endothelial cells could be introduced 
into the arterial wall and express a recombinant gene 
[71]. In this study, porcine endothelial cells were 
transfected in vitro with a retroviral vector expressing 
a recombinant ]]-galactosidase gene. Successfully 
transfected cells were then introduced into denuded 
iliofemoral arteries of syngenic animals using a 
double-balloon catheter. Following this procedure, 
2-11% of transduced endothelial cells attached to the 
arterial wall. Of these cells, 20-100% expressed ~3- 
galactosidase up to 4 weeks following gene transfer. 

EX VIVO GENE TRANSFER TO VASCULAR PROSTHETIC 

DEVICES. Conventional use of grafts and stents has 
been compromised by the risk of acute thrombosis, 
predominantly during the first weeks following im- 
plantation [72], rhe time window required for 
endothelialization of the prosthetic material. Endot- 
helial cells genetically engineered to produce anti- 
thrombotic molecules were therefore investigated as a 
means of favorably influencing the patency of such 
prosthetic devices. 

Wilson et al., for example, employed dacron grafts 
coated with genetically modified endothelial cells as 
carotid interposition grafts in a canine model [73]. In 
this model, endothelial cells were transfected in vitro 
using a retroviral vector expressing a [~-galactosidase 
gene prior to graft coating. By 5 weeks postim- 
plantation, the luminal aspect of the graft was covered 
by a monolayer of endothelial cells, some of which 
expressed the O-galactosidase gene. Based on these 
results, the authors proposed that endothelial cells 
may be genetically modified to secrete anti- 
thrombotic proteins and thereby to improve vascular 
graft patency. Successful implantation of in vitro 
endothelialized polytetrafluoroethylene femoro-tibial 
grafts in four patients, resulting in 100% patency 3 
months following implantation [74], suggests the 
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feasibility of employing this strategy to bypass 
medium-sized arteries. 

The risk of acute or subacute thrombosis after im- 
plantation of coronary stents remains a major issue for 
the interventional cardiologist [72]. Aggressive sys- 
temic antithrombotic treatment may not be optimal 
for prevention of stent occlusion because it is accom- 
panied by increased bleeding complications, an ex- 
tended hospital stay, and increased cost [75]. Seeding 
of arterial stems with endothelial cells prior to im- 
plantation has been proposed as an alternative strat- 
egy [76]. Because the antithrombotic activity of 
seeded endothelial cells may be altered, Dichek et al. 
seeded stents with endothelial cells genetically engi- 
neered to express a human tissue plasminogen activa- 
tor (t-PA) gene. A significant percentage of 
transfected endothelial cells remained adherent to the 
stem after in vitro balloon-mediated stent expansion 
[77] and subsequent exposure to pulsatile flow [78]. 
Long-term adherence of the seeded cells under vari- 
able in vivo flow conditions, however, remains a 
concern. 

EX VIVO GENIi  TRANSFER TO VEIN GRAFTS. Early 
vein graft thrombosis as well as accelerated graft ath- 
erosclerosis limits the long-term efficacy of aorto- 
coronary bypass surgery [79]. Systemic delivery of 
antiplatelet agents has been shown to reduce by 
nearly one half the incidence of graft occlusion [80]. 
Ex vivo manipulation of vein grafts, however, pro- 
rides a unique opportunity for local therapy to be 
applied to the graft prior to implantation. One attrac- 
tive approach would be to transfect freshly explanted 
vein grafts with a foreign gene encoding an 
antithrombotic protein. As indicated previously, ex 
vivo, adenovirus-mediated vein-graft transfection is 
feasible and results in relatively high level recombi- 
nant protein secretion [55]. Successful introduction of 
antithrombotic genes in vein grafts, however, has not 
yet been reported. 

IN VIVO ARTERIAL GENE TRANSFER. S inc e  t h e  first  

demonstration by Nabel et al. that direct introduc- 
tion of a foreign gene into a specific arterial segment 
could be performed in live animals [81], the field of in 
vivo arterial gene transfer has evolved rapidly. As 
recently depicted by Leclerc and Isner [82], strategies 
aimed at introducing foreign genetic material into 
the arterial wall in live animals involve a mac- 
rodelivery system (the "gun") to transport the foreign 
gene to the arterial target site, a vector ofgene trans- 
fer (the "bullet) to ta.cilitate the cellular uptake of the 
transgene, and a molecular mechanism (the "target") 
with which the product of the transgene will ulti- 
mately interact. 

THE GUNS. Earlier techniques designed to perform 
arterial gene transfer included those that relied on 
direct introduction of the transgene in a surgically 
exposed, isolated arterial segment [83-87]. Although 
this methrx:l is likely to optimize the efficiency of 
gene transfer, the invasive nature of this approach 
clearly limits its clinical applicability. An alternative 
approach involves catheter-based local delivery of the 
foreign gene to a specific arterial segment. In their 
seminal work, Nabel and her colleagues introduced a 
double-balloon catheter in porcine iliofemoral arteries 
via a side branch under direct vision [81 ]. Sequential 
inflation of the two balloons isolates an arterial seg- 
ment in which a solution containing retroviral vectors 
or liposomes is instilled, allowed to incubate, and 
then retrieved before restoration of flow. Since these 
pioneering experiments, other delivery catheters have 
been developed [66], and different groups have re- 
ported entirely percutaneous approaches [88-91]. 

THE BULLETS. Several vectors have been used to fa- 
cilitate cellular uptake of the transgene into the arte- 
rial wall. Cationic liposomes [81,83,92,93] and 
retroviruses [81,94] were first used tn demonstrate 
that arterial gene transfer was feasible. Transfection 
efficiencies using these vectors, however, were ex- 
tremely low (typically, less than 1 : I() ~ cells expressed 
the transgene). Similar results were reported when 
DNA with no vehicle ("naked" DNA) was used (Fig- 
ure 40-4) [95]. 

Replication-defective, recombinant adenoviruses 
represent an alternative to liposome- or retrovirus- 
based arterial gene transfer [23]. Several groups have 
recently reported highly efficient adenovirus- 
mediated arterial transfection, using either an intrao- 
perative route [85,86,96] or a percutaneous approach 
[88-91,97-99]. Transfection efficiencies achieved 
using adenoviruses are at least three logs higher than 
those reported using liposomes [93,99} and 
retroviruses [81]. Important drawbacks of adennviral 
vectors, however, include transient transgene expres- 
sion, typically limited to 2-3 weeks post-gene trans- 
fer (see earlier) and the risk of systemic dissemination 
facilitated by the amphotropic character of the aden- 
ovirus. Reports have varied with regard to extra- 
arterial distribution of adenoviral vectors following 
percutaneous local delivery [90,91,97-99]. These 
discrepancies may be related to the specific local de- 
livery device used for gene transfer. Indeed, extra- 
arterial transfection has been reported with the 
double-balloon [90,98] and the porous-balloon cath- 
eters [97,99], but not with the hydrogel-balloon 
catheter [90]. Finally, we recently reported that the 
efficiency of adenovirus-mediared gene rransfer is 
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myocardial transfection, in addition to predominant  
endothelial trans{ecrion [I00].  This discrepancy 
may be due to structural diff),rences between periph- 
eral and coronary arteries, In contrast, very low=level 
gen t  transfer to a~t rhe Jayers of the arteriM wall was 
observed after local delivery of  [iposomes or rerro- 
viral vectors usin~ a double-balloon catheter [81] 
There£ore. recumbinanr ademovJru,ses currendy 
appear co be the mosr appropriate vector w~th which 
to perform endothelium-specific arterial gent  
transff't. 

FIGURE dO-4. Gent transfer eo ~be rahbir iIiac artery using 
DAN a]oae (naked DNA). A plasmid coding for a~clea> 
specific t~-galaetosldase w~ applied ohm the surfiace of a 
hydrogeI<oaeed balloota ar;d expressed into ¢t~e arreriat wall 
dudng balloo,~ inf{atiou. Double iabe!h~g for nuclear [$- 
galactosidase {blue) and c> roplasmic s m i t h  muscle G-.actin 
(brown). Only rare medial smooth muscle ce~ls s!tow evi- 
dence of successfhl r~ansfectio~ (bRae). (From Riessen etal. 
[93~, with permission,) 

reduced in atherosclerotic versus normal arteries [9i] .  
Transf?~cdon efficiency achieved is athems{lerotic a r  
reties w k h  adenovimses, however, is still several or- 
ders of magni tude higher  rban rhar achieved usi~!g 
lipo~omes [99}. 

In vivo tmnsf~cdon of the endo~helium has been 
achieved using intranperadve [85,8&88} of cad~erer- 
based [81 ,88-90 ,100 , t01J  delive~'  of recroviraI {81~ 
o~ adenoviral E85,86,88 90,101} vectors, l~rerest- 
ingly, exposure of a ann-denuded, nnrrnal peripheral 
artery to adenoviral yetrots resuks in gene expressiorh 
which is l imited t o  ~he endotbe[ium {85,86,88-  
90 ,10t ]  (Figure 40-5A}~ Conversely, ar~eriM de- 
endo~heliaBza~ion ar the t ime ofadeaovirus-mediated 
gen t  tmnsfTer resu.ks in ef;~cie~t medial smood~ 
muscle <rH transfection (Figure 40-}B) (86 -  
88,90,98,102,103). *Fakes together, these findings 
suggest ~hat (1) cell-specific gen t  transfbr targeted 
coward the endotheiium is fk:asib~e when adenoviruses 
ate used as vectors, and (2) an intact endod~eIiem 
constitutes a pote~tlal physical barrier to aderiovims 
penetmtlnn into the media of peripheral arteries. A 
recen[ report by Burr and his colleagues suggests, 
however, that in~racomnary infusion of  adenoviral 
vectors results in sigr~ificant medial as well as 

CURRENT AEPR()ACttES FOR A 
GENETIC INTERVENTION TO PREVENT 
THROMBUS FORMATION 
The demonstration that site-specific gene transfer to 
the vascular endothelium is feasible set the srage fbr 
the development of gesedc  srraregies aimed at pre- 
venting acute coronary syndromes. Dict~ek e r a L  
[104) proposed that arrerial thrombosis might  be 
prevenred by altering certain endothelial functions at 
~he site of endothelial mlury or dysfunction, One 
approach by which normal anti thrombotic activity of 
the endothel ium might  be restored involves transf?ec~ 
~ion of the t-PA gen t  [77,[04t. In vkro transtedion 
of endotheliaR c e l t  with a retrowrus expressisg a 
human t-PA gene resuked in high-level secretion o~ 
t-PA [77,104} 

Orw of the mais  limitat hms of this strategy, how- 
ever. is the macr~va~mm of recombinant t -PA resulv~ 
mg from binding of t -PA molecules to ptasminogen 
activator inhibitor type 1 (PAb l ) .  A single-chain 
urokinase (scu-PA) eDNA, which encodes an enzy me 
that does not bind to PAl-1.  has bees used re circ~m> 
venr tt~is brnitation [9(5,105L Taken tugether, ~hese 
data suggest that endothelial cells geserieat[y esg> 
seercd to produce fibrinoly~,c compounds such as t- 
PA may express high Dvels of thrombolvdc agent in 
vitro and, presumably, in vivo. 1qence, agene  transfer 
protocol in which endothelial cells wauld be directly 
transfected in vivo usin~ catheter=based local delivery 
ufadenoviral vectors e×pressing fibrinolydc molecules 
may augment  endothelial anrid~rorsbotic activity and 
ult imat(Iy prevent thmmbus formation at the site of 
endothelial injury or dysfur~criorL 

Other porentiaI catldidates for endorhelium- 
targeted gene therapy await experimental eviden(e 
that they may cnafbr protection against arterial 
thrombosis. For example, :,ecrer~on of N O  contributes 
ro the nonthrombogesic  surface of the normal endnt= 
helium [37}, Therefore. successful transfection of  a 
vulnerable arheroscterotic plaque with a e D N A  en- 
coding the con~mturh, e eNOS (see- earlier) [58] may 
reduce the likelihood of at ¢erial thrombosis. 
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FIGURE "/0-5, Pere~Ka~eous adenowms-mediated arreiat gene transfer, A recombb~ant adenovirus expressing a s~ idear- 
specific ~-galac~osidase was delivered Iocallv irKo the rabbit lilac arten, using ellher a double-balloon (A) or a hydrogel= 
cr>a~.ed balloon catheter {g}. ~-galactosidase activity is revealed by X-gal staining (blue), A: Doubie-ballooa caLheter. Gene 
transl)r is confined to the ende~the{ium when the artery i~ mracr. No~e the prese~t{~e of one superficial medial celt expressing 
l~--galactosidase (black arrow? lust below a site 0£ fi~caI dismpN~n ~f the endothelium B: Hydrogel-coated balloon catheter 
fr~ this case, die endorhetia! layer *s removed at r~e time of ~ransI:eetiom A nearly continuous, st~perfieiaI layer of rransfected 
medial smooth muscle ~:ei]s is observed below- a wdI-preserved internal elastic lami~a ~blark arrowheads). (Adapted from Steg 
er al. t-90t, with permission,) 

Other  potential  candidates for endotheHum- 
~argeted gene therapy await experimental evidence 
that  they may con~br pro~cc~on against arterial 
thrombosis. For example, local delivery of  the endot- 

helium-speciftc mkogen  vascular endorheliaI ;growth 
factor (VEGF) at the sire of arterial injury accNerates 
re-e~dotbelializatioa and attemla~es mtimal rhkkeno 
ing {t0@ Therefore, i~ is possible that restoration of 
a potentially anrkhrombot ic  enderhetial laver can bc 

[acilkated bv transferring the VEGF gene ro the 
endoluminal suci;aee ot a vulnerable atherosclerotk 
plaque, StlccessSlt ~rai~sfer to the arrerial walt o{ a 
VEGF-expressmg plasmid from the surface of a 
hydrogel-coated balloon catheter has been recenNy 

reported {107} 
This genetic strategy has several pnrentia/ advan- 

tages over protein ~berapy. First the prolonged syn- 
thesis and local release of VEGF fbllowing gene 
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FIGURE 40~6 X Gal stainiil~ o~ a rabbit lilac ~'rery showing ~-ga]actosidase activity 5 davs after adenovims-mediated 
transfer of  the ~lr/acZ g e n e m  vlvo using the doubte~bal|oon techmque without  (A and B) or with {D. D, E, and t ~) previous 
de-endorheliaIization. A: Normal  artery; macroscopic v~ew ot the  luminal  ~pecr  of  the artery. Blue ~rainmg identifies loci 
of  trans/zected ceils (original magnificador~ ×25). B Light-microscopic appearance of A a{}er hemaro×y]in-eosin eountersrain- 
in N. X-(iat  staining is confined to the nuclei of  the eodothelia] la~ er tb[ack arrowheads~. Note t}~e presence of oa t  superl~ciat 
medial cell expressing ~3-galac~osidase {whi~e arrow~ j t~st below a sire of foeaI disruprlort of  the endo thd ium.  C: lniured 
artery. Macrosenpic v~ew shows a mott led blue appearanr.e of the  hJminat respect of the artery (oripinal magnification x40). 
D: Light-microscopic appearance o fC  a{}er hematoxylin~eosin counterstaimng~ Sparc~e medial cells, underlying an apparently 
i*~tact internaI elastic lamina (black arrowheadsL express ~=galacrosida~e (white arrows}. E: Photomicrograph of  C after 
Richardsrm's elastic ¢richromc counterstaining. Note the apparent integrity of the internal elastic lamina ',.black arrowheads}. 
Some superficia medial cells, below the ir~retnal eIasric 1amina. e×press [~-galactosidase ~white arrows~. F: Pt~oromierograph 
of C after ?mmunohisroehemieaI sraini~g with monoclonal anri-{g-aetin antibody. High-power  view of  a superficial medial  
cell that  coexpresses [~-galactosidase (nucleus~ blue) and Cl acrm (cytoplasm, brown), identifying ,r as a vascular smooth 
muscle cell expressing the u~/,lacZ rransgeae. Black arrowheads indicate internal elastic lamina. ~Adapted from S tege r  al. 
{90], w~th perm~s~ioi~,) 
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transfer may constitute a more effective means of 
st imulating endothel ium regrowth than a single bo- 
lus of  VEGF protein. Second, relatively inexpensive 
expression plasmids encoding a secreted form of 
VEGF can be designed that may ultimately reduce 
the high costs associated with production of recombi- 
nant proteins. Direct introduction of D N A  with no 
vehicle (naked D N A )  into the arterial wall has been 
shown to be feasible, although with low efficiency 
[95]. In the case of VEGF, however, even a low 
efficiency may prove sufficient to induce re- 
endothelialization because the VEGF gene product is 
in this case secreted, and therefore capable of modu- 
lating neighboring cells via a paracrine effect. Further 
studies are warranted to investigate whether the 
favorable effect of  VEGF on abluminal endothelial 
cells is associated with deleterious intraplaque 
neoangiogenesis, which might  predispose to plaque 
hemorrhage. 

Conclusions 
Prevention of acute coronary syndromes represents 
a major target for cardiovascular research. 
Pharmacologic interventions aimed at lowering se- 
rum cholesterol or inhibit ing thrombus formation 
have proved efficient in reducing mortality related to 
acute coronary events. Recent progress in the field of 
gene transfer, as well as a better understanding of the 
pathophysiology of plaque rupture and thrombus for- 
mation, have established new avenues for a molecular 
approach to acute coronary syndromes. Preliminary 
results of the first ex vivo gene therapy for FH suggest 
that genetically engineered hepatocytes expressing 
the human LDL receptor can be introduced into the 
liver and induce in some patients a significant reduc- 
tion in serum LDL. Development of more practical 
protocols using direct administration of the LDL re- 
ceptor gene in vivo are warranted, however, before the 
promise of this technology can be realized. Genetic 
modification of endothelial cells to improve endothe- 
lial ant i thrombotic activity is a viable alternative. 
Ult imately,  strategies simultaneously addressing the 
concepts of atherosclerotic plaque stabilization and 
restoration of physiologic endothelial functions repre- 
sent an opportune field for future research. 
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41. GENE THERAPY: VECTOR DESIGN 

A N D  CURRENT CHALLENGES 

Elizabeth G. Nabel 

Prospects for Gene Therapy for 
Thrombotic Disorders 
Gene transfer is an approach to the treatment of hu- 
man diseases based on the delivery and expression of 
genetic material into somatic cells. Gene delivery can 
be achieved in vivo through direct introduction into 
cells or ex vivo through manipulation of cells in cul- 
ture. In this sense, gene therapy is a new form of drug 
delivery, in which the drug is recombinant protein 
synthesized by transduced cells. Gene therapy can be 
viewed as an extension of conventional medical thera- 
pies in which the genetic material is the therapeutic 
agent. Gene therapy is being applied to many human 
diseases, and it offers the potential to cure diseases, 
either as a single treatment modality or as an adjuvant 
to existing treatments. However, gene therapy is still 
in its infancy, and many of these promises have not 
yet been fulfilled. 

The field of gene transfer for cardiovascular disease 
has progressed significantly during the past decade. 
The feasibility of introducing recombinant genes into 
blood vessels using catheter-mediated gene delivery 
has been demonstrated by a number of laboratories in 
many animal models [1]. Furthermore, investigators 
have used recombinant gene transfer as a tool to 
study the pathophysiology of vascular diseases [2-5]. 
We now are poised to apply this technology to treat 
human vascular diseases. Indeed, several protocols 
have been initiated to stimulate angiogenesis in 
peripheral vascular disease and to treat restenosis 
following peripheral angioplasty [6,7]. Vascular gene 
transfer, however, faces certain challenges before 
widespread application can be made to many vascular 
diseases. These challenges include the type and design 
of the vector best suited for vascular diseases, the best 
methods of gene delivery, optimization of gene ex- 
pression, and minimizing toxicities of vectors to host 
cells. 

An increasing number of vector systems have been 
developed and evaluated. Viral vectors, including 
retrovirus, adenovirus, adeno-associated virus, and 
herpes virus, have been the predominant vectors used 
for the delivery of genes into cells for ex vivo and in 
vivo gene delivery. Because of concerns about the 
safety of viral vectors for human use, a number of 
investigators have optimized nonviral vectors, 
such as naked DNA, DNA-lipsome complexes, and 
biolistics, for gene delivery. 

Both viral and nonviral vectors are used for vascular 
gene transfer studies (Table 4l-1). Each vector has 
advantages and disadvantages, and unfortunately 
none of the current vectors is completely satisfactory 
for vascular gene transfer. Retroviruses were initially 
studied, but retroviral gene expression in vascular 
cells is low, and cell proliferation is required for inte- 
gration of recombinant gene sequences into the host 
genome [8,9]. Because of low-level gene expression, 
investigators more recently have utilized adenoviral 
vectors in vascular studies. Adenoviruses are attrac- 
tive vectors because they can be purified to high titer 
and efficiently infect vascular cells [10]. Recently 
there has been concern about ]lost immune responses 
to adenoviral proteins, but it is presently unknown 
whether these will limit applications to human 
diseases [11,12]. Modifications in adenoviral vectors 
are being made in many laboratories to minimize 
toxicities to host cells. Likewise, substantial efforts 
have been made in the refinement of nonviral vectors. 
Plasmid DNA coated onto balloon catheters is 
currently being used in two clinical protocols for 
angiogenesis and restenosis [6,7]. Improvements in 
liposomes have been made that result in increased 
gene expression within vascular cells [13]. There 
are many possibilities for combining naked DNA or 
DNA-liposome complexes with mechanical devices, 
such as stents. Opportunities for advances in these 
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TABLE 41-1. Comparison of somatic gene transfer systems 

Vector Advantages Disadvantages Applications 

Viral 
Retrovirus 

Adenovirus 

Adeno-associated 
virus 

Herpesvirus 

Psseudotyped 
retrovirus 

Nonviral 
Naked DNA 

DNA [iposomes 

Adenoviral 
polylysine DNA 
conjugates 

Biology well understood 
Stable integration into host 

cells 
Efficient entry 
No viral genes in vector 

High titers 
Efficient entry into most 

cell types 
High level of expression 
Infection of nondividing 

cells 

Integration at specific sites 

l t igh titers 
May be neurotropic 

High titers 
t t igher efficiency of 

retrovirt, s infection 
Broader host range 

Easy to prepare 
No size constraints 
High level nf safety 
No viral genes 
Lack of integration 
High level of safety 
Lack of integration 

Same as naked DNA 
More efficient uptake 

of DNA 

Same as DNA liposomes 
Targetable m specific cell 

types 

Low titer 
Infection limited to dividing cells 
Expression difficult to control 

and stabilize 
Expensive and complex to 

prepare 

Vectors contain viral genes 
Immunogenic, stimulating 

T- and B-cell responses 
Generation of replication- 

competent virus 
Factors controlling tropism 

not well understood 

Requires replicating adenovirus 
to grow 

No helper cell line 
Limited insert size 

Complex construction 
No packaging cell lines 

Similar to retrovirus 

Inefficient entry and uptake 
Limited persistence and lack 

of stability 

Limited persistence and lack 
of, stability 

Requires adenovirus 
Complex to construct 

Marker studies, ex vivn 
treatments, vaccines 

Localized in vivo 
treatments: cystic 
fibrosis, short-term 
treatments such as 
cancer and 
cardiovascular disease 

Similar to adenovirus 

Neurological diseases 

Not established; may be 
similar to retrovirus 

Topical and/or mechanical 
applications, including 
skin and vasculature 

Direct in vivo 
applications, cancer, 
cardiovascular disease, 
cystic fibrosis 

Same as DNA liposomes 

Reprinted with permission from Nabel [10}. 

areas are great,  and this technology requires more 
development .  

Two critical steps are necessary for successful vas- 
cular gene therapy: delivery of genes to vascular cells 
and maintenance  o f g e n e  expression. Gene delivery is 
being pursued th rough  surgical and percutaneous 
approaches. Cathe ter -media ted  gene transfer is likely 

to be used for mul t ip le  vascular applications. An area 
of impor tan t  research is the combina t ion  of vectors 
wi th  mechanical  devices. Expression of transferred 
genes is also critical for successful gene therapy. 
W h i l e  much  is known about  D N A  sequences that  
regulate gene expression in cultured cells, relatively 
l i t t le is known about  gene regulat ion in vivo. Addi-  



41. GENE THERAPY 563 

tional studies are required in order to define and 
enhance sequences within constructs that optimize 
gene expression, to identify cell specific promoters 
that direct gene expression to specific vascular cells, 
and to stabilize gene expression within ceils. The 
complexity of interactions between vector systems 
and vascular tissues is not completely understood. 
These complexities must be taken into consideration 
in the development of animal models. For example, 
while expression of recombinant genes within the 
vasculature of animal models may be helpful in dis- 
secting disease pathophysiology, species variation and 
phenotypic differences are likely to exist between ani- 
mal models and human patients. Principles of disease 
pathogenesis may vary between species. Nonetheless, 
animal models are useful in the elucidation of disease 
pathophysiology and the development of therapeutic 
modalities. 

At the present time, there are no clinical gene 
therapy trials for coronary thrombosis and throm- 
bolysis. However, several candidate genes have been 
identified and animal models have been developed 
[14,15]. Local thrombolysis can be achieved by 
overexpression of components of the plasminogen sys- 
tem, such as plasminogen, tissue plasminogen activa- 
tor (t-PAL and/or urokinase plasminogen activator 
(u-PA). Thrombosis may also be inhibited by antago- 
nists to thrombin and other procoagulant proteins. 
Many of these approaches are discussed within this 
section. It is possible that these genetic approaches 
may be used in combination with other throm- 
bolytics, antiplatelet agents, or anticoagulants to di- 
minish focal thrombosis. 

While the promise ofgene therapy is great, techni- 
cal development will be required for full application 
to human vascular diseases. Nonetheless, substantial 
progress has been made, even in these early stages. 
The possibilities of using genetic approaches to treat 
thrombotic disorders are considerable, and the work 
described in the subsequent chapters represents im- 
portant advances in this field. 
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Introduction 
The purpose of this chapter is to discuss the potential 
mechanisms by which neutrophil-mediated inflam- 
matory injury may complicate myocardial infarction. 
It should be emphasized that no one seriously pro- 
poses that the primary injury associated with myocar- 
dial infarction is inflammatory in nature. Rather, our 
goal is to describe mechanisms of reaction to injury 
and to present evidence suggesting that this second- 
ary reaction might extend and complicate cardiac in- 
jury associated with ischemia. 

Recently the development of effective reperfusion 
techniques of the previously ischemic myocardium 
has underlined the importance of a better understand- 
ing of the inflammatory reaction in both the acute 
myocardial injury and the healing phase. Numerous 
clinical trials have established the tremendous benefit 
of early reperfusion during a myocardial infarction. 
However, the reinstitution of coronary flow in previ- 
ously ischemic areas markedly augments the influx of 
leukocytes and potentiates the inflammatory reaction 
to injury, leading to damage of potentially viable 
myocardium. Recognition that neutrophils play an 
important role in ischemia/reperfusion injury in- 
creased interest in defining the mechanisms respon- 
sible for leukocyte-mediated tissue injury. 

This chapter summarizes the information derived 
from in vivo and in vitro experiments on the cellular 
and molecular mediation of the secondary inflamma- 
tory response occurring following myocardial 
ischemia and reperfusion. We begin with a brief gen- 
eral description of reperfusion injury as a concept and 
define the cellular and molecular mechanisms by 
which the inflammatory reaction ensues in response to 
myocardial ischemia and reperfusion. In the remain- 
der of the chapter we propose a working hypothesis 
describing the events mediating the postreperfusion 
inflammatory injury. 

Pathological Basis of lschemia/ 
Reperfusion Injury 
The concept that a reaction to injury may extend a 
disease process is fundamental in pathology; however, 
its application to myocardial ischemia is relatively 
recent [1]. Early descriptions of the inflammatory 
process associated with myocardial infarction by 
Mallory and colleagues [2] concluded that "polymor- 
phonuclear leukocytes are attracted and infiltrate 
around and into the necrotic muscle" and that "'the 
infiltration is much more a c t i v e . . ,  in those portions 
adjacent to the uninvolved muscle." However, these 
early descriptive studies focused on the role of inflam- 
mation in the healing phase of myocardial infarction 
and failed to consider the possibility that this reaction 
to injury may function in a deleterious way. Only in 
the past 20 years has the potential role of this inflam- 
matory response been studied. 

In both clinical and experimental models, the 
initial insult resulting in injury is in all cases 
ischemia. Coronary artery occlusion critically reduces 
the blood flow to the portion of the myocardium 
subserved, markedly impairing the energy metabo- 
lism, leading to cell death. In occlusions of the coro- 
nary arteries as short as 5 minutes, functional 
abnormalities of the reperfused myocardium are ob- 
served for as long as 24-48  hours [3]. These abnor- 
malities are not attended by lethal injury to the 
ischemic myocardium, which ultimately recovers. 
Clearly this transient functional abnormality (stunned 
myocardium) is not associated with neutrophil infiltra- 
tion; rather, it is related to reactive oxygen formation. 
The absence of any neutrophil response under 
these circumstances emphasizes that neutrophil- 
induced injury is only seen secondary to lethal injury 
of the myocardium resulting from previous ischemic 
insult. 

569 
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The functional abnormalities seen during reper- 
fusion consequent to lethal myocardial injury can be 
grouped into three general categories: myocardial 
dysfunction, endothelium-related vasomotor dysfunc- 
tion, and increased microvascular permeability with 
associated flow abnormalities. In addition, it has been 
demonstrated that rapid neutrophil localization oc- 
curs during reperfusion within regions of previous 
myocardial ischemia, with the highest rates seen in 
the first hour of reperfusion [4]. This observation has 
led to a number of investigations to elucidate the role 
of the neutrophil in reperfusion-associated myocardial 
injury. Two general strategies have been applied to 
study this problem. The first approach involves the 
use of antiinflammatory therapy to mitigate both the 
fimctional and pathological changes associated with 
ischemia and reperfusion. The second strategy in- 
volves the study of the cellular and molecular mecha- 
nisms by which neutrophil localization and 
neutrophil-mediated myocardial injury occur. Both 
subjects are discussed here; however, the bulk of this 
chapter deals with the latter approach. 

Use of Antiinflammatory Strategies 
in the Study of Myocardial Ischemia 
and Reperfusion 
The first major body of evidence for a role of inflam- 
mation and neutrophil infiltration in the extension of 
myocardial ischemic injury came as result of a gener- 
alized effort to develop strategies to minimize the size 
of myocardial infarcts. Enormous resources were used 
in an attempt to interfere with a putative inflamma- 
tory mechanism associated with myocardial ischemia. 
Thus, strategies aimed at reducing the generation of 
chemotactic factors, such as complement depletion 
[5], lipoxygenase inhibitors [6], and leukotriene B~ 
antagonists, were successful in limiting infarct size in 
some experimental models. Other experiments utiliz- 
ing prostacyclin analogs [7] and adenosine [8] to alter 
neutrophil function were likewise successful. Ap- 
proaches that reduced neutrophil number, such as 
antineutrophil antibodies [9], neutrophil-depleting 
anti metabolites [ 10], and neutrophil filters [ 11], were 
also successful in reducing ischemia-related injury in 
some models. Finally, free radical scavengers, ex- 
pected to protect against neutrophil-derived reactive 
oxygen species, were also effective in reducing infarct 
size or sensitivity to ischemia [12,13]. All these ex- 
periments pointed to a potential role of inflammation 
in myocardial ischemia. These early experimental 
data were sufficiently compelling that a potential 
benefit from an antiinflammatory agent was sug- 
gested in patients with acute myocardial infarction. 

The subsequent methylprednisolone [14] trial re- 
sulted in catastrophic results, increasing the incidence 
of ventricular aneurysm and cardiac rupture [15]. It 
also emphasized the need for a better understanding 
of the cellular and molecular events associated with 
myocardial ischemia and reperfusion in order to de- 
velop more site-specific interventions that could miti- 
gate inflammatory injury during early reperfusion 
without interfering with myocardial healing. 

In the remainder of this chapter we deal specifically 
with the mechanisms through which this inflamma- 
tory injury is mediated and attempt to propose poten- 
tial targets through which it can be modified. We 
hope that the insights reviewed herein will promote 
the design of better experiments to assess the poten- 
tial significance of reperfusion injury. 

Neutrophil Chemoattractants Initiate 
Inflammation in Myocardial Ischemia 
and Reperfusion 

COMPLEMENT ACTIVATION 
Hill and Ward [16] were the first to demonstrate that 
ischemic myocardial injury can activate the comple- 
ment cascade using a rat model of myocardial 
ischemia. Subsequently Pinckard and colleagues 
[17,18] suggested that myocardial cell necrosis re- 
sults in the release of subcellular membrane constitu- 
ents rich in mitochondria, which are capable of 
triggering the early-acting components (C1, C4, C2, 
and C3) of the complement cascade. The mechanism 
by which complement activation occurs has been ac- 
tively studied. Rossen et al. l19] reported an increase 
in Clq  binding molecules in the circulation of pa- 
tients with acute myocardial infarction. In a canine 
model of ischemia/reperfusion, experimental coronary 
occlusions lasting from 15 to 45 minutes were suffi- 
cient to provide a stimulus on reperfusion for the 
accumulation of C lq  in previously ischemic myocar- 
dium. C lq  localization correlated with neurrophil 
accumulation in the same segments. 

In subsequent experiments, C lq binding proteins 
of mitochondrial origin were demonstrable in the 
cardiac lymph during the first 4 hours of reperfusion 
[20]. Recently, Rossen and colleagues [21] have sug- 
gested that during myocardial ischemia, mitochon- 
dria, extruded through breaks in the sarcolemma, 
unfold and release membrane fragments rich in 
cardiolipin and protein. By binding Cl and supply- 
ing sites for the assembly of later-acting complement 
components, these subcellular fragments provide the 
means to disseminate the complement-mediated in- 
flammatory response to ischemic injury. 
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Dreyer and coworkers [22] showed that postis- 
chemic cardiac lymph contains leukocyte chemotactic 
activity that is maximal during the first hour of 
reperfusion, with washout within the next 3 hours. 
Neutralizing antibodies to C5a completely inhibited 
the chemotactic activity of postischemic cardiac 
lymph during that period [23]. Furthermore, agents 
such as cobra venom factor [5], soluble complement 
receptor-1 [24], or C1 esterase inhibitor [25], which 
deplete or inactivate complement, have been shown 
to attenuate myocardial necrosis in animal models. 

These experiments provide compelling evidence 
for a role for complement activation in the chemotaxis 
associated with myocardial ischemia/reperfusion. 
However, the potential importance of other chemot- 
actic stimuli, such as leukotrienes and chemokines, 
cannot be ruled out. Most of the data concerning the 
time course of neutrophil chemotactic factors in myo- 
cardial ischemia come from experiments performed in 
a canine model of ischemia/reperfusion. Unlike in 
humans, in the dog the 5-1ipoxygenase system for 
production of leukotrienes is not a prominent feature 
of the inflammatory response. In addition, canine 
neutrophils respond poorly to leukotriene B 4 (LTB4). 
Thus, elucidation of the role of lipid-derived auta- 
colds in myocardial ischemia/reperfusion will require 
study in other species. On the other hand, chemotac- 
tic factors that act when bound firmly to a cell or 
extracellular surface (such as interleukin-8) would not 
be found soluble in the cardiac lymph and could not 
be studied using these methods. 

TABLE 42-1. Nomenclature of the chemokines 

C-X-C chemokines C-C chemokines 

A. With ELR motif 
Interleukin-8 
ENA-78 
GCP-2 
GRO-Oq -[3, -y (rodent homologues: 

KC, M1P-2 oq -2 13) 
[3-Thromboglobulin 
CTAP-III 
NAP-2 

B. Without ELR motif 
Platelet factor-4 (PF-4) 
Inducible protein-10 (lP-lO) 
MIG 

MCP-1, -2, -3 
RANTES 
MIP-1 ~x,-1 IB 
TCA3 
LAG- 1 
1-309 
Murine C10 

ENA-78: Epithelial cell-derived neutrophil-activating protein-78; GCP-2: 
Granulocyte chemotactic protein-2; GRO: Growth related protein; MIP: 
Macrophage inflammatory protein; CTAP-III: Connective tissue activating 
peptide IIl; NAP-2: Neutrophil-activating peptide; MIG: Monokine 
induced by interferon-gamma; MCP: Monocyte chemotactic protein; 
RANTES: Regulated on activation, normal T cells, expressed and secreted; 
TCA: T cell activated gene; tAG: Lymphocyte activation gene. 

INTERLEUKIN-8 AND OTHER CHEMOKINES 
An additional fundamental mechanism associated 
with leukocyte chemotaxis has only recently been 
investigated, involving a family of structurally related 
proteins, with chemotactic, proinflammatory, and re- 
parative functions, which have been termed chemokines 
[26] (Table 42-1). They are small proteins of 70-80 
amino acids, with four conserved cysteines that form 
two disulfide bonds, a short amino-terminal and a 
longer carboxy-terminal sequence. The disulfides 
confer to the chemokines the biologically active con- 
figuration and are, therefore, essential for biological 
activity. The chemokine Family has been subdivided 
into two subfamilies, based on the arrangement of the 
first two cysteines, which are either separated by one 
amino acid (C-X-C chemokines) or adjacent (C-C 
chemokines) [27,28]. Members of the C-X-C 
chemokine subfamily (e.g., IL-8, NAP-2, GRO-Oq 
GRO-I3, GRO-gamma, and ENA-78) exert predomi- 
nantly neutrophil-activating and chemotactic proper- 
ties. On the other hand, C-C subfamily chemokines 
(e.g., MIP-la ,  MIP-1 [i, MCP-1, MCP-2, MCP-3, and 
RANTES) generally mediate mononuclear cell activa- 
tion and recruitment. 

Interleukin [IL]-8 is the most prominent of the 
chemotactic and proinflammatory chemokines and is 
more selective for neutrophils than leukotriene B~ 
(LTB), C5a, or platelet activating factor (PAF) 
[29,30]. Its importance in ischemia and reperfusion 
was first suggested by the ability of anti-IL-8 anti- 
bodies to reduce lung parenchymal injury in lung 
ischemia/reperfusion [31]. Utilizing a canine model 
of myocardial ischemia and reperfusion, Kukielka and 
colleagues [32] demonstrated that IL-8 mRNA is 
markedly and consistently induced in the ischemic 
and reperfused myocardium, peaking in the first 3 
hours of reperfusion. IL-8 mRNA was not found in 
normally perfused myocardial segments. In contrast 
to the ischemic and reperfused segments, 
nonreperfused segments, after 3 or 4 hours of 
ischemia, demonstrated only minimal induction of 
IL-8 mRNA, despite severe ischemia. In vitro experi- 
ments showed that recombinant canine IL-8 mark- 
edly increased adhesion of neutrophils to isolated 
cardiac myocytes through a CD 18-dependent mecha- 
nism, resulting in direct cytotoxicity for cardiac 
myocytes. Thus IL-8 constitutes a molecular signal 
that could contribute to neutrophil localization in 
early reperfusion and could participate in inflamma- 
tory myocardial injury by serving as a stimulus 
for activation of neutrophil adhesiveness and cyto- 
toxic behavior. It is interesting to speculate 
that, under circumstances in which blood flow may 
preclude the establishment of a stable soluble chemo- 
tactic gradient, a surface-bound chemoattractant 
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may represent an effective mechanism ofchemotactic 
agent presentation (haptotaxis) and neutrophil 
activation. 

Recently, Ivey and colleagues [33] investigated, 
in a rabbit model of myocardial infarction, the gen- 
eration of neutrophil chemoattractants. Their 
observations suggested a sequential release of 
chemoattractants: The first, C5a, was generated in 
interstitial fluid, ~'bllowed by IL-8 generation by infil- 
trating neutrophils. 

LIPID-DERIVED AUTACOIDS 
Leukotriene B~ is the major product of the oxidative 
metabolism of arachidonic acid by the enzyme 5- 
lipoxygenase in neutrophils. In many species it is 
potently chemotactic for PMNs, and an increased 
generation of LTB~ ex vivo in activated PMN 
from both acute myocardial infarction and unstable 
angina patients has been described [34]. A recent 
study [35] demonstrated increased urinary excretion 
of leukotriene El, the major urinary metabolite of 
peptide leukotrienes in humans, in patients with 
acute coronary syndromes, providing clinical evi- 
dence for involvement of 5-1ipoxygenase in acute 
myocardial infarction and unstable angina. In 
addition to 5-1ipoxygenase, there is also a 12- 
lipoxygenase and 15-1ipoxygenase isozyme found in 
neutrophils, with relative quantities varying among 
species. 

Thus tile major product of dog neutrophils is 12- 
hydroxyisomers (12-HETES), which are weakly 
chemotactic [36]; whereas in the rabbit, in addition 
to LTB ,, neutrophils contain 15-hydroxyisomers ( 15- 
HETES) under higher arachidonic acid concentra- 
tions. These species variations and differences in the 
sensitivity of neutrophils to these products are prob- 
ably responsible for the differences in therapeutic ef- 
fectiveness of various antileukotriene strategies in 
ischemic models from different species. The relative 
absence of 5-1ipoxygenase products in the dog and the 
insensitivity of dog neutrophils to LTB~ may explain 
the ineffectiveness of LTB, receptor antagonists in 
limiting canine myocardial infarction size [37]. On 
the other hand, a similar I.TB, receptor antagonist 
was capable of reducing infarct size in a rabbit model 
of myocardial ischemia [38]. It is possible that 
Lipoxygenase derivatives may not be important 
chemotactic factors until after neutrophils have been 
localized to the ischemic and reperfused areas as part 
of their activation by a primary stimulus because their 
production depends on initial activation of their 
synthesis. 

Plateler activating factor is another lipid-derived 
molecule that has been suggested as an important 

chemotactic factor in myocardial ischemia/ 
reperfusion. PAF is formed by endothelial cells in 
response to thrombin [39] and, in addition to its 
potent platelet activating ability, is also an important 
chemotactic factor, which promotes neutrophil adhe- 
sion to endothelial cells. PAF is also involved in other 
adherence dependent processes, such as advanced pro- 
duction of reactive oxygen [39]. Its role in myocardial 
ischemia/reperfusion has not been elucidated yet. A 
recent study in a rat model of ischemia/reperfusion 
[40] demonstrated release of PAF in the plasma in 
early reperfusion and a reduction in infarct size with 
the use of a specific PAF receptor antagonist. How- 
ever, another study in a canine model of myocardial 
ischemia/reperfusion failed to limit ischemia and 
reperfusion-induced myocardial damage. The role of 
PAF in myocardial ischemia/reperfusion requires 
careful investigation because of its potential implica- 
tions in clinical reperfusion, which is undoubtedly 
associated with high concentrations of thrombin, a 
potent stimulator of PAE synthesis. 

REACTIVE OXYGEN SPECIES AS 
CttEMOTACTIC ACTIVATORS 
It has been suggested that oxygen-derived free radi- 
cals produced by activated neutrophils is a major 
mechanism by which neutrophils might injure other 
cells. However, the relationship of reactive oxygen 
and neutrophil function may be more complex, Evi- 
dence suggests that neutrophil-generated superoxide 
reacts with an extracellular precursor to generate a 
neutrophil activating factor in the serum [4l] .  This 
factor has not been identified; however, it may be 
related to enzymatic or nonenzymatic generation of 
lipid-derived autacoids. Granger and colleagues 
[42,43] have provided evidence for a potential role of 
reactive oxygen in chemotaxis, including studies that 
demonstrated free radical scavengers reduced neutro- 
phil infiltration in the ischemic and reperfused intes- 
tine [44]. Similar studies have not been pertormed in 
the heart. 

Potential mechanisms by which reactive 
oxygen may generate a leukotactic stimulus are as 
follows: 

1. Complement activation. In whole human serum 
the HeO e system induces generation of CSa 
activity [451 via pathways that have not been 
elucidated. 

2. Induction of P-selectin expression [461. 
3. Production of PAF and PAF analogs derived from 

oxidativeiy fragmenting phospholipids [47]. PAF 
and P-selectin may interact in the trapping and 
transmigration of neutmphils. 
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4. Increase of endothelial intracellular adhesion mol- 
ecule (ICAM)-I 's  ability for binding neutrophils 
without detectable upregulation [48]. 

Neutrophil Localization and the Role 
of Adhesion Molecules 

NEUTROPHIL TRAPPING IN MICROVESSELS 
AND THE "NO REFLOW" PHENOMENON 
The first step in neutrophil localization involves neu- 
trophil trapping in the microvasculature, specifically 
in capillaries and veins; a similar localization is seen 
within the first hour ofreperfusion in an experimental 
myocardial infarction. Engler and coworkers [11] 
demonstrated that entrapment of leukocytes in the 
microcirculation precedes their role in an inflamma- 
tory reaction. Neutrophils are large and stiffcells, and 
may adhere to capillary endothelium, preventing 
reperfusion of capillaries following coronary ischemia. 
The mechanism by which neutrophil trapping occurs 
in the microvessels is likely to be multifactorial. 
Chemotactic factors rapidly induce neutrophils to 
change shape and to become less deformable. At 
higher concentrations of chemotactic factors, neutro- 
phils also undergo homotypic aggregation, which 
may further contribute to obstruction. Neutrophils 
also release a variety of autacoids, which induce vaso- 
constriction and platelet aggregation, such as throm- 
boxane B e [49] and LTB 4 [50]. Neutrophil 
interaction with endothelial cells via specific adhesion 
molecules results in neutrophil margination and ad- 
hesion to the endothelium. It has been suggested that 
this neutrophil localization may alter both endothe- 
lium-derived vasomotor functions and microvascular 
permeability, mediating ischemia/reperfusion- 
induced microvascular injury [51,52]. 

The most dramatic and pathologically significant 
microvascular abnormality is known as the no-reflow 
phenomenon [53] and has also been directly linked to 
neutrophil localization. Ambrosio and coworkers [54] 
demonstrated in a canine model that the occurrence of 
areas of markedly impaired perfusion in postischemic 
myocardium is related only in part to an inability to 
reperfuse certain areas on reflow. A more important 
factor was represented by a delayed progressive fall in 
flow to areas that initially received adequate 
reperfusion. This phenomenon develops in regions 
receiving no collateral flow during ischemia and is 
associated with neutrophil accumulation and capilo 
lary plugging during late reperfusion. 

While changes in cell shape and deformability and 
vasoconstriction are important mechanisms for neu- 
trophil accumulation in the ischemic and reperfused 

myocardium, the bulk of evidence suggests that the 
more specific interactions between adhesion mol- 
ecules are the most critical factors in the control of 
neutrophil-induced pathophysiological changes. 

NEUTROPHIL-ENDOTHELIAL INTERACTIONS 
AND NEUTROPHIL TRANSMIGRATION 
FOLLOWING MYOCARDIAL ISCHEMIA 
AND REPERFUSION 
A better understanding of the molecular interactions 
between leukocytes and the endothelium has given 
rise to a consensus model of how leukocyte recruit- 
ment into tissues is regulated [55]. There is increas- 
ing evidence that leukocyte-endothelial interactions 
are regulated by a cascade of molecular steps that 
correspond to the morphological changes that accom- 
pany adhesion. This adhesion cascade can be divided 
into three sequential steps: 

1. The initial "rolling" step involves overcoming the 
shear stress associated with laminar flow in the 
venules. The flowing leukocyte is tethered and 
brought into contact with the endothelial wall by 
selectin-mediated interactions. Rolling is hypoth- 
esized to allow leukocytes to interact with locally 
released inflammatory mediators and chemokines, 
such as IL-8. 

2. The firm adhesion step is mediated through the 
integrins (such as CDIla /CD18 and CDIIb," 
CD18) binding to ICAM-1 (CD54) on endothelial 
cells. 

3. Transmigration of the neutrophil, in part medi- 
ated by platelet-endothelium cell adhesion mol- 
ecule (PECAM-1; CD~I ). 

NEUTROPHIL ROLLING: THE ROLE OF 
THE SELECTINS 
The selectin family of adhesion molecules mediates 
the initial attachment of leukocytes to endothelial 
cells before their firm adhesion and diapedesis at sites 
of tissue injury and inflammation [56-59]. The 
selectin family consists of three closely related cell- 
surface molecules: Loselectin (MEL-14, LAM-1, 
CD62L), E-selectin (ELAM-1, CD62E), and P- 
selectin (PADGEM, GMP-140, CD62P) (Table 42- 
2). L-selectin expression is limited to hematopoietic 
cells, with most classes of leukocytes constitutively 
expressing L-selectin at some stage of differentiation. 
The majority of circulating neutrophils, monocytes, 
eosinophils T cells, and B cells express L-selectin, 
which is rapidly shed from the surface of these cells 
following their activation. The broad expression of L- 
selectin allows it to play a role in the trafficking of all 
leukocyte lineages. In contrast, E-selectin is expressed 
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only following de novo synthesis 4 - 6  hours after 
activation of endothelial cells by cytokines (such as 
tumor recrosis factor [TNF]-o~, IL-11~) or by bacterial 
endotoxin. 

P-selectin is constitutively found in Weibel-Palade 
bodies of endothelial cells and in alpha granules of 
platelets. Within minutes after activation by 
thrombogenic and inflammatory mediators, P- 
selectin is mobilized to the cell surface without the 
need for new protein synthesis. Inducing agents in- 
clude thrombin, histamine, complement fragments, 
oxygen-derived free radicals, and cytokines. Cell- 
surface expression of P-selectin is generally short 
lived, which makes it an ideal candidate for mediat- 
ing early leukocyte-endothelial cell interactions. 
However, in vivo studies of P-selectin function sug- 
gest that it may also be important at later time points 
as a cytokine-induced adhesion molecule. 

One important property of the selectins is that they 
promote leukocyte rolling under flow conditions. 
Each selectin recognizes specific carbohydrate se- 
quences on either leukocytes (E-selectin or P-selectin) 
or the endothelium (L-selectin). In most venules, leu- 
kocyte rolling begins within minutes after tissue in- 
jury, reaching a peak 20-40 minutes later and 
remaining fairly constant over at least 2 hours. P- 
selectin mobilized from Weibel-Palade bodies is 
likely to be involved in the early phases of rolling. 
Blocking P-selectin function in vivo substantially re- 
duces the initial spontaneous rolling of leukocytes in 
venules of exteriorized mesentery. However, rolling is 
progressively restored after a period of 10-15 min- 
utes, reflecting the participation of L-selectin during 
subsequent stages of the process. Selectins are ideally 
suited to this tethering role because they have a long 
molecular structure that extends above the surround- 
ing glycocalyx and allows them to capture passing 
leukocytes that express the appropriate receptor. Fur- 

thermore, L-selectin has been found on the tips of 
leukocyte microvilli, which are the first points of 
contact with the endothelium. These studies demon- 
strate that selectins mediate the initial interactions 
of leukocytes with endothelial cells, which slow the 
leukocyte as a prerequisite to stable adhesion and 
diapedesis. 

The role of selectins in ischemia and reperfusion is 
not well defined at present and represents an area of 
active investigation. L-selectin is constitutively ex- 
pressed in neutrophils in a highly specific distribution 
and is critical to neutrophil-endothelial adhesion 
under shear stresses found in venules [60]. Studies 
have suggested that it is obligatory for margination, 
although its counterligands have not been yet defined 
[61]. There is evidence that, under the proper circum- 
stances, E-selectin or P-selectin may serve as a 
counterligand, but, because E-selectin must be syn- 
thesized de novo by endothelial cells, it would be 
projected to play only a minor role in early postreper- 
fusion myocardial injury [62]. 

In contrast, P-selectin surface expression occurs 
rapidly on endothelial cells under circnmstances 
likely to be seen during ischemia and reperfusion. It is 
stored in the Weibel-Palade bodies [63] and is rap- 
idly translocated to the endothelial surface in res- 
ponse to thrombin and/or oxidative stress [64], both 
of which would be likely to be found on reperfusion 
and initiated by thrombolytic agents, and to hista- 
mine, which is rapidly released in the ischemic 
and reperfused myocardium by degranulating mast 
cells [65] (see discussion of mast cell degranulation 
later). 

Recent work has suggested that P-selectin may, in 
part, constitute the counterligand to L-selectin to 
effect margination under these circumstances [66]. 
However, it is likely that additional inducible 
counterligands will be found significant in this reac- 

TABLE 42-2, Nomenclature and structural characteristics of the selectins 

Selectin Location Expression 

L-selectin (MEL-14, Leu-8 Leukocytes (constitutive) Decreases on cell activation 
TQ1, LAM-1, LECCAM- 1 ) 

E-selectin (ELAM-1, LECCAM-2) 

P-selectin (CD62P, PADGEM, 
GMP-140, LECCAM-3) 

Endothelium (transcriptionally 
regulated) 

Platelets (o. granules) 
Endothelium (Weibel-Palade bodies) 

Increases 4-6  hours after activation with 
LPS or cytokines (IL-1, TNF) 

Increases minutes after activation with 
thrombin, histamine, substance P, 
free radicals, cytokines through increased 
surface expression 

ELAM: Endothelial-leukocyte adhesion molecule; IL: lnterleukin; TNF: Tumor necrosis factor 
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tion. Recent studies have suggested that monoclonal 
antibodies against L-selectin [67] and P-selectin [68] 
were effective in reducing myocardial necrosis, pre- 
serving coronary endothelial function, and attenuat- 
ing neutrophil accumulation in ischemic myocardial 
tissue in a feline model of ischemia/reperfusion. 

Thus, current concepts of myocardial ischemia and 
reperfusion suggest a role for selectins in supporting 
margination under shear stress. The transient nature 
of this adhesive interaction is important because it 
allows leukocytes to "sample" the local endothelium 
for the presence of specific trigger factors that can 
activate leukocyte integrins and allow the cascade to 
proceed. 

CD18 AND THE LEUKOCYTE 132 INTEGRINS 
Although rolling appears to be a prerequisite for 
eventual firm adherence to blood vessels under condi- 
tions of flow, selectin-dependent adhesion of leuko- 
cytes does not lead to firm adhesion and 
transmigration unless another set of adhesion mol- 
ecules is engaged. Activation of the leukocytes, medi- 
ated through the locally derived chemoattractants 
IL-8, PAF, or MCP-1, dramatically increases the ad- 
hesiveness of leukocytes for endothelium, primarily 
by upregulated surface expression of i]2 integrins. 
These models are based primarily on observations 
with neutrophils, and until recently the extent to 
which monocytes and lymphocytes conform to this 
paradigm had not been tested. For neutrophils, firm 
adhesion requires activation of the [32 (CD18) integrin 
subfamily, resulting in binding to one of the intercel- 
lular adhesion molecules on the surfaces of endothelial 
cells [69]. 

Integrins are a family of heterodimeric membrane 
glycoproteins that consist of an (~ and [3 subunit [70]; 
these subunits are associated through noncovalent 
bonds and transported to the cell surface as a complex. 
The cell modulates its interaction with other cells and 
with the extracellular matrix by modifying the struc- 
ture and function of the integrins. The most impor- 
tant of these subfamilies for neutrophils is the [32 

integrins (also known as leukocyte cell adhesion mol- 
ecules), which share the [~ chain CD18 paired with 
CD11a (LFA-1), CD11b (Mac-l), or C D l l c  
(p150,95) [71]. The structure and ligands of these 
proteins are summarized in Table 42-3. 

LFA-1, Mac-l ,  and p150,95 have different and yet 
overlapping roles in adhesion, partly due to their 
characteristics of expression on leukocytes. LFA-1 is 
expressed on all immune cells, with the exception of 
some tissue macrophages. The distribution of Mac-1 
is somewhat more limited and is predominantly ex- 
pressed on myeloid cells, including macrophages and 
granulocytes. It is also expressed on large granular 
lymphocytes and a subset ofCD5+ B cells. A similar 
distribution exists for p 150,95. Three members of the 
immunoglobulin gene family, including ICAM-1, 
ICAM-2, and ICAM-3, are defined as functional 
ligands for LFA-1, but ICAM-1 appears to play the 
primary role in leukocyte trafficking. 

In striking contrast to the cellular distribution of 
[32 integrins, ICAM-I is widely distributed on 
nonbematopoietic cells, including endothelial cells, 
fibroblasts, dendritic cells, keratinocytes, and certain 
epithelial cells. Constitutive expression of ICAM-1 in 
nonhematopoietic cells is low, but surface expression 
is markedly upregulated by a variety of inflammatory 
mediators, including TNF-ct, IL-1, IL-6, and endot- 
oxin. These characteristics of ICAM-1 account for its 
involvement in a wide range of pathologic disorders. 
Substantial evidence suggests that Mac-l ,  in addition 
to LFA-1, is capable of binding to ICAM-1. Smith 
and coworkers [72] demonstrated that adhesion of 
stimulated neutrophils to endothelial cells depends 
on both Mac-1 and LFA-1, whereas adhesion of 
unstimulated neutrophils is largely an LFA- l~,3epen- 
dent phenomenon. Because anti-ICAM-1 MAbs 
inhibited adhesion of both stimulated and 
unstimulated neutrophils to endothelial cells, it was 
concluded that both LFA-1 and Mac-1 interact with 
ICAM-1 [72]. The significance of the Mac-I - ICAM- 
1 interaction in inflammatory reperfusion injury is 
discussed later in this chapter. 

TABLE 42-3. Nomenclature and ligands of the 13~ integrins 

Name Heterodimers Ligands 

LFA-1 (CD1 la/CD18) aLb 2 
Mac-I (CD1 lb/CD18) aMb 2 

p150, 95 (CD1 lc/CDI8) axb 2 

ICAM-1, ICAM-2, ICAM-3 
Fibrinogen, fibronectin iC3b, 

factor X, Leishmania gp63 
Bordetella FHA ICAM-1, 
ICAM-2, ICAM-3(?) 

Fibrinogen, iC3b ICAM-1,2 

ICAM: Intercellular adhesion molecule. 
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The iC3b fragment of complement was the first 
ligand to be demonstrated for Mac-1 [73]. Several 
recent reports suggested the potential of Mac-1 to 
interact with a broad spectrum of ligands. These in- 
clude fibrinogen, fibronectin, and polysaccharide de- 
terminants of bacterial capsules or yeast; the 
significance of these interactions remains unknown, 
however. 

In a variety of cardiovascular-related inflammatory 
models, monoclonal antibodies against the C D l l /  
CD18 complex reduced the pathophysiologic conse- 
quences. Simpson and colleagues showed in a canine 
model that a monoclonal antibody against CD11b 
substantially reduced myocardial necrosis after 90 
minutes of coronary ischemia and 6 hours of 
reperfusion [74]. Later experiments suggested that 
inhibition of Mac-l-mediated neutrophil adhesion 
may provide sustained limitation of myocardial ne- 
crosis by demonstrating substantial benefit in a ca- 
nine model of 90 minutes of coronary ischemia and 
72 hours of reperfusion [75] when an F(ab')2 frag- 
ment of a monoclonal antibody against CD1 lb was 
tested. 

Administration of anti-CD18 antibodies has re- 
duced myocardial infarct size in a rabbit model of 1- 
hour ischemia and 5 hours of reperfusion when 
administered systemically before the coronary occlu- 
sion [76]. In another study in rabbits [77t, a different 
anti-CD18 monoclonal antibody was applied to ra- 
diolabeled rabbit neutrophils before they were intro- 
duced into a rabbit undergoing a 30-minute 
occlusion and 3-hour reperfusion protocol, resulting 
in decreased accumulation of neutrophils. In canine 
models anti-CD18 antibodies have been shown to 
reduce neutrophil accumulation after 1 hour of 
ischemia and l hour of reperfusion [4]. Anti-CD18 
antibodies have also been shown to reduce infarct size 
in a feline [78] and in a primate [791 model of myo- 
cardial ischemia/reperfusion. However, in another 
study in the dog they failed to reduce infarct size, 
although they were effective in reducing neutrophil 
accumulation and preserving microvascular blood 
flow [80]. 

In addition to myocardial injury, there is evidence 
that CDI 8-dependent adhesion may be important in 
injury to the endothelium in large vessels as well as in 
the microvasculature. Indeed, CD18 antibodies have 
been shown to prevent depression of endothelium- 
derived relaxation in postischemic vessels [81]. There 
is evidence that neutrophil migration into the 
subendothelial layer of the vascular wall may be im- 
portant in this injury, and it is prevented by anti- 
CD18 antibodies. Finally, anti-CD18 antibodies have 
prevented alterations in microvascular permeability 

in both ischemic and reperfused small intestine [52] 
and in skeletal muscle [82]. In addition to altering 
neutrophil-endothelial interaction, anti-integrin an- 
tibodies alter neutrophil adhesion to parenchymal 
cells. As discussed later in this chapter, this latter 
property may be a critical factor in limiting tissue 
injury. 

An important characteristic of the neutrophil 
integrins is that under baseline conditions they exist 
in a relatively inactive conformation, rendering the 
leukocyte nonadhesive. A key event of the adhesion 
cascade is the activation and deactivation of these 
integrins at the proper times and places. Mac-1 is 
primarily stored in secondary granules of neutrophils 
and secretory granules in monocytes, with approxi- 
mately 10% of the total protein found on the surface 
[83]. Recent evidence suggests that an initial 
leukotactic stimulus qualitatively activates the Mac-l 
on the surface of the cell and markedly increases its 
affinity for its counterligand [83]. Good evidence to 
support the importance of surface activation in white 
cell emigration has been presented for two inflamma- 
tory mediators: PAF and IL-8 [69]. Both are present 
in the ischemic and reperfused myocardium. Thus 
activation and deactivation of the high-avidity state 
may be an important factor in neutrophil-induced cell 
injury. 

Transendothelial cell migration does not necessar- 
ily accompany leukocyte adherence to the endnthe- 
lium. The process of transendothelial migration of 
neutrophils has been shown to involve neutrophil l~2 
integrins and endothelial cell platelet-endothelium 
cell adhesion molecule (PECAM-I; CD31) [84,85]. 
Recent studies implicate integrin-associated protein 
(lAP, CD47) as a third molecule essential for neutro- 
phil migration through endothelium into sites of in- 
flammation [86t. The significance of these findings 
and their possible implications in the pathogenesis of 
myocardial ischemia/reperfusion remain unclear. 

Mechanisms of Neutrophil-Induced 
Myocardial Injury 
The focus of the previous sections of this chapter has 
been the mechanism by which neutrophils are at- 
tracted to and activated in the ischemic and 
reperfused myocardium. The mechanism by which 
neutrophil-induced myocardial injury occurs has only 
recently been investigated. In addition to the poten- 
tial role of neutrophil-mediared microvascular 
obstruction cited earlier, there is also substantial evi- 
dence suggesting that neutrophils may directly injure 
parenchymal cells through release of specific toxic 
products. Obviously neutrophils accumulating in the 
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ischemic and reperfused areas might release pro- 
teolytic enzymes or reactive oxygen species to injure 
surrounding myocytes. However, under conditions 
found in vivo, these toxic products are almost exclu- 
sively secreted by adherent neutrophils [87,88]. 
Thus, it appears that a ligand-specific adhesion of the 
neutrophils to the cardiac myocytes may be critical 
for the mediation of ischemia-induced myocyte 
injury. 

ADHESION-DEPENDENT CYTOTOXICITY 
ICAM-1 is one of the primary ligands for the CD18 
integrins. However, in contrast to the restricted cellu- 
lar distribution of the ~2 integrins, ICAM-1 can be 
expressed by most tissue cells under certain circum- 
stances. Recent studies from our laboratory examined 
the potential mechanisms of neutrophil adhesion to 
isolated adult canine cardiac myocytes. Intercellular 
adhesion occurred only if the myocytes were stimu- 
lated with cytokines inducing ICAM-1 expression 
[89] and when the neutrophils were stimulated to 
show Mac-I activation. In vitro, myocyte ICAM-1 
induction could be effected by the cytokines IL-1, 
TNF-Ot, and IL-6 [89,90]; neutrophil activation 
could be effected by zymosan-activated serum (a 
source of CSa) PAF and IL-8. The binding of neutro- 
phils to activated cardiac myocytes was found to be 
specific for Mac-I-ICAM-1 interaction [88,91] and 
was completely blocked by antibodies to ICAM-1, 
CD1 lb, and CD18. This interaction was unaffected 
by antibodies to CD1 la, which are capable of block- 
ing neutrophil adhesion to an endothelial cell mono- 
layer. Adhering neutrophils were apparently 
cytotoxic, as indicated by the sustained contraction 
often observed in myocytes after neutrophil adhesion. 

In other experiments, the mechanisms of neutro- 
phil-induced cytotoxicity were studied [88]. Either 
neutrophils or cardiac myocytes were loaded with 
2',7"-dichlorofluorescein (DCFH), and the adherence- 
dependent oxidation of this marker to DCFH was 
monitored under fluorescence microscopy. Using 
zymosan-activated serum to activate the neutrophils 
in the presence of cytokine-stimulated cardiac 
myocytes, neutrophil-myocyte adhesion ensued as 
described earlier. When neutrophils were loaded with 
DCFH, fluorescence appeared almost immediately on 
adhesion of the neutrophil to a myocyte, suggesting a 
rapid adhesion-dependent activation of the NADP 
oxidase system of the neutrophil. In contrast, 
fluorescence of the cardiac myocytes appeared after 
several minutes and was rapidly followed by irrevers- 
ible myocyte contracture. 

The iron chelator desferrioxamine and the hydroxyl 
radical scavenger, dimethylthiourea, did not inhibit 

neutrophil adherence, but completely inhibited the 
fluorescence and contracture seen in the cardiac 
myocyte, preventing the neutrophil-mediated injury. 
In contrast, extracellular oxygen radical scavengers, 
such as superoxide dismutase and catalase, or extracel- 
lular iron chelators such as starch-immobilized 
desferrioxamine did not inhibit fluorescence, adhe- 
sion, or cytotoxicity. Under these experimental con- 
ditions, no superoxide production could be detected 
in the extracellular medium during the neutrophil- 
myocyte adhesion. 

These data suggest that Mac-1/ICAM-1 adherence 
activates the neutrophil respiratory burst, resulting in 
a highly compartmentalized iron-dependent myocyte 
oxidative injury. Obviously, neutrophils are capable 
of secreting a variety of potentially toxic enzymes 
[92], and the ability of reactive oxygen scavengers to 
prevent toxicity completely only applies to a 2- to 3- 
hour period in vitro. The possibility of a later toxicity 
mediated by other toxic products of neutrophils can- 
not be ruled out. 

INFLAMMATORY MYOCARDIAL INJURY IN 
VIVO: POSSIBLE ROLE OF ICAM-1 
The pertinence of the in vitro neutrophil-mediated 
myocyte injury to ischemia/reperfusion injury was 
suggested by experiments with postischemic cardiac 
lymph that demonstrate the appearance of C5a activ- 
ity present during the first 4 hours of reperfusion 
along with neutrophils showing upregulation of Mac- 
1 on their surface [22,93]. Postischemic cardiac 
lymph also contained cytokine activity that 
upregulated ICAM-1 in isolated cardiac myocytes; 
this latter activity was neutralized by antibodies to 
human IL-6 [90]. Further studies were designed to 
directly evaluate the role of ICAM-1 in myocardial 
inflammation associated with ischemia and 
reperfusion. 

These investigations used the canine model of 
myocardial ischemia and reperfusion in which a coro- 
nary artery was occluded for 1 hour, during which 
time coronary blood flow was assessed with radiola- 
beled microspheres. At varying times thereafter, in 
the presence or absence of reperfusion, myocardial 
tissues were taken and processed for blood flow deter- 
minations, histologic studies, and mRNA isolation 
and analysis. Using this model, Kukielka and co- 
workers [94] demonstrated ICAM-1 mRNA expres- 
sion in ischemic myocardial segments as early as 1 
hour after reperfusion, with marked elevations after 
longer time intervals. No detectable ICAM-1 mRNA 
was found in segments with normal blood flow, while 
in the previously ischemic areas ICAM-1 mRNA ap- 
peared as an inverse function of coronary blood flow. 
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At later time points, such as 24 hours, however, 
mRNA was found in all myocardial samples (al- 
though tissue expression of protein remains confined 
to the viable border zone), suggesting that circulating 
cytokines (most likely IL-6) are inducing ICAM-1 
mRNA in normal as well as in ischemic areas. 
The actual expression of ICAM-1 protein was not 
seen until 3-6 hours and was almost exclusively 
seen in the ischemic area at all time points, implying 
the possibility of a post-transcriptional regulation of 
ICAM-1 expression in cardiac myocytes, or 
more likely, proteolytic solubilization of surface 
ICAM-1 on normal cells that may be defective in the 
jeopardized zone, allowing the presence of surface 
ICAM- 1. 

Recently Youker and coworkers [95] examined the 
induction of ICAM-1 mRNA with respect to cells of 
origin as a function of time of reperfusion after a 1- 
hour ischemic event. Using in situ hybridization 
techniques, substantial message for ICAM-L was de- 
tected in much of the previously ischemic viable myo- 
cardium by 1 hour of reperfusion, adjacent to areas of 
contraction band necrosis. At 3 hours ICAM-1 
mRNA expression occurred in cells in the jeopardized 
area that appeared viable histologically. In contrast, 
under circumstances in which reperfusion did not 
occur, ischemic segments did not express ICAM-1 
mRNA or ICAM-1 protein in areas of occlusion for 
periods up to 24 hours. It is important to point out 
that the layers of myocardial cells directly adjacent to 
the endocardium are spared injury, conserve glyco- 
gen, and do not express ICAM-L mRNA in early 
reperfusion, probably as a result of diffusion across the 
endocardium from the left ventricular chamber. In 
addition, this area of induction ofICAM-I mRNA on 
the viable border zone region of the infarct is the area 
where the most intense neutrophil margination and 
infiltration occur [95]. 

Based on these observations, it is reasonable to 
propose that ICAM-1 facilitates both the emigration 
of neutrophils in reperfused myocardium and their 
adherence-dependent cytotoxic behavior. Constitu- 
tive levels of ICAM-1 on endothelial cells may be 
sufficient to support CD18-dependent adhesion and 
subsequent transendothelial migration in response to 
chemotactic stimuli, whereas newly expressed ICAM- 
1 may participate in the myocardial injury associated 
with reperfusion only under circumstances where a 
leukotactic gradient and neutrophil activation are 
present. 

Recently Gottlieb and coworkers [96] identified 
elements of apoptosis (programmed cell death) in 
myocytes as a response to myocardial reperfusion. 
Using a rabbit model of ischemialreperfusion, they 

detected the hallmark of apoprosis, nucleosomal 
ladders of DNA fragments in ischemic and reperfused 
rabbit myocardial tissue, but not in normal or 
ischemic-only- rabbit hearts. One interesting 
suggestion from these findings is that persistence of 
cellular ICAM-1 in the jeopardized border zone al- 
lows apoptotic myocytes to be cleared by phagocytes, 
converting apoptosis to necrosis by neutrophil 
adherence and activation. This role for ICAM-1 be- 
comes a potential source for injury when an intense 
inflammatory process is rapidly induced by 
reperfusion. 

MECHANISM OF ICAM-l INDUCTION: THE 
CYTOKINE CASCADE 
Because of the capacity of IL-6, present in postis- 
chemic cardiac lymph, to induce myocyte ICAM-1 
expression, the expression of IL-6 mRNA in the 
ischemic and reperfused myocardium was investi- 
gated. In these experiments it was demonstrated that 
IL-6 was rapidly expressed in the same ischemic seg- 
ments in which ICAM-1 mRNA was found [97], 
with a peak preceding that of ICAM-1 mRNA. 
Again, a clear reverse relationship between blood flow 
during the ischemic period and the induction of IL-6 
message was demonstrated. Finally, as with ICAM-1, 
the expression of IL-6 mRNA appeared to be depen- 
dent on reperfusion. 

These observations are consistent with the hypoth- 
esis that reperfusion initiates a cascade of cytokine- 
related events, leading to IL-6 expression and 
subsequent induction of ICAM-I mRNA in the 
ischemic and reperfused myocardium. It appears that 
IL-6 synthesis is rapidly induced in cells found within 
the ischemic and reperfused areas. In recent studies 
we investigated the factors responsible for IL-6 
upregulation in the previously ischemic myocardium. 
We demonstrated the presence of resident cardiac 
mast cells along small vessels in control canine myo- 
cardium, containing significant stores of preformed 
TNF-O. [65]. Mast cell degranulation in the previ- 
ously ischemic myocardium was documented by 
demonstrating a rapid release of histamine and TNF- 
O~ in the cardiac lymph following myocardial 
ischemia, with a peak in the first 30 minutes of 
reperfusion [65]. 

Furthermore, IL-6 protein was immunolocalized in 
leukocytes infiltrating the previously ischemic myo- 
cardium. TNF-o~ of mast cell origin may be a crucial 
factor in upregulating IL-6 in infiltrating cells and in 
initiating the cytokine cascade responsible for 
myocyte ICAM-1 induction and subsequent neutro- 
phil-induced injury. Parenthetically, release of hista- 
mine is a potent stimulator of P-selectin surface 
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expression from the Weibel-Palade bodies of venular 
endothelium. 

In addition, IL-6 effects may extend beyond the 
induction of ligand-specific adhesion of neutrophils 
to cardiac myocytes. IL-6 is devoid of a direct effect 
on neutrophils, but it has been shown to prime and 
enhance the neutrophil oxidative burst in response to 
chemotactic stimulation [98]. This priming effect 
represents a potential complementary mechanism for 
IL-6 to facilitate neutrophil cytotoxic behavior in 
reperfused myocardium, in which the presence of 
complement-derived chemotactic factors and IL-8 has 
been demonstrated [32,93]. 

A Cell Biological Approach to 
Therapeutic Interventions 
Obviously, the goal of any therapeutic strategy 
should be to control postreperfusion inflammatory 
injury without interfering with the healing phase. Of 
course, at this point one can only speculate on what 
type of target may be appropriate; however, it is 
possible to categorize the potential approaches as 
follows: 

1. Complement (complement receptor-l) 
2. Cycloxygenase and lipoxygenase inhibitors and 

LTB~ antagonists 
3. Anti - IL-8 approaches (anti-IL-8 monoclonal 

antibodies) 
4. Selectin antagonism (monoclonal antibodies to P- 

selectin and L-selectin 
5. Antiadhesion approaches (monoclonal antibodies 

to C D l l b ,  CD18, and ICAM-1) 
6. Anticytokine approaches (anti-IL-6 antibodies) 

It appears that the complement cascade would be 
an unlikely place to intervene because it is indepen- 
dent of reperfusion and it would be difficult to get an 
agent to the area at risk until complement activation 
has already proceeded. However, interventions aimed 
at the complement receptor may have some practical 
application, because recombinant DNA technology 
has allowed the production of a soluble form of 
complement receptor 1 (CR1) [24]. 

The rest of the cell biological targets suggested 
earlier are induced or accelerated with reperfusion. 
However, in order to better define the potential thera- 
peutic approaches, it will be critical to fully under- 
stand the relationship of the healing process to the 
acute inflammatory response. It is possible that limit- 
ing the intervention to the first 3 hours of reperfusion, 
during which the complement gradient exists and 
neutrophil influx into the intracellular space occurs, 

may be sufficient to separate the effect on acute in- 
flammation from that on the more chronic healing 
phase. However, better understanding of the specific 
mechanisms involved in the healing and remodeling 
phase of the infarct is needed because the influx of 
leukocytes that enter the ischemic myocardium dur- 
ing reperfusion may be crucial for the mediation of 
ongoing biological events. 

Infiltrating leukocytes may change their pattern of 
cytokine and/or growth factor secretion both qualita- 
tively and quantitatively in response to changes in 
molecular signals. For example, it is possible that, 
during later reperfusion periods, infiltrating mono- 
nuclear cells may secrete growth factors and 
fibrogenic cytokines capable of regulating fibroblast 
proliferation, which is critical for scar formation. 
The possible importance of monocytes as a source of 
fibrogenic or growth signals may explain the signifi- 
cant benefit seen with late reperfusion (after 6 hours) 
in the TAM1-6 and LATE trials. Late reperfusion 
would not be expected to salvage myocardium; how- 
ever, it could accelerate mononuclear cell influx and 
promote healing. 

Recent animal studies have demonstrated that 
reperfusion (early or late) is associated with an in- 
creased presence of macrophages compared with the 
nonreperfused myocardium. Birdsall and coworkers 
[99] have presented evidence that mononuclear leu- 
kocytes rapidly localize in the reperfused myocardium 
and transmigrate into the extracellular fluid within 
the first hour of reperfusion. They also suggested 
the presence of noncomplement monocyte chemoa- 
ttractants (TGFq3, and MCP-1) that appear in the 
cardiac lymph in the second and third hour of 
reperfusion when C5a is rapidly disappearing. In 
other studies, Kumar et al. [100] demonstrated in- 
duction ofMCP-1 mRNA in the previously ischemic 
myocardium, peaking at 3 hours of reperfusion and 
persisting throughout the first day of reperfusion. In 
the absence of reperfusion, no significant MCP-1 in- 
duction was seen. 

Cellular and Molecular Biology of the 
Inflammatory Injury in lschemia/ 
Reperfusion: A Working Hypothesis 
We propose the following working hypothesis, 
which describes the events that mediate infl- 
ammatory reaction to myocardial ischemia/ 
reperfusion. This construct deals specifically with the 
inflammatory component, making the assumption 
that neutrophils are the principal determinant of this 
injury. 
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1. Leukotactic factors cause neutrophil influx in 
the ischemic myocardium. 

The initial chemotactic event occurs when the in- 
jured myocardial cell releases complement-activating 
macromolecules of mitochondrial origin, initiating 
the production of CSa. This chemotactic mechanism 
is not dependent on reperfusion. An additional 
leukotactic Factor, appearing in the previously 
ischemic myocardium with reperfusion, is IL-8, 
which participates in neutrophil-mediated myocar- 
dial injury by activating neutrophil adhesiveness 
and motility. Other C-X-C chemokines may have 
a role as neutrophil chemoattractants following 
myocardial ischemia and reperfusion. It is likely 
that specific lipoxygenase products, such as LTB~, 
may be important leukotactic Factors in some 
species. 

2. Activated neurrophils adhere to the endothe- 
lium and emigrate to the extravascular space. 

Selectins appear to be critical to early neutrophil 
margination by promoting neutrophil "rolling." Firm 
adhesion of the neutrophil to the endothelium fol- 
lows, mediated through CDl lb /CD18 adhesion to 
ICAM-1, which is constitutively expressed at low 
levels in the unstimulated endothelium. This step is 
associated with neutrophil Mac-1 activation. Subse- 
quently, the neutrophil transmigrates to the extracel- 
lular space. 

3. Cytokines induce ICAM-1 expression in cardiac 
myocytes in the ischemic and reperfused myocardium 

IL-6 appears to be the critical cytokine involved in 
the induction of ICAM-1 in myocardial cells in the 
ischemic and reperfused areas. ICAM-1 has a highly 
specific localization to ischemic but viable myocar- 
dium, demarcating a "border zone" susceptible to 
neutrophil-induced injury. It is likely that release of 
preformed cytokines, possibly TNF-O~ of mast cell 
origin, stimulates IL-6 synthesis and secretion by in- 
filtrating cells in the previously ischemic areas. The 
augmentation of infiltrating ceils by reperfusion may 
explain the reperfusion dependence of induction of 
IL-6 and, as a result, ICAM-1. 

4. Neutrophils mediate myocyte injury through 
CDI lb/CD18/ICAM-l-dependent adhesion and 
subsequent compartmentalized transfer of reactive 
oxygen. 

Once neutrophils have migrated into the extracel- 
lular space, they are capable of adherence to vulner- 
able myocytes that express ICAM-I on their surface. 
Neutrophils are capable of mediating acute myocyte 
injury through reactive oxygen products. Other 
neutrophil-derived proteolytic and lipolytic pro- 
ducts may also be important in inducing cytotoxic 
injury. 

Conclusions 
We have attempted to present the basic cellular and 
molecular mechanisms by which the inflammatory 
reaction associated with myocardial ischemia and 
reperfusion may occur. Understanding of the basic 
mechanisms initiating this reaction to injury is cru- 
cial for the development of site-specific cell biological 
strategies of intervention. Obviously, there is great 
hazard in completely inhibiting the process, and the 
ultimate goal of our investigations should be to iden- 
tify specific molecular targets and to devise practical 
methods for intervention. 
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43. ESTROGEN A N D  

CARDIOVASCULAR DISEASE 

Linda R. Peterson 

Introduction 
Cardiovascular disease (CVD) is the number one cause 
of death in women in industrialized countries. Esti- 
mates show that a 50-year-old white woman has a 
46% probablilty of developing heart disease in her 
lifetime and a 3 l°~ probablilty of dying as a result. 
Treatment of CVD in women is estimated to cost at 
least $11 billion dollars per year [1]. However, clini- 
cal evidence of coronary artery disease in women is 
unusual until after menopause. Moreover, premeno- 
pausal women who have undergone oopherectomy are 
at increased risk for atherosclerotic disease when 
compared with premenopausal women who have not 
[2]. 

These observations have led to the hypothesis that 
estrogen replacement therapy (ERT) may be protec- 
tive against the development of atherosclerotic dis- 
ease and may be useful in its treatment. Supporting 
this idea are results of human epidemiologic studies, 
several animal studies, in vitro studies, and human in 
vivo studies on estrogen's beneficial effect on CVD. In 
epidemiologic studies, ERT has been associated with 
a 40~  reduction in the rate of cardiovascular death in 
postmenopausal women [3]. However, to date only 
one prospective, randomized, placebo-controlled, 
double-blind study on the effects of ERT in post- 
menopausal women has been completed, and too few 
patients were enrolled to allow any definitive conclu- 
sions to be drawn [4]. In addition, although there are 
data that support the hypothesis that ERT is benefi- 
cial with regard to reducing CVD events, there is also 
evidence that oral contraceptive pills (OCPs), most of 
which contain synthetic estrogen, are associated with 
a slightly increased overall risk of CVD events; pos- 
sible explanations for this apparant contradiction will 
be discussed in detail later. 

There are now several ongoing studies, including 
the Women's Health Initiative and the ERA study, 
that should provide enough data to conclusively de- 
termine whether ERT does have a protective effect, 

and if it does, to what degree it protects against CVD. 
These prospective studies should also provide more 
definitive data on the true long-term effect of ERT on 
the risk of breast cancer and other diseases. 

The possible mechanisms of estrogen's protective 
effect in postmenopausal women, and of its mild ad- 
verse effects in premenopausal women on OCPs, is 
also the subject of much research. ERT has a benefi- 
cial effect on the lipoprotein profile of postmeno- 
pausal women, but it is too modest to account for 
estrogen's overall protective effects [5]. Thus, re- 
search on estrogen's effects on lipid profiles, 
atherogenesis, oxidative metabolism of lipoproteins, 
vasomotor tone, hemostasis, and exercise training is 
currently underway. Regarding the potential nega- 
tive effects of OCPs, there appear to be important 
differences between the effects of OCPs on the coagu- 
lation system of premenopausal women and the ef- 
fects of ERT on the coagulation system of 
postmenopausal women (see Estrogen and Coagula- 
tion: Oral Contraceptives, later). 

Epidemiologic Studies 

ESTROGEN REPLACEMENT THERAPY AND 
CARDIOVASCULAR DISEASE 
Results of many epidemiologic studies support the 
hypothesis that ERT protects against CVD and that 
menopause is associated with an increase in CVD. The 
Framingham Study, a long-term prospective investi- 
gation of the incidence of CVD, has shown that men 
under the age of 60 years develop CVD at twice the 
rate of women of the same age; however, by age 70, 
the rate of CVD in men in the study was only 1.4 
times that of the women [6]. As Figure 43-1 shows, 
there is clearly an increase in the incidence of CVD in 
women after menopause [6]. Further supporting this 
hypothesis are data from a comprehensive review of 
over 30 epidemiologic studies on postmenopausal 
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tiGURE 43=1 Incidence of cardiovascular disease [n me~ 
aad women in the Framit~gham Study 20 yea~ f~ItOw~up, 
(Data From Kannel and V0ko*ms [d ]  witl~ pe~omissioD ) 
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FIGURE 43-3, Ten-year S~rvlvai of patients in the study of 
Sullivan eeaL whose coronary s~e~mses were beeween 'de- 
eectabie' and 67%. (Repri,~ted, with permissions, ~'rOm 
SuUivaa er ai. [t t1. Cqpyright }990, Arner~Car~ Me<lical 
Asscviatioru) 

women tha t  was cow, ducked by Geady et at. {7]. In 
nearly all o f  the  studies they reviewed, pos tme~o-  
pausa! women o~ ER'~ proved to be a~ Iower r~sk of 
corona W heart  disease than those who did  not. The  
cak:u[ated est imate of relative risk of" corona U heart  
disease fbr women who had ever used ERT was be- 
twee~ (L55 and 0.65 when compared wi th  tha t  for 
those who had ~ever used E R T  [7-=9]. The  relative 
risk of dead~ from coronary heart  disease for womea  
who had ever used ERT  was est imated at 0 .63 {7]. i t  
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FIGURE 43-2. Ten-year c~mulat[ve survival of control pa- 
tien;s with normaI eotonao: angiograms in the study of 
Sulliva~1 et al. Aeruaria! methods were used to calculate 
survival. The number o£ persons still being followed up is 
ir~dicated by numbers on the survival curves. (Repelnced, 
with permissioa, from Sullivan e~ al. [I i]. Copyright 1990, 
Ae}ericar~ Medfca[ Associadom) 
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FIGURE ~3-4. Te~>year survival Of padents in the s~udy of ~ 
St~Ilival-J e~ aL wid~ left mai~ coronary steaosis of 50% or 
greater or o~her stenoses of 70% or greater. (Reprinted, 
w~di permission, from Suiiiva~l e¢aL [11]~ Copyright t990, 
America,~ Medical Association.) 
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TABLE 43-1. Lifetime probabilities of selected conditions for 
a 50-year-old white woman treated with long-term hormone replacement 

Lifetime probability ~ 

Variable No treatment Estrogen E + ph E + P' 

Coronary heart disease (%) 46.1 34.2 34.4 39.0 
Stroke (%) 19.8 20.2 20.3 19.3 
Hip fracture (%) 15.3 12.7 12.8 12.0 
Breast cancer (%) 10.2 13.0 13.0 19.7 
Endometrial cancer (%) 2.6 19.7 2.6 2.6 
Life expectancy (yr) 82.8 83.7 83.8 82.9 

Estimated lifetime probability of developing the condition. 
*' Assuming that the addition of progestin to the estrogen regimen does not alter any of the relative risks I~r 
disease from estrogen therapy, except to prevent the increased risk due to endometrial cancer (relative risk 
for endometrlal cancer estimated to be 1.0). 
Assuming that the addition o |a  progestin to the estrogen regimen provides only rwo thirds ot the coronary 

heart disease risk reduction afforded by estrogen therapy (relative risk f)~r coronary heart disease estimated 
to be (I.8) and the relative risk for breast cancer in treated women is 2.0. 
E + P = estrogen plus progestin. 
Reprinted, with permxssion, from Grady D et al. [7]. 

is not clear whether the addition of progestins affects 
this relative risk. The risk of stroke did not appear to 
be affected by ERT [7]. 

There is also evidence from results of The Cardio- 
vascular Heal th Study that ERT may lower rates of 
subclinical CVD [10]. In this study, after accounting 
for possible confounding factors such as age and 
smoking, estrogen use was still statistically signifi- 
cantly associated with less thickening of the carotid 
int imal-medial  layer, a lower incidence of carotid 
stenoses, and left ventricular hypertrophy (by 
ECG criteria). After including for the effect of ERT 
on lipid profiles, however, the significance of the ben- 
efit of ERT on these measures of subclinical CVD 
was borderline. Estrogen use was also associated 
with a more favorable left ventricular diastolic filling, 
as evidenced by mitral valve Doppler flow patterns 
[10]. 

There are also epidemiologic data showing that 
estrogen may have a role in secondary prevention of 
coronary events because ERT is associated with a 
decrease in coronary events in women who already 
had evidence of CAD [11]. In a 13-year study done by 
Sullivan e ta l . ,  there was evidence to suggest that the 
women who may benefit the most from ERT are those 
who have the most significant coronary stenoses on 
angiogram (Figures 43-2 to 43-4) [11]. In addition, 
there is evidence that ERT is associated with im- 
proved survival in women who have undergone coro- 
nary artery bypass grafting (CABG). Five-year 

survival was 98.8% in women who used ERT at the 
t ime of surgery or afterward versus 80.7% in nonus- 
ers, and 10-year survival was 69.3% in users in com- 
parison with 46.3% in nonusers. The women on ERT 
in this study, on average, were younger, had fewer 
vessels with significant stenoses, less left main disease, 
higher ejection fractions, and a lower incidence of 
diabetes, but after a Cox proportional hazards model 
was used to account for tile above-mentioned differ- 
ences in baseline characteristics, ERT was still an 
incidendent predictor of survival [ 12]. 

Clearly ERT is associated with a decreased risk of 
CVD, but this has still not been adequately tested in 
randomized, prospective trials. As mentioned earlier, 
the one such trial to date, the lO-year, double-blinded 
study by Natchigall  e t a l . ,  was not large enough to 
have sufficient power to allow determination of a 
statistically significant difference in mortality due to 
CVD or other causes [4]. The study results did sug- 
gest that the incidence of complications from ERT is 
not high. O f  interest is the fact that, although 
the incidence of myocardial infarction was less in the 
treatment group, this difference did not reach statis- 
tical significance, but  the incidence of  breast cancer 
was statistically significantly lower in the estrogen- 
treated group [4]. 

The effect of ERT on risk of breast cancer and other 
diseases must, of course, be taken into account when 
a physician considers prescribing ERT for a 
postmenopausal woman for prevention of CVD, 
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TABLE .13-2. Lifetime probabilities of selected conditions 
for a 50-year-old white woman at risk for coronary 
artery disease treated with long-term hormone replacement' 

Lifetime probability t' 

Variable No treatment Estrogen E + P~ E + W 

Coronary heart disease (%) 71.2 59.6 59.8 64.4 
Stroke (%) l 5.4 16.9 17.0 l 5.6 
tl ip fracture (cA,) 11.3 10.2 10.2 9.2 
Breast cancer (c~:) 9. l 11.9 12.0 17.9 
Endometrial cancer (cA,) 2.4 18.6 2.5 2.4 
Life expectancy (yr) 79.6 81.1 81.2 80.2 

• Relative risk of developing or dying of coronary heart disease was estimated as 2 5, the same as fi)r a woman 
who smokes, has hypertension, or has diabetes. 
~' Estimated lifetime probability of  developing the condition. 
Assuming that the addition of progestin to the estrogen regimen does not alter any of the relative risks for 

disease from estrogen therapy, except to prevent the increased risk due to endometrial cancer (relative risk 
fi)r endometrial  can,er  estimated to be 1 .0)  
"Assuming that the addition o fa  progestin to the estrogen regimen provides only two thirds of the coronary 
heart &sease risk reduction afforded by estrogen therapy (relative risk for coronary heart disease estimated 
to ix: O 8) and the relative risk for breast cancer in treated women ts 2.{). 
E + P - estrogen plus proges t in  
Reprinted, with perm*ssion, from Gt'ady D et a l  [7] 

osteoporosis, or treatment of menopausal symptoms. 
Relative risk, calculated from results ofepidemiologic  
studies, of a postmenopausal woman developing and 
dying from breast cancer is approximately 1.25 in 
comparison with those not on ERT [7]. Grady et al. 
examined the effect ERT on the relative risk of breast 
cancer, coronary artery disease, and other diseases. As 
is shown in Tables 43-1 and 43-2, if  progestins 
(which are often added to estrogen replacement) do 
not change the beneficial effects of ERT on CVD and 
if they remove the risk of endometrial cancer due to 
unopposed estrogen, ERT is associated with a 1-year 
increase in life expectancy for a 5/)-year-old white 
woman with no risk factors, and a 1.5-year increase in 
a woman with risk factors for coronary artery disease 
[7]. However, if a pessimistic estimate is made, as- 
suming that progestins reduce the benefit of ERT on 
CAD by a third and increase the risk of breast cancer, 
the expected increase in life span afforded by ERT 
would be only 0.1 years [7]. 

In summary, epidemiologic studies suggest that 
ERT decreases the risk of CVD development and is 
probably helpful in the treatment of coronary disease. 
However, if a woman is at increased risk for breast 
cancer, has lupus, has a history of venous thromboses, 
or has another disease that may be negatively affected 
by ERT, her overall risk/benefit ratio of ERT may 
indicate that she would not benefit from ERT. 
An individual woman's fear that ERT may increase 

her risk of breast cancer must also be addressed when 
discussing ERT with her. A recent survey done of 
well-educated, perimenopausal women showed that 
73% believed that their risk of heart disease was less 
than 1%; 52%, however, perceived their risk of breast 
cancer as 10% or more [13]. Also, the major health 
concern in 63%, of the women was breast cancer, and 
only 31% of the women reported that their first con- 
cern was heart disease [13]. These perceptions must 
be taken into account, along with scientific data 
and the risk of coronary artery disease, breast cancer, 
and other diseases in the counseling of women on the 
advisability of ERT. The American College of 
Physicians has published guidelines on this subject 
[14]. 

ORAL CONTRACEPTIVES AND 
CARDIOVASCULAR DISEASE 
The risk of CVD, in general, is increased in premeno- 
pausal women on OCPs in comparison with those not 
taking contraceptives; women over 35 years old who 
smoke are at a particularly high risk of having a 
cardiovascular event [15-21] .  The risk is relatively 
low and not statistically significant in healthy women 
under age 35 who do not smoke, and the increased 
risk of cardiovascular events does not appear to persist 
once OCPs are discontinued. This lack of a persistent 
effect was documented by Stampfer et al. in an analy- 
sis of the data from the Nurses' Health Study [22]. 
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These authors also found no evidence of an increase in 
risk of CVD associated with an increase in duration of 
therapy, and in a meta-analysis of 13 studies discov- 
ered no difference in the rate of CVD in women who 
never used and past users of OCPs. 

The risk of myocardial infarction in women who 
are currently taking OCPs has not been definitively 
shown to be greater than that in women not on OCPs 
[21]. Realini et al. reviewed the case-control, cohort, 
and mortality data on this subject gathered up to 
1985, and the results were mixed: Some studies 
showed a positive correlation with myocardial 
infarction and some did not [21]. Whether  past OCP 
use increases the risk of myocardial infarction was 
addressed in studies was addressed in the study by 
Stampfer et al., mentioned earlier [22]. In their meta- 
analysis of 13 studies, only 2 suggested that there 
may be an increased risk of myocardial infarction with 
past OCP use, and the study designs of these two 
studies were flawed [21-24] .  The overall conclusion 
reached by the authors of this meta-analysis and that 
done by Realini et al. is there is no good, consistent 
evidence that past OCP use is associated with an 
increase in myocardial infarction [21,22,25]. 

There is, however, evidence that current OCP use 
is associated with an increased risk of deep vein 
thrombosis (DVT) and/or pulmonary embolism (PE). 
Realini et al. have thoroughly reviewed the studies on 
this subject, and although the designs of many of 
these are flawed, the finding that the risk of DVT and/ 
or PE is increased in OCP users is consistent and 
generally accepted by the medical community  [21]. 
There is also evidence that the risk of DVT and/or PE 
is dependent on the dose of estrogen in the OCP. 
Thus, it is likely that the lower the dose of estrogen in 
an OCP,  the lower the risk of venous thromboembolic  
disease [26,27]. 

Current OCP use by itself is not clearly associated 
with an increased risk of cerebrovascular events (ei- 
ther thrombotic  or hemorrhagic) [21]. There may, 
however, be an increased risk of thrombotic stroke or 
subarachnoid hemorrhage in women on OCPs who 
are older than 35 years and who smoke [28-32] .  
W o m e n  who are hypertensive and on OCPs are also at 
an increased risk for cerebrovascular events. In the 
study by the Collaborative Group for the Study of 
Stroke in Young Women,  the age-adjusted relative 
risk of  thrombotic strokes among OCP users was 3.1 
for normotensive women, 4.2 for those who smoked 
_>1 pack/day, and 13.6 for users with severe hyperten- 
sion [28]. The age-adjusted relative risk of 
hemorrhagic strokes among OCP users was 1.2 for 
nonsmokers, 6.1 for smokers (>_1 pack/day), and 25.7 
for those with severe hypertension. There is also no 

clear evidence that past OCP use in associated with an 
increased risk of cerebrovascular events. 

In summary, there is epidemiologic evidence that 
the risk of CVD is increased in women who use OCPs 
and who are over 35 years old and smoke. There is also 
evidence that current OCP use increases a woman's 
risk of DVT and/or PE [33]. However, OCP use, by 
itself, is not clearly associated with an increase in 
myocardial infarction or cerebrovascular events [21]. 
Consequently, premenopausal women who are con- 
sidering taking oral contraceptives should be advised 
of the risk posed by the combination of cardiovascular 
risk factors (such as smoking and hypertension) and 
OCP use. Alternative means of contraception should 
be discussed with women with any of these other risk 
factors. 

ANTIESTROGENS AND 
CARDIOVASCULAR DISEASE 
Because there is evidence that ERT may provide some 
protection against coronary disease, the question 
arises as to how drugs that have some antiestrogenic 
properties, such as tamoxifen (used primarily in the 
treatment of breast cancer), affect CVD rates. 
Tamoxifen is not a pure antiestogen because it has 
some estrogen agonist properties, depending on the 
target site [34]. There are not much data on the 
effects of tamoxifen on CVD, but the Scottish Breast 
Cancer Commit tee  has published results of their ret- 
rospective study comparing 1070 postmenopausal 
women who had operable breast cancer and who re- 
ceived tamoxifen for 5 years after diagnosis or for at 
least 6 weeks after the first recurrence of disease with 
those who did not receive any tamoxifen [35]. They 
found that women who received tamoxifen were sig- 
nificantly less likely (P = 0.0087) to die of a myocar- 
dial infarction than those who did not. There was no 
difference in the rates of death due to other CVD 
processes, such as congestive heart failure, stroke, 
mitral valve disease, and chronic ischemic heart dis- 
ease [35]. A firm conclusion about tamoxifen's effect 
on CVD cannot be reached based on this single retro- 
spective study, but it appears that tamoxifen does not 
increase rates of CVD. 

Hormones and Risk Factors for 
Cardiovascular Disease 

LIPIDS 

Estrogen Replacement Therapy. In women as well as 
men, total cholesterol tends to rise with age. High-  
density lipoprotein (HDL) levels, in contrast, stay 
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FIGURE 43-5. Age trends in lipoprotein cholesterol frac- 
tions. Framingham Study. (Reprinted, with permission, 
from Kannel [~,6].) 

relatively constant throughout life in both sexes, al- 
though women's HDL levels are approximately 
10 mg/dL higher than men's. Low-density lipoprotein 
(LDL) levels increase in both sexes with age, but 
women have a much more marked rise in LDL after 
menopause, and LDL levels in women over age 60 are 
higher than those in men of the same age (Figure 43- 
5) [36]. These data suggest that there is an effect of 
menopause, and the consequent decrease in estrogen 
levels, on lipid levels. As alluded to earlier, this idea 
is further supported by reports on the effect of post- 
menopausal ERT on the lipid levels in women. 

Estrogen has a beneficial effect on most compo- 
nents of the lipid profile [37,38]. It is one of the few 
medications that has been shown to increase HDL 
levels, particularly the subtraction HDL2, as well as 
levels of the major apoprotein of HDL, apoprotein A- 
I. Because estrogen also decreases the levels of the 
atherogenic lipoproteins LDL and LP(a), the result is 
an improved LDL/HDL ratio [39]. One potentially 
negative effect of estrogen on the lipid profile is that 
it increases very low-density lipoprotein (VLDL) lev- 
els, and thus increases triglyceride levels. Whether  
this effect is atherogenic is a matter of debate, but  if 
a patient already has markedly elevated triglyceride 
levels, estrogen (especially oral estrogens) may exacer- 
bate this problem [40-42] .  

FIGURE 43-6. A general model of lipoprotein metalx)lism. 
Top: Normal flow of cholesterol to and from peripheral 
tissues. Middle and bottom: Known or postulated effects 
of estrogen anti progestin on lipoprotein transport. Estro- 
gen and progestin have opposing actions on very low-den- 
sity lipoprotein (VLDL) secretion and hepatic triglyceride 
lipase (HTGL) activity. HDL and LDL are high-and low- 
density litx)proteins, respectively. (Reprinted, with permis- 
sion, from Knopp [155t.) 

The route of administration, potency, and chemical 
structure of estrogen also have an impact on its effects 
on lipids. Oral estrogen formulations, such as oral 
conjugated equine estrogens (CEE), in general, are 
much more potent in this regard than are transdermal 
estrogens such as Estraderm, because oral prepara- 
tions induce achieve a higher concentration in the 
liver from the portal circulation [43]. However, the 
synthetic estrogen, ethinyl estradiol, is so potent that 
even if given topically it may cause lipoprotein 
changes similar to those seen with oral estrogens [44]. 
In general, synthetic estrogens tend to be more potent 
than the standard doses of natural estrogens. Thus, 
the physician prescribing either oral contraceptives or 
ERT should take into account the different effects of 
the various formulations on the lipid profile. For ex- 
ample, in the patient with moderately elevated trig- 
lyceride levels, a transdermal preparation may be 
preferable to an oral one. 

How estrogen causes changes in lipoprotein levels 
is not completely known, but there are some data on 
how estrogen affects lipoprotein metabolism. First, it 
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TABLE 43-3. Effects of nonoral estrogens on lipoproteins 

Study n Duration Estrogen Dose/day Route 

LDL-c 
(% A from 
baseline) 

ItDL-c 
( % A from 
baseline) 

Mandel [143] 20 I mo CEE 0.3mg Vaginal cream O O 
Goebelsmann [44] 3 25 days EE 501ag Vaginal suppository -20 25 
Lobo [144] 22 3 mo Estradiol 25 mg Pellet 3 48 
Farish [145] 14 6mo Esradiol 50mg Pellet -6 7 
Sharf [ 146] 8 3 mo Estradiol 1 O0 mg Pellet -31 32 
Jensen [147] 20 12mo Estradiol 5mg Abdominal cream 10 6" 
Fahraeus [148] 17 6mo Estradiol 3mg Abdominal gel - -  4 
Chetkowski [149] 23 4mo Estradiol 0.2mg Patch 0 0 

"Percent change from placebt) group. 
fie = ethinyl estradiol; CEE = conjugated equine estrogem LDL-c = low density lipoprotein cholesterol; HDL-c = high-density lipoprotein cholesterol. 
Reprinted, with permission, from Miller and LaRosa [48]. 

inhibits the catabolism of HDL, and it increases that 
of LDL [45,46]. One mechanism by which estrogen 
increases LDL catabolism is by inducing an increase 
in the number of LDL receptors in the liver [47]. 
In addition, it decreases the size of LDL particles and 
the apoprotein E/B ratio, both of which may have an 
effect on LDL's atherogenicity. Overall cholesterol 
excretion is enhanced by estrogen because it 
stimulates the function of 7-alpha-hydroxylase en- 
zyme, which is important in the production of bile 
acids. Even though estrogen increases triglyceride 
levels by increasing the production of VLDL, the 
major carrier of triglycerides in the blood, it also 
increases catabolism of VLDL, leading to an overall 
increased rate of its turnover. This increased rate of 
turnover may lead to improved transfer of cholesterol 
to HDL, facilitating reverse cholesterol transport, but 
this is still under investigation [48]. A depiction of 
the mechanisms by which estrogen and pro- 
gestins affect lipid metabolism is shown in Figure 
43-6 [49]. 

Studies demonstrate that the synthetic estrogens 
(most commonly found in OCPs) increase HDL by 
26%-38%, and natural estrogens (most commonly 
used for ERT in the United States) increase HDL by 
9%-24%. In the PEPI trial, CEE therapy induced 
increases in HDL levels in first 6-12 months of 
therapy that were not evident in the following 24 
months [38]. Table 43-3 shows the effect of nonoral 
estrogen preparations on lipoprotein profiles [48]. 
These beneficial changes in the lipoprotein profile 
induced by estrogen probably contribute to its pro- 
tective effect against coronary disease, but when the 
magnitude of these changes are compared with that of 
changes with other lipid-lowering therapy, the 

TABLE 43-4. Progesrogens and progestins 

19-Nortestosterone-related progestogens 
Gonanes 

Levonorgestrel 
Desogestrel 
Gestodene 
Norgestimate 

Estranes 
Norethindrone 
Norethindrone acetate 
Ethynodiol diacetate 
Lynestranol 
Norethynodrel 

17-ot-Hydroxyprogesterone-related progestins 
Pregnanes 

Medroxyprogesterone 
Chlormadinone acetate 
Megestrol acetate 
Cyproterone acetate 
Natural progesterone 

Reprinted, with permission, from Miller and LaRosa [48] 

benefits of estrogen are out of proportion to the rather 
modest effect on lipids. 

Progestin Replacement. Because progestins are often 
used to nullify the negative effects that ERT can have 
on uterine tissue in postmenopausal women who have 
not had a hysterectomy, it is important to consider 
the effects of progestins on lipid levels as well. In 
general, the effects of progestins on the lipid profile 
are opposite those of estrogen. Progestins decrease 
HDL, increase LDL, and decrease VLDL levels; the 
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more androgenic a particular progestin is, the greater 
these effects on lipids will be. Thus, norethindrone is 
a synthetic progestin that exerts a greater amount  of 
androgenic activity than medroxyprogesterone ac- 
etate (MPA), so that norethindrone decreases HDL 
(particularly HDL2) and VLDL, and increases LDL, to 
a greater degree than does MPA. Table 43-4 lists 
progestins (and progestogens) and their chemical 
classification [48]. In general, estranes have a greater 
androgenic effect than pregnanes. Norgestimate and 
levonorgesterel are moderately androgenic. The 
newer gonanes, desogesterel and gestodene, and MPA 
are the least androgenic of those listed [50]. 

Desogestrel even has a beneficial effect on total 
HDL levels, although HDL2 levels tend to decrease 
slightly [51-54] .  Of  the progestins typically used for 
hormone replacement, natural progesterone has the 
least negative effect on HDL levels, as was shown 
in the PEPI Trial [38,55t. However, even when natu- 
ral progesterone was given with CEE, there was a 
slight attenuation of the beneficial effects on lipids of 
CEE therapy alone. The magnitude of the changes 
in LDL, total cholesterol, and triglyceride levels due 
to the addition of different progestins to 0.625 mg 
CEE seen in the PEPI trial is shown in Figure 43-7 
[38]. 
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FIGURE 43-7. Mean percentage change from baseline by treatment arm for high-density lipoprotein (top left), low-density 
lipoprotein (top right), triglycerides (bottom left), and total cholesterol (bottom right). Three-year treatment groups were 
as follows: (1) placebo; (2) conjugated equine estrogen (CEE), 0.625mg/day; (3) CEE, 0.625mg/day, plus cyclic 
medroxyprogesterone acetate (MPA), lO mg/day for 12 days/month; (4) CEE, 0.625 mg/day, plus consecutive MPA, 2.5 mg/ 
day; or (5) CEE, 0.625 mg/day, plus cyclic micronized progesterone (MP), 200mg/day tor 12 days/mo. (Reprinted, with 
permission, from Writing Group for the PEPI Trial. [38l. Copyright 1995, American Medical Association.) 
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TABLE '13-5. Percent change of lipids and lipoproteins due to oral contraceptives 

Progestogen 

Total 
Ethinyl cycle 
estradiol dose 

Reference (~g) Name mg (rag) HDL c HDL, HDL~ Apo A-I kDk-c Apo B 
Total 
trig. 

Lipson [150] 50 Norgestrel 0.5 10.5 -13 -27 5 
Powell [151] ~O l.evonorgestret 0.15 3.15 -12.2 - -  - -  

Burkman [1521 30 LevonorgestreJ O. l 5 3.15 -8.7 - -  - -  
Krauss [ l 5 3 }  1 0  Levonorgesrrel O. [ 5" ~. 15 - 4 . 3  - -  

Powell [151} 30 Ethynodiol 2.0 ,12 -6.3 - -  - -  
acetate 

Burkman [152] ~,5 Ethynodiol 1.0 2l 2.4 - -  - -  
acetate 

Lipson [ 150] 50 Ethynodiol 1.0 21 1 4 5 
acetate 

Powell [15l] 50 Ethynodio[ 1.0 21 -0.5 - -  - -  
acetate 

Lipson [ 150] 5/) Norethindrone 1.0 21 3 -3 11 
acetate 

Burkman [152] ";5 Norethindrone 1.O 21 -2.6 - 
Burkman [152] 35 Norethindrone 11.5, 1.0 16 -4.6 - -  - -  

(biphasic) 
Krauss [153] 35 Norethindrone 0..i 8.4 10.9 .... 
Percival- 

Smith [154] Triphasics Lcvonorgestret (I.05, 0.075, 1 .925  -1.7 - -  - -  
(30, .10, 30) 0.125 

Havengt [51] Triphasics Lcvonorgestrel 0.05, 0.075, 1.925 1.6 -51.5 - -  
(a,O, 40, 30) /).125 

Kloostertxx-r Triph~tsics Levonorgcstrel 0.05, 0.075, 1.925 0.0 -22  1.6 
[521 (30, i(1, 30) 0.125 

Gaspard [Sa,] Triphaslcs Levonorgestrel 0.(15, 0.075, 1.925 0.0 - -  - -  
(30, 40, 30) 0.125 

M~irz [5-i] ";0 Desogest rel 11.15 3.15 8.3 -I .3 1.1.2 
Harvengt [51] 30 l)csogest rel 11.15 3.15 13 -.1.5 - -  
Kloosterboer 

[521 30 Desogest rel 0.15 3.15 11.8 -4.4 9.8 
Gaspard [53] 311 l)esogestrel 0.15 3.15 5.4 - -  - -  
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Exactly how proges t ins  cause these changes  in the 

lipid profile remains  speculative. It is k n o w n  that  

they increase the activity of  l ipopro te in  lipase, which  

helps to rid the blood o f  t r iglycer ide-r ich particles 

such as VLDL and chy lomic rons  [56].  Proges t ins  also 

decrease concent ra t ions  of  VLDL (and, therefore, t r ig-  

lyceride levels) by decreasing its p roduc t ion .  The  in- 

creases in levels of  LDL that  occur  in pat ients  on these 

d rugs  is at least in par t  due  tn decreasing LDL recep- 

tor synthesis  because this receptor  is necessary tbr 

LDL uptake  and clearance [49].  

M e n s t r u a l  C y d e .  Many s tudies  have d o c u m e n t e d  

that  LDL decreases in the second half  of  the mens t rua l  

cycle in normal ly  ovula t ing  w o m e n  [ 5 8 - 6 1 ] .  H D L  

and tr iglyceride levels, on the o ther  hand,  remain  

relatively stable t h r o u g h o u t  the cycle (Figure  43-8)  

[49].  O n l y  in the s tudy by W o o d s  et al. was this 

pa t te rn  not  apparent  [62]. 

O r a l  Con t racep t i ves .  The  changes  in the lipid profile 

t h a t  are due to oral contracept ives  are more  difficult to 

d o c u m e n t  because there are many  different formula-  

t ions, and because some are biphasic and some are 

tr iphasic,  so that  delivered doses of  es t rogen and 

proges t ins  vary wi th  the stage of  the mens t rua l  cycle. 

Table  43-5 shows the effects of  various OCPs  on lipid 

levels [48].  The  s tudies  are listed so that  those in 
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FIGURE 43-9. Lipoprotein cholesterol concentrations 
(mean - SE) in normal women in the study of Knopp et al. 
pp -- lipoprotein cholesterol level at 6 weeks postpartum; 
HDL, LDL, and VLDL = high-, low- and very-low~ensity 
lipoprotein cholesterol. (Reprinted, with permission, from 
Knopp et al. [156].) 

which a more androgenically potent progestin was 
used are listed first. It is important to note in inter- 
preting these data that the laboratories performing 
blond tests and the length of treatment varied from 
study to study. Also, as was shown in the PEPI study, 
the same estrogen/progestogen combination could 
produce different lipid effects over time. Thus, al- 
though these studies are not completely comparable, 
they do illustrate that overall the dose and potency 
of the progestogen is the most important factor 
that determines the effects on lipids of a particular 
contraceptive. 

Pregnancy. Lipid levels increase substantially 
throughout pregnancy, triglyceride levels by 250% 
and total cholesterol by 25%, the latter reflecting 
increases in both LDL and HDL [63]. LDL increases 
to 1.6 times the prepregnancy level and HDL to 
approximately 1.5 times the prepregnancy level by 
midterm, but the increase in HDL drops to about 
1.15 times the pregestational level by the end of 
pregnancy (Figure 43-9) [49]. Levels of the main 
apoprotein of HDL, apoprotein AI, also increase, and 
they remain elevated throughout pregnancy [64]. 

These increases in lipoprotein levels appear to be 
necessary for the maturation of the fetus because over 
half the fetal cholesterol supply is derived from the 
maternal circulation. In vitro studies suggest that 
higher cholesterol levels also may be necessary for the 
production of placental steroids. Moreover, higher 
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apoprotein AI levels have been associated with in- 
creased birthweight.  

Thus, the marked increase in maternal cholesterol 
levels is probably necessary for fetal health, but this 
temporary increase does not appear to be detrimental  
to the mother with regard to her risk of atheroscle- 
rotic disease. One study has found an association be- 
tween parity and angina; however, no other "hard" 
endpoints, such as myocardial infarction or cardiovas- 
cular death, were fnund to correlate with parity, con- 
firming the findings of Oliver,  who found no 
correlation between CVD, in general, and giving 
birth [65,66]. Therefore, unless a woman has marked 
hyperlipidemia, such as heterozygous hypercholes- 
terolemia or hyperrriglyceridemia, that could put her 
at risk of a clinical event (such as pancreatitis) during 
her pregnancy, it is probably not necessary to 
check her routine lipid levels routinely: They will 
return to baseline levels by approximately 6 weeks 
postpartum. 

BLOOD PRESSURE 

Estrogen Replacement Therapy. The PEPI trial results 
have helped clarify the effect of ERT on blood pres- 
sure. This trial enrolled postmenopausal women who 
had a systolic blood pressure less than 160 m m H g  and 
a diastolic pressure less than 95 m m H g .  Although 
previous shorter trials led to conflicting results about 
the effect of estrogen on blood pressure, results from 
the PEPI trial showed that after 3 years there was no 
difference in systolic or diastolic blood pressure of 
subjects treated with estrogen, those on estrogen and 
medroxyprogestreone acetate, those receiving estro- 
gen and micronized progesterone, and those on pla- 
cebo. Al though mean systolic pressures decreased 
during the tirst year of treatment,  they increased in 
years 2 and 3 in all groups [38,67,68]. A recent 
prospective trial of ERT in postmenopausal women 
who were hypertensive at baseline also found no in- 
crease in blood pressure due to the estrogen [69]. 
Although occasional increases in blood pressure have 
been attributed to idiosyncratic reactions to estrogen, 
in general, ERT, with or without progesterone 
therapy, does not increase blood pressure in post- 
menopausal women. 

Oral Contraceptive Pills. Unlike ERT, therapy with 
OCPs has been associated with an increase in blood 
pressure in premenopausal women [70]. Al though in 
most women the increase is slight, approximately 5% 
develop hypertension within 5 years of OCP use, 
which is more than double the incidence in women 
who use other methods of birth control [70]. The risk 
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¢ 
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FIGURE 43-10. Changes in the renin-angintensin system 
induced by oral contraceptives containing estrogen. The 
dashed lines show the feedback inhibition uf renin release 
by angiotensin II. (Reprinted, with permission, from 
Kaplan [l 57]. Copyright 1990, Williams and Wilkins.) 

of hypertension with OCP use is increased in women 
who are over age 35, who are obese, who drink large 
amounts of alcohol, or who have had pregnancy- 
induced hypertension [71,72]. In half of patients with 
an increase in blood pressure with OCP, this effect 
disappears within 6 months after the OCP has been 
discontinued [72]. If this does not occur, a workup for 
another secondary cause of hypertension should be 
considered. All women on OCPs should have their 
blood pressure closely monitored. There is no differ- 
ence in the incidence of hypertension between those 
who formerly used OCPs and those who never used 
OCPs [73]. 

The mechanism by which OCPs increase blood 
pressure is diagrammed in Figure 43-10 [72,74]. 
Both estrogen and the synthetic progestins in OCPs 
contribute to this effect, which causes an increase in 
the amount of renin substrate, angiotensin II levels, 
and aldosterone levels, which leads to sodium reten- 
tion [75]. Although these same processes are nuted in 
postmenopausal women on ERT, as was mentioned 
earlier, these women do not appear to be at increased 
risk of hypertension [73]. Therapy for oral contracep- 
t ive- induced hypertension includes stopping their 
use, and a diuretic may be helpful for attenuation of 
increased sodium retention and plasma volume. 

INSULIN RESISTANCE 

Estrogen Replacement Therapy. Results from the 
PEPI trial have also helped to answer some of 
the questions about the effect of ERT and 
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progesterone replacement therapy on insulin resis- 
tance in nondiabetic women. Insulin levels, obtained 
2 hours after a glucose challenge, did not vary be- 
tween treatment and placebo groups, and levels in 
both groups tended to decrease over the 3-year fol- 
low-up period [38]. Fasting insulin levels tended to 
be lower in the treatment groups when compared 
with the placebo group, though not statistically sig- 
nificantly so. Fasting glucose levels were also de- 
creased in all the treatment groups compared with 
levels in the placebo group, but levels drawn 2 hours 
after a glucose challenge increased in the treatment 
versus the placebo group. The patients who experi- 
enced the largest increase in these levels were those 
taking conjugated equine estrogens and cyclic 
medroxyprogesterone acetate, or congugated equine 
estrogens and continuous medroxyprogesterone ac- 
etate, Thus, ERT has various effects on the markers of 
insulin resistance. If fasting insulin levels are better 
markers of insulin resistance than 2-hour post- 
challenge levels, as has been hypothesized, results of 
the PEPI trial indicate a beneficial effect of ERT on 
glucose tolerance [76]. 

Oral Contraceptive Pills. In contrast to the effects of 
ERT, OCP use in premenopausal women is associated 
with a slightly increased insulin resistance. In a pro- 
spective study by Kasdorf and Kalkhoff, plasma insu- 
lin levels are increased for at least 6 months after the 
initiation of OCP use [77]. As in the case of hyperten- 
sion, it appears that the clinical effects of ERT on 
insulin resistance are qualitatively different from 
those of OCPs. 

Estrogen and A therogenesis 
There is epidemiologic evidence that suggests estro- 
gen can inhibit atherosclerosis formation more than 
would be expected from its lipid-lowering effects 
alone. Many studies have been done to investigate this 
in a more controlled manner. 

Specifically, there have been studies in different 
mammalian models that show oopherectomized ani- 
mals administered ERT have less atherosclerosis than 
those not given ERT [78,79]. In the study by Haarbo 
et al., ovariectomized rabbits on high-cholesterol di- 
ets that were also on ERT had one-third the aortic 
accumulation of cholesterol of control animals [78]. 
Adams et al. also found that the antiatherogenic ef- 
fects ofestradiol were independent of changes in total 
plasma cholesterol, apoprntein A-1 (a lipoprotein in 
HDL) and B (a lipoprotein in LDL) concentrations, 
HDL subfraction heterogeneity, and LDL molecular 
weight [79]. These investigators also found that when 

some animals were given cyclic progesterone, there 
was no blunting of the beneficial effect on 
atherogenesis seen with ERT alone [78,79]. 

The mechanism(s) by which estrogen may alter the 
course of atherosclerosis has been the subject of much 
investigation. There is now evidence in nonhuman 
primates that estrogen affects some of the earliest 
events in atherogensis: LDL accumulation in the arte- 
rial wall and the degradation of LDL [80]. Remark- 
ably, ERT-induced decreases in LDL deposition and 
degradation are "independent of changes in choles- 
terol, lipoprotein cholesterol, apo A1 and B concen- 
trations, HDL subfraction heterogeneity, and LDL 
molecular weight" [80]. Also, early in atherogenesis, 
endothelial cells become cuboidal; later they exhibit 
degenerative changes. Estrogen has been shown to 
help to prevent this change in endothelial cells in a 
rabbit model of accelerated atherosclerosis [81]. 

Oxidation of LDL is also one of the critical early 
events in atherogenesis because oxidized LDL is in- 
gested by macrophages initially via the normal LDL 
receptor and later, after continued oxidation, via scav- 
enger receptors in an uncontrolled manner [82,83]. 
As a result, these macrophages become stuffed with 
lipids and evolve into foam cells, the cells that make 
up fatty streaks, and are the earliest grossly visible 
evidence of atherogenesis. Oxidized LDL is a 
chemoattractant that recruits more monocytes to the 
arterial wall, and it induces the endothelium to pro- 
duce monocyte chemoattractant protein 1 [83,84]. 
Oxidized LDL also facilitates the three stages of 
monocyte binding to endothelial cells: tethering, ac- 
tivation, and attachment [83,85]. In addition, as LDL 
becomes more oxidized it can exert a direct cytotoxic 
effect. As will be discussed later, there is evidence 
that estrogen can act as an antioxidant and could 
therefore prohibit the formation of oxidized LDL 
Results of the study by Jacobsson et al. support this 
hypothesis: They found that estradiol inhibited foam 
cell formation in rabbits with aortic allografts that 
were on a high-cholesterol diet [81]. Thus, there is 
evidence that estrogen can inhibit some of the early 
events in atherogenesis. 

There is also evidence that ERT can inhibit some of 
the later events in atherosclerosis, such as smooth 
muscle cell proliferation, excess collagen deposition, 
and an increase in thickness in the arterial wall. In 
Jacobsson's study, the thickness of the intima of the 
arterial wall in estradiol-treated rabbits on a high- 
cholesterol diet was significantly reduced in compari- 
son with wall thickness in those animals not on 
estradiol [81]. This intimal thickening consisted of 
smooth muscle cells in addition to foam cells, as 
observed by transmission electron microscopy. 
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Estradiol may act on smooth muscle cells via an estro- 
gen receptor-mediated pathway because these recep- 
tors have been found on the vascular smooth muscle 
cells of many species, including humans [86,87]. 
Smooth muscle cells are primarily responsible for the 
formation of a more advanced "sclerotic" plaque from 
the more benign fatty streaks, because these cells 
deposit collagen in the arterial wall. There is also 
evidence in animal models that estradiol prevents this 
collagen deposition, leading to a higher ratio of elas- 
tin to collagen, which probably makes arteries more 
distensible [88,89]. Estradiol does not, however, ap- 
pear to protect vein grafts from smooth muscle cell 
proliferation and consequent intimal hyperplasia 

[901. 
Of  interest is the fact that estrogen appears to 

facilitate one of the later processes in atherosclerotic 
plaque development:  calcium deposition. Capillary 
pericytes are probably responsible for calcium deposi- 
tion in vessels, and these cells do respond to estradiol. 
Estradiol appears to cause more bone formation and 
deposition in the arterial wall [91]. 

In summary, estrogen's antiatherogenic effects are 
our of proportion to its effect on lipid levels. There is 
evidence that estrogen may protect arteries from 
many early and late events in the progression of ath- 
erosclerosis, although it does facilitate calcium depo- 
sition in the arterial wall. 

Estrogen and Oxidation 
One possible reason that estrogen is associated with a 
decrease in progession of atherosclerosis is that it has 
antioxidant properties. As detailed earlier, lipid oxi- 
dation, and LDL oxidation in particular, is thought  to 
be one of the critical events in atherosclerosis initia- 
tion and progression. Thus, many substances, includ- 
ing estrogen, have been tested to determine if they act 
as antioxidants. 

There is reason to suspect that estrogen may be an 
antioxidant because, like the antioxidant 0~- 
tocopherol (vitamin E), estradiol has a phenolic hy- 
droxyl group that can donate a hydrogen atom and 
thus inhibit  further oxidative reactions [92]. In solu- 
tion, estradiol reacts with lipid peroxyl radicals and 
neutralizes them [93]. It also inhibits cell membrane 
phospholipid oxidation [94]. Estradiol may also help 
restore the antioxidant properties of other antioxi- 
dants such as vi tamin E, and there have been reports 
that it inhibits LDL oxidation [93,95]. To determine 
whether estrogen has an effect on the cell that medi- 
ates LDL oxidation in vivo, Rifici and Khachadurian 
incubated mononuclear cells with estradiol (at a con- 
centration of 1 ~mol/L) and LDL, and found that 

estradiol decreased LDL oxidation by 52% at a ratio of 
one molecule ofestradiol to two particles of LDL [96]. 
Moreover, they observed that not all estrogens had the 
same capacity to inhibit  oxidation: Specifically, estra- 
diol had a significant antioxidant effect on LDL oxida- 
tion, but estriol and estrone did not. Extending these 
studies, Subbiah tested the antioxidant capacity of 
different equine estrogens in comparison with the 
human estrogens estradiol and estrone. They found 
that the equine estrogens, especially equilin, had a 
more potent antioxidant effect than did either estrone 
or estradiol [97]. However, the concentration of 
estradiol used in the above-mentioned studies was 
much higher than that in a normal premenopausal 
woman or a postmenopausal woman on ERT. In fact, 
many of the studies on the antioxidative effects 
of estrogen in vitro have used supraphysiologic 
concentrations. 
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FIGURE 43-11. Plot illustrating ex vivo low-density lipo- 
protein (LDL) susceptibility to oxidation by aqueous 
peroxyl radicals in swine after 16 weeks of an atherogenic 
diet. Animals were subjected to ovariectomy (Ovex), sham 
procedure (Sham), or ovariectomy with 1713-estradiol im- 
plant (Implant) followed by an atherogenic diet. After 16 
weeks, LDL was harvested as described in "Methods" and 
assayed for susceptibility to oxidation by incubation 
(0.05 mg/mL LDL protein) with 10!ttmol/L 2,2'-azobis-(2- 
amidinopropane) hydrochloride, and lipid peroxidation was 
monitored by absorbance at 234 nm. The lag phase repre- 
sent the time preceding the propagation of conjugated 
dienes as described by Esterbauer et al. [158]. Values repre- 
sent mean + SEM of four animals per group. *P < 0.05 
versus ovariectomy group. (Reprinted, with permission, 
from Keaney et al. [106].) 
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Results of animal studies have also suggested that 
estrogen has some antioxidant properties. Keaney et 
al. showed that LDL from hypercholesterolemic swine 
that were given 17-13 estradiol and had undergone 
ovariectomy was significantly more resistant to ex 
vivo oxidation. This increased resistance to oxidation 
is shown by an increase in the lag phase, which is the 
time that precedes the propogation of conjugated 
dienes, that is, the time before oxidation can take 
place (Figure 43-11) [98]. 

In vivo studies in human subjects, both short-term 
intravenous infusions of estradiol and longer term 
estradiol administration by transdermal patch 
(0.1 mg/day), have been shown to inhibit LDL oxida- 
tion [99]. In addition, the antioxidant effect of estra- 
diol disappeared 1 month after it was discontinued. 
To determine whether estradiol helps restore other 
agents to their full antioxidant potential in vivo, 
Guetta et al. conducted an experiment wherein post- 
menopausal women were treated with either vitamin 
E, 17-13 estradiol, or both. They found that estradiol 
significantly inhibited LDL oxidation, and vitamin E 
also inhibited it, but that there was no evidence of a 
synergistic benefit when both were given. Thus, it 
does not appear that estradiol significantly regener- 
ates vitamin E's antioxidant effect in vivo [92]. 

In summary, there is evidence that estrogen acts as 
an antioxidant, and that certain estrogens, such as 
equilin, may have more potent antioxidant effects 
than others. However, most of the in vitro studies on 
the antioxidant effects of estrogen have used 
supraphysiologic doses, and the in vivo human stud- 
ies described earlier used the highest dose of commer- 
cially available, transdermal 17-13 estradiol. The 
conclusions of these studies regarding estrogen's anti- 
oxidant capacity, therefore, may not apply to post- 
menopausal women on lower doses of ERT. 

Estrogen and Vasomotor Tone 
There is a growing body of literature on the vasomo- 
tor effects of estrogen. Published results of in vitro 
and in vivo studies show that estrogen can cause 
vasodilation in many different arterial beds [100]. 
Conversely, a lack of estrogen has been shown to cause 
vasomotor instability [101]. Thus ERT's overall 
cardioprotective effect is likely, in part, to be the 
result of its beneficial effect on vasomotor tone. 

The mechanism by which estrogen causes vasodila- 
tion has not been fully elucidated. In vitro, 17-[~ 
estradiol causes relaxation of animal coronary artery 
rings that have been denuded of endothelium, appar- 
ently because it attenuates the contractile response of 
the ring caused by endothelin-1 [102]. Estrogen may 

also enhance vasodilation by decreasing calcium 
influx into coronary rings [103]. It is known that 
estrogen increases the basal release of the potent va- 
sodilator nitric oxide (NO) in vitro [104]. This is 
likely due to an increase in the activity of NO 
synthase, the enzyme that produces NO [105]. In 
another in vitro study, estrogen was shown to preserve 
normal endothelial-dependent relaxation in response 
to bradykinin and substance P, and estrogen also has 
been shown to cause vasodilation of canine coronary 
arteries in an endothelial-independent manner when 
it is given in supraphysiologic doses [ 106,107]. There 
are conflicting data regarding whether or not estrogen 
affects prostaglandin synthesis, which may influence 
vasomotor tone [108,109]. 

Results of many in vivo animal studies have sup- 
ported these in vitro findings. Short-term, systemic 
administration of 17-[3 estradiol was shown to in- 
crease uterine blood flow and to decrease uterine vas- 
cular resistance in sheep, a vasodilative effect that 
appears to be dependent on endothelial funtion in 
some animal models [110]. Williams et al. studied 
the effect ofethinyl estradiol on the vasomotor tone of 
the coronary arteries of ovariectomized, cynom- 
ologous monkeys with atherosclerosis [111]. To de- 
termine whether the vasodilation caused by estrogen 
is endothelial dependent, these investigators first ad- 
ministered intracoronary acetlycholine before the in- 
travenous administration of ethinyl estradiol. 

Acetlycholine administration can help delineate 
endothelial function because it has a vasodilative ef- 
fect when it causes endothelial cells to release NO, 
but a direct vasoconstrictive effect when it acts on 
vascular smooth muscle cells via a muscarinic receptor 
[112]. In normal arterial segments, the vasodilative 
effect of acetlycholine predominates, but in segments 
that are atherosclerotic or those that are denuded of 
endothelium, the vasoconstrictor effect predominates 
[113]. In Williams' study, ethinyl estradiol caused a 
reversal of the acetylcholine-induced vasoconstriction 
in the atherosclerotic arteries, indicating that the 
ethinyl estradiol acted via an endothelial-dependent 
mechanism. Another interesting finding in this study 
was that vasodilation occurred within 20 minutes of 
the start of the ethinyl estradiol infusion, suggesting 
that estrogen does not act by increasing NO synthesis 
alone, because this would probably require more time 
[111,114]. In another study, Williams' group found 
that the atherosclerotic coronary arteries of monkeys 
on long-term estrogen vasodilated in response to after 
acetlycholine [115]. 

Results of in vivo human studies also supported the 
hypothesis that estrogen is a vasodilator. Gangar et al. 
showed that the pulsatility index of the carotid artery 
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TABLE 43-& Mem~ age.adjusted clotting ~ctor and cholesterol levels durir~g 6-year ~b~.Iow-np by menopausal status 

Menopause 
Continued periods 

(n = 136) Natural (n = 69) Ardficiai (n = 28) 

Entry Follow-up Entry Follow-up Entry Fol!ow~v!p 

Factor VIl= (%) 10Z8 10 i.9 [07.4 12 i,2 99.5 10&6 
Fibrir~ogen (~,'L) 2.76 2.8 2.84 3.3I 2.81 3.03 
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FIGURE 4312 Change in the diameters olcoronary arter- 
ies f~orn women (left) produced by -an mtracoronary [n[u- 
s~o~a ~f acervbhu~ine ([.(>btmo[/min open bars: ldgrm~ 
ram. sr~ppbd bars} bek}re and aRer 2.5~mo~ of 
mtracorona~} ]7~-esrtadioI Net constriction before es~ro- 
g~:n. *P < 0.0] before vs. after estrogen Change m the 
diameter of c{~rcmarv arrerms from men { right) produced by 
an m~racoronarv infhsion of ace~vlchoiine (t,6btrnogmin. 
o]×,n bars: 16~tmoI;m?n_ sc~pphx~ bar~) before aud after 
7.2 proof of mcracoronarv 1.7~esrradioi. P = NS bef;~re vs 
after estrogen. (Reprinted, with permission from Collins er 
aI {t2I 1,) 

[wh{ch is tbot~ght ro represent m~pedance ro blood 
f low) correlated wit{/ rime since mem~pause, and that 
there was a mcgas~vc correlation between tl~is index 

and administrat ion of transdermal ERT in po~{meno- 
pmisai women [116]. Severa~ s~udies of ~he effect of 
short- term ERT on forearm blood flow ha~,e a~so been 
done [ 117 118]. "~:'hen I m g  sublingual 1 7 ~  estra~ 

d i d  was given to heakhy postmenopausal women. {r 
caused a decrease in the resistance m the vascular bed 
of the fbrearm~ as tested by venous occlusion pDthys- 
mography. Howevef~ tr should be nored rbar the 
blood levee of estradiol achbved bv the dose used m 
this study were higher than those in normal premeno- 
pausaI women. Giliigan et aL also studied the short- 
term vasodihtor effects of short- term estrogen on 
forearm arteries, but d~e dose ~sed in ~his study re~ 
stilted in e~atrad]o] concemradons typicaI of premeno- 
pausal women a¢ midcvcIe [ [17] .  They also study 
fbund that estradiol potentiated the vasodilation in~ 
duced by acetytcboline froth m wome~ who had risk 
~actoes for vascular dysf imcdon and i~ those who did 
hoe. Thus. orradio] potentiated endothelial- 
dependent  vasodilation. Es, radiol also potentiated 
endothe]mI-h~depender~t ~-asodiladon m the women 
wMq risk factors f})r vascuia~ dysfunction, tn contrast. 
Lieberman's study ot r the ef-f>ers of long-term estradkJ 
on the vesomoror tone of  the forearm fbuad d~at only 

endothelial-dependen* vasodilation was enhanced hy 
estradiol [I 19]. 

Tbe vasomotor response of d~e coiotiarv a~rerits ~o 
a short-term infusion of estrogen has also been tested 

[I14,120,121].  Gill[gun e t a ] .  observed thaL shore- 
term infusion of esrradio] to prcmenopausal [ev~-ts 
caused an enhancemen~ of endorhet iabdependenr  va- 
sodiladon in both large epicardial coronary arteries 
and c{~ronary mkmvascuIar  resistance arterms {[ 14], 
In comrasr to d~e findings o~ studies of forearm 
vaseu]ar resistance. ~E did hoe cause endothelial- 
independent  vasndilauom Also, es~radJol alone did 
not cause vasodilation in tl-~e absence of acetylcholine 

There is also evidence ro suggest t] m~ the coronaw 
arteries of men an({ womeu wm~ arheroscbrosis do 

hoe react in d?e same way ~o estro~4c~l [121] The 
coronary arteries ofpos[meDopausal  women mcrease 
m diameter  after estrogen adrniniswarhm and pro- 
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t reatment with acetylcholine, but the atherosclerotic 
coronary arteries of men are not affected (Figure 43- 
12) [121]. Estradiol also potentiated the increase in 
flow caused by acetylcholine in women but not in 
men. Thus, preexisting risk factors for vascular dys- 
function - -  dose of estrogen used, vascular bed stud- 
ied, duration of ERT, and g e n d e r -  may all have an 
effect on the type and degree of vascular response to 
estrogen. 

Estrogen and Coagulation 

ESTROGEN REPLACEMENT THERAPY 
Epidemiologic evidence suggests that postmeno- 
pausal women on ERT have a decreased risk of arterial 
thrombotic  disease, which is in contrast with the 
increased risk of venous thromboembolic disease in 
premenopausal women on OCPs. While  these two 
facts initially appear to be incongruous, the contra- 
diction can be explained by changes that occur in the 
coagulation and fibrinolytic pathways with meno- 
pause and with administration of different formula- 
tions of hormones. 

Wi th  menopause, levels of key elements in the 
coagulat ion-anticoagulat ion balance change. Factor 
Vl lc  and fibrinogen levels increase slightly, but there 
is a marked increase in the levels of the natural anti- 
coagulant, anti throbin III (Table 43-6 and Figure 43- 
13) [122-126] .  Consequently, postmenopausal 
women on low-dose ERT may not be at increased risk 
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FIGURE 43-13. Antithrombin III levels in participants in 
the Northwick Park Heart Study. • = premenopausal 
women; • = postmenopausal women; * = men. (Repro- 
duced, with permission, from Meade et al. [123].) 

for thrombotic disease because of their high levels of 
ant i thrombin III. 

These natural changes in the coagulation and fi- 
brinolytic systems become more pronounced with the 
institution of ERT, which appears to tip the system 
balance in favor of anticoagulation as opposed to co- 
agulation. For example, fibrinogen levels decrease in 
postmenopausal women who begin taking ERT; this 
decrease is especially important because an elevated 
fibrinogen level is a predictor of CVD [38,127]. In 
fact, the levels of fibrinogen in postmenopausal 
women on ERT are not significantly different from 
levels in premenopausal women [124]. In addition, 
levels of protein C and plasminogen, a precursor in 
the fibrinolytic pathway, are increased in postmeno- 
pausal women on ERT [124,128]. On the other hand, 
ERT does not appear to affect levels of factor VIII and 
yon Willebrand factor [128]. 

Markers of thrombin and Xa activity also do not 
appear to be adversely affected by ERT, as shown by 
Saleh et al. [129]. In their study, prothrombin frag- 
ment 1 + 2, which is a marker of fiactor Xa generation 
and thrombin-an t i th rombin  I11 complexes, were 
measured in postmenopausal women on H R T  and in 
those not on HRT.  There were no differences between 
these two groups with regard to these clott ing param- 
eters between the women not on ERT and those on 
ERT; moreover, there were no differences in these 
parameters between women on estrogen replacement 
only and those on estrogen and progesterone replace- 
ment. One of the only coagulation factors that has 
been studied that is increased in postmenopausal 
women on ERT, as compared with those not on it, is 
factor VII, but this does not appear to cause a hyper- 
coagulable state in the face of all of the other changes 
in the coagulation cascade mentioned earlier [128]. 
As was alluded to earlier, in the United States the 
dose and potency of the estrogens and progestins most 
commonly used for replacement therapy are lower 
than those used in oral contraceptives. Also, pre- 
menopausal women have higher endogenous levels of 
estrogen and lower levels of ant i thrombin III than 
postmenopausal women. Thus, the low rates of 
thrombotic disease in postmenopausal women on 
ERT may also be due, in part, to the lower levels and 
potencies of hormones in the blood and higher levels 
ofan t i th rombin  III of these women as compared with 
premenopausal women on OCPs. 

In summary, there is no evidence that ERT 
increases thrombotic risk in postmenopausal 
women. Still, in women who have had previous 
thromboembolic  disease and who may have a 
condition that predisposes them to clot, it may be 
prudent to avoid ERT unless the possible 
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increased risk of thrombosis  ~s outweighed by the 
benefits of  ERT. 

ORAL CONTRACEPTIVE PILLS 
As was ment ioned  in the secQon on oral contracep- 
tives and CVD, it has been shown tha t  OCPs. parEicu- 
[arly those that provide h igh  doses of estrogen, 
increase the risk of CVD. especially m women over 35 
years of  age who smoke (Figure 4 3 - i 4 )  [ l 9 - 2  I,130~. 
Epidemiologic  studies also sugges~ tha t  ~he risk of  
DVT and/or  PE is {ncreased w i th  OCP use. and that  
the  lower the dose of" estrogen in an OCP.  the k~wer 
the risk of th romboemboBc  disease [26,27A31}o 
Indeed, wi th  a decrease i~} the  average estrogen dose 
m OCPs came a decrease in the  f:requency with which 
th romboembol ic  disease was reported as an "adverse 
drug reaction" ( f igure  43-15) [26]. In addition° m 
their  Michigan  Medicaid s~udy, Gers tman  er al. 
found that whe~ rhev assigned the  relative risk of  
I )VT or PE in women taking low-dose estrogen OCPs 
(those conta ining less than 5 0 ~ g )  to be 1,0, the 
women taking "interrnediate~dose" OCPs  (those wi th  
50f ig  o f - e s t rogen )and  the group  of women taking 
"'higt>dose" OCPs ~rhose conra imng more than 30 g g  
of estrogen) had  relative risks of 1.5 and 1.7 respec= 
cively [ t  32]. In te rp re ta tmn  of these findings is some~ 
wha~ confounded by the  fact tha t  pat ients  were 
ass,gned to a group on the basis of estrogen dose and 
not potency,  bur  the study provides some evidence 
thor lower doses of estrogen correlate wi th  a decreased 
risk of DVT and PE [ t 3 2 ]  Consequendy,  the 

percentage of women taking OCPs w k h  h igh  doses of  
esErogens has decreased. In 1968. less than  1% of  oral 
contraceptives contained less than  50btg of estrogen, 
whereas in 1987, 7 5 ~  of OCPs contained less ~han 
50{1g of estrogen [132].  The increased risk of DVT 
as soc l a td  wi th  higher  dose OCPs has led re the 
withdrawl of  OCPs that  eonrained I00  [1 g of estrogen 
from the market  [27]. 

There is n~ consensus as ro the mechanism b) 
which contraceptwe steroids may increase the risk of 
t h r o m b o e m b o l k  disease, despite m u c h  research on 
the subieer. I t  is known that  the synrhetic esrrogens, 
ethiny] estradiol and mestranol  (which m v ise  is con- 
verted to ethinyI estradiol) bo th  increase the c lot t ing 
factor~ VII  and X. and tha t  these increases xre dose 
dependen t  [133,13'1] f ib r inogen  levels also appear 
re be increased in women on OCPs,  but  two studies 
f0uad no independent  effect of these drugs  on fibrino- 
ge, levels [135,136]  W i t h  OCP use. Dvels of 
anr icoagulat ion factors increase, pro te in  C levels and 
pro te in  S levels decrease, and a n t [ t h m m b i n  {ti levels 
and t h r o m b i n - a n t i t h r o m b i n  III levels remain  the 
same {Table 43~7~ [136].  Thus.  OCPs ma~ facilitate 
thromb~>sis because [eveIs of some factors that pro= 
more rhrombos,s  ate increased but the  low levds of 
ant i thrombh~ ill in premenopausal  women are not  
[136],  FibrinoIytic  factors are also affected by OCPs.  
hu t  in a manner  rl~at would iCavor fibrinolys~s. 
P lasminogen  activator inh ib i to r  (PAl), an inh ib i to r  of 
the fibrinolytlc system tha t  therefore promotes  
coagulation,  decreases in  bo th  level and activity wi th  
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TABLE 43-7. Impact of two monophasic oral contraceptive formulations on coagulation factors 

20Bg EE/15Oglg DSG 

Prethempy 12 mo 

30Bg EE/75btg GSD 

Pretherapy 12 mo 

Factor VII (%) 
Median 80 
Range 66-113 

Fibrinogen (}amol/L) 
Median 7.2 
Range 5.6-10.8 

Antithrombin IlI (%) 
Median 96 
Range 86-108 

Protein C (%) 
Median 86 
Range 59-127 

Protein S (%) 
Median 94 
Range 67-134 

Thrombin-antithrombin Ill (~g/L) 
Median 2.7 
Range 2.0-5.9 

126 87 137 
98-163 73-119 96-198 

8.7 7.7 8.4 
5.7-11.4 6.4-11.1 7.2-11.2 

99 101 100 
87-111 85-121 84 109 

103 88 93 
66-158 63-118 72-131 

84 101 84 
67-124 80-129 67-131 

3.1 2.9 3.() 
2.4-10.7 1.9-6.8 2.2-6.5 

EE = ethinyl estradiol; DSG = desogestrel; GSD = gesrodene. 
Reprinted, with permission, from Samsioe [27] 

administrat ion of OCPs, whereas levels of plasmino- 
gen antigen (the precursor of plasmin, a fibrinolytic 
enzyme) increase [136]. 

The mechanism of the apparent synergistic effect of 
smoking and OCP use on thrombosis is also not com- 
pletely understood. Data from two studies suggest 
that platelet aggregation is increased by the combina- 
tion of smoking and OCP use [137,138]. The data 
from the study by Mileikowski et al. also support the 
hypothesis that this synergy may be due to a decrease 
in prostacyclin formation. In this study, women who 
smoked and who were taking OCPs had a much lower 
level of  prostacyclin production (as evidenced by a 
lower urinary level of 6-keto-PGFl~)  in comparison 
with women who smoked but were not on OCPs and 
with nonsmokers who used OCPs [137]. 

Thus, al though the exact mechanism(s) by which 
OCPs increase the risk of venous thromboembolic  
events is not known, OCPs clearly affect clot t ing and 
fibrinolytic factors. Inherently low anti thrombin III 
levels in premenopausal women also probably con- 
rribute to the increased risk of thromboembolic  
events in OCP users. In addition, other risk factors for 
thrombotic  or hemorrhagic events (such as smoking) 
appear to have a synergistic effect with OCP use, 
perhaps through the effects of the combination of 
smoking and OCP use on prostacyclin synthesis. 

Estrogen and Exercise Capacity 
Estrogen may affect the adaptive response to training 
in women because in studies of healthy subjects, 
young women and young men exhibit the same adap- 
tations to training, but postmenopausal women and 
age-matched men do nor. W i t h  training, young men 
and women experience an increase in maximal oxygen 
uptake (VO, max), cardiac output,  maximal oxygen 
extraction by the working skeletal muscles, and left 
ventricular size [139]. However, postmenopausal 
women not taking ERT experience no increase in 
maximal cardiac output  in response to training, and 
the increase with training in VO, max seen in these 
women is solely based on an improvement  in maximal 
oxygen extraction [140,141]. Posrmenopausal 
women also do not have an increase in left ventricular 
size in response to training, in contrast to older men 
[141]. Studies are now underway to assess the effect of 
ERT on adaptations to training. Preliminary evidence 
suggests that healthy postmenopausal women on 
ERT do increase their cardiac output  as well as their 
oxygen extraction in response to training. 

There have been few studies to assess the effect of 
ERT on exercise capacity in postmenopausal women 
who have known coronary disease. One double- 
blinded, crossover study of the effects of short-term 
ERT in this subset ofpostmenopausal women showed 
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that in those women on ERT,  total exercise time, and 
t ime to l - ram ST-segment depression was signifi- 
cantly increased as compared with those in women on 
placebo (Figure 43-16) [142]. The increase in total 
exercise t ime in this subset of postmenopausal women 
may be due to an antiischemic effect and/or to an 
increase in cardiac output.  

Conclusions 
Estrogen has many different effects on the cardiovas- 
cular system of women, and these effects depend on 
their menopausal status and possibly on the type of 
estrogen and/or progestin being used, if any. ERT is 
associated with a decreased risk of death from CVD, 
but oral contraceptive use is accociated with a small 
increase in risk of CVD. This seeming paradox can be 
explained by examining estrogen's mechanisms of 
action in premenopausal and postmenopausal women. 
ERT in postmenopausal women improves lipid pro- 
files, bur this effect does not appear to account for all 
of its cardioprotective effect. ERT probably retards 
atherogenesis directly and has antioxidant effects, and 
it also improves vasomotor function. Moreover, it 
does not increase the risk of hypertension or 
thromboembolic  events in general. Finally, there is 
some evidence that estrogen has a role in a woman's 
response to exercise training, and it may improve 
myocardial perfusion. 

ERT should be considered for postmenopausal pa- 
tients, especially if they have risk factors for or evi- 
dence of CVD. When counseling a woman about 
ERT, a physician must consider the individual's risk 
of developing CVD or other conditions on which 
estrogen may have salutary effects (such as postmeno- 
pausal symptoms and osteoporosis), and her risk of 
developing a disease that may be negatively affected 
by ERT (such as breast cancer). Obviously, if a 
woman already has such a condition, her risk/benefit 
ratio may dictate that she would be better served by 
refraining from ERT. An individual's fears about de- 
veloping breast cancer as a result of ERT must also be 
taken into account in the counseling process. 

Current OCP use, on the other hand, is associated 
with an increased risk of hypertension and venous 
thromboembolic  events. The incidence of the latter is 
particularly increased in older women on OCPs who 
smoke or who have other cardiovascular risk factors, 
and these women should be made aware of their in- 
creased risk, and alternative means of contraception 
should be discussed with them. 
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44. DRUGS IN DEVELOPMENT 

Mark C. Thel and Robert A. Harrington 

Introduction 
The prevention and treatment of intracoronary 
thrombosis has assumed greater priority as our under- 
standing of the pathogenesis of ischemic heart disease 
has increased [1,2]. The appearance of layered 
thrombi in healed and acute coronary plaques implies 
that recurrent fissuring and thrombosis lead to plaque 
growth and fibrosis [3-7]. Platelet-derived growth 
factors contribute to the cellular response by inducing 
neoinrimal proliferation [8,9]. Platelet deposition 
and thrombus formation at the site of plaque disrup- 
tion are basic to atherosclerotic progression and even- 
tual occlusion, with thrombosis at the site of 
atherosclerotic plaque rupture being the fundamental 
step in the acute coronary syndromes of unstable an- 
gina (UA) and acute myocardial infarction (AMI). 
Fresh thrombi in these lesions have been confirmed 
by angioscopic, angiographic, and histologic studies 
[4,5,10-13]. While thrombolytic agents restore 
complete arterial patency (Thrombolysis in Myocar- 
dial Infarction [TIMI] grade 3 flow) in up to 54% 
of patients at 90 minutes, residual thrombus and 
ongoing thrombin generation and platelet activation 
contribute to vessel reocclusion and subsequently 
increase myocardial dysfunction and mortality [14-  
27]. 

Thrombosis also occurs at the site of vascular injury 
following percutaneous transluminal coronary angio- 
plasty (PTCA) [6,28-32]. Platelet activation and ag- 
gregation and thrombus formation lead to abrupt 
closure and, more importantly, to clinical ischemic 
complications [33-40]. The same processes promote 
restenosis, the major chronic limitation of PTCA 
[41~i6]. In fact, the relatively controlled and predict- 
able events following PTCA and the ability to time 
pharmacologic interventions in this setting provide 
a useful model to investigate antithrombotic and 
antiplatelet agents. Animal and human studies sug- 
gest that suppression of ADP-induced platelet ag- 
gregation to <20% of baseline (>80% inhibition of 
platelet aggregation) may be an appropriate ex vivo 

marker because it correlates with reduced thrombosis 
and fewer ischemic events following PTCA [47-50]. 

The pathologic generation of thrombus in the set- 
ting of UA, AMI, and PTCA proceeds identically to 
the appropriate protective mechanisms that minimize 
hemorrhage following other forms of vascular injury 
(Figure 44-1). The initial step in hemostasis and 
thrombus formation is platelet adherence to newly 
exposed subendothelial proteins via integrin recep- 
tors. Described by Hynes in 1987, integrins are a 
family of membrane hererodimers found on essen- 
tially all cell types that are responsible for cell-cell 
and cell-matrix interaction [51,52]. They are com- 
posed of noncovalently bound glycoprotein (GP) 
and 13 transmembrane subunits. The extracellular 
portion of the subunit combination defines the 
receptor's specificity and affinity for ligands. The in- 
tracellular domain interacts with cytoplasmic con- 
stituents, producing a cellular response upon ligand 
binding. At least 16 o~ and 8 13 subunits, forming 22 
integrins, have been identified. 

Inactivated resting platelets form a monolayer on 
the disrupted subendothelium by binding to yon 
Willebrand factor (vWF) and collagen directly via 
their GPIb (not an integrin) and GPIa/IIa receptors, 
respectively. Once activated (by adenosine diphos- 
phate [ADP], serotonin, epinephrine, thromboxane 
A 2 [TxA2], vasopressin, plasmin, shear stress, or 
thrombin), the GPlIb/IIIa receptors undergo confor- 
mational changes, allowing them to bind soluble 
fibrinogen and vWF [53,54]. Because each platelet 
contains about 50,000 GPIIb/Illa receptors, and 
the ligands themselves are multivalent, fibrinogen 
bridges are quickly formed that produce a platelet 
network, the final common pathway of platelet 
aggregation. 

In 1984 Pierschbacher and Ruoslahti identified 
Arg-Gly-Asp (RGD) as the minimum recognition 
sequence in fibronectin for GPIIb/IIIa binding [55]. 
The same RGD sequence is responsible for GPIIb/IIIa 
binding to fibrinogen, vWF, thrombospondin, col- 
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FIGURE 14-1. Generation of thrombus after vascular 
injury'. 
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Cyclooxygenase inhibitors 
1. Aspirin 
Thromboxane synthase inhibitors 
Thromboxane A2 receptor antagonists 
1. Sulotroban 
2. GR32191B 
Phosphodiesterase inhibitors 
1. Dipyridamole 
Anti-ADP 
l. Ticlopidine 
2. Clopidogrel 
GP IIb/IIla antagonists 
1. Monoclonal antiDody 

a. Abciximab/c7E3 
2. Cyclic RGD peptides 

a. Eptifibatide 
b. MK-852 
c. G-4120 

3. Pseudopeptides 
a. Lamifiban 
b. Tirofiban MK-383 

4. Orally active drugs 
a. Xemlofiban SC 54684 
b. BIBU-52 
c. GR 144,053 
d. L 703,014 

lagen, laminin,  and vitronectin [56]. Likewise, this 
RGD sequence also adheres to other integrins, 
for example, Ots[3, and ~v[3~. The RGD sequence is 
necessary, bur not sufficient, tor ligand binding. 
Ironically, though fibrinogen contains four RGD 
sequences, its primary GPIIb/I l la  b inding  sequence 
appears to be a Lys-Gln-Ala-Asp-Val sequence on its 
~' chain [57-59] .  

Tissue factor is also expressed on disruption of the 
vascular endothelium and initiates the coagulation 
cascade simultaneously with the formation of the 
platelet network, which is initiated by exposure to 
collagen and vWF [60-62].  Tissue factor is a trans- 
membrane glycoprotein that is normally shielded 
from the intravascular space. Once expressed on acti- 
vated endothelial and smooth muscle cells and mono- 
cytes/macrophages, tissue factor acts in conjunction 
with factor VIIa to launch the extrinsic pathway of 
coagulation (see Figure 44-l) .  The coagulation cas- 
cade is amplified by activation of the factor IX/factor 
VIII -dependent  intrinsic pathway. The participation 
of both pathways ensures adequate levels of factor Xa 
to stimulate thrombin (factor II) production. Throm- 
bin cleaves fibrinogen to fb r in  and fibrinopeptides A 

TABEE 44-2. Antithrombin agents 

I. indirect antithrombins (antithrombin IIl dependent) 
l. Heparin 
2. Low molecular weight heparin 
3. Heparinoids 

1i. Direct antithrombins 
1. Hirudin derivatives 

a. Desirudin (hirudin) 
b. tiirutog 
c. Hirugen 

2. Thrombin active site inhibimrs 
a. PPACK 
b. Argatroban 

1II. Factor Xa inhibitors 
1. Recombinant tick anticoagulant peptide 
2. Antistatin 

IV. Endogenous inhibitors 
1. Tissue factor pathway inhibitor 
2. Thrombomodulin 
3. Protein C 
4. Antithrombin III 
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TABLE 44-3. Selected trials and meta-analyses of antiplatelet agents 

Agent Population Trial 

Aspirin 
Aspirin 
Aspirin 
Aspirin 
Aspir,n 
Aspirin 
Aspirin 
Aspirin 
Aspirin 
Aspirin 
Aspirm 
Aspirin 
Aspirm 
Sulotroban 
GR32191B 
Ridogrel 
Ticlopidine 
Ticlopidine 
Ticlopidine 
Ticlopidine 
Ticlopidine 
Clopidogrel 
Abciximab 
Abciximab 
Abciximab 
Abciximab 
Abciximab 
Abciximab 
Eptifibatide 
Eptifibatide 
Eptifibatide 
Eptifibatide 
Lamifiban 
Lamifiban 
Lamifiban 
Tirofiban 
Tirofiban 
Tirofiban 
Xemlofiban 

Primary prevention Physicians Health Study [76] 
Primary prevention British Doctors Trial [77] 
Primary prevention Nurses' Health Study In Progress [78] 
Secondary prevention Antiplatelet Trialists' Collaboration [80] 
Secondary prevention Antiplatelet Trialists' Collaboration [81] 
UA VA Cooperative Study [84] 
UA Theroux [82] 
UA Cairns [83t 
UA RISC [85] 
AMI ISIS-2 [86] 
PTCA Schwartz [43] 
PTCA Lembo {871 
CABG Antiplatelet Trialists' Collaboration [81 ] 
PTCA M-HEART 1I [107] 
PTCA CARPORT [ 109] 
AMI RAPT [116] 
UA galsano [ 1441 
PTCA Ticlopidine Muir[center Trial [147] 
PTCA TACT [311] 
PTCA/stent Hall [153] 
PTCA/stent ISAR [154] 
Secondary prevention CAPRIE, in progress 
UA Simoons [16l] 
PTCA EPIC [45] 
PTCA EPILOG [1651 
PTCA CAPTURE [166] 
Stent ERASER, in progress 
AMI RAPPORT, in progress 
UA Schulman l172] 
AMI 1MPACT-AMI [173] 
PTCA IMPACT I1 [176] 
UA PURSUIT, in progress 
UA Theroux [ 177] 
UA PARAGON, in progress 
AMI PARADIGM, in progress 
PTCA Kereiakes [ 178] 
UA PRISM, in progress 
PTCA RESTORE [179] 
PTCA ORBIT, in progress 

UA = Unstable angina: AMI = Acute myocardial infarction; PTCA = percutaneous transluminal coronar) 
angioplasry; CABG = coronary artery graft, 

and B. Fibrin polymerization and crosslinking stabi- 
lize the platelet scaffolding by filling the gaps among 
the platelets and the subendothelial matrix. 

The complexity and redundancy of hemostasis 
yield several potential mechanisms to inhibit  intra- 
coronary thromboembolism (Tables 44-1 and 44-2). 
Platelet activation can be inhibited through blockade 
of in vivo agonists and intraplatelet enzymes. Platelet 
aggregation can be interrupted by drugs that prevent 

GPIIb/II la  recognition and binding to  RGD se- 
quences. Potential targets for interruption of the co- 
agulation cascade include inhibi t ion of naturally 
occurring procoagulants (e.g., tissue factor), throm- 
bin generation, and thrombin activity, either directly 
or indirectly via ant i thrombin III. Fundamental  to 
thrombosis, the inhibi t ion of thrombin generation 
and activity has been a focus in drug development. 
Thrombin  is directly responsible for fibrinogen clear- 
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age, activation of factor XIII that crosslinks fibrin and 
secures the clot, activation of factors V and VIII that 
autoamplify its own production, vasoconstriction 
in the damaged vessel through endothelin release, 
platelet activation, neutrophil and monocyte chemo- 
taxis, and the production of mitogens that enhance 
endothelial and smooth muscle cell proliferation 
[ 15,63,64]. 

This chapter reviews the use of novel antiplatelet 
and antithrombotic agents to minimize intracoronary 
thrombosis, both as primary and as adjunctive 
therapy, to stabilize the unstable plaque in the acute 
coronary syndromes, to accelerate and maintain 
coronary patency after thrombolytic therapy, and to 
reduce abrupt closure and restenosis following percu- 
taneous coronary intervention. 

Cyclooxygenase Inhibitors and Aspirin 
While aspirin is hardly a novel drug, its efficacy proves 
the potential benefit of platelet inhibition and pro- 
vides the benchmark for comparisons (Table 44-3) 
[65-67]. The initial step in the synthesis of all pros- 
taglandins and thromboxane A2 is the conversion of 
arachidonic acid from membrane phospholipids to 
the endoperoxide intermediate PGG, via cyclooxy- 
genase. Aspirin irreversibly acetylates cyclooxygenase 
[68,69]. The nonsteroidal antiinflammatory agents 
only transiently inhibit cyclooxygenase and prolong 
the bleeding time [70-72]. The subsequent conver- 
sion of PGG, to PGH, is catalyzed by a hydro- 
peroxidase [73]. These first two steps are generalized; 
the further metabolism of PGH2 is cell specific. In 
platelets PGH 2 is converted to TxA2, and in endothe- 
lial cells it is converted to prosracyclin (PGI) .  Throm- 
boxane A, is a potent stimulator of vasoconstriction 
and platelet aggregation, while prostacyclin is a va- 
sodilator that inhibits platelet aggregation [74]. 

Over 300 randomized trials have evaluated 
aspirin's therapeutic potential in ischemic heart dis- 
ease [75]. The two large primary prevention trials 
yielded conflicting results. In the Physician's Health 
Study, practitioners assigned to alternate-day aspirin 
(325 rag) had a 44% relative reduction in the inci- 
dence of first acute myocardial infarction (AMI) at the 
cost of a statistically insignificant increased risk of 
stroke; there was no difference in mortality or the 
incidence of angina [76]. In the British Doctor's Trial 
(aspirin 500mg daily), there was not a significant 
difference between the groups in total mortality or 
the incidence of fatal or nonfatal AMI or stroke [77]. 
The ongoing Nurses' Health Study is evaluating the 
use of aspirin in 40,000 nurses without known cardio- 
vascular disease [78]. 

Because individual trials have been insufficiently 
powered, pooled data are necessary to demonstrate 
aspirin's efficacy in the secondary prevention of 
myocardial infarction. The 1988 Oxford Antiplatelet 
Trialists' Collaboration review of 25 secondary pre- 
vention trials found that, compared with placebo, 
treatment with antiplatelet agents reduced rein- 
farction by 32%, nonfatal stroke by 42%, and vascu- 
lar mortality by 15% [79]. Their second analysis of 
145 randomized trials involving 70,000 patients with 
prior cardiovascular disease found similar results [80]. 
Further analysis revealed an approximate 50% in- 
crease in vessel patency, with the use of aspirin in 
patients following coronary artery bypass surgery, 
PTCA, peripheral vascular surgery, and even place- 
ment of hemodialysis shunts [81]. 

Four randomized trials investigating the use of 
aspirin in unstable angina have shown about a 50% 
reduction in the incidence of death and myocardial 
infarction [82-85]. In the Second International Study 
of Infarct Survival (ISIS-2), patients assigned to treat- 
ment with aspirin had reduced reinfarction, stroke, 
and all-cause mortality [86]. Patients randomized to 
aspirin alone had a 23% reduction in vascular mortal- 
ity compared with placebo at 5 weeks (95c~ CI 15- 
30%, 2P < 0.00001), while patients randomized to 
aspirin in combination with streptokinase had a 42% 
reduction in total mortality (95% CI 34-50%, 2P < 
0.00001). Treating 1000 patients with suspected 
AMI with aspirin for 1 month would avoid 25 deaths 
and 10-15 nonfatal reinf;arctions or strokes. 

Several studies and reviews have documented 
aspirin's ability to decrease abrupt closure and acute 
ischemic complications following coronary angio- 
plasry [43,87-90]. Schwartz et al. randomized 376 
patients to aspirin and dipyridamole or placebo prior 
to PTCA. The incidence of Q-wave myocardial 
infarction was 1.6% in patients assigned to active 
treatment versus 6.9% in the placebo group (P = 
0.0113) [43]. In Kent et al.'s retrospective analysis of 
500 consecutive patients, those patients who received 
aspirin had a procedural success rate of 92~  versus 
a success rate of 80% in those who did not receive 
aspirin (P < 0.01) [89]. Although sevccal studies have 
evaluated the combination of a, '  ,~i- ,rid diypri- 
damole after PTCA, Lembo et al. found no additional 
benefit of dipyridamole to aspirin alone [87]. 

Although aspirin's role in the treatment of 
ischemic heart disease is accepted, its limitations and 
the persistence of ischemic events despite full doses 
have spurred the investigation of more effective 
agents. Aspirin's efficacy is limited by its inability to 
inhibit platelet adhesion to the subendothelial ma- 
trix; release of platelet-derived growth factor (PDGF) 
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and secretory granules; and ADP, collagen, and 
thrombin-induced platelet aggregation [91-941. Just 
as the initial successful thrombolytic trials led to 
other larger trials, aspirin's success has stimulated the 
development and investigation of novel antiplatelet 
agents to further decrease the complications of 
ischemic heart disease. 

Thromboxane Synthase Inhibitors 
Attempts to selectively inhibit TxA 2 and to spare 
prostacyclin production with various doses of aspirin 
have failed; even low-dose aspirin inhibits both TxA e 
and PGI z production [91,95]. Thromboxane synthase 
catalyzes the conversion o fPGH 2 to TxA2 in platelets. 
Selective inhibition of thromboxane synthase (rather 
than cyclooxygenase) not only decreases TxA 2 forma- 
tion, but also increases endothelial prostacyclin and 
PGD2 production due to the accumulation of PGH 2 
[96-98]. Ideally, the increased production of these 
endogenous platelet inhibitors could be exploited to 
inhibit thrombosis. Unfortunately, this approach has 
failed to produce any clinical benefit. At least seven 
thromboxane synthase inhibitors have been evaluated 
in multiple disease processes with minimal effect on 
ex vivo platelet aggregation, bleeding time, and clini- 
cal course [99-102]. The ability of the accumulated 
PGH 2 to occupy the TxA 2 receptor and to activate 
platelets, the short half-life of these agents, and 
their incomplete inhibition of thromboxane synthase 
explain the disappointing results in human clinical 
trials [102-104].  

Thromboxane Receptor Antagonists 
Blockade of the thromboxane A s receptor offers the 
potential advantage of overcoming incomplete en- 
zyme inhibition and blocking the action of both TxA 2 
and the cyclic endoperoxide intermediates without 
interfering with prostacyclin's "protective" effect 
[73,105,106]. Sulotroban (BM 13,177) has been 
studied most extensively. In the first phase I study, 
Gresele et al. found that a single dose prolonged the 
bleeding time and inhibited arachidonic acid, low- 
dose collagen, and endoperoxide-mediated platelet 
aggregation [105]. The Multi-Hospital Eastern At- 
lantic Restenosis Trial (M-HEART II) investigators 
randomized 752 patients to aspirin, sulotroban, or 
placebo prior to planned PTCA [107]. Treatment 
with aspirin reduced the rate of the composite pri- 
mary endpoint (death, myocardial infarction, or clini- 
cally significant restenosis) to 30%, compared with 
44% in patients treated with sulotroban (P < 0.05) 
and 41% in the placebo group (P < 0.05). While 

there was not a statistically significant difference in 
the rate of angiographic restenosis at 6 months in 
either active group compared with placebo, the 39% 
restenosis rate in the aspirin group was significantly 
less than the 53% rate in the sulotroban group (P = 
0.006). In a placebo-controlled study (no aspirin) 
in 175 patients, Hacker et al. found that assignment 
to sulotroban produced a significant reduction in 
angiographically documented saphenous vein graft 
occlusion 21 days after surgery of 3.1% versus 11.5 % 
in patients assigned to placebo (P < 0.02) [108]. 
In the Coronary Artery Restenosis Prevention on 
Repeated Thromboxane-Antagonism Study Group 
(CARPORT), 697 patients were randomly assigned 
to either the oral thromboxane A2 antagonist 
GR32191B 1 hour prior to intervention, which was 
continued for 6 months, or a single close of aspirin 
prior to the procedure followed by placebo for 6 
months [109]. Despite minimal antiplatelet therapy 
in the control group, there was no difference in clini- 
cal events or angiographic restenosis between the 
groups. At least six other oral agents that effectively 
inhibited ex-vivo platelet aggregation have been 
evaluated in clinical trials, but none produced a clini- 
cal benefit [99.110]. Because these drugs are competi- 
tive inhibitors, they are displaced from receptors by 
high levels of the endogenous ligands, TxA, and 
PGH~. In addition, like aspirin, they are limited by 
their inability to inhibit TxA2-independent platelet 
aggregation [ 111 ]. 

Combined thromboxane synthase inhibition and 
TxAJPGH., receptor blockade overcomes some of the 
limitations of the selective agents. In a series of ex- 
periments in healthy subjects, the combination of the 
enzyme inhibitor dazoxiben and the receptor antago- 
nist BM 13,177 produced a greater prolongation of 
the bleeding time and more complete inhibition of 
collagen-induced platelet aggregation than aspirin 
(high or low dose) or either drug alone [111]. The 
increased antiaggregatory effect compared with aspi- 
rin and indomethacin has been attributed to the accu- 
mulation of prostacyclin and PGD_,. Picotamide and 
ridogrel combine both actions and have been evalu- 
ated in multiple animal models of thrombosis and in 
phase I human trials [ 112-115]. Both agents prolong 
the bleeding time and inhibit ex vivo platelet aggre- 
gation more than aspirin. In the Ridogrel Versus 
Aspirin Patency Trial (RAPT), 907 patients with 
AMI were treated with streptokinase and either 
ridogrel or aspirin (no heparin) [116]. There was no 
difference in the primary endpoint, TIMI grade II or 
III flow at angiography performed 7-14 days after 
admission. The rates of in-hospital clinical events and 
markers of reperfusion at 2 hours were also similar in 
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the two groups. Though not a prespecified endpoint, 
the incidence of new ischemic events (reinfarction, 
recurrent angina, and ischemic stroke) was less in 
patients treated with ridogrel than in those patients 
treated with aspirin (13% vs. 19%; P < 0.025). 

ADP Antagonists 
Two thienopyridine derivatives, ticlopidine and 
clopidogrel, are noncompetitive, irreversible antago- 
nists of ADP-induced platelet aggregation [117-  
120]. They primarily inhibit pathways of platelet 
activation and aggregation that require amplification, 
or at least participation, by ADP. Their exact mecha- 
nism of action is incompletely understood [121-  
124]. Several investigators have demonstrated that 
ticlopidine interferes with fibrinogen binding to 
platelets [125-127]. Dunn et al. demonstrated that 
ticlopidine reduced fibrinogen binding to ADP- 
treated platelets by 68% [125]. Because ADP 
binding was not affected, ticlopidine appeared to act 
directly on the fibrinogen receptor. Di Minno et al. 
demonstrated that ticlopidine markedly reduced 
platelet aggregation, clot retraction, and fibrinogen 
and vWF binding [126]. They likened treatment 
with ticlopidine to a "fimctionally thrombasthenic 
state." Ticlopidine-treated platelets behaved similarly 
to the platelets of patients with Glanzmann's 
thrombasthenia, which do not bind fibrinogen after 
activation by ADP and lack the GPIlb/IIIa receptor. 
But ticlopidine does not appear to act directly on the 
GPl lb / I l la  receptor. Rather, it apparently produces a 
functional defect in ADP-induced fibrinogen bind- 
ing. Gache te t  al. confirmed the near-complete sup- 
pression of ADP-induced aggregation and fibrinogen 
binding, but demonstrated unchanged GPIlb/I l la  
electrophoretic studies and monoclonal antibody 
binding [128]. In healthy volunteers, Hardisty et al. 
also demonstrated unchanged monoclonal antibody 
binding to the GPl lb / l l la  complex and suggested 
ticlopidine interfered with signal transduction be- 
tween ADP and fibrinogen binding to their receptors 
[119]. Ticlopidine may also inhibit (reverse) platelet 
aggregation after the initiation of thrombosis. In 
what may prove to be a major advantage, ticlopidine 
has been shown to disassemble thombin-induced 
platelet aggregates [129]. 

TICLOPIDINE 
Ticlopidine is rapidly absorbed orally and reaches 
peak plasma concentrations within 3 hours [ 130]. It 
is minimally active ex vivo and requires hepatic 
biotransformation to active metabolite(s). Platelet 
function is inhibited within hours of oral administra- 

tion, although its maximum effect is delayed to about 
5 days [131,132]. Ex vivo studies in platelets 
from healthy volunteers demonstrate that ticlopidine 
inhibits aggregation in response to ADP, epineph- 
rine, thrombin, and collagen [ 118,126,132,133]. The 
antiplatelet effects persist about 4 days after drug 
discontinuation, resolving as new platelets are formed 
[132,134]. 

Much of the experience with ticlopidine comes 
from the two large secondary prevention trials in 
cerebrovascular disease. In the Canadian-American 
Ticlopidine Study (CATS), 1053 patients with a 
recent thromboembolic stroke were randomized to 
ticlopidine or placebo [135]. Patients randomized to 
ticlopidine had a 23% relative risk reduction (P = 
0.020) in the occurrence of the primary endpoint (the 
composite of stroke, myocardial infarction, and vascu- 
lar death) compared with placebo. In the Ticlopidine- 
Aspirin Stroke Study (TASS), 3069 patients with a 
history ofa  cerebrovascular event were randomized to 
ticlopidine or aspirin [136]. The 3-year event rate 
(all-cause mortality or nonfatal stroke) was 17% in 
patients randomized to ticlopidine and 19% in those 
randomized to aspirin (P = 0.048 for cumulative 
Kaplan-Meier estimates). Combining both trials, 
adverse effects occurred in about 50~. of patients. 
Gastrointestinal symptoms were the most common: 
diarrhea occurred in about 2()c~, dyspepsia in 13°~, 
and nausea in 11% of patients taking ticlopidine. 
Total cholesterol levels rose about 9%. Neutropenia 
(secondary to direct toxicity to the bone marrow sup- 
pression or an immunologic reaction) was the most 
serious adverse event, occurring in about 1 ~ of pa- 
tients and making close monitoring of blood counts 
necessary [137]. All adverse events were reversible 
within 3 weeks of discontinuation of ticlopidine. In a 
review of four randomized trials, including 2048 pa- 
tients assigned to ticlopidine, Haynes et al. reported 
the incidence of ticlopidine-induced neutropenia was 
2.4%, and was severe in 0.85% (absolute neutrophil 
count <0.45 x lffgL) [ 138]. Reportedly, clopidogrel, 
which has a much faster onset of action, has not 
exhibited toxicity to the bone marrow in animal stud- 
ies [139]. It is currently being evaluated in a second- 
ary prevention trial of 18,000 patients, the CAPRIE 
study. 

Four trials have evaluated the ability of ticlopidine 
to maintain patency of saphenous vein grafts [140-  
143]. In the largest study, which was started in 1982, 
Limet et al. randomized 173 patients to ticlopidine or 
placebo (not aspirin) postoperatively and assessed pa- 
tency angiographically on postoperative days 10, 180, 
and 360 [141]. Treatment with ticlopidine increased 
the bleeding time and reduced ADP-induced platelet 
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aggregation at each interval. Intention-to-treat analy- 
sis demonstrated at least a 37% relative risk reduction 
(P < 0.05) in graft occlusion in the ticlopidine group 
at each interval, when analyzed by either patient or 
number of grafts. 

In a study started in 1986, Balsano et al. evaluated 
the efficacy of ticlopidine in patients with unstable 
angina [144]. In this unblinded, multicenter study, 
652 patients with unstable angina were randomized 
to ticlopidine and conventional therapy (nitrates, 
calcium channel blockers, and beta blockers, but 
not aspirin) versus conventional therapy alone. By 
intention-to-treat analysis, the primary event (vascu- 
lar death and nonfatal myocardial infarction) rate at 
6 months was 7.3% in patients randomized to 
ticlopidine and 13.6% in patients randomized to con- 
ventional therapy alone, producing a 46.3% relative 
risk reduction (P = 0.009). The reduction in the 
primary event rate was largely driven by a reduction 
in the incidence of fatal and nonfatal myocardial 
infarction, with a relative risk reduction of 53%. The 
implications are limited due to the unblinded nature 
of the study, the absence of an aspirin control group, 
the lack of treatment with heparin, the use of calcium 
channel blockers in 86% of the patients, and the 
early termination of the study [145]. The Swedish 
Ticlopidine Multicenter Study randomized 687 pa- 
tients with intermittent claudication to ticlopidine 
or placebo [146]. By intention-to-treat analysis, 
randomization to ticlopidine produced a trend toward 
a reduction in the specified composite primary 
endpoint: myocardial infarction, stroke, or transient 
ischemic attack (TIA). Though not a specified end- 
point, all-cause mortality was reduced in the 
ticlopidine group compared with placebo. 

Several studies have investigated the role of 
ticlopidine in the setting of PTCA. In the Ticlopidine 
Multicenter Trial, 333 patients were randomly as- 
signed to aspirin and dipyridamole, ticlopidine, or 
placebo prior to PTCA [147]. Pretreatment with 
ticlopidine or the combination of aspirin and dipyri- 
damole reduced the incidence of ischemic com- 
plications (abrupt occlusion, thrombosis, or major 
dissection) from 14% in patients assigned to placebo 
to 2% (P < 0.005) and 5% (P < 0.005), respectively. 
Bertrand et al. randomized 266 patients to ticlopid- 
ine or placebo following successful angioplasty [148]. 
Treatment with ticlopidine reduced the incidence of 
acute closure from 16.2% in the placebo group to 
5.1% (P < 0.01). However, there was no difference in 
the incidence of restenosis assessed angiographically 
at 6 months. 

Currently, ticlopidine is most frequently used to 
prevent thrombosis after placement of intracoronary 

stent(s). In the first of several observational studies, 
Barragan et al. treated 238 patients with intracor- 
onary stents with ticlopidine 500mg/d for 3-6 
months and intravenous heparin for 20 hours, fol- 
lowed by subcutaneous heparin for 1 week [149]. At 
30 days the thrombosis rate was 4.2%. In another 
study, Morice et al. treated 246 patients with ticlo- 
pidine 250 mg/d and aspirin for 1 month and intrave- 
nous heparin for 2 days followed by low molecular 
weight heparin for 1 month after stent deployment 
[150]. There were three subacute occlusions; in the 
first 30 days there were two deaths, five non-Q-wave 
myocardial infarctions, and two patients required 
coronary artery bypass graft (CABG). 

Colombo et al. used high-pressure balloon inflation 
and ultrasound guidance to optimize stent deploy- 
ment and to avoid warfarin anticoagulation in 359 
patients, involving 864 stents in 452 lesions [151]. 
Of the 252 patients who received ticlopidine alone, 
two (0.8%) had acute stent thromboses. One of the 69 
patients (1.4%) treated with aspirin alone had sub- 
acute stent thrombosis. Hall et al. randomized 226 
patients to aspirin for 5 days and ticlopidine or aspirin 
alone following intravascular ultrasound-guided stent 
implantation [152]. At 1 month, the stent throm- 
bosis rate was 2.9% in the aspirin-alone group and 
0.8% in the combined aspirin-ticlopidine group (P = 
0.2). The incidence of major clinical events (stent 
thrombosis, death, myocardial infarction, need for 
reintervention [CABG or PTCA], and significant 
medication side effects requiring termination) at 1 
month was 0.8% in the ticlopidine-aspirin group and 
3.9% in the aspirin group. Although the aurhors 
concluded there was no difference between the 
groups, there was a trend toward improved outcome 
in the combined group, suggesting the study may 
have been underpowered. 

In the final phase of the Benestent-II pilot study, 
patients received a heparin-coated stent electively and 
were treated with single daily doses of aspirin and 
ticlopidine [153]. The rates of stent thrombosis, 
bleeding, angiographic restenosis at 6 months, and 
reintervention within 6 months were 0%, 0%, 6%, 
and 6%, respectively. In the Intracoronary Stenting 
and Antithrombotic Regimen (ISAR) trial, 517 pa- 
tients were randomized to ticlopidine and aspirin or 
phenprocoumon and aspirin following successful 
stent implantation [154]. At 30 days, 1.69~ of the 
patients assigned to antiplatelet therapy and 6.2% 
of the patients assigned to anticoagulant therapy 
reached the primary endpoint: the composite of car- 
diac mortality, myocardial infarction, bypass surgery, 
or repeated angioplasty. The 75% relative risk reduc- 
tion was largely driven by a reduced incidence of 
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myocardial infarction and reintervention in the 
antiplatelet group. Assignment to the antiplatelet 
group also resulted in a 16% relative risk (95% CI 
0.06-0.36) in the combined clinical endpoint, com- 
posed of primary cardiac events and noncardiac events 
(including death, stroke, hemorrhagic events, and 
peripheral vascular events). Despite these encourag- 
ing results, the appropriate treatment after stent de- 
ployment, particularly for non-elective indications, 
awaits the results of ongoing randomized trials. 

GPIIb/IIIa Antagonists 

MONOCLONAL ANTIBODIES 
Each of the antiplatelet agents discussed so far inhib- 
its only a single pathway of plarelet activation. The 
complexity of platelet activity, including activation 
by ADP, serotonin, epinephrine, thromboxane A2, 
thrombin, collagen, and shear stress, precludes 
narrow-spectrum agents from adequately suppressing 
platelet function to minimize ischemic events. Clini- 
cal trials have confirmed that inhibition of the final 
common pathway of platelet aggregation (regardless of 
the activating stimulus) using antagonists to the 
GPllb/I l Ia  receptors on platelets profoundly inhibits 
their function ex vivo, which translates into a marked 
reduction in ischemic events. The rapid, fascinating 
progress of these drugs from bench to bedside is a 
paradigm for future drug development [155]. 

Coller and his colleagues performed much of the 
original research on antagonists to the GPIIb/IIIa 
receptor using the antibody 7E3. This monoclonal 
antibody blocks access of vWF, fibrinogen, and 
other adhesive proteins to the GPIIb/IIIa receptor on 
activated platelets via steric hindrance or induced 
conformational changes. In 1985 Coller described 
activation-dependent binding of m7E3 to the GPIlb/  
IIIa receptor and, for the first time, near-complete 
inhibition of platelet aggregation using an in vivo 
agent [156,157]. The following year Coller et al. 
demonstrated that 7E3 inhibited cyclic flow re- 
duction in an animal model of thrombosis that 
reproduces blood flow changes in humans following 
coronary angioplasty [158]. In 1988 Gold et al. 
used 7E3 to accelerate reperfusion and to reduce 
reocclusion following successful thrombolysis in dogs 
[17]. 

The antibody has been investigated as adjunctive 
therapy in humans in three settings: unstable angina, 
AMI, and PTCA. By 1990 Gold et al. published the 
first use of 7E3 in a phase II trial, demonstrating 
safety and dose-related inhibition of platelet function 
without spontaneous bleeding in 16 patients with 

unstable angina [159]. In a pilot study published in 
1993, the Thrombolysis and Angioplasty in Myocar- 
dial Infarction (TAMI) Study Group investigated the 
combination ofm7E3 with t-PA, aspirin, and heparin 
in patients with AMI [160]. The trial demonstrated 
profound inhibition of platelet aggregation and 
trends toward reduced recurrent ischemia and im- 
proved arterial patency, without a significant increase 
in bleeding. Ellis et al. were the first to use m7E3 in 
patients referred for elective angioplasty, and they 
demonstrated 93°~ occupancy of binding sites at the 
largest dose [48]. Using m7E3 Fab, 36~  of the pa- 
tients (8 of 22) exhibited an antimurine antibody 
response in this trial. 

ABCIXIMAB 
The currently used agent c7E3 (generic name 
abciximab) is a chimeric antibody consisting of murine 
and human components. Like m7E3, the Fc portion 
has been cleaved to reduce clearance by the reticu- 
loendothelial system, but the Fab fragments are com- 
posed ofa murine variable region and human constant 
region to avoid the formation of antimurine antibod- 
ies. The European Cooperative Study Group pub- 
lished the first phase II study ofc7E3 in patients with 
refractory unstable angina [ 161 ]. Using the currently 
recommended dose (0.25 mg/kg bolus fbllowed by a 
10 I.tg/min infusion), they demonstrated >90~  block- 
ade of the GPlIb/ l I la  receptors and >90% reduction 
in ex vivo platelet aggregation to ADP without excess 
bleeding. There was no difference in the number of 
ischemic episodes between the treatment and control 
groups. Randomization to study drug reduced the 
occurrence of major events (death, nonfatal AMI, and 
urgent intervention) from 23c~ in the placebo group 
to 3% in the c7E3 group (P = 0.03). 

Tcheng et al. evaluated the pharmacodynamics 
and the initial safety and efficacy studies of c7E3 
in the first phase II trial [162]. The optimal dose 
of 0.25mg/kg bolus and infusion of 10},tg/min 
produced >80°~ platelet receptor blockade and inhib- 
ited platelet aggregation to <20% of baseline. The 
drug irreversibly binds to the receptor with a pharma- 
cologic half-life of about 30 minutes and a biologic 
half-life of about 48 hours. This trial served as the 
dose-finding study for the Evaluation of c7E3 for the 
Prevention of Ischemic Complications (EPIC) trial, 
which began enrolling its 2099 patients at high risk 
for complications following coronary intervention in 
November 1991 [45]. Patients who received both 
bolus and infusion ofc7E3 had a 35c~ relative reduc- 
tion in the rate of the primary endpoint (death, 
nonfatal AMI, and unplanned revascularization) com- 
pared with patients who received placebo (8.3 vs. 
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12.8%, respectively; P = 0.008). After 6 months, 
randomization to the bolus and infusion group had 
resulted in a 26% reduction in the need for target 
vessel revascularization compared with placebo 
(16.5% vs. 22.3%, respectively; P = 0.007) [163]. 
The composite of death, nonfatal AMI, CABG, or 
repeat PTCA was reduced by 23% with c7E3 com- 
pared with placebo (27.0 vs. 35.1%; P = 0.001). The 
significant reduction in ischemic events was at the 
cost of an approximate doubling in the risk of bleed- 
ing, regardless of the definition used [45]. Aguirre et 
al. demonstrated an association between female gen- 
der, lower body weight, older age, procedure com- 
plexity, and the use ofc7E3 in major bleeding in this 
trial [164]. 

The Evaluation in PTCA to Improve Long-term 
Outcome with abciximab/c7E3 GPIIb/IIIa Blockade 
(EPILOG) trial, which investigated the efficacy of 
abciximab in elective PTCA, was stopped early be- 
cause of a marked reduction in the primary endpoint, 
death and myocardial infarction [165]. There was a 
70% reduction in the rate of ischemic events at 30 
days and a reduction in the rate of major bleeding 
in patients assigned to c7E3 and low-dose heparin 
(70U/kg bolus with a target ACT of 200 seconds) 
compared with patients assigned to placebo and 
standard-dose heparin (100 U/kg bolus with an ACT 
goal of 300 seconds). Similarly, the CAPTURE trial, 
which investigated the use ofabciximab for 24 hours 
prior to and 1 hour after PTCA in patients with 
refractory unstable angina, was stopped early because 
of improved outcome in patients assigned to active 
treatment [166]. 

RGD Peptides 
The disintegrins are a family ofpeptides isolated from 
the venom of pit vipers that inhibit ligand binding to 
the GPIIb/I lIa  receptor [167-169]. They share a ho- 
mologous RGD sequence that served as a template 
for the synthetic RGD analogues, the second genera- 
tion of GPIIb/IIIa antagonists [54]. In contrast to 
abciximab, these peptides and peptidomimetics are 
competitive antagonists that bind directly to the 
GPIIb/IIIa receptor with high specificity. Their re- 
versible binding, and shorter plasma and biologic 
half-lives, which result in rapid onset and reversal of 
action, and lack of immunogenicity suggest a broader 
therapeutic index may be obtained with appropriate 
dosing strategies. Cyclic RGD peptides were synthe- 
sized to increase potency and resistance to enzymatic 
destruction relative to linear peptides [170]. Thera- 
peutic agents in this class include MK-852, G-4120, 
and Eptifibatide. 

EPTIFIBATIDE 
Integrilin is a cyclic heptapeptide that contains a 
lysine for arginine substitution, producing a KGD 
sequence that confers even greater potency and speci- 
ficity for the GPIIb/IIIa receptor [171]. Shulman et 
al. randomized 157 patients with unstable angina to 
placebo or one of two doses of Eptifibatide (bolus and 
infusion) [172]. Treatment with Integrilin decreased 
ischemia detected by Holter monitor in a dose- 
dependent fashion, with identical bleeding rates in 
the treatment and placebo groups. Ohman et al. in- 
vestigated the combination of Eprifibatide with t-PA, 
confirming increased platelet aggregation in patients 
with AMI treated with a thrombolytic agent, and 
demonstrated Eptifibatide's ability to reduce platelet 
aggregation and to improve arterial patency in a dose- 
dependent fashion [173]. There was no increase in 
severe bleeding or intracranial hemorrhage, but the 
sample size was small. 

Phase II studies have documented Eptifibatide's 
half-life to be approximately 1.5-2 hours and have 
established the dose used in the IMPACT II study, the 
largest clinical study of Eptifibatide to date [ 174,175]. 
In this double-blind, multicenter study, 4010 patients 
scheduled for elective, urgent, or emergency PTCA 
were randomized to placebo or one of two doses of 
Eptifibatide [176]. By intention-to-treat analysis, 
treatment with low-dose Eptifibatide (135 gtg/kg bo- 
lus followed by a 0.5l.tg/kg/min infusion for 20-24 
hours) yielded a nonsignificant 19~. reduction in the 
composite endpoint of 30-day mortality, myocardial 
infarction, unplanned revascularization, or implanta- 
tion of a coronary stent for abrupt closure compared 
with placebo (9.2% vs. 11.4%, P = 0.063). Restricting 
analysis to those patients actually treated (efficacy 
analysis), treatment with the low-dose Eptifibatide 
regimen produced a 22% reduction in the primary 
composite endpoint compared with placebo (9.1% vs. 
11.6%, P = 0.035). There was no difference in the 
incidence of serious bleeding or the need for red blood 
cell or platelet transfusion among the groups. Possible 
explanations for the lack of a statistically significant 
therapeutic effect include inadequate dose or duration 
of treatment or Eptifibatide's marked specificity for 
the GPIIb/IIIa receptor and the rapid reversal of effect 
(lower Kd) compared with abciximab. Ongoing and 
planned clinical trials have been designed to establish 
an optimal dosing strategy to maximize efficacy while 
maintaining a broad therapeutic index in the setting of 
acute coronary syndromes and coronary interventions. 

PSEUDOPE PTI DES/PEPTI DOMIMETICS 
Modification of the peptide bond and side chains was 
the second mechanism employed to increase resis- 
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tance to enzymatic degradation and to prolong the 
survival of synthetic RGD analogues. Lamifiban (Ro 
• 44-9883) and tirofiban (MK-383) are two pseudo- 
peptides that are currently being investigated in 
phase III clinical trials. In a dose-escalation study, 
Theroux et al. randomized 365 patients with unstable 
angina to placebo or one of four doses of lamifiban 
[177]. The largest dose produced 100% and 76% 
inhibition of platelet aggregation in response to 
ADP and thrombin-receptor agonist peptide, respec- 
tively, and increased the bleeding time to more than 
30 minutes. Treatment with the highest dose of 
lamifiban also produced a trend toward a reduction in 
the occurrence of the composite primary endpoint 
(death, nonfatal AMI, and recurrent angina). In 
the first tirofiban (MK-383) dose-finding study, 
Kereiakes et al. demonstrated dose-dependent inhibi- 
tion of ex vivo platelet aggregation and prolongation 
of the bleeding time, which markedly resolved 
within 4 hours of stopping the infusion in patients 
undergoing high-risk coronary angioplasty [178]. In 
the RESTORE trial, 2110 patients who presented 
with unstable angina or AMI prior to PTCA were 
randomly assigned to tirofiban or placebo [179]. 
As in IMPACT II, there was a marked reduction 
in the rate of early ischemic events, but by 3(1 
days there was not a statistically significant dif- 
ference in the occurrence of the composite primary 
endpoint (death, (re)inlCarction, and urgent 
revascularization). 

()RALLY ACTIVE DRUGS 
At least five orally active RGD analogues have been 
developed, xemlofiban (SC-54684), BIBU-52, GR 
144,053, DMP 728, and L 703,014. Their unique 
pharmacokinetics and pharmacodynamics, in prin- 
ciple, make them ideal candidates tbr extended outpa- 
tient therapy. The ability to prolong treatment at a 
reasonable cost may have a major impact on their role 
in primary and secondary' prevention if serious bleed- 
ing is not an isstte. Their potential is promising. 
Mousa et al. demonstrated a single oral dose of DMP 
728 completely inhibited thrombosis in an electro- 
lytically induced carotid artery thrombosis model in 
dogs and ex vivo platelet aggregation [180]. In a 
canine dose-escalation study, a single dose of oral 
xemlofiban completely inhibited collagen-induced 
platelet aggregation for more than 24 hours [181 ]. In 
a similar study, twice-daily oral xemlofiban main- 
tained 759; inhibition of collagen-induced platelet 
aggregation for 14 days [182]. In a phase I study, a 
single dose of xemlofiban completely inhibited plate- 
let aggregation in response to ADP and prolonged the 
bleeding time 5.6-fbld [183]. It is currently being 

evaluated in a phase II study in the setting of coronary 
angioplasty and acute coronary syndromes. 

A nticoagulants 
Platelet activation and aggregation and the coagula- 
tion cascade are fundamentally interdependent path- 
ways. Just as thrombin is a potent platelet agonist, 
activated platelets, in turn, stimulate and accelerate 
the coagulation cascade. Activated platelets release 
O{ granules that contain factor Va and fibrinogen, 
while their phospholipid membranes bind factor 
VIII and permit the enzymatic cleavage of factor 
X and prothrombin itself [184-189]. This synergy 
between thrombin generation and platelet aggrega- 
tion necessitates the combined use of antiplatelet 
and antithrombin agents to adequately suppress 
thrombosis, with agents from both of the artificial 
classes inhibiting each pathway. 

As with aspirin, appreciation of heparin's mecha- 
nism of action, efficacy, and limitations is critical to 
understanding the newer agents [190]. Heparin is a 
heterogenous mixture of mucopolysaccharides col- 
lected from porcine intestines and bovine lungs that 
have molecular weights between 3000 and 50,000 
daltons. Heparin chains with at least 18 saccharide 
residues provide a scaffold to appose thrombin and 
antithrombin III, and produce a 1000-fold increase 
in antithrombin l l l ' s  ability to neutralize thrombin 
[19l].  The heparin-antithrombin III complex 
inhibits thrombin production by inactivating factor 
Xa and, to a lesser extent, factors Xlla, Xla, and 
IXa [192,193]. Heparin also interffres with throm- 
bin generation by inhibiting the thrombin positive- 
feedback loops - -  activation of t;actors V and VIII 
[194,195]. While an individual heparin molecule's 
ability to neutralize thrombin is directly proportional 
to its chain length, only a high-affinity penta- 
saccharide subunit is required for heparin to bind 
antithrombin IIl and to inactivate factor Xa 
[196,197]. 

Heparin's therapeutic potential is limited by its 
complex pharmacodynamics and pharmacokinetics. 
Because heparin is poorly absorbed, subcutaneous or 
intravenous injection is required. Its plasma and bio- 
logic half-life is about 90 minutes. Heparin binding 
to plasma proteins precludes a linear, predictable 
dose-response relationship and results in a dispropor- 
tionate increase in both the intensity and duration at 
higher doses. Heparin is deactivated by endothelial 
cells, platelet factor-4, and other proteins, and is 
eliminated by poorly understood renal and hepatic 
pathways. Most importantly, thrombin bound to 
fibrin and fibrin degradation products is protected 
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from the bulky heparin-antithrombin III complex, 
while the platelet membrane shields factor Xa from 
inactivation [198,199]. 

Hemorrhage is the most serious and common ad- 
verse effect of the anticoagulants. Even with frequent 
monitoring, measuring and adjusting heparin activ- 
ity is particularly difficult and results in delays in 
producing a therapeutic effect and in an increase 
in bleeding complications. Nomograms have been 
produced to assist optimal dosing and to minimize 
bleeding [200-202]. Immunologic idiosyncratic 
thrombocytopenia occurs 3-14 days into heparin 
therapy but can occur within hours in previously 
exposed patients, and is more common from bovine 
lung than porcine gut preparations [203-206]. 
Therapeutic use of porcine heparin (rather than 
prophylactic use) produces thrombocytopenia in 
about 3% of patients; the incidence of arterial 
or venous thrombosis is about 0.4% [2(/5]. Other 
adverse effects include osteoporosis, skin necrosis, 
alopecia, hypoaldosteronism, and hyperkalemia 
[207]. 

Despite these complications, heparin remains the 
most commonly used anticoagulant. In four studies 
of patients with unstable angina, heparin reduced 
the incidence of death, myocardial infarction, and 
recurrent refractory angina [82,85,208,209]. This 
benefit may be attenuated by "heparin rebound" 
and reactivation of ischemia on its discontinuation. 
Th~roux et al. reported reactivation of unstable an- 
gina and myocardial infarction in 14 of 107 patients 
treated with heparin alone at a median of 9.5 hours 
after discontinuation of treatment [210]. In patients 
treated with aspirin or combined aspirin and heparin, 
5 of 101 (P < 0.01) and 5 of 108 (P < 0.01) patients 
had reactivation at 21 and 30 hours after completing 
treatment, respectively. Logistic regression revealed 
that therapy with heparin alone was the most 
important predictor of reactivation of the disease 
process. 

The additional benefit of heparin in patients with 
AMI treated with thrombolytic agents is controver- 
sial [211 ]. There are minimal data to support the use 
of heparin with streptokinase, but patency data sug- 
gest treatment with heparin improves the outcome in 
patients treated with t-PA, possibly because of its 
shorter half-life. In both the GISSI-2 and ISIS-3 tri- 
als, the mortality, reinfarction, and overall stroke rate 
were similar in patients treated with and without 
heparin [212-214]. The apparent lack of benefit from 
heparin may have been related also to a suboptimal 
dose and inappropriate delay and route of administra- 
tion. In the Global Utilization of Streptokinase and t- 
PA for Occluded Arteries (GUSTO) trial, patients 

treated with accelerated t-PA and heparin had a 14% 
relative mortality reduction compared with patients 
treated with one of the two streptokinase-alone strat- 
egies (6.3% vs. 7.3% respectively; P = 0.001) [215]. 
In patients treated with streptokinase, the route of 
heparin administration had minimal effect. The ad- 
junctive benefit of heparin to t-PA alone has not been 
examined in a clinical trial. Two smaller studies have 
shown an association between aPTTs at least twice 
the control value and improved infarct-vessel patency 
in patients treated with t-PA [216,217]. Yet in the 
GUSTO trial, excessively elevated aPTTs were 
associated with increased mortality, reinfarction, and 
bleeding [218]. 

Remarkably, heparin's ability to reduce ischemic 
complications following PTCA has not been sub- 
jected to a randomized trial. Several retrospective 
analyses have shown an association between the inten- 
sity of anticoagulation and the occurrence of abrupt 
closure and other ischemic complications after percu- 
taneous coronary interventions [219-225]. Data from 
four studies indicate that an ACT of about 300 sec- 
onds is optimal for minimizing ischemic and hemor- 
rhagic complications [223,226,227]. The fourth 
American College of Chest Physicians' Conference on 
Antithrombotic Therapy recommended the mainte- 
nance of an ACT at 300 seconds using a Hemo Tec 
machine and at 350 seconds using a Hemochron ma- 
chine [229]. 

LOW MOLECULAR WEIGHT HEPARIN 
The promise of low molecular weight heparins 
(LMWHs) to inhibit thrombosis while producing 
fewer bleeding complications and their favorable 
pharmacodynamics stimulated their development 
and evaluation in clinical trials. They are produced 
from standard heparin by enzymatic or chemical deg- 
radation, resulting in polysaccharide fractions with 
molecular weights between 3000 and 10,000 d. Each 
proprietary preparation has a distinct pharmacologic 
profile because of its different animal source and the 
depolymerization and extraction techniques used in 
production [230-232]. The complexes formed be- 
tween antithrombin III and the LMWHs have weaker 
activity against thrombin than standard heparin be- 
cause of the saccharide chain length dependence of 
this reaction. On the other hand, inhibition of factor 
Xa requires only a pentasaccharide subunit. So, unlike 
standard heparin, which has a 1 : 1 anti-factor Xa to 
antithrombin effect, the LMWHs generally have ra- 
tios between 2 : 1 and 4 : 1. Due to their smaller size, 
the LMWHs inactivate platelet-bound factor Xa 
equally well and neutralize platelet factor-4 (which 
inhibits standard heparin) [233-235]. Compared 
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with standard heparin, the LMWHs bind less avidly 
to plasma proteins and endothelial cells, and thus 
have increased bioavailability and duration of action. 
Typically given as a weight-adjusted subcutaneous 
injection, the more predictable dose-response rela- 
tionship obviates the need for laboratory monitoring. 

The experience with the LMWHs is chiefly from 
clinical trials of the prophylaxis and treatment of deep 
venous thrombosis [23(>-239]. In sum, these trials 
indicate that treatment with LMWH is at least as 
effective as standard unfractionated heparin, causes 
fewer bleeding complications, costs less, does not re- 
quire laboratory monitoring, and may be used for 
outpatient therapy. Given these advantages, the use of 
LMWH in cardiovascular disorders may increase in 
the coming years. Potential uses include the preven- 
tion of heparin rebound in unstable angina and 
prolonged therapy in patients with intracavity or 
intracoronary thrombus. In the first trial to examine 
the efficacy and safety of LMWHs in patients with 
unstable angina, Gurfinkel et al. compared aspirin, 
aspirin and standard heparin, and aspirin plus 
LMWH [240]. The incidence of recurrent angina, 
nonfatal myocardial infarction, urgent revascu- 
larization, silent myocardial ischemia, and bleeding 
was lowest in patients treated with aspirin and 
LMWH. The single-blinded design of the trial makes 
these subjective endpoints subject to bias and limits 
the validity of the results. 

HEPAR1NOIDS 
Heparinoids are a mixture of low molecular weight 
heparin and dermatan and chondroitin sulfates. 
Their antithrombotic effect appears to be mediated by 
inhibition of factors IX and X [241]. Their anticoa- 
gulation effect is generally monitored by measuring 
plasma anti-factor Xa activity. Unlike LMWH, 
the heparinoids produce minimal cross-reactivity 
during in vitro testing with sera containing he- 
parin-associated antiplatelet antibodies. Orgaran/ 
Lomoparan (Org 10172) has been studied most exten- 
sively, principally as an alternative to heparin in pa- 
tients with heparin-induced thrombocytopenia (HIT) 
who require anticoagulation for CABG, PTCA, or 
hemodialysis [242-244]. In an analysis of 67 patients 
with HIT, Orgaran exhibited cross-reactivity in 12% 
of sera containing the HIT antibody, compared 
with historical rates of 80-90c~ using LMWH [245]. 
In a review of 230 patients with heparin-induced 
thrombocytopenia, including 88 who had a throm- 
botic event attributed to heparin anticoagulation, 
Magnani reported successful therapy in 93% and a 
cross-reactivity in 10% of plasma samples [246]. Al- 
though decreased, persistent cross-reactivity makes in 

vitro testing mandatory to minimize platelet aggre- 
gation in these patients. 

Direct Thrombin Inhibitors 
The therapeutic use of heparin is limited by its nar- 
row therapeutic index, complex pharmacokinetics, 
unpredictable dose-response relationship, need for 
frequent laboratory monitoring, stimulation of life- 
threatening immune-mediated thrombocytopenia, 
and neutralization by proteins, particularly platelet 
factor-4. But its major limitation is its dependence on 
antithrombin III, precluding inhibition of thrombin 
bound to fibrin [198,199]. This enzymatically active 
thrombin reservoir continues to cleave fibrlnogen to 
fibrin and to augment thrombogenesis by activation 
of factors V and VIII, despite "therapeutic" doses of 
heparin. The direct thrombin inhibitors act indepen- 
dently ofanti thrombin III and equally inactivate both 
free and clot-bound thrombin [198]. Their indepen- 
dent action inhibits thrombogenesis, clot formation, 
and thrombin-induced platelet activation [247-249]. 

DESIRUDIN 
Desirudin (hirudin), derived from a leech salivary 
peptide, is the prototypic direct thrombin inhibitor. 
It suppresses all of thrombin's functions. The thera- 
peutic use of the medicinal leech and desirudin dates 
to antiquity and reached its height of popularity with 
bloodletting in Europe in the early 19th century 
[250,251]. Desirudin, which was cloned in 1986 and 
is now produced via recombinant DNA technology 
in yeast and bacteria, is still the most potent and 
specific antithrombin identified [252,253]. It is a 65 
amino acid peptide with no natural inhibitor that 
produces an essentially irreversible bond to thrombin 
avidly enough to displace it from platelet binding 
[254,255]. Desirudin has a biologic half-life of 2-3 
hours, which produces a stable curvilinear, dose- 
related increase in the aPTT, prothrombin time (PT), 
and ACT [256-258]. 

Desirudin has been evaluated as adjunctive therapy 
in patients with AMI and unstable angina and as 
the primary anticoagulant for patients undergoing 
PTCA. The Thrombolysis in Myocardial Infarction 
(TIMI) 5 and Hirudin for the Improvement of 
Thrombolyis (HIT) trial were angiographic phase II 
dose-finding studies [259,260]. In the TIMI-5 trial 
246 patients presenting within 6 hours of AMI were 
treated with front-loaded t-PA and aspirin, and either 
heparin or hirudin (CGP-39393) [260]. In patients 
assigned to hirudin, there was a trend toward im- 
provement in the primary endpoint, TIMI ~ flow at 
90 minutes and 18-36 hours without intervening 
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TABLE 44-4. Selected trials and 
meta-analyses of antithrombotic agents 

Agent Population Trial 

Heparm 
Heparm 
HeparJn 
Heparm 
Heparm 
Heparm 
Heparm 
Hepar,n 
Heparl n 
Heparm 
Hepar,n 
LMWH 
ttirudin 
Hirudin 
Hirudin 
Hirudin 
Hirudin 
Hirudin 
Hirulog 
Hirulog 
Hirulog 
Hirulog 
Hirulog 
Argatroban 

UA Theroux [82] 
UA RISC [85] 
UA Telford [208] 
UA Neri Serneri [209] 
AMI GISSI-2 [212,213] 
AMI ISIS-3 [214] 
AMI GUSTO [215] 
PTCA Ferguson [226] 
PTCA Narins [227] 
PTCA Mooney [228] 
PTCA Satler [223] 
UA Gurfinkel [240] 
UA TIMI 5 [260] 
AMI HIT [259] 
AMI HIT III [261] 
UA/AMI TIMI 9B [264] 
UA/AMI GUSTO lib [265] 
PTCA HELVETICA [268] 
UA TIMI 7 [274] 
AMI Theroux [275] 
AMI HERO [276] 
PTCA Topoi [277] 
PTCA Bittl [278] 
UA Gold [285] 

UA = unstable angina; AMI = acute myocardial infarction; PTCA = percu- 
taneous translumlnal coronary angiopla_sry. 

death or reinfarction. Restricting the analysis to clini- 
cal endpoints, the rate of in-hospital death or 
reinfarction in the hirudin group was 6.8% compared 
with 16.7% in the heparin group (P = 0.02). Finally, 
in the hirudin group there was a trend toward less 
reocclusion by 18-36 hours, with 1.6% in the hiru- 
din group compared with 6.7% in the heparin group 
(P = 0.07). In the HIT trial, 143 patients with AMI 
were treated with front-loaded t-PA and one of three 
doses of hirudin (HBW 023) [259]. Treatment with 
hirudin exhibited dose-related improvement in the 
rates of TIMI 3 flow at the 30, 60, and 90 minute, 
and 36~t8 hour angiograms and decreased rates of 
reocclusion. In the TIMI 6 trial, 193 patients were 
treated with streptokinase and aspirin, and either one 
of three doses of hirudin (CGP-39393) or heparin for 
5 days [258]. In the patients treated with hirudin, 
there was a dose-related improvement in the inci- 
dence of death, AMI, severe congestive heart failure 
(CHF), and cardiogenic shock. The safety profile and 
dose-related improvement in ischemic events in these 
dose-escalation trials led to large-scale efficacy trials. 

Hirudin has been evaluated in three phase III mor- 
tality trials of unstable angina and AMI. The HIT-III 
trial compared high-dose hirudin with heparin in 
patients treated with t-PA. The trial was stopped 
after 302 patients were enrolled because of higher 
than expected rates of intracranial bleeding [261]. 
There was also excessive intracranial bleeding in both 
thrombolysis treatment arms of the TIMI 9A and 
GUSTO IIa studies, necessitating reduction of both 
the heparin and hirudin doses and target aPTTs to 
55-85 seconds [262,263]. In TIMI 9B, 3002 patients 
with AMI were treated with t-PA and randomly as- 
signed to either heparin or hirudin [264]. There was 
no statistically significant difference in the incidence 
of the composite endpoint or hemorrhage between the 
groups. The composite endpoint of death, MI, and 
CHF occurred in 11.8% of patients assigned to hep- 
arin and in 12.8% of patients assigned to hirudin (P 
= NS). The incidence of "any hemorrhage" was 4.9% 
in the heparin group and 4.4% in the hirudin group 
(P = NS). In the GUSTO IIb trial 12,142 patients 
presenting within the spectrum of the acute coronary 
syndromes (chest pain with or without ST-segment 
elevation) were randomly assigned to heparin or 
desirudin, in addition to standard therapy [265]. Use 
ofdesirudin produced a marginal benefit that did not 
reach standard statistical significance compared with 
heparin, the rate of the 30-day composite endpoint of 
death and (re)infarction overall, for patients with ST- 
segment elevation, or for the "non-ST-segment" el- 
evation group: 8.9% versus 9.8% (P = 0.058), 9.9c~ 
versus 11.3% (P = 0.13), and 8.3% versus 9.1% ((P = 
0.22), respectively. 

The results of two pilot studies in patients with 
stable and unstable angina prior to PTCA suggested 
hirudin had the potential to decrease thrombotic 
complications following percutaneous intervention 
[266,267]. The Hirudin in a European Trial versus 
Heparin in the Prevention of Restenosis after PTCA 
(HELVETICA) trial was designed to evaluate the 
ability of thrombin inhibition with hirudin to de- 
crease restenosis following PTCA [268]. In this study 
1141 patients with unstable angina scheduled for 
PTCA were randomly assigned to treatment with 
hepariEl or one of two dosing strategies of hirudin 
(CGP-39393), bolus and infusion versus bolus and 
infusion plus subcutaneous injection for 3 days. There 
was no difference in the rate of the primary endpoint, 
event-free survival at 7 months, which occurred in 
67.3% of the patients in the heparin group, 63.5% 
in the intravenous-only hirudin group, and 68.0c~ in 
the group who received both intravenous and subcu- 
taneous hirudin. Treatment with hirudin did produce 
a significant reduction in the incidence of cardiac 
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events in the first 96 hours; the combined relative risk 
with hirudin was 0.61 (95% CI 0.41, 0.90; P = 
0.023). There was not a significant difference in the 
incidence of overall, major, or minor bleeding among 
the groups. If the dose and duration of the infusion 
were adequate, the results dispute the significance 
of thrombin in the generation of intracoronary 
thrombosis and restenosis following PTCA and the 
ability of new antithrombins to improve outcomes, 
both acute and chronic, beyond standard use of hep- 
arin and aspirin. 

HIRULOG 
Hirulog (bivalirudin) is a 20 amino acid synthetic 
peptide that was designed by Maraganore et al. using 
the hirudin template [269,270]. Early phase II stud- 
ies established hirulog's tolerability and its phar- 
macokinetics: Anticoagulation is produced within 
minutes of a bolus dose, the biologic half-life is ap- 
proximately 40 minutes, and infusion maintains pre- 
dictable, dose-dependent anticoagulation as measured 
by standard laboratory parameters [271-273]. In the 
TIMI 7 trial, 410 patients with unstable angina were 
randomized to aspirin and one of four doses of hirulog 
for 72 hours [274]. There was no difference in the 
development of the primary composite endpoint 
(death, nonfatal myocardial infarction, rapid clinical 
deterioration, or recurrent ischemia) among the 
groups. While there was no clear dose-response, pa- 
tients treated with one of the three higher doses of 
hirulog had a decreased incidence of the secondary 
composite endpoint, death and nonfatal myocardial 
infarction. 

The GUSTO angiographic substudy conclusively 
demonstrated the correlation between complete 
restoration of coronary flow and improvement of myo- 
cardial salvage and survival in patients with AMI 
[14]. Accordingly, restoration of TIMI 3 flow is a 
useful surrogate for dose-finding studies in this pa- 
tient population. Theroux et al. randomized 68 pa- 
tients with AMI to treatment with streptokinase and 
aspirin, and either heparin or one of two doses of 
hirulog in an angiographic study [275]. At the 90- 
minute catheterization, the relative risk of restoring 
TIMI 3 flow was 2.77 (95% CI 1.21-6.35, P < 0.001) 
and 1.4 (95% CI 1 .00 - l . 51 ,P=0 .04 )  compared with 
heparin for the two doses of hirulog, 0.5 mg/kglh and 
1.0 mg/kg/h, respectively. The trial was not powered 
to produce reliable conclusions about clinical out- 
comes, Though not a prespecified endpoint, 5% of the 
patients treated with hirulog required a blood trans- 
fusion, compared with 31% of patients treated with 
heparin (P < 0.02). The l t i rulog versus Heparin after 
Streptokinase trial (HERO) was the first to show im- 

proved patency with adjunctive therapy to a 
thrombolytic agent in patients with AMI [276]. In 
this trial 412 patients who presented within 12 hours 
of symptom onset of an AMI were treated with strep- 
tokinase and aspirin, and were randomized to heparin 
or hirulog. In patients assigned to hirulog, there was 
a 50% improvement in the rate of TIMI 3 flow (P = 
0.016), the primary endpoint, without an increase in 
the rate of bleeding. 

Hirulog's short half-life and potential for less 
bleeding may be particularly advantageous during 
coronary interventions. Topoi et al. enrolled 291 pa- 
tients in a dose-escalation study to determine the 
feasibility and optimal dose of hirulog in place of 
heparin in patients undergoing elective PTCA [277]. 
This trial was the first to demonstrate the safety of 
using an anticoagulant other than heparin in patients 
treated with aspirin during PTCA; only one patient 
required a red cell transfusion, and the rate of abrupt 
closure was 3.9%. Bittl et al. performed the only 
phase Ill trial of hirulog, in patients undergoing 
angioplasty for unstable angina or postinfarct angina 
[278]. At 121 sites 4098 patients were randomly 
assigned to treatment with heparin or hirulog prior to 
PTCA. Although the difference in the incidence of 
the primary endpoint between the groups was not 
statistically significant, patients assigned to hirulog 
had a reduced rate of bleeding, regardless of the pa- 
rameter used. Tile incidence of the primary ~omposite 
endpoint (death, AMI, abrupt vessel closure, or rapid 
clinical deterioration) was 11.4% in patients assigned 
to hirulog and 12.2~ in patients assigned to heparin. 
The incidence of major hemorrhage, retroperitoneal 
hemorrhage, and need for transfusion was signifi- 
cantly lower in the hirulog group: ().2~X, 3.7%, and 
3.8% compared with 0.7% (P = 0.02), 8.6% (P < 
0.001), and 9.8% (P < 0.002) in the heparin group, 
respectively. 

ttlRUGEN 
Hirugen is another synthetic hirudin derivative. It 
is composed of hirudin's 12 terminal amino acids, 
which bind to thrombin's substrate recognition se- 
quence without interfering with its active site [279]. 
Hirugen has not undergone extensive clinical test- 
ing because its antithrombotic effect is considerably 
weaker than the other direct antithrombins, perhaps 
because it does not block thrombin's catalytic site 
[280,281]. 

A R G A T R O B A N  

Argatroban is a synthetic competitive inhibitor of the 
thrombin catalytic site that suppresses both fibrino- 
gen cleavage and platetet activation [282-284]. In a 
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phase I study, argatroban produced dose-dependent 
prolongation of the aPTT and PT, without prolong- 
ing of the template bleeding time despite aspirin use 
[279]. Laboratory measures returned to baseline 
within 1 hour of drug discontinuation. Gold et al. 
infused argatroban for 4 hours into 43 patients with 
unstable angina [2851. Patients also received con- 
comitant therapy with nitrates, calcium antagonists, 
and heparin or aspirin or both. Analysis of the 
laboratory data has been particularly informative. 
During drug infusion, concentrations of thrombin-  
antithrombin III were unchanged (indicating on- 
going thrombin production), but levels of 
fibrinopeptide A decreased 2.3-fold (indicating de- 
creased fibrinogen cleavage). Myocardial ischemia did 
not occur during infusion, but did occur in a dose- 
related fashion in 9 of the 43 patients a mean of 5.8 
hours after the infusion was completed. Two hours 
after completion of the infusion, levels of thrombin-  
antithrombin III increased by a factor of 3.9 and 
fibrinopeptide A levels returned to baseline values. In 
a separate analysis on the same patients, the authors 
reported evidence of an actual increase in thrombin 
production during and after argatroban infusion by 
recording increased production of F1.2 fragments 
(released from prothrombin during conversion to 
thrombin) [286]. This rebound in unstable angina, 
thrombin generation, and fibrinogen cleavage may 
also have been related to cotreatment and simulta- 
neous termination of heparin infusion [287]. The 
completed studies of hirudin and hirulog have not 
demonstrated rebound angina, but detailed analysis 
awaits further review of the results from the phase III 
TIMI 9B and GUSTO lib studies [267,272,273]. 

Tabata et al. evaluated the efficacy ofargatroban in 
preventing reocclusion in paitents with AMI [288]. 
Following successful thrombolysis, 22 patients re- 
ceived argatroban and 74 patients received heparin for 
72 hours, to maintain an ACT between 150 and 200 
seconds. At 1 month none of patients treated with 
argatroban had reocclusion of the infarct-related 
artery, whereas in the heparin group 15~ had 
reocclusion (P < 0.05). 

PPACK 
PPACK is a tripeptide similar in structure to fibrin- 
opeptide A, produced upon cleavage of fibrinogen to 
fibrin [289]. It is a noncompetitive inhibitor of the 
catalytic site on thrombin that irreversibly alkylates 
the histidine residue on free and clot-bound thrombin 
equally well. Its clinical usefulness may be limited by 
its specificity, toxicity, and extremely short biologic 
half life, although there may be a role for topical/local 
administration [290,291]. Orally active compounds 

similar to PPACK have been developed and await 
further testing. 

Factor Xa lnhibitors 
Unlike the direct thrombins, the factor Xa inhibitors, 
tick anticoagulant peptide and antistatin, suppress 
thrombin generation and its positive-feedback loops. 
These agents do not inhibit preformed thrombin. 
Tick anticoagulant pepride is a 60 amino-acid pep- 
tide isolated from the soft tick, Ornithodoros ~,toubata 
[292]. Antistatin is a 119 amino-acid protein isolated 
from the Mexican leech Hirudo officinalis [293]. They 
are both produced using recombinant technology. 
Each inhibits both free factor Xa and factor Xa bound 
to the platelet surface and the prothrombinase com- 
plex, unlike antithrombin III [294,295]. Both agents 
have shown superiority to heparin when combined 
with t-PA in animal models of occlusion, decreasing 
clot lysis time and recK'clusion [296,297]. Tick anti- 
coagulant peptide, unlike antistatin, produces a 
minimal immunologic response and may prove to be 
particularly useful as an adjunct to thrombolytic 
therapy. 

Future Considerations 
Supplemental endogenous anticoagulants are only 
beginning to be tested in animal models and in 
phase I and II clinical trials. Tissue /:actor pathway 
inhibitor (TFPI), thrombomodulin, protein C, and 
antithrombin 111 are available through recombinant 
technology and plasma concentrates. Tissue factor is 
an endothelial membrane protein exposed on plaque 
rupture that initiates the extrinsic pathway of coagu- 
lation [60,298]. It is an essential cofactor for activa- 
tion of factor VII and its substrate factor X. Tissue 
factor pathway inhibitor suppresses coagulation by 
frst  binding and inactivating factor Xa. This com- 
plex then binds and inactivates factor Vlla [299t. 
Thrombomodulin is a membrane protein on endothe- 
lial cells that binds and inactivates thrombin. Para- 
doxically, the thrombomodulin thrombin complex 
activates antithrombin III and cleaves protein C to 
activated protein C [300,301]. Protein C, especially 
in the presence of protein S, inactivates plasminogen 
activator inhibitor and inhibits thrombin generation 
by degrading factors Va and Villa [302,303]. Again, 
antithrombin III inhibits thrombin; factors Xa, IXa, 
XIa, and Xlla; factor VIIa in the presence of tissue 
factor; and tile formation of factors Va and VIlla 
indirectly via thrombin inhibition [301]. Only 
antithrombin III has been evaluated in a large-scale 
clinical trial. Schachinger et al. randomized 615 pat- 
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tients undergoing PTCA to heparin or to heparin and 
intracoronary ant i thrombin III. Adjunctive anti- 
thrombin III did not affect procedural success or the 
incidence of complications overall or in any of the 
subgroups [304]. 

The platelet thrombin receptor was cloned by Vu 
et al. in 1991 [305]. Antagonists to this receptor now 
include monoclonal antibodies and synthetic peptides 
[306,307]. These antagonists will not necessarily be 
more efficacious than the direct thrombin inhibitors, 
which bind to the active and/or binding site, and 
determination of their clinical usefulness awaits 
clinical studies. 

Conclusions 
Intracoronary thrombosis is fundamental to the de- 
velopment  and progression of the unstable coronary 
syndromes, reocclusion following successful throm- 
bolysis, and ischemic complications following PTCA. 
The coagulation cascade and platelet activation and 
aggregation are completely interdependent pathways. 
Improved understanding of the physiology of these 
pathways and the pathogenesis of complications 
stimulated the development of mult iple  classes of 
new drugs and their testing in large-scale trials 
[54 ,247-249 ,308-309] .  It is becoming increasinly 
clear that drugs from mult iple  classes will need to be 
combined to provide synergy and optimal regulation 
of thrombosis. Their  role in the prevention and treat- 
ment of coronary thromboembolism needs to be de- 
termined by adequately powered randomized trials 
examining efficacy, adverse effects (principally bleed- 
ing), requirement for frequent laboratory monitoring,  
and cost. Future efforts will likely be targeted at 
improving specificity, decreasing the duration of ac- 
tion, and localizing their effect. 
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45. CLINICAL TRIALS OF NOVEL 

ANTITHROMBOTICS:  BASIC CONCEPTS OF 

S T U D Y  DESIGN A N D  METHODOLOGY 

Melvin E. Tan and Robert A. Harrington 

Overview of Hemostasis and Thrombosis 
When the normally smooth endothelial surface of a 
blood vessel is denuded by the rupture of an athero- 
sclerotic plaque or during the course of percutaneous 
coronary intervention, this triggers a cascade of events 
culminating in thrombus formation. Endothelial 
disruption leads to exposure of adhesive glycopro- 
reins, such as collagen, von Willebrand factor (vWF), 
fibronectin, laminin, vitronectin, and subendothelial 
thrombospondin, to which circulating inactivated 
platelets adhere. This occurs largely through mem- 
brane glycoprotein (GP) Ib-factor IX binding to 
vWF immobilized onto subendothelial structures. 
These platelets are then activated by local agonists, 
which include epinephrine, adenosine diphosphate 
(ADP), collagen, seromnin, and thrombin. Platelet 
activation induces an active conformational change in 
the surfiace GPl lb / l l l a  receptors; conferring on them a 
high affinity for fibrinogen, vWF, and other adhesive 
glycoproteins; and resulting in platelet aggregation 
and consequent thrombosis. This conformational 
change in the platelet GPIIb/IIIa receptor is believed 
to be the final common pathway by which all agonists 
act to initiate platelet aggregation. 

Excessive deposition and aggregation of platelets 
and the ensuing formation ofa platelet-rich thrombus 
results in vascular occlusion, leading to ischemia or 
infarction in the acute coronary syndromes, or to 
abrupt closure and restenosis after percutaneous 
coronary angioplasty [1,2]. This was first described 
by DeWood and colleagues almost 16 years ago [31, 
when they demonstrated the presence of thrombotic 
occlusion in early transmural myocardial infarction. 

Thus, it would seem logical to make the platelet 
and thrombus the targets of interventions designed to 
manage unstable angina, acute myocardial infarction, 

and ischemic complications after percutaneous trans- 
luminal coronary angioplasty (PTCA). Given the ex- 
tensive amount of clinical research centering on the 
use of antiplatelet therapy over the last decade, this 
chapter focuses on these antiplatelet agents to explain 
the role of clinical trials in cardiovascular drug devel- 
opment. In particular, the clinical evolution of the 
platelet GPllb/ l l Ia  receptor inhibitors is highlighted 
as an example of novel antithrombotic drug develop- 
ment. In this chapter we present the clinical problem, 
discuss basic concepts of the randomized clinical trial, 
review typical cardiovascular drug development strat- 
egy, and cover the progress "from bench to bedside" 
of the GPllb/I l la  inhibitors. 

Overview of Antithrombotic Therapy 
By definition, antithrombotics are drugs that block 
thrombus formation. They may be further classified as 
antiplatelet agents, antithrombin agents, and fibrin- 
olytic agents. Aspirin and ticlopidine are currently 
the mainstay of oral antiplatelet therapy, while hep- 
arin and warfarin are established anticoagulant drugs. 
Although clinically effective and useful, all currently 
available antithrombotic agents have significant limi- 
tations to their use. 

In the late 1950s and early 1960s, aspirin was 
shown to exhibit a mild hemostatic effect by inhibit- 
ing collagen-induced platelet aggregation and sec- 
ondary aggregation to weak agonists such as ADP 
and epinephrine. While aspirin has been found to be 
a relatively weak inhibitor of platelet aggregation, 
principally because its effect is limited to blockade of 
thromboxane-A, formation through its irreversible 
acetylation of cyclooxygenase, it has been in wide- 
spread clinical use after clinical trials demonstrated 
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its effectiveness in primary and secondary prevention 
of ischemic heart disease and cerebrovascular disease 
[41. 

Resistance to heparin therapy reflects, at least in 
part, a failure to inactivate enzymatically active 
thrombin bound to fibrin and the subendothelial 
matrix, as well as its reduced availability due to neu- 
tralization from binding to proteins such as platelet 
lCactor-4 [5]. These limitations have galvanized the 
search for, and development of, newer, more specific 
antithrombotic strategies. 

Understanding Clinical Trials: 
Basic Concepts 
As with all therapeutic modalities, the contemporary 
management of many aspects of cardiovascular disease 
depends on the results of valid clinical trials. The 
randomized clinical trial (RCT) forms the foundation 
of our knowledge in understanding the role that novel 
therapies play in the management of complex disease 
processes. RCTs have provided the evidence required 
to practice rational, fact-based medicine. New thera- 
peutics, techniques, and devices need to be exposed to 
the rigorous examination and scrunity of the RCT if 
they are to be adopted into clinical practice. Nowhere 
is this more striking than in cardiovascular disease 
management, where a new therapy for unstable an- 
gina, for example, has the potential to be used on 
millions of new patients per year globally. 

Traditionally, drug development originates with 
an understanding of a pathophysiologic pathway; 
then new agents are developed that affect that path- 
way. In such a pathophysiologic model, new thera- 
peutics could then be used clinically after being 
tested in a relatively small number of actual patients 
with the disease process. Experience with antiarr- 
hythmic agents to suppress premature ventricular 
contractions after myocardial infarction demonstrates 
the potential folly of this approach [6]. The new 
model for cardiovascular drug development will re- 
quire large-scale RCTs, adequately powered, and 
needs to be designed to determine if the new therapy 
affects meaningful clinical outcomes (such as mortal- 
ity or myocardial infarction) in large populations with 
the disease in question. 

Cardiovascular Drug Development 
Over the past 30 years, most therapeutic innovations 
in cardiovascular disease have been instituted only 
after careful consideration of the results of dinical 
trials. This attests to the importance, effectiveness, 
and clinical utility of these trials and the pivotal role 

they have in clinical decision making. The develop- 
ment of any drug is a complicated process, because 
the drug undergoes an exhaustive sequence of stages 
prior to its approval for widespread clinical use. 

The initial stage of drug development involves 
preclinical testing, when detailed investigations into 
the drug's pharmacologic and toxicological profile 
are undertaken. This includes descriptions of the 
drug's composition and source, manufacturing pro- 
cess, and toxicity, as well as its mutagenicity and 
carcinogenecity. Only after this stringent (preclinical 
testing) process has demonstrated that the investiga- 
tional drug will pose no unreasonable risk to human 
subjects will it proceed to the clinical trial stages. 

Traditionally, novel drugs have gone through three 
phases of clinical development, progressing from one 
phase to the next, with each phase providing the data 
required to proceed to the next one [7]. Each stage, 
therefore, has unique characteristics and goals; an ap- 
propriate study is designed with these goals in mind 
(Table 43- l ). 

Phase 1 clinical studies represent the initial use of 
an investigational drug in human subjects and is pri- 
marily focused on establishing the drug's clinical 
safety. These trials are typically conducted in normal 
volunteers or individuals with mild but stable dis- 
ease, with enrollment typically numbering less than 
1 O0 participants. Phase I trials are designed to deter- 
mine the metabolic and pharmacological actions of 
the drugs in humans, the side effects associated with 
increased doses, and, where possible, to gain early 
evidence of the drug's efficacy. Other aims of phase I 
trials are the study of a drug's pharmacnkinerics, its 
structure-activity relationships, and mechanism of 
action in humans; in other phase I studies, investiga- 
tional drugs are used as research tools to explore bio- 
logical phenomena or disease processes. 

Phase I1 trials are designed to assess the safety of 
the agent in patients who actually have the disease of 
interest. Additionally, these trials are designed to 
determine if the drug may be clinically effective. 
While not typically adequately powered to provide 
definitive clinical outcome data, these trials may pro- 
vide trend evidence that a drug has effects making it 
worthwhile to pursue in a larger scale trial. 

These trials include studies to evaluate the effec- 
tiveness of the drug for indications in patients with 
the relevant disease, and to determine the short-term 
side effects and risks associated with the drug. Phase 
II studies are controlled investigations, whereby the 
experimental drug is directly compared with a pla- 
cebo or prevailing standard therapy. Because the 
safety and side-effect profiles of the drug are sill 
largely unknown, these trials are usually limited to a 
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TABLE 45-1. Completed clinical trials of 
platelet glycoprotein lIb/IIIa receptor blockers 

Name of trial/ 
Investigator Agent Patient population 

EPIC Abciximab High-risk PTCA 
EPILOG Abciximab PTCA 
CAPTURE Abciximab PTCA in unstable angina 
Schulman Eptifibatide Unstable angina 
IMPACT Eptifibatide PTCA 
IMPACT 1I Eptifibatide PTCA 
IMPACT-AMI Eptifibatide Acute myocardial 

infarction 
Theroux Lamifiban Unstable angina 
Kereiakes Tirofiban High-risk PTCA 
RESTORE Tirofiban PTCA 

PTCA = percutaneous transluminal coronary angioplasty. 

TABLE 45-2. Clinical trials of platelet 
glycoprotein Ilb/llIa receptor blockers in progress 

Name of Trial/ 
Investigator Agent Patient population 

ERASER Abciximab Stent 
RAPPORT Abciximab Acute myocardial 

infarction 
PURSUIT Eptifibatide Unstable angina 
PARAGON Lamifiban Unstable angina 
PARADIGM4 Lamifiban Acute myocardial 

infarction 
PRISM Tirofiban Unstable angina 
ORBIT Xemlofiban PTCA 

PTCA = percutaneous transluminal (or(mary angioplasty 

Phase Subjects 
I Normal volunteers 

Goals 
Dose tolerabilJty 

Toxicity 

Numbers studied 
<10-50  

II Patients Drug activity 

Understand biology 

Toxicity 

Efficacy 

10s-100s 

III Patients Efficacy 

Safety 

lOOs-lOOOs 

FIGURE 45-1. " ' .  

small subject group, usually 10 to several hundred 
subjects. Typically these small trials collect a large 
amount of information on each subject as an agent's 
safety profile develops. 

Phase III clinical trials are definitive studies involv- 
ing large numbers of patients and are designed to 

determine the effectiveness, safety, and optimal dos- 
ing regimen of the drug. These studies serve to gather 
the additional information needed to evaluate the 
overall benefit-risk relationship of tile drug, and to 
form the basis for the regulatory approval process of 
an investigational agent. Definitive phase IIl random- 
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ized clinical trials may involve tens of thousands of 
patients, enrolled at hospitals around the world. Data 
collection on each patient is less extensive due to the 
number of patients and centers involved, but what 
these large trials lack in precision they make up by 
providing definitive answers to pertinent clinical 
questions. Typically these types of trials are directed 
at determining a treatment's effect on "hard" clinical 
endpoints, such as mortality or major morbid events, 
such as myocardial infhrction. 

Topoi and Califf have described two types of clini- 
cal trial designs, each with distinctive characteristics 
and each with its own advantages and disadvantages: 
These are the smaller (mini-)trials and the larger 
(mega-)trials [8]. A distinct advantage of the mega- 
trial is that the recruitment of large numbers of 
patients will obviate the need for in-depth data col- 
lection, measurement of pathophysiologic endpoints, 
and specification of ancillary therapy. This approach 
avoids unnecessary data and arrives at the crux of the 
matter, that is, the effect this new therapy has on 
the clinical outcomes of patients with the particular 
disease state. 

The large thrombolytic trials performed in the 
mid-1980s paved the way fbr the concept of the large, 
simple trial [9,10]. These trials relied on large num- 
bers of hospitals and investigators to enroll a broad 
spectrum of patients with acute myocardial infarction 
in randomized trials of thrombolysis versus placebo. 
Data collection was limited to recording some simple 
baseline variables and a reporting of mortality on a 
simple one-page form. The power of such studies is 
that a large number of patients randomly distributed 
among treatment groups can provide definitive evi- 
dence about the risks and effectiveness of a treatment 
in a commonly occurring disease, such as acute myo- 
cardial infarction. The limitation with these trials is 
that little information, other than that dealing with 
the primary endpoint, can be learned from the col- 
lected data. 

Another type of large trial is exemplified by the 
Global Utilization of Streptokinase and r-PA for Oc- 
cluded Coronary Arteries (GUSTO) trial [1 l]. In this 
multicenter international trial of four thrombolytic 
strategies for treating acute myocardial infarction, 
more than 40,000 patients were enrolled at approxi- 
mately 1000 hospitals around the world. While 
overall simplicity was maintained, with a three-page 
case report form and limited on-site data monitoring, 
enough data were collected to address a number of 
interesting and potentially clinically pertinent 
questions of the study population. To date, more 
than 100 manuscripts have been written/submitted 

using the GUSTO dataset. Additionally, the GUSTO 

angiographic substudy is an excellent example of how 
well-designed substudies conducted within a much 
larger trial can provide important mechanistic 
data that may help explain the overall trial treatment 
results. In GUSTO, the angiographic substudy 
clearly demonstrated that achieving brisk, TIMI 3 
flow in the infarct vessel was associated with the best 
30-day mortality rate, and that accelerated tissue 
plasminogen activator (t-PA) had the greatest likeli- 
hood of leading to TIMI 3 flow by 90 minutes 
[12,13]. 

Development of the Glycoprotein 
IIb/llIa Inhibitors 
Owing to the pivotal role it plays in the platelet-rich, 
thrombin-dependent coagulation process leading to 
thrombus formation, blockade of glycoprotech (GP) 
l lb/l i ia receptors has emerged as a powerful new 
therapeutic strategy in preventing platelet-dependent 
thrombosis. As such, GPllb/IIIa inhibitors may 
play a role in the treatment of patients with acute 
corollary syndromes or those undergoing percutane- 
ous coroanry intervention. The GPIlb/Illa receptor is 
a calcium-dependent, noncovalently associated oU[3 
heterodimer that belongs to the integrin family. This 
receptor interacts with ligands containing the 
tripeptide arginine-glycine-asparagine (Arg-Gly- 
Asp; RGD) recognition sequence, of which at least 
/our are known: fibrinogen, vWF, fibronectin, and 
vitronectin. 

Tile binding of fibrinogen to its binding sites on 
the GPIIb/Illa receptor occurs only when the latter is 
in its conformational state; this requires the presence 
of extracellular 2+ Ca , platelet agonist-mediated acti- 
vation of phospholipase C, and the resultant increase 
in protein kinase C and intracellular Ca:*. However, 
unlike intact fibrinogen, synthetic RGI)-containing 
peptides bind to the GPIlb/l l la receptor, even in its 
inactive state, thus allowing these agents to be used as 
competitive antagonists. Inhibitors of the GPIlb/IIla 
receptor include laboratory-derived monoclonal 
antibodies against the receptor, naturally occurring 
RGD-contaming peptides derived from snake ven- 
oms, and synthetic RGD-contaming peptides and 
peptidomimetics that compete with fibrinngen 
for GPIIb/Illa binding sites on the platelet surface 
[14-16]. 

Monoclonal Antibodies Against the 
GPllb/IIIa Receptor 
Tile development and discovery of tile monoclonal 
antibody fragment abciximab (Reopro, Centocor, 
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Malvern PA; Eli Lilly, Indianapolis IN) have recently 
been detailed by Coller [17]. Coller and colleagues 
were the first to establish the cloned cell line for 
the monoclonal antibody 7E3 as a new and poten- 
tially valuable antiplatelet agent. The early murine 
antibody was felt to be too immunogenic to be 
useful as a human therapeutic agent; the Fc region 
of the antibody was subsequently cleaved off to 
produce an F(ab')2 fragment, which was then 
joined with the constant regions of human immuno- 
globulin to form the chimeric compound c7E3 
(abciximab). 

Coller and his colleagues were the first to describe 
virtually complete inhibition of platelet aggregation 
using this approach to GPIIb/IIIa inhibition in a 
canine model [ 17]. Early dose-finding/escalation and 
platelet aggregation and receptor occupancy studies 
in animal models suggested that significant platelet 
inhibition to <20% of baseline was achieved with 
blockade of >80% of platelet GPlIb/ l l la  receptors. 
These biological findings formed the basis for subse- 
quent testing of the drug in human clinical trials. The 
clinical development of abciximab might serve as a 
model of drug development in the antithrombotic 
arena. It was based on a solid basic science under- 
standing of the role of GPl lb / l l Ia  in the process of 
platelet aggregation. From there, testing in animal 
models laid the groundwork for future trials by dem- 
onstrating that vascular thrombosis could be pre- 
vented or diminished using such an agent. A clinical 
problem was then identified that seemed to depend 
on platelet aggregation and subsequent coronary 
thrombus formation (i.e., percutaneous coronary in- 
tervention). Next, small dose-finding and feasibility 
studies were performed to look for evidence of the 
biological effects of the drug in a "real" clinical situ- 
ation. Finally, a series of large, definitive phase III 
trials demonstrated the clinical utility of the drug in 
preventing the ischemic complications of coronary 
angioplasty. 

Naturally Occurring RGD- 
Containing Peptides 
Wile monoclonal antibody fragments directed 
against the GPlIb/IIIa receptor were the first agents 
to be developed as GPIIb/IIIa-specific platelet an- 
tagonists, there is a family of peptides that has 
been isolated from several varieties of snake venom. 
Known as the disintegrins, trigramin, bitistatin, 
echistatin, kirstin, and applaggin have been found to 
inhibit concentration-dependent ex vivo platelet ag- 
gregation. However, their clinical utility beyond the 
laboratory is limited by the fact that they are immu- 

nogenic and they cause transient thrombocytopenia. 
A similar polypeptide known as Barbourin, which 
was isolated from the southwestern pygmy rattle- 
snake (Sistrurus m Barbouri), was found to be more 
specific for binding to the GPl lb / l l la  receptor than 
are others in the disintegrin family. This specificity 
derives from a substitution of the arginine residue on 
the RGD sequence by lysine, forming a KGD recog- 
nition sequence. This important discovery formed the 
basis for the development of synthetic peptide GPIIb/ 
IIIa inhibitors containing this tripeptide recognition 
sequence [ 18,19]. 

Synthetic GPIIb/IIIa Inhibitors 
These compounds compete with fibrinogen for 
GPIlb/IIIa binding sites and produce concentration- 
dependent inhibition of platelet aggregation. When 
these agents are synthesized in a cyclical configura- 
tion, their affinity for the GPIlb/IIIa receptor is mark- 
edly increased and becnmes similar to that of the 
naturally occurring compounds derived from snake 
venom [20]. When compared with the disintegrins 
and the monoclonal antibody compounds, tile syn- 
thetic GPIIb/IIIa antagonists demonstrate a higher 
selectivity for the GPIIb/IIIa receptor, show less 
crossreactivity with the vitronectin receptors (o~v[~3) 
on endothelial cells, and are less immunogenic. The 
synthetic compounds also have a shorter half-life than 
c7E3, the prototypical monoclonal antibody GPIIb/ 
IIIa inhibitor. 

Another approach in the development of GPIIb/ 
IIIa inhibitors has been the synthesis of nonpeptide 
compounds bearing the RGD recognition sequence. 
These include SC-5468A (Xemlofiban) [21], MK- 
383 (Tirofiban) [22], and RO-.t.t9583 (Lamifiban) 
[23]. Like the synthetic inhibitors, these pepti- 
domimetic agents demonstrate high selectivity for 
the GPIIb/Il la  receptor and produce dose-dependent 
inhibition of these receptors. Because these com- 
pounds are not peptides, and there/bre not subject to 
easy gastric enzymatic digestion, it is possible to con- 
figure the agents to be given orally. 

GPIIb/IIIa Inhibitors in 
Coronary Angioplasty 
Percutaneous coronary intervention provided the first 
clinical condition for safety and efficacy testing of this 
novel class of antithrombotics. This development 
path was chosen for several reasons. There are two 
major limitations of the angioplasty procedure: early 
abrupt vessel closure and late restenosis. These two 
complications account for most of the morbidity and 
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mortality associated with PTCA, and exert a tremen- 
dous clinical and economic burden on the health care 
system [24]. Both abrupt closure and restenosis are at 
least partly mediated by platelet-dependent throm- 
bosis, making them potentially affectable through 
platelet inhibition. The clinical development of 
abciximab exemplifies the study of a novel antithrom- 
boric in a human disease state, and provides valuable 
information on not only the understanding of the 
drug's usefulness but also on the biology of the disease 
state as well. 

Ellis and colleagues reported one of the first clinical 
trials of GPIlb/IIIa inhibition in patients undergoing 
elective coronary angioplasty [26]. This trial enrolled 
28 patients, 23 of whom received the murine mono- 
clonal antibody m7E3 Fab, while 5 received placebo. 
Tile patients were divided into groups of four to six 
patients, with each group receiving incremental doses 
of m7E3 of 0.15, 0.20, 0.25, 0.30, and 0.35 mg/kg 
immediately before angioplasty. The investigators 
found that no patient who received m7E3 Fab experi- 
enced a thrombotic complication after PTCA, while a 
single patient developed a small retroperitoneal and 
femoral hematoma, and another patient required red 
cell transfusion. Laboratory measurements of platelet 
function demonstrated that the degree of GPIIb/IIIa 
receptor blockade, as well as tile ability to inhibit 
aggregation, increased with the dose and decreased 
with time after infusion. The promising conclusions 
of this study led to further investigations of this 
monoclonal antibody in the setting of percutaneous 
coronary intervention. 

A subsequent dose-finding trial used the chimeric 
monoclonal antibody 7E3 Fab (c7E3 Fab, abciximab) 
[27]. This multicenter, open-label, dose-finding 
study enrolled 56 patients who were scheduled 
for elective coronary angioplasty and who were 
angiographically deemed to have high-risk lesions. 
The trial demonstrated that the blockade of platelet 
GPIIb/IIIa receptors is dose dependent; it also estab- 
lished that the effective suppression ofplatelet aggre- 
gation required a bolus dose of 0.25 mg/kg of c7E3 
Fab, and that this suppression could be sustained for 
up to 24 hours by a continuous 12 hour infusion. 
These two trials paved the way for a large, definitive, 
phase IIl clinical trial ofabciximab in high-risk coro- 
nary intervention. 

EPIC Trial 
The Evaluation of c7E3 Fab in the Prevention of 
Ischemic Complications (EPIC) trial was a landmark 
study, establishing the benefits of abciximab in 
preventing major ischemic complications in patients 

undergoing coronary angioplasty who were felt to be 
at risk for abrupt vessel closure [28]. This prospec- 
tive, randomized, double-blind multicenter trial en- 
rolled 2099 angioplasty patients who were at high 
risk of developing ischemic complications. The 
study's primary composite endpoint at 30 days 
was the occurrence of death, nonfatal myocardial 
infarction, coronary artery bypass grafting of repeat 
percutaneous intervention for acute ischemia, inser- 
tion of a coronary stent because of procedural failure, 
or placement of an intraaortic balloon pump for the 
treatment of refractory ischemia. The patients were 
assigned equally to one of three treatment groups: a 
0.25 mg/kg bolus ofc7E3 followed by a 12-hour infu- 
sion of lO}.tg/min; a bolus dose of 0.25mg/kg of 
c7E3, followed by a placebo infusion; or a placebo 
bolus and infusion. There was a statistically signifi- 
cant and clinically important 35~ reduction of the 
primary endpoint event rate in the abciximab bolus 
and infusion group compared with placebo. A nonsig- 
nificant (10~)  reduction in the composite event rate 
was observed with the abciximab bolus alone as com- 
pared with placebo, suggesting that when given at 
time of angioplasty, potent antiplatelet therapy must 
inhibit platelet aggregation for 20-24 hours if it is to 
exert a meaningful clinical effect. All components of 
the primary endpoint were positively affected by ad- 
ministration of abciximab, and the subset of patients 
with acute ischemic syndromes received the greatest 
overall benefit [29,30]. 

Not only were these impressive beneficial effects of 
abciximab sustained to 6 months, but there was an 
additional treatment effect conferred by abciximab to 
this secondary endpoint [31]. This has prompted 
some to call this a passivation of the arterial surface 
that takes place at the time of the initial procedure, 
with the antiplatelet agent positively affecting the 
clinical restenosis process. 

There was, however, in EPIC a doubling of major 
bleeding events, including the need for red blood cell 
transfosions, in the patients treated with abciximab 
bolus plus infusion. Further analysis of these data 
revealed that certain clinical variables, such as age, 
gender (female), and body weight, were predictive of 
bleeding complications; excessive use of procedural 
heparin correlated with bleeding as well [32]. It was 
postulated that when giving GPlIb/ l l la  inhibitors 
during coronary intervention, less concomitant hep- 
arin could be used while maintaining procedural effi- 
cacy and improving safety outcomes. Confirmation of 
the long-term effect, expansion of the eligible patient 
population, and resolution of the bleeding issue, were 
guiding principles in the design of the EPIC follow- 
up trials: PROLOG and EPILOG. 
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EPILOG Trial 
After a small pilot trial (PROLOG) demonstrated the 
safety and feasibility of performing coronary interven- 
tion with lower heparin regimens than traditionally 
used, a larger clinical trial was undertaken [33]. The 
Evaluation of PTCA to Improve Long-term Outcome 
by c7E3 GPIIb/II la receptor blockade (EPILOG) trial 
was a multicenter, randomized, double-blind, pla- 
cebo-controlled trial designed to compare the con- 
comitant administration of abciximab and two 
different dosing regimens ofheparin in all non-high- 
risk patients undergoing percutaneous coronary inter- 
vention. Patients were randomized to one of three 
treatment arms: a 0.25 mg/kg bolus and a 0.125 !rig/ 
kg/h infusion of c7E3 with standard-dose weight- 
adjusted heparin; a 0.25 mg/kg bolus and a 0.125 J.ig/ 
kg/h infusion ofc7E3 with low-dose weight-adjusted 
heparin; or placebo and standard-dose weight- 
adjusted heparin. 

The primary efficacy endpoint of the study was a 
composite of death, myocardial infarction, and repeat 
revascularization (surgical or percutaneous) within 
30 days or within 6 months of randomization. Al- 
though the study was initially scheduled to enroll 
4500 patients, an independent Data and Safety 
Monitoring Board advised that it be stopped 
prematurely because of the overwhelming treatment 
benefit found in the abciximab-treated group in an 
analysis of the first 1500 patients enrolled in the 
trial [34]. Importantly, there was a greater than 
60% reduction in the risk of death or myocardial 
infarction in patients treated with abciximab com- 
pared with placebo, with the lowest incidence of 
bleeding in the patients treated with abciximab 
and low-dose heparin. The final results of EPILOG 
are pending but these preliminary data speak to 
the overwhelming benefits of platelet GPIIb/IIIa 
inhibition with abciximab during coronary 
intervention. 

CAPTURE Trial 
In a pilot study, Simoons and colleagues reported the 
use of abciximab in the clinical setting of refractory 
unstable angina [35]. They enrolled 60 patients with 
at least one episode of angina and dynamic ST- 
segment-T-wave changes, and at least one other epi- 
sode of angina occurring despite bed rest and aggres- 
sive medical therapy. These patients were randomized 
to receive a double-blinded bolus and infusion of 
either abciximab or placebo. All patients were also 
treated with aspirin, intravenous nitrates, and intra- 
venous heparin. Despite the small numbers in this 
pilot feasibility trial, patients in the abciximab group 

had significantly lower in-hospital event rates of 
death, myocardial infarction, and recurrent ischemia 
requiring urgent intervention. 

Following this pilot trial, the c7E3 Anti-Platelet 
Therapy in Unstable REfractory angina (CAPTURE) 
trial planned to enroll 1400 patients with refractory 
unstable angina scheduled to undergo PTCA. Pa- 
tients were to be randomized to receive either 
abciximab or placebo, and the drugs were to be ad- 
ministered for approximately 24 hours prior to the 
intervention and continued for an hour after the pro- 
cedure. Initially, two interim analyses were planned, 
to be conducted after enrollment reached 350 and 
700 patients, but the independent Data and Safety 
Monitoring Committee recommended an additional 
analysis at 1050 patients. At this point the committee 
recommended that the trial be terminated prema- 
turely because of the significant benefit demonstrated 
in patients who received abciximab [36]. When the 
study was stopped in December 1995, 1266 patients 
had been enrolled; a review of the preliminary data 
revealed that the primary composite endpoint of 
death, myocardial infarction, or urgent revascu- 
larization occurred in 16.4% placebo patients, com- 
pared with 10.8% of patients who received abciximab 
(P = 0.0064). 

Thus it appears that abciximab, when given to a 
broad spectrum of patients undergoing percutaneous 
coronary intervention, is associated with very signifi- 
cant reductions (30-50+%) in the major ischemic 
complications of angioplasty, and with a continued 
improvement in clinical outcomes through at least 6 
months of follow-up. Additionally, with careful at- 
tention to heparin dosing, these beneficial effects can 
be achieved without major increases in the risk of 
serious bleeding. 

Peptide and Nonpeptide Inhibitors 
of GPIIb/IIIa 
There are several synthetic peptide and peptidom- 
imetic inhibitors of platelet GPIIb/IIIa in various 
stages of clinical development. Like abciximab, the 
focus of their early development has been in the set- 
ting of percutaneous coronary intervention. These 
agents are interesting in themselves, and also because 
of how they compare and contrast with abciximab. 
Whereas abciximab is a noncompetitive inhibitor of 
GPIIb/IIIa, and also acts against other cell receptors, 
the synthetic inhibitors are competitive inhibitors 
and highly selective against GPIIb/IIIa. Given the 
impressive clinical results of abciximab, one can pos- 
tulate that comparisons among agents with differing 
mechanisms of action will lend some insight into the 
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pathophysiology behind the acute and long-term 
complications of the angioplasty procedure. 

Eptifibatide: A Peptide Inhibitor 
of GPIIb/IIIa 
Eptifibatide, (Integrilin, Cor Therapeutics South Sea 
Franciso, CA) a cyclic heptapeptide containing a 
modified KGD sequence, has been extensively 
studied for use in preventing the ischemic complica- 
tions of coronary angiuplasty. The Integrilin to Mini- 
mize Platelet Aggregation in Coronary Thrombosis 
(IMPACT) study [37] was a multicenter, random- 
ized, double-blind trial, enrnlling 151) patients 
undergoing elective coronary angioplasty. Patients 
were randomly assigned to one of three treatment 
strategies: placebo; a 90!ttg/kg bolus of Integrelin 
prior to commencement nfangioplasty, followed by a 
1.0t.tg/kg/min infusion of the drug for 4 hours; 
and the 90t, t/kg bolus, followed by a 1.0blg/kg/min 
infusion of the drug fbr 12 hours. IMPACT was a 
safety and feasibility pilot trial with a primary efficacy 
composite endpoint of all-cause mortality, myo- 
cardial infarction, urgent or emergency coronary 
interventicm, stent implantation, or coronary artery 
bypass surgery for ischemia or threatened closure. 
Bleeding events, including transfusion requirements, 
were also recorded. Administration of the 9f)llglkg 
eptitibatide bolus resulted in an 86~2~ inhibition of 
platelet aggregation, which was maintained by the 
1.0lag/kg/min infusion. There were no differences in 
the rate of major bleeding among the three groups, 
while there was a trend toward an increased incidence 
of minor bleeding in the eptifibatide-treated patients. 

A second phase 11 trial on eptifibatide in coronary 
intervention, IMPACT HIGti/Iow, was carried out 
to better define the clinical pharmacokinetic and 
pharmacodynamic effects of the drug in the angio- 
plasty population. The trial enrolled 73 patients and 
provided the information for the dose selection fi)r the 
fbllow-up phase III trial: IMPACT II [38]. 

IMPACT II Trial 
This was a multicenter, randomized, double-blind, 
placebo-controlled trial that enrolled 4010 low- and 
high-risk patients who underwent elective, urgent, 
and emergency percutaneous coronary intervention 
with any U.S. Food and Drug Administration (FDA)- 
approved device [39]. Patients were randomized to 
receive one of three treatment regimens: a 135 ~g/kg 
bolus followed by a 0.75/.tg/kg/min 24-hour infusion 
of eptifibatide, a 1351tlg/kg bolus followed by a 
0.5 ~g/kg/min inRlsion of eptifibatide over 24 hours, 

or placebo bolus plus infusion. All patients received 
aspirin and heparin. The primary endpoint was a 
composite at 30 days of death, myocardial infarction, 
repeat urgent or emergency intervention (percutane- 
ous or surgical), or stent placement for threatened or 
actual abrupt vessel closure. Patients were followed 
for 6 months to record the occurrence of death, myo- 
cardial infarction, or any repeat procedure. Assess- 
ment of bleeding was the primary safety endpoint. 

There was approximately a 19% reduction in pri- 
mary endpoint events in the low-dose eptifibatide 
group compared with the placebo group (1 l. JaJ vs. 
9.2%, P = 0.063) and a 13~' reduction comparing the 
high dose with placebo (11.4~ vs. 9 .9~,  P = 0.22). 
There was no increase in bleeding in the eptifibatide- 
treated patients compared with placebo, as measured 
by the TIMI criteria or transfusion requirement. The 
reduction in the clinical outcome events was consis- 
tent across all components of the composite endpoint. 
Additionally, the beneficial effects of eptifibatide, 
particularly its effect on reducing rates of death and 
myocardial infarction, were maintained at the 6- 
month follow-up point. Overall, the results of the 
IMPACT II trial confirm that platelet GPllb/llIa in- 
hibition can improve acute ischemic complications 
of percutaneous coronary intervention. The more 
modest results seen with cptifibatide compared 
with abciximab can best be explained by lack of opti- 
mized dosing, an inadequate duration of the treat- 
ment effect, or the differing mechanism of action of 
the antibody versus either the peptide or nonpeptide 
inhibitors. Further investigation is required to deter- 
mine the appropriate explanation for the findings. 

Platdet GPIlb/IIIa Inhibitors: Acute 
Coronary Syndromes 
In addition to use with coronary angioplasty, GPIIb/ 
Ilia receptor blocker use has been extended to other 
clinical syndromes in which platelet-dependent 
thrombosis is thought to play a major role in patho- 
genesis. There is extensive clinical evidence support- 
ing tile role of antiplatelet therapy in improving 
outcomes in patients with both acute myocardial 
infarction and unstable angina. 

In a phase II trial of the murine monoclonal anti- 
body 7E3 [39], Gold and colleagues subdivided 16 
patients with unstable angina into four groups, each 
of which received progressively escalating intravenous 
bolus doses of m7E3 F(ab')2 at 0.05, 0.10, 0.15, and 
0.20mg/kg. Patients were enrolled if they had rest 
angina lasting less than 30 minutes during the last 6 
days before entry into the study, with electrocardio- 
graphic changes and angiographic evidence of at least 
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a 30% diameter stenosis in the ischemia-related ar- 
tery. They found that with the 0.2mg/kg bolus, 
about 87% of GPIlb/IIIa receptors were blocked, 
with progressive recovery over time. Also, at this 
concentration of the bolus dose, the template bleed- 
ing time was significantly prolonged without signifi- 
cant clinical effects (bleeding). 

Schulman and colleagues reported the first clinical 
trial results of eptifibatide in unstable angina [40]. 
This relatively small phase II trial found that patients 
who had received the higher dose eptifibatide had 
significantly fewer ischemic events (as determined 
by continuous Holter monitoring) than those in 
the placebo group, while the low-dose eptifibatide 
group had intermediate benefits compared with 
placebo-treated patients. A second dose-finding 
study of eptifibatide in unstable angina defined the 
pharmacodynamic and pharmacokinetic profiles of a 
broader range of eptifibaride [42]. These two trials 
formed the basis for pursuing the investigation of 
eptifibatide in unstable angina in a much larger, de- 
finitive clinical endpoint trial. 

The PURSUIT (Platelet IIb/IIIa Unstable Angina 
Receptor Suppression Using Integrelin Therapy) 
trial will test the benefits of eptifibatide in patients 
with unstable angina and non-Q-wave myocardial 
infarction. All patients will be given aspirin and hep- 
arin, and will be randomized to receive a bolus and 
infusion of placebo, high-dose eptifibatide, or low- 
dose integrelin for up to 96 hours. The primary end- 
point of PURSUIT is death or myocardial reinFarction 
at 30 days. Enrollment is ongoing and will continue 
until approximately 10,400 patients have been ran- 
domized. PURSUIT will be the first large-scale trial 
of a GPIlb/I l la  inhibitor in the broad spectrum of 
patients presenting with ischemic chest pain and 
without acute, persistent ST-segment elevation. 

Theroux et al. have reported the preliminary expe- 
rience of Lamifiban, a nonpeptide GPllb/I l Ia  inhibi- 
tor, in patients with unstable angina [42]. This was 
a saffty and dose-ranging study of four doses of 
Lamifiban bolus plus infusion compared with pla- 
cebo. All patients received aspirin, and heparin was 
given at the discretion of the physician investigator. 
The results demonstrate the dose-dependent effect of 
Lamifiban in inhibiting ex-vivo platelet aggregation. 
Additionally, there were favorable trends toward 
the reduction of clinical ischemic events in the 
Lamifiban-treated patients compared with placebo. 
With  this as a background, a large-scale effort to test 
the effectivess of Lamifiban in this patient population 
has been undertaken. 

PARAGON will address the safety and efficay of 
Lamifiban in patients with acute coronary syndromes 

without ST-segment elevation and will be divided 
into two independent but complementary studies. 
PARAGON-A will enroll approximately 2200 pa- 
tients and randomize them to one of five treatment 
arms: heparin, low-dose Lamifiban with and without 
heparin, and high-dose Lamifiban with and without 
heparin. Patients in PARAGON-A will receive an 
infusion of the study drug for 72 hours and will not 
be eligible for catheterization in the first 24 hours of 
the treatment. In PARAGON-B, an optimal dosing 
regimen of Lamifiban with or without heparin will be 
chosen and compared directly to heparin in 7200 
eligible patients. The PARAGON trials will thus 
address two important questions: Whether Lamifiban 
is effective and safe in patients with unstable angina, 
and whether concomitant heparin is required when 
treating patients with potent antiplatelet therapy. 

There are several ()rally active GPl lb / l l la  inhibitors 
in various stages of clinical development. Many of 
these compounds are being evaluated for use in sec- 
ondary prevention in patients with stabilized acute 
coronary syndromes. A number of issues with regard 
to dosing, level of required inhibition, duration of 
treatment, and safety will need to be addressed in 
carefully designed randomized clinical trials as part of 
the overall strategy to assess their effectiveness. 

Use of platelet GPIlb/IIIa inhibitors is particular}, 
attractive in the group of patients with acute ST- 
segment elevation myocardial infarction. Platelets 
seem to play a key role in the development of these 
syndromes, and antiplatelet therapy in the form of 
aspirin is a proven standard in these patients. 
Thrombolysis and primary angioplasty, the best- 
studied clinical strategies, are still associated with 
unacceptably high mortality rates for a disease with 
such high prevalence. Much of the ear[}' mortality 
benefit of reperfusion is related to the rapid achieve- 
ment of normal coronary blood flow [44]. Addition- 
ally, the later problem of coronary reocclusion is 
associated with poor clinical outcomes. Potent 
antiplatelet therapy may attenuate these problems. 

In an early animal stud},, Yasuda and colleagues 
analyzed the use of'e~I-labeled 7E3 F(ab')2 in prevent- 
ing reocclusion in dogs with laboratory-induced coro- 
nary thrombosis who also received recombinant 
tissue-type plasminogen activator [4.t]. The infusion 
of rt-PA in eight dogs led to coronary artery reper- 
fusion in all, but reocclusion occurred in all but one 
animal, despite anticoagulation with heparin. In con- 
tradistinction, the intravenous administration of 7E3 
F(ab')2 prevented reocclusion in all 10 treated dogs. 

Kleiman et al. have reported the results of the 
Thrombolysis and Angioplasty in Myocardial 
Infarction (TAMI 8) Pilot Study, which looked at the 
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physiologic activity and safety of murine-derived 
monoclonal antibody 7E3 Fab in patients receiving 
recombinant tissue-type plasminogen activator (rt- 
PA) [45]. Sixty patients who fulfilled eligibility crite- 
ria for acute myocardial infarction were enrolled in 
the study and received rt-PA together with aspirin 
and heparin. They were subsequently randomized to 
receive either placebo or m7E3 Fab in escalating doses 
3, 6, and 15 hours after the initiation of thrombolytic 
therapy. Effective blockade of the platelet receptor 
site and platelet inhibit ion were maximal at a dose of 
0 .25mg/kg  body weight of mTE3 Fab. Recurrent 
ischemia occurred in 13% of the m7E3-treated pa- 
tients, compared with 20% of the patients who re- 
ceived placebo, while major bleeding occurred in 
25% and 50%, of the two groups, respectively. This 
study concluded that m7E3 Fab administration in- 
duced profound inhibi t ion of platelet aggregation af- 
ter thrombolysis, with a low rate of recurrent 
ischemic events, and a rate of bleeding comparable 
with that of control patients. 

Lefkovitz reveiwed the EPIC trial to look specifi- 
cally at the subset of patients who underwent direct 
or rescue PTCA within 12 hours after the onset of an 
acute myocardial infarction [30]. The treatment ben- 
efit of the abciximab bolus plus infusion compared 
with placebo was greater in this group than in the 
overall trail cohort, suggesting an especially beneficial 
effect of the antiplatelet agent in this very high-risk 
patient group [ ' ' ] .  

Dose-finding studies of both lntegri l in and 
Lamifiban given in conjunction with thrombolysis 
have recently been completed [47,48]. The results of 
these smaller trials will form the underpinnings of 
larger, more definitive mortality trials of these agents. 
Issues that will require attention include optimal dos- 
ing, duration of treatment,  thrombolytic dosage re- 
quirements,  thrombolytic agent specificity, role in 
primary angioplasty, requirements for concomitant 
ant i thrombin therapy, and safety. 

Conclusions 
The use of the platelet GPIIb/I l Ia  receptor blockers 
has revolutionized the management of patients 
undergoing percutaneous coronary intervention, pro- 
viding impressive acute and intermediate-term treat- 
ment benefits for a broad spectrum of patients. The 
development of the GPl lb / I I Ia  inhibitors might serve 
as a paradigm ofant i thrombotic  drug development as 
an aid to understanding the application of basic labo- 
ratory findings to the clinical arena in the form of 
well-designed randomized clinical trials. Impor- 
tantly, the lessons learned in the clinical trials have 

spawned a series of new questions requiring further 
basic investigation. Feedback like this provides tre- 
mendous growth in the field and is an important part 
of the link between the basic and clinical investiga- 
tive disciplines. 
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46. A GLOSSARY OF TERMS IN 

T H R O M B O C A R D I O L O G Y  

Patricia K. Hodgson and Robert A. Harrington 

Abciximab Monoclonal antibody fragment inhibi- 
tor of the platelet glycoprotein IIb/IIIa receptor com- 
plex. Over a series of randomized clinical trials (EPIC, 
EPILOG, CAPTURE), it demonstrated its effective- 
ness in reducing ischemic complications ofpercutane- 
ous coronary intervention. It is the first agent of its 
class approved for use in the setting of high-risk 
coronary angioplasty by the U.S. Food and Drug 
Administration. 

Abrupt  closure Coronary vessel occlusion follow- 
ing percutaneous coronary intervention, which typi- 
cally occurs within 24 hours of the index procedure. 
The overwhelming majority of instances occur in the 
catheterization laboratory. It is associated with a 
marked increase in death, myocardial infarction, and 
the need for urgent bypass surgery. 

Activation Process of platelet stimulation follow- 
ing adhesion to the vessel wall. It typically leads to 
expression of receptor proteins on the platelet surface, 
which are then responsible for binding adjacent plate- 
lets in the process called aggregation. 

Acute coronary syndromes A number of disease 
states having the common denominator of atheroscle- 
rotic or plaque rupture and coronary thrombosis. In- 
cludes the spectrum ranging from unstable angina to 
acute myocardial infarction. 

Adhesion Process of cells binding via various re- 
ceptors to an injured vascular surface that has exposed 
a number of binding proteins. 

Adhesive proteins Proteins responsible for cell-to- 
cell or cell-to-vessel wall interaction. 

ADP (adenosine diphosphate) A relatively weak 
agonist of platelet aggregation. 

Aggregation Process during which platelets bind 
to one another, creating thrombi. It is mediated 
by the binding of fibrinogen to the glycoprotein IIb/ 
Ilia receptor complex on adjacent platelets. Aggrega- 

tion is the final common pathway of platelet 
hemostasis. 

Alteplase Tissue-plasminogen activator, a fibrin- 
olytic agent. It is clinically useful in the management 
of acute myocardial infarction and large pulmonary 
embolism. Ongoing studies are examining its use in 
ischemic stroke. 

Anticoagulant A nonspecific term that refers 
to any agent that inhibits thrombin generation or 
activity. 

Antiplasmin Usually protein inhibitors of plas- 
min, which is the principal endogenous fibrinolytic 
agent. 

APSAC (anisoylated plasminogen streptokinase 
activator complex) A nonspecific fibrinolytic 
agent. 

Argatroban An arginine derivative, which is a di- 
rect thrombin inhibitor. 

Bradykinin A mediator of the complement 
system. 

CARS (Coumadin Aspirin Reinfarction 
Study) A randomized clinical trial of secondary 
prevention investigating Coumadin plus aspirin 
versus aspirin alone. 

Coagulation Process of hemostasis, mainly focused 
on thrombin generation and subsequent fibrin 
formation. 

Coagulation factors A series of circulating pro- 
teins necessary for the generation of thrombin and the 
formation of fibrin. 

Collagen Extracellular matrix protein; also a weak 
agonist of platelet aggregation. 

Dimers A byproduct of the fibrinolytic process. 

Dipyridamole An orally active antiplatelet agent. 
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Duteplase  A recombinant tissue-type plasminogen 
activator. 

ECSG (European Cooperat ive Study Group)  The 
sponsoring group of a number of small clinical trials 
that began in 1979 investigating thrombolytic agents 
with heparin in patients with acute myocardial 
infarction. 

EPIC (Evaluation of  7E3 for the Prevent ion  of  
l schemic  Complicat ions  trial) A landmark ran- 
domized clinical trial that demonstrated the long- 
term effectiveness of abciximab in reducing the 
ischemic complications of high-risk coronary 
angioplasty. 

Epinephr ine  A potent agonist to platelet 
aggregation. 

FI .2 A byproduct of the conversion ofprothrombin 
to thrombin, and thus a measurable marker of 
thrombin generation. 

Factor  VII  A coagulation factor responsible for in- 
teracting with tissue factor, thus leading to stimula- 
tion of the prothrombinase complex, which leads to 
thrombin generation and fibrin formation. 

Factor  X A coagulation factor responsible for the 
conversion of prothrombin to thrombin; along with 
factor V, calcium, and plospholipid, and essential part 
of the prothrnmbinase complex. 

Factor  XI I I  A coagulation factor responsible for 
the crosslinking of fibrin, leading to a stable polymer- 
ized fibrin clot. 

F ibr in  The end product protein of coagulation. It 
results from thrombin converting fibrinngen to fibrin. 

F ibr inogen A ubiquitous large circulating protein 
and the forerunner of fibrin. Its conversion to fibrin 
depends on the action of tbrombin. 

F ibronect in  An adhesive protein. 

GISSI A series of international randomized mortal- 
ity trials using thrombolysis as well as antiplatelet 
and anticoagulant therapy for patients with acute 
myocardial infarction. 

Giycoprote in  I l b / I I l a  The most common integrin 
receptor on the surface of platelets. It is capable of 
binding fibrinogen between adjacent platelets and 
leading to platelet aggregation in the formation of a 
platelet ridge thrombus. 

GUSTO (Global Use of  Strategies To Open oc- 
c luded coronary arteries) A group of interna- 
tional randomized clinical trials of acute myocardial 
infarction and acute coronary syndromes testing - -  

singly and in combination - -  various thrombolytic, 
anticoagulant, and antiplatelet agents. 

Hemostasis A response to vascular injury. It in- 
cludes both the platelet and the coagulant systems. 

Hepar in  A large molecule that requires an associa- 
tion with antithrombin III to inhibit rhrombin. Cur- 
rently the only intravenous anticoagulant available 
for clinical use. 

Hi rud in  A recombinant protein based on a protein 
found in the salivary gland of the medicinal leech. A 
potent direct thrombin inhibitor. 

Hirugen A synthetic peptide based on the hirudin 
molecule that acts as a direct thrombin inhibitor. 

Hirulog A synthetic peptide that acts as a direct 
thrombin inhibitor. 

H I T  (hepar in- induced  thrombocytopenia)  
Platelet aggregation following the administration of 
heparin that results in prolongation of the bleeding 
time and a drop in the platelet count. 

Homocys te inemin  A metabolic abnormality 
marked by high levels of homocysteine in the plasma 
and a risk factor for premature atherosc[erosis. 

In tegr i l in  A prototype peptide inhibitor of the 
platelet glycoprotein l ib/I l ia  receptor complex. 

Integrins A family of cell surface receptor 
molecules. 

ISIS ( Internat ional  Study of  Infarct  Survival) 
The name given to a series of randomized 
clinical trials and the group of investigatiors 
who perfi3rmed them. The ISIS group has studied 
patients with acute myocardial infarction, using 
several thrombolytic agents and adjunctive 
therapies. 

Lamifiban A peptidomimetic platelet plycoprotein 
Ilb/Il la inhibitor. 

Leukocyte A nonspecific term fi)r white cells. The), 
may be involved in the thrombotic process through 
platelet-leukocyte interactions. 

Ligands Circulation binding proteins. 

MITI  (Myocardial Infarct ion Triage and 
In tervent ion)  A series of trials coordinated in 
Seattle, Washington that looked at the advantages 
of early treatment of patients with acute 
myocardial infarction. Studies included the adminis- 
tration of thrombolytic agents by EMTs, and the 
use of thrombolytic therapy or direct coronary 
angioplasty. 
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P P A C K  Synthetic thrombin inhibitor used as an 
anticoagulant in certain blood collection tubes. 

Plaque rup ture  Believed to be the initial step in 
the genesis of the acute coronary syndromes as well 
as in the progression ofatherosclerotic disease. Can be 
triggered by a variety of neural, hormonal, and flow 
forces. 

Plasmin An endogenous fibrinolytic protein that 
degrades fibrin into fibrinogen degradation products, 
which are soluble. 

P lasminogen Forerunner ofplasmin. 

Platelet  The blood cell responsible for the primary 
phase of hemostasis. 

Platelet  factor-4 A circulating platelet inhibitor. 

Protein  C An important part of the thrombin 
negarive feedback loop, it inhibits thrombin 
formation through its effects on factors V and 
VIII. 

Protein  S Cofactor for the action of protein C. 

P ro th rombin  Protein precursor that is converted 
to thrombin by the action of the prothrombinase 
complex. 

Restenosis The process of renarrowing of a coro- 
nary artery segment following a successful interven- 
tion procedure. A major late complication of 
percutaneous interventional procedures, accounting 
for a large number of the repeart procedures needed 
following initially successful ones. 

r -PA ( recombinant  p lasminogen  activator) A 
nonglycosylated plasminogen activator produced in 
E. coli by recombinant DNA techniques. It is a single- 
chain protein and has clower clearance and a longer 
half-life than wild-type t-PA. 

Saruplase A single-chain, urokinase-type plasmi- 
nogen activator. 

S t reptokinase  A nonspecific thrombolytic agent 
first used in the treatment of acute myocardial 
infarction in the 1950s. It is an inexpensive agent 
with a low rate of reocclusion, bur patency rates 
that are inferior to other thrombolytics, notably 
t-PA. 

TAMI  (Thrombolysis  and Angioplas ty  in Myo- 
cardial  Infarct ion) A series of lO clinical trials 
(and the investigators who ran them) in the 1980s 
and early 1990s looking at pharmacological and me- 
chanical ways to ()pen an acutely occluded coronary 
artery. 

T A T  ( t h r o m b i n - a n t i t h r o m b i n  I l l  complex)  An 
indirect marker of circulating thrombin. 

TFPI  (tissue factor pa thway inhibi tor)  A protein 
inhibitor of the extrinsic coagulation system; 
mainly an inhibitor of the factor VII tissue factor 
system. 

Tic lopid ine  An antiplatelet agent. 

T h r o m b i n  the central enzyme of coagulation, 
reponsible for the conversion of fibrinogen to fibrin 
and activation ofplatelets. It plays a pivotal role in its 
own feedback regulation through its mediation of the 
protein C and S system. 

T h r o m b o m o d u l i n  A protein that combines with 
thrombin at the platelet surface to convert protein C 
to activated protein C. 

TIMI  (Thrombolysis  In  Myocardial  Infarct ion)  
A series of randomized clinical trials, coordinated 
in Boston, that tested a variety of thrombolytic 
agents for patients with acute myocardial 
infarction. 

T IMI  flow A systematic visual method of express- 
ing reperfusion success following administration of 
thrombolytic therapy to patients with acute myocar- 
dial infarction. TIMI 0 and 1 indicate no to little 
flow, TIMI 2 indicates partial flow, and TIMI 3 is 
normal coronary flow. 

Tirof iban A nonpeptide inhibitor of tile glycopro- 
rein l ib/I l ia  receptor inhibitor. 

Tissue factor A protein found in the subendo- 
thelium that, when exposed following vascular injnry 
to the circulation, is able to combine with factor VII 
and to initiate coagulation. 

t -PA ( t issue-plasminogen activator) A specific 
fibrinolytic agent with demonstrated value in the 
treatment of patients with acute myocardial 
infarction and plumonary embolism. 

T R A P  ( thrombin  receptor  agonist  pept ide)  A 
peptide that activates platelets in a manner 
similar to thrombin, but without the effect on 
coagulation. 

Urokinase  A nonspecific fibrinolytic agent. 

Vi tamin K An enzymatic cofiactor necessary for the 
production of clotting factors II, VII, IX, and X, as 
well as proteins C and S. 

Vironect in  An adhesive protein capable of 
binding to cells such as platelets and perhaps 
mediating some elements of extracellular matrix 
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formation following successful percutaneous coronary 
intervention. 

v W F  (von Wi l l eb rand  factor) An adhesive matrix 
protein that facilitates platelet adhesion by glycopro- 
tein Ib. It also binds to platelet glycoprotein IIb/IIIa 
to play a role in platelet aggregation. 

Warfa r in  The only available oral anticoagulamt 
approved for clinic use in the United States. It works 
through a depletion of the vitamin K-dependent  
clotting factors and is best measured and titrated by 
assessing its effect on prothrombin time (INR, inter- 
national normalized ratio). 
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cq-adrenergic receptor, 141 
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160 
changes by oral contraceptives containing 

estrogen,@Index 2 = 596 
enhancing NE release, 140 
and humoral regulation, 157 
and PAI-I levels, 429 

Angiotensin converting enzyme (ACE), 123, 125, 
145-146, 148 
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canine thrombosis, 224-225 
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plasma system, 231 
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Bat salivary plasminogen activator (Bat-PA). See DSPA 
bl] 1-42, 424, 432 
Benestent-II pilot study, 621 
13 15-42, 424, 432 
fl-adrenergic receptors, 141,142 
13-adrenoceptor antagonists, 163-164 
13-adrenoreceptors, 156-157 
~-amyloid, 271,273 
Beta Blocker Heart Attack Trial (BHAT), 164 
Beta blockers, 163-165, 212, 290-291,349, 394, 524 
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fibrinopeptides, 432 
13-galactosidase gene, 551,554, 555 
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Biomaterial tubular segments, 228 
Bittl trial, 627, 628 
Bivalirudin, 628 
Bleomycin, 70, 72, 91 
Blood-brain barrier, 123-124 
Blood flow, control of, 141-146 
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Bradyarrhythmia, 313 
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Bradykinin, 123, 125-126, 144-146, 148, 157, 241,599 

and ACE inhibitors, 160 
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British Doctors Trial, 617, 618 
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abciximab as antiplatelet agent, 617, 623, 645, 649 
c7E3 Fab antibodies, 489--490, 522, 535, 536, 538, 648 
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Calcium, 377, 392 
Calcium channel blockers, 161-163, 165, 524 
Calcium ionophore A23187, 126 
Calcium 2- ions, 5, 6, 8-1 I, 38, 145 
Canadian-American Ticlopidine Study (CATS), 620 
Cancellous osteopenia, 92 
Cancer, 524, 529 
Cannegieter's meta-analysis, 504 
CAPRIE trial, 617, 620 
Captopril, 160, 161 
Carbamazepine, 522 
Cardiac arrest, 301-303, 305, 313-316 
Cardiac enzymes, 324-325, 328, 413 
Cardiac enzyme tests, 321,322, 324-325, 328 
Cardiolipin, 131 

Cardiopulmonary bypass surgery, 474, 477-478, 
484-485 

Cardiopulmonary resuscitation (CPR), 301-303, 305, 
313-315, 523 

Cardiovascular disease, 20-22 
estrogen and, 585-604 

Cardiovascular drug development, 644--646 
Cardiovascular Health Study, 21,587 
Carotid artery thrombosis, 113 
Carotid surgery, 228, 349 
CASS study, 186 
CDIS, 575-580 
CD62P, 573, 574 
Cerebral amyloid angiopathy, 273 
Cerebral hemorrhage, 244, 273 
Cerebral ischemia, 535 
Cerebrovascular disease, 40, 524, 528, 534, 537 
Chain of survival concept, 313-314 
Chandler loop model, 69 
Chemokines, 128, 571-572, 580 
Chemotherapy, 498 
Chimeric 7E3, 380, 381 
Chloramphenicol, 496 
Cholesterol, 21, 22, 600 
Cholestyramine, 496, 522 
Chromatofocusing, 454 
Chronic left ventricular aneurysm, 507 
Chronic oral anticoagulant therapy, monitoring, 

495-508 
clinical settings, 497-508 
oral coagulants, 495--497 

Cimetidine, 496, 522 
Circumflex coronary artery flow probe, 224 
Citrulline, 145 
CK isoenzymes, subforms of, 452-455 
Ciauss method, 112 
Clinical trial design/drug development, 613-652 
Ciofibrate, 496 
Clopidogrel, 391,616, 617, 620 
Clustered charged-to-alanine scanning, 107 
Coaguchek plus system, 476 
Coagulation, 465-466, 601-603, 655 
Coagulation cascade, 15-17, 125, 129, 148, 421,616, 

630 
Coagulation enzyme function, 474, 475, 478 
Coagulation factors, 38, 358, 466, 655; see also Factor 
Coagulation proteins, 29, 38 
Coagulation system, 79, 81 
Collaborative Group for the Study of Stroke in Young 

Women, 589 
Collagens, 35-36, 125, 130, 149, 376-377, 475, 655 
Collagenases, 209 
Complex lesions, 190 
Complicated lesions (type IV), 184, 185 
Congenital heart disease, 21 
Congestive heart failure (CHF), 158-159, 500-501,507 
Conjugated equine estrogen (CEE), 590-592, 597 
Connecting tissue activating peptide III (CTAP Ill), 38 
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Consensus Conference on the Rapid Identification and 
Treatment of AMI, 298 

CONSENSUS II trial, 161 
Constant shear system, 229 
COOH-terminal lysines, 56, 58, 59, 60 
Corneal wound healing, 91, 92 
Coronary arterial eversion graft with distal high-grade 

stenosis, 225-226 
Coronary arterial resistance and blood flow, models of, 

171-180 
characteristics of human stenosis, 171-172 
chronic models, 178-179 
human model, 179-180 
in vitro models, 173-175 
in vivo preparations, 175-178 
theoretical models, 172-173 

Coronary artery bypass grafting (CABG), 129, 13 I, 
192, 349, 484--485, 487, 626 

and estrogen replacement therapy, 587 
hemorrhagic complications, 523, 529-53 I, 535-536 
and ticlopidine, 621 

Coronary artery disease (CAD), 22, 40, 148, 158-159, 
196-197, 429-430, 500-501 

and acute MI identification, 323, 326 
familial hypercholesterolemia, 547, 549 

Coronary artery resistance, determinants of, 156 
Coronary Artery Restenosis Prevention on Repeated 

Thromboxane-Antagonism Study Group 
(CARPORT), 617, 619 

Coronary blood flow, 158, 160, 162, 164 
Coronary heart disease, 21,161,293-299, 587-588 

delay in seeking medical care, 294-296 
prehospital delay reduction studies, 296-298 
prehospital delay, thrombolytic therapy, 294 
REACT trial and, 298-299 

Coronary recanalization, markers of after thrombolysis, 
449-457 

CK isoenzyme subforms, 452-455 
clinical implications/recommendations, 456-457 
creatine kinase isoenzymes, 450-452 
myoglobin, 455-456 
troponins, 456 

Coronary thrombosis, ! 13-114, 222-224, 375 
Coronary vascular pharmacology, 155-165 

adrenergic blockers, 163-165 
angiotensin-converting enzyme inhibitors, 160-161 
calcium channel blockers, 16 l-163 
nitrates, 157-159 
physiologic regulation of coronary blood flow, 

155-157 
Corticosteroids, 241 
Coumadin, 465, 472, 507, 524 
Coumadin Aspirin Reinfarction Study (CARS), 507, 

655 
Coumarins, 495, 508 
C-reactive protein, 188, 430 
Creatine kinase (CK), 324-325, 401 

isoenzymes, 450-452 

isoenzymes, assays, 452, 454--455 
C-X-C chemokines, 571 
Cyclic 3',5'-adenosine monophosphate (cAMP), 142, 

144--145, 147, 157, 392, 522 
Cyclic 3',5'-guanosine monophosphate (cGMP), 145, 

147, 157, 377 
Cyclooxygenase, 142, 144, 147 

inhibitors, 378-379, 616, 618-619 
Cytokines, 148, 578-580 

Dalteparin, 530-531 
Danish Verapamil Infarction Trial I (DAVIT-I), 163 
Danish Verapamil Infarction Trial II (DAVIT-II), 163 
Decay accelerating factor (DAF), 131 
Deep vein thrombosis (DVT), 21, 69, 364, 422-423, 

427, 432 
hemorrhagic complications, 528-529, 531-533, 537 
and oral contraceptives, 589, 602 
treatment of, 497-498 

Defibrillation (DF), 314 
Dense body, 34, 37, 38, 375 
Deoxyribonucleic acid (DNA) liposomes, 562 
Desferrioxamine, 577 
des-growth factor t-PA, 109-110 
Desirudin, 616, 626-628 
Desmodus salivary plasminogen activators (DSPA), 

106-107, 237, 269, 271,273, 276-278, 390 
Desmopressin, 377 
Desogesterel, 592, 594 
Dexamethasone, 66 
Dextran, 498, 506 
Diabetes, 126, 148, 192, 323,422, 429, 501 
Diabetes mellitus, 21, 144 
Diacylglycerol, 36, 143-145 
2'7'-dichlorofluorescein (DCFH), 577 
5,12 diHETE, 43 
Dilated cardiomyopathy, 507, 508 
Diltiazem, 161-165 
Dimers, 431,655 
5-dimethylamino-naphthalene- 1 -sulfonylarginine-n-(3-e 

thyl-l,5-pentanediylamide) (DAPA), 7, 8 
Dipyridamole, 176, 379, 502-506, 522, 533,616, 618 

definition, 655 
Direct antithrombins, 194, 521,616 
Direct thrombin inhibitors, 626-629 
Disaccharides, 19 
Disintegrins, 647 
Disseminated intravascular coagulation (DIC), 40, 423, 

427, 431-432, 472 
Dissociation constant, 39 
Disulfiram, 496 
DMP 728, 624 
Doppler ultrasound technique, 339 
Drugs in development, 615-630 

ADP antagonists, 620-622 
anticoagulants, 624-626 
cyclooxygenase inhibitors and aspirin, 618-619 
direct thrombin inhibitors, 626-629 
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factor Xa inhibitors, 629 
future considerations, 629-630 
GPllb/IIIa antagonists, 622-623 
RGD peptides, 623-624 
thromboxane receptor antagonists, 619-620 
thromboxane synthase inhibitors, 619 

Dry reagent technology, 476-478 
D-thyroxine, 496 
Duke University Clinical Cardiology Study (DUCCS), 

244 
Duteplase, 244, 271,274, 656 
Dysfibrinogenemia, 59 
Dysproteinemia, 472 

Early thrombotic therapy, scientific basis and rationale, 
335-340 

assessment ofthrombolytic impact, 336 
ischemia and reperfusion, 335-336 
thrombolytic treatment and left ventricular function, 

335 
time effect on left ventricular function, 336 

ECASS trial, 528 
Echocardiography, 290, 321,322, 325-328 
ECTIM study, 69 
ELAM-I, 573, 574 
Elastases, 42 
Elderly, 21, 22, 290, 338, 500, 523-524, 532 
Electrocardiogram, 345, 350, 401-402, 413,449 

in identifying acute cardiac ischemia in emergency 
departments, 32 !-324, 326, 328 

NHAAP guidelines, 288, 289, 290 
telemetry of, 302, 306, 307 

Electrocardiographic (ECG) exercise tolerance testing 
(ETT), 324, 328 

Electrophoresis, 403-406, 427, 452-454 
Embryogenesis, 66, 80, 83 
Emergency Medical Dispatchers (EMDs), 303 
Emergency medical services (EMS), 301-308, 313-317 

automated external defibrillation, 305 
prehospital technologies, 305-307 
prehospital therapy, 307-308 
regional planning and triage, 308 

Emergency Medical Services System (EMSS), 287, 
296, 298, 302-305 

public services vs. business, 304-305 
types of service, 303-304 

Eminase ®, 237 
ENA-78, 571 
Enalapril, 161,428 
Endarterectomy, 131,227 
Endocarditis, 505-506 
Endometrial cancer, 587, 588 
Endoperoxides, 365, 380, 391 
Endothelial cell (EC) biology, 123-132 

control of vascular wall function, 125-126 
endothelial barrier and transducing functions, 

123-124 
hemostatic functions, 124-125 

in ischemia/reperfusion, 128-129 
injury and complement activation, 131-132 
leukocyte/endothelial cell adhesive interactions, 

126--128 
restenosis and longer term responses to endothelial 

injury, 129-131 
Endothelial cells, 8, 20, 38, 57, 104, 145, 378 

vascular homostasis, 147-148 
Endothelial injury, 149--150, 212, 221 
Endothelin, 126, 142, 143, 145, 157, 599 
Endothelium-derived nitric oxide (EDRF/NO), 143, 

146--148 
Endothelium-derived relaxing factor (EDRF), 124, 126, 

144, 158 
Endotoxemia, 65, 429 
Endotoxin, 66, 87-88, 92, 128, 148, 427, 574-575 

bacterial, 125 
End-stage coronary artery disease, 251 
End-stage renal failure, 72 
eNOS, 548, 551,553 
Enzyme-linked immunosorbent assay (ELISA), 422, 

426-428, 430--432 
Epidermal growth factor (EGF), 55, 101,130, 247, 377 

-like domain, 5, 6 19 
Epinephrine, 38, 43, 125-126, 142-146, 212, 377, 475 

definition, 656 
enhancing NE release, 140 
and humoral regulation, 156 

Equilin, 598 
ERASER trial, 617, 645 
ERA study, 585 
Ergonovine, 172 
Erythromycin, 522 
Escherichia coli, 248, 263, 364 
E-selectin ligand (ESL-I), 127 
Esmolol, 212 
Estraderm, 590 
Estradiol, 591,597-601,604 
Estrogen, cardiovascular disease and, 429, 567, 585--604 

and atherogenesis, 597-598 
coagulation and, 601-603 
epidemiologic studies, 585-589 
exercise capacity and, 603-604 
hormones and risk factor for disease, 589--597 
and oxidation, 598-599 
vasomotor tone and, 599-601 

Estrogen replacement therapy 
blood pressure and, 596 
cardiovascular disease and, 585-588 
coagulation and, 601-602 
insulin resistance and, 596-597 
lipid levels and, 589-591 

Estrone, 598 
Ethinyl estradiol (EE), 599, 602 

effects on lipoproteins, 591 
Ethylenediaminetetraacetic acid (EDTA), 43, 44, 454 
Ethynodiol acetate, 594 
European Atrial Fibrillation Trial (EAFT), 500, 502 
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European Cooperative Study Group (ECSG), 336, 
348-349, 359, 361,622, 656 

European Myocardial Infarction Project (EMIP) Group 
study, 244, 307, 336, 338 

Evaluation of c7E3 for the Prevention of Ischemic 
Complications (EPIC) trial, 194, 365-366, 
535-536, 538, 648, 652, 655 

abciximab as agent, 617, 622, 645 
definition, 656 
outcome ofheparin control arms treatment, 487, 489, 

490 
Evaluation of PTCA to Improve Long-term Outcome 

by c7E3 GPIlb/Illa Receptor Blockade (EPILOG), 
! 94, 366, 535, 538, 648-649, 655 

abciximab as agent, 617, 623, 645 
outcome of heparin control arms treatment, 487, 489, 

490 
Exercise capacity, and ERT, 603-604 
Exercise-induced ischemia, 430 
Extrinsic pathway inhibitors (EPI), 364 
Ex vivo gene transfer, 551-553 

F1.2, definition, 656 
Factor II, 495 
Factor IIa. See Thrombin 
Factor V (fV), 53, 148, 210, 359, 377, 466-472 

biochemistry of intravascular clotting, 6-9 
biological effects of targeted gene inactivation, 79, 

84-86 
domain comprising procofactors, 18-20 
hemorrhagic complications, 424, 425 
and thrombin activation, 37-38 

Factor V Leiden, 18 
Factor Va, 5-11, 17-20, 125, 364, 468-470, 473, 475 

activation of coagulation cascade, 422 
Factor VII, 80-83, 104, 187, 422-423, 467-471,475, 

495 
alignment of amino-terminal region of human serine 

proteases, 108 
definition, 656 
domain comprising proenzymes, 18-22 
impact on coagulation factors, 603 
and Q-wave myocardial infarction, 195 

Factor VIla, 21,125, 364, 421-423,466, 468 
Factor VIIa-TF, 17 
Factor VIIa/TF/PCPS/C~- enzyme complex, 466 
Factor VIIag, 21 
Factor Vile, 21,600 
Factor VIII, 18-22, 38, 79--81, 84-86, 148-149, 466, 

470--476 
deficiency, 15 
increased, 472, 524, 525 

Factor Villa, 17, 20, 422, 468-470, 473, 475 
Factor IX, 79, 108, 125, 149, 187, 468-471,495 

activation of coagulation cascade, 422 
deficiency, 15 
domain comprising proenzymes, 18-19 

Factor IXa, 20, 79, 363-364, 422, 466, 473, 475 

Factor IXct, 15, 16 
Factor X, 79, 125, 149, 187, 210, 364, 495 

activation of, 421,422 
alignment of amino-terminal region of human serine 

proteases, 108 
definition, 656 
domain comprising proenzymes, 17-19 
-membrane interaction, 5, 6 
and platelet unit membrane, 31 

Factor X/Xa, biochemistry of intravascular clotting, 5, 6 
Factor Xa, 5-11, 83, 125,219, 363-364, 377, 466--473 

activation of coagulation cascade, 422 
-DEGR, 9, 10 
/factor Va, activation of coagulation cascade, 422 
inhibitors, 424, 616, 629--630 
plasma coagulation factors, 17-20 
-TFPI, activation of coagulation cascade, 422 

Factor XI, 19, 149, 471 
Factor XII, 86, 104, 149, 466, 471 
Factor XIII, 15, 56, 125, 656 
Factor XIIIa, 16 
Familial hypercholesterolemia, 547-549 
Fatty acid binding protein, 417, 418 
Felodipine, 162 
Femoral artery, 225-227, 229 
Ferguson trial, 627 
Feto-maternal exchange, coagulation and fibrinolytic 

system role, 80 
Fever, and enhanced anticoagulant effect of warfarin, 

496 
Fibrin, 16-17, 59, 390, 424-427, 432, 656 

polymerization, 466, 467, 471 
Fibrin fragment E-2, 60 
Fibrinogen, 16-17, 20--22, 37-41, 53, 365, 376-377, 

424 
deficiency, 83-84 
definition, 656 
from targeted gene deletions and mutations, 81 
hemorrhagic complications, 524, 525, 528 
impact on coagulation factors, 600--601,603 
and molecular interactions oft-PA, 106-107, 111, 

113-114 
and Q-wave myocardial infarction, 195 
thrombolysis effectiveness, 392, 393 
vascular homeostasis, 150 

Fibrin(ogen) degradation products, 427, 429, 431,432, 
524 

Fibrinogen receptor antagonists, 489-490 
Fibrolysin. See Streptokinase 
Fibrinolysis, 51-114, 358 

inhibitory mechanisms, 57-58 
markers of, 421-433 
mechanisms of fibrin specificity, 58-61 
mechanisms of, in hemorrhagic complications, 

519--520 
molecular regulation of, 53-6 1 
molecular structure of inhibitors, 56-58 
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molecular structure of plasminogen and plasminogen 
activators, 53-56 

and PAI-I, 65 
physiological, 53 
plasmin participation in, 66 

Fibrinolytic fucntion, approaches to optimizing, 
105-111 

Fibrinolytic system, from targeted gene deletion and 
mutations, 81 

Fibrinolytic Therapy Trialists Collaborative Group, 
345, 346, 347 

Fibrolase, 390 
Fibronectin, 20, 39-41, 55, 85-86, 125, 150, 376-377 

definition, 656 
endothelial cell biology role, 130 
as ligand of surface membrane glycoprotein 

receptors, 35 
and molecular interactions of t-PA, 101 
thrombolysis effectiveness, 391,392 
and vascular homostasis, 140 

Fibrinopeptides, 423-427, 432, 486, 488, 616~17, 629 
A (FPA), 15-16, 21, 59, 359, 392, 525, 531 
B (FPB), 16, 424-426, 432 

Fibroatheroma (type V lesion), 184, 185 
Fibrous cap, in unstable plaque, 186-188 
Filopedia, 32, 33, 34 
First responder defibrillation, 301,305 
Fluconazole, 522 
Focal cerebral ischemia, 534 
Folts model, 117, 212-213,222-224 
Fragmin, 530 
FRAMI trial, 363 
Framingham Study, 323, 585, 586, 590 
FRISC study group, 530, 531 
Fucose; 105 

G-4120, 616, 623 
G-actin, 33 
Galactose, 105 
Gamma-interferon, 150, 187 
7~VKDP, 19 
Gastrointestinal hemorrhage, 523, 524 
Gaucher's disease, 472 
Gelsolin, 33 
Gender, and hemorrhagic complications, 524, 526, 648 
Gene regulation, targeted gene inactivation, 94 
Gene therapy 

for vulnerable plaque, 547-556 
in vascular disease, 545-563 
prospects for thrombotic disorders, 561-563 
somatic gene transfer systems, 562 
vector design and current challenges, 561-563 

Gene transfer, ex vivo, 547, 551-553 
Gene transfer, in vivo, 547, 552 
Genitourinary (GU) bleeding, 523 
German Recombinant plasminogen Activator study 

first (GRECO I), 264 
second (GRECO lI), 264 

Gestodene, 592 
GISSI trial, 335, 656 
GISSI-1 trial, 240, 347, 527, 529 
GISSI-2 trial, 339, 346, 523, 526, 625, 627 
GISSI-3 trial, 159, 161 
Glanzmann's thrombasthenia, 620 
Global left ventricular ejection fraction, 337-339 
Global Use of Strategies To Open occluded coronary 

arteries (GUSTO), 240, 244, 338, 346, 625, 
627-628, 646 

definition, 656 
(GUSTO) I trial. See separate entry below 
(GUSTO) II trial, 194 
(GUSTO) IIA trial, 197, 364, 525-527, 531-532, 627 
(GUSTO) lIB trial, 266, 364, 527, 53t-532, 627, 629 
(GUSTO) III trial, i 10, 265, 267 

Global Use of Strategies To Open occluded coronary 
arteries (GUSTO) I trial, 114, 196-197, 241,273, 
347, 361-362, 366 

alteplase vs. streptokinase, 265 
mortality reduction, 263 
overall/hemorrhagic strokes in the elderly, 523, 525, 

53O 
Glomerulonephritis, 80, 91, 95 
Giucagon, 143 
Glucocorticoids, 126 
Glu-plasminogen, 54-55, 59-60, 104, 247, 250-251, 

270, 277 
Glutamic acid (GLA) domain, 5, 6, 18, 19 
Glutathione, 145 
Glutethimide, 496 
Glycogen, 34 
Glycoprotein, 31-39, 127, 140, 365, 375-377 
Glycoprotein Ib-IX-V (CD42) specific antibody, 42 
Glycoprotein IIb/IIIa receptor, 20, 36-44, 85, 359, 365, 

377, 655 
against monoclonal antibodies, 643,646--647, 65 I 
definition, 656 
integdlin peptide inhibitor, 650 
peptide and nonpeptide inhibitors, 650-651 
as related to basic murine monoclonal antibody 

(M7E3), 380 
thrombolysis effectiveness, 391-394 

Glycoprotein lib/Illa receptor antagonists, 194-197, 
357, 365-366, 378-382, 475, 488-489, 622-623 

acute coronary syndromes, 643,650-652 
as antiplatelet agent, 519, 535-536, 538, 616 
development of, 646 
in coronary angioplasty, 647-648 
models for, 224 
synthetic, 647 

Glycosaminoglycans, 125, 140, 149, 248 
Glycosylation, 104, 106, !10-112, 263 
Gold trial, 627 
GR 32191B, 616, 617, 619 
GR 144,053,616, 624 
Grampian Region Early Anistreplase Trial (GREAT) 

study, 244, 336, 338, 339 
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Granule membrane protein 140 (GMP-140), 43, 573, 
574 

Granulocyte-macrophage-colony-stimulating factor 
(GM-CSF), 86 

Griseofulvin, 496 
Gurfinkel trial, 626, 627 

Hall trial, 617 
Head trauma, 523 
Heart Outcome Prevention Evaluation (HOPE), 16 I 
Heavy chain, 39 
Helicobacter,  9 I 
Hemochron system, 475-476, 485--486, 488--490, 625 
Hemodialysis, 626 
Hemolytic uremic syndrome, 72, 86 
Hemophilia A, 86 
Hemorrhagic complications, 7, 197, 240-241,244, 338, 

349-350, 517-544; see also Intracranial 
hemorrhage 

clinical and laboratory predictors of risk, 522-525 
mechanisms of action, 520 
mechanisms of hemostasis and fibrinolysis, 519-520 
recommendation for clinical use, 536-538 

Hemorrhagic embolism, INR rates, 504 
Hemorrhagic stroke, 274, 364 
Hemostasis, 80, 85-86, 124-125, 519-520, 643, 656 
HemoTec, 474-475, 485, 488-489, 625 
Henoch-Sch0nlein purpura, 240-24 I 
Heparin, 38, 57, 149, 363, 428, 616, 656 

as adjunct to thrombolytic therapy, 357-366 
blood coagulation measurement, 465, 469 
deep vein thrombosis treatment, 497, 498 
during and after PTCA, 483--491 
FI.2 levels and, 424 
for Q-wave myocardial infarction, 197 
FPA levels, 425-426 
hemorrhagic complications and, 520-521,526, 

528-532, 535-537 
intravenous, 114, 346 
models for, 22 I, 224 
NHAAP guidelines, 290, 291 
and pregnancy, 508 
and prosthetic heart valves, 506 
and prothrombin times, 468, 471--476 
and TFPI, 423 
thrombolysis effectiveness, 389-393 
trials and meta-analyses of, 624--625, 627 
with aiteplase, 274 
with anistreplase, 243-244 
with scu-PA, 250 
with staphylokinase, 258-260 
with streptokinase, 24 l@Index 2 = 
with thrombolytics, 193-194 
with warfarin, 17-20 

Heparin-AT III, 363, 471,472, 474, 520, 624 
Heparin cofactor II, 149 
Heparin fragments, 358 
Heparin-induced thrombocytopenia (HIT), 20, 626, 656 

with thrombosis (HIT-T), 530 
Heparinoids, 616, 626 
Hepatic failure, 271 
Hepatic ischemia, 131 
Hepatic receptors, 104-105, 111 
Hepatocytes, 19, 378 
Hereditary factor deficiency, and aPTT, 472 
Hereditary thrombophilia, 18 
Herpesvirus, 561,562 
High-density lipoprotein (HDL), 547-550, 589-593, 

597 
cholesterol, 590, 595 

Hind III polymorphism, 22 
Hip fracture, 587, 588 
Hip surgery, 498, 532, 537 
Hirudin, 194, 197, 358, 363-364, 393, 471,656 

anticoagulation monitoring, 488, 489, 491 
derivatives, 616, 626 
F1.2 levels and, 424 
hemorrhagic complications, 519, 521,526-527, 

531-532, 537 
trials and meta-analyses of, 626, 627 
vs. tirofiban or integrilin, 366 
with streptokinase, 241 

Hirudin for the Improvement of Thrombolysis (HIT) 
trial, 197, 527, 531,626, 627 

(HIT) III trial, 197, 364, 531,627 
Hirudin in a European Restenosis Prevention Trial 

Versus Heparin Treatment in PTCA Patients 
(HELVETICA), 487, 489, 532, 627 

Hirugen, 363, 521,616, 628, 656 
Hirulog, 358, 363-364, 393,489, 491,616, 628 

definition, 656 
hemorrhagic complications, 519, 531,532 
trials and meta-analyses of, 627 

Hirulog Angioplasty Study, 487, 489 
Hirulog vs. Heparin after Streptokinase trial (HERO), 

627, 628 
Histidine-rich glycoprotein (HRGP), 20 
Histamine, 126-128, 140, 157, 209-211,213, 578-579 
Holland Interuniversity Nifedipine Metoprolol Trial 

(HINT), 163, 164 
Human ex vivo perfusion system, 230 
Human immunodeficiency virus (HIV), 315 
Humoral regulation, 156-157 
Hydrocortisone, 66 
Hydroxyeicosatetraenoic (HETE) acid 

5 HETE, 43 
12 HETE (I 2-hydroxyisomers), 572 
12 HETE/12 HPETE, 42 
15 HETE (15-hydroxyisomers), 572 

Hydroperoxyeicosatetraenoic acids (HpETEs), 147 
Hypercholesterolemia, 70, 547, 596 
Hyperglycemia, 145 
Hyperlipidemia, 21,423 
Hypermetabolic states, 496, 522 
Hyperoxia, 91 
Hyperreactivity, 40 



668 INDEX 

Hypertension, 21,126, 429, 500-501,523, 532 
oral contraceptive use and CHD, 589, 596, 597, 604 

Hypertriglyceridemia, 429, 596 
Hypofibrinogenemia, 359, 362, 524 

IC1N study, 348-349 
Idiopathic pulmonary fibrosis, and PAl-1, 72 
Iloprost, 365, 378, 379 
Imminent Rotterdam Myocardial Infarction (IMIR) 

Criteria, 327 
lmmunoabsorption, 8 
Immunoblotting, 427 
Immunoglobulin-G, 377 
Indirect antithrombins, 616 
Inducible protein- 10 (IP- 10), 571 
Inferior vena cava ligation model, 219-220 
Inferior vena cava thrombosis model, 220 
Inflammation, plasma participation, 66 
Inflammation, role of, following myocardial ischemia 

and reperfusion, 569-580 
cellular and molecular biology of, 579-580 
mechanisms of neutrophil-induced myocardial injury, 

579-580 
neutrophil chemoattractants initiating, 570-573 
neutrophil localization and role of adhesion 

molecules, 573-576 
pathological basis of ischemial reperfusion injury, 

569-570 
use of antiinflammatory strategies in study of 

myocardial ischemia and reperfusion, 570 
Inflammatory injury, 577-580 
Inositol phosphates, 145 
Inositol 1,4,5 triphosphate (IP3), 36, 143 
Insulin, 143, 429 
Insulin-like growth factor-I (IGF-I), 130 
Insulin resistance, 596-597 
lntegrilin, 197, 366, 381,490, 522, 536, 623 

as antithrombotic, 650, 651 
definition, 656 
as cyclic RGD peptide, GPIIb/Illa antagonists, 

antiplatelet agents, 616, 623 
trials and, 617, 645, 651,652 

lntegrilin to Minimize Platelet Aggregation in Coronary 
Thrombosis (IMPACT) trial, 536, 645 

IMPACT II trial, 366, 487-490, 536, 617, 623-624, 
645, 650 

IMPACT AMI trial, 197, 366, 381,617, 645 
Integrins, 35, 39, 365, 375-376, 573, 575-577, 615--616 

definition, 656 
Intercellular adhesion molecules (ICAMs), 127, 129 

ICAM-1,573, 575, 577-580 
ICAM-2, 575 
ICAM-3, 575 

Interletikin, 128 
Interleukin-1 (IL-1), 66, 92, 125--126, 130, 145, 575, 

577 
Interleukin-2 (IL-2), 92 
Interleukin-4 (IL-4), 150 

lnterleukin-6 (IL-6), 22, 575, 577-580 
Interleukin-8 (IL-8), 571-572, 575-577, 579--580 
Intermittent pneumatic compression, 498 
International Joint Efficacy Comparison of 

Thrombolytics (INJECT) study, 265, 528 
International Normalized Ratio (INR), 468-469, 473, 

478, 495--497, 503-508, 525 
International Sensitivity Index (ISI), 469, 497 
International Study of Infarct Survival (ISIS), 345, 656 

ISIS-I trial, 164 
ISIS-2 trial, 240-241,295, 335, 378-379, 391,527, 

617-618 
ISIS-2 trial, aspirin after streptokinase, 359, 364 
ISIS-3 trial, 244, 274, 346, 526, 529, 625, 627 
ISIS-4 trial, 159, 161 

Interventional trials, antithrombin therapy for 
hemorrhagic complications, 532 

Intraaortic balloon counterpulsation (IABP), 523, 530, 
535 

Intracoronary Stenting and Antithrombotic Regimen 
(ISAR) trial, 617, 621 

Intracoronary thrombus, 191 
Intracranial hemorrhage, 111, i 93, 500, 503, 505-506, 

508; see also Hemorrhagic complications 
Intracranial tumor, and hemorrhage, 523 
Intraplaque hemorrhage, 185 
Intravascular clotting, biochemistry of, 5-12 

activation, 5-6, 7-8 
binding characteristics, 7 
factor V, 6-7 
factor X/Xa, 5, 6 
membrane binding, 5 
phospholipid membrane, 8, i 1 
prothrombin activation, 11-12 
prothrombinase, 5 
prothrombinase complex, assembly and function, 5, 

8--11 
Intravenous Streptokinase in Acute Myocardial 

Infarction (ISAM) Study Group, 240, 336-337, 
348-349, 527 

Intravascular ultrasound (IVUS), 207, 214 
Intrinsic Xase, 6 
In vitro fibrinogenolysis in human plasma, 112 
IP3, 33 
Ischemia/reperfusion, 128-129, 131 

injury, 132, 569-570, 572, 576, 578-580 
Ischemic cerebral vascular disease, 532 
Ischemic heart disease, hemorrhagic complications, 

20-21, 86, 432 
anticoagulant therapy, 532-533 
antithrombin therapy, 531-532 
heparin therapy, 529-530 
thrombolytic therapy, 525-528 

Ischemic preconditioning, 195 
Isoelectric focusing, 454, 455 
Isometric exercise, 171 
Isoniazid, 522 
lsosorbide dinitrate, 157, 171,172 
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/transdermal ointment, 159 
Isosorbide-5-mononitrate, 157, 159 
Isradipine, 162 

Jugular vein thrombosis model, 220 

Kabikinase ~, 237 
Kallikrein, 248 
Kereiakes trials, 617, 645 
Ketangenin, 380 
Ketoconazole, 522 
Kininase II, 123 
Kininogen, 86 
Knee surgery, 498, 530, 537 
KQAGDV recognition sequence, 377 
Kringle domains, 19 
Kringles, 54-55, 59-60, 95, 101, 110 

DSPA, 271,276, 277 
in TNK-tPA structure, 103, 105-106, 112 

L 703,014, 616, 624 
Labetalol, 163 
Lactic dehydrogenase (LDH), 40 ! 
Lactoferrin, 105 
Lac Z reporter (marker) gene, 92, 94 
Lag phase, 599 
Lag time, 465, 472, 473 
LAM-I, 573, 574 
Lamiflban, 197, 366, 381,616, 656 

trials and, 617, 624, 645, 647, 651,652 
Laminin, 35, 140, 376 
Laplace's law, 187, 208 
L-Arginine derivatives, 145 
Laser-induced fluorescence (LIF), 215 
latent transforming growth factor, 80 
LATE trial, 579 
12-lead ECG system, 317, 350 
Lectin-epidermal growth factor-complement cell 

adhesion molecules (LEC-CAMs), 127 
LECCAM- 1,574 
LECCAM-2, 574 
LECCAM-3, 574 
Leech venom, 381 
Left ventricular dilatation, 339 
Left ventricular dysfunction, 160, 507 
Left ventricular ejection fraction, 337-339 
Left ventricular function, 335 
Left ventricular hypertrophy (LVH), 156, 160, 323 
Left ventricular remodeling, 160 
Left ventricular systolic dysfunction, 148 
Lembo trial, 617 
Leucine-aspartic acid-proline-arginine (LDPR) 

sequence, 37 
Leu-8 TQI, 574 
Leukocyte adhesion deficiency (LAD), i 27, 224 
Leukocyte 132 integrins, 569, 575-577 
Leukocyte cellular adhesion molecules (LEU-CAMS), 

127 

Leukocytes, 41,126-128, 656 
Leukotrienes, 143, 144, 571,572 
Levonorgesterel, 592, 594 
Lewis lung carcinoma, 55, 93 
LFA-1,575 
Lidocaine, 225 
Life expectancy, with long-term hormone replacement, 

587, 588 
Ligands, 39, 375-376, 656 
Light chain, 39 
Lipid core, 185, 186 
Lipid-derived autocoids, 572 
Lipids, 22, 589-596 
Lipoprotein, 70-71, 88, 590-599 
Lipoprotein (a), 59, 90-91,248 
Lipoprotein-associated coagulation inhibitor (LACI), 

125, 364 
Lipoprotein lipase, 105 
Lipoxygenase, 142, 147, 570-572, 579, 580 
Lisinopril, 161 
Liver disease, 432, 472, 496, 522 
Liver failure, 468, 524 
Liver transplants, 547 
Long term potentiation, coagulation role, 80 
Low-density lipoprotein (LDL), 423,429, 547, 

590-595, 597-599 
Low-density lipoprotein-apoprotein B (LDL-ApoB), 

593 
Low-density lipoprotein (LDL) cholesterol, 20, 590 
Low-density lipoprotein receptor (LRP), 80-81, 84, 

105, 428, 547-549, 556 
Low molecular weight heparin (LMWH), 19-20, 363, 

473,488, 506, 616, 625 
for deep vein thrombosis, 497-498 
hemorrhagic complications and, 521,530-531,537 
trials and meta-analyses of, 627 

Lung inflammation, 95 
Lupus anticoagulant, 465 
Lymphocytes, 8 
Lysosomes, 34, 37, 38 
Lys-plasmin, 55 
Lys-plasminogen, 55, 59-60, 247, 250-251,270 

Mac-l, 575, 576, 577 
Macrophage inflammatory protein 1--~ (MIP-lct), 128, 

571 
Macrophages, 20, 93-94, 550 
Magnesium, NHAAP guidelines, 291 
Magnesium ions, 38 
Magnetic resonance imaging (MRI), 215-216 
Malignancy, targeted gene inactivation and, 93-94 
MAST-E trial, 528 
MAST-I trial, 528 
MB-CK isoenzymes, 324-325,328, 405, 415--418, 

450-457 
MB-CK subforms, early diagnosis of myocardial 

infarction and, 401-410, 452, 453 
advantages for early diagnosis, 409 
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conventional markers lack of sensitivity, 401-403 
evaluation of assay, 406--408 
future prospects, 409-4 i 0 
limitations of assay, 408-409 
need for earlier diagnosis, 401 
origin and mechanization of production, 403-404 
rapid assay, ~05-406 
rationale of use for early diagnosis, 404-405 
suggested protocol for utilization, 409-4 10 
versus other markers, 409 

MCP-i, 571,575, 579 
MCP-2, 571 
MCP-3, 571 
Mega-trials, 646 
MEL-14, 573, 574 
Medical Research Council Study, 506 
Medroxyprogesterone acetate (MPA), 592, 596, 597 
Meizothrombin, 10, 11 
Membrane-associated tissue factor (TF), 422 
Membrane attack complex (MAC), 131, 132 
Menopause, 22, 601 
Menstrual cycle, 593, 594 
Mestranol, 602 
Metabolic regulation, 155 
Metallic coil arterial thrombosis model, 222 
Metalloproteinase system, 88, 187, 548, 550 
Metallothionen proteins, 209 
Metastasis, coagulation role, 80 
Metastatic melanoma, and PAl-1, 72-73 
Metformin therapy, 429 
Methyldopa aspirin (high doses), 496 
Methylprednisolone, 570 
Metoprolol, 163, 164 
Metronidazole, 496, 522 
Michigan Medicaid study, 602 
Microfibrils, 35 
Microtubules (MT), 34 
Mini-trials, 646 
Mitochondrion, 34 
Mitral stenosis, 501 
MK-852, 381,616, 623 
MM creatine kinase (MMCK), 403-406 

subforms, 405, 451-457 
Monoclonal antibodies, 39-41, 43-44, 94-95, 194, 359, 

378 
GPIIb/llla and, 616, 622, 646--647 

Monocyte-platelet aggregates, 43 
Monocytes, 8, 38, 41 
Montreal Heart Study, 529 
Mooney trial, 627 
Morphine, 307 
Multicenter Diltiazem Postinfarction Trial, 162 
Multicenter Predictive Instrument Trial, 327 
Multi-Hospital Eastern Atlantic Restenosis Trial 

(M-HEART II), 617, 619 
Multivessel disease, 191,195, 430 
Mural thrombosis, 507 
Murine, 7E3(Fab), 380 

Murine monoclonal antibody (M7E3), 380-381 
Muscarinic receptors, 141, 157 
Muscular dystrophy, MB-CK subform assay 

limitations, 408 
Myocardial infarction (MI), 1 I0, 126, 147, 484; see 

also Acute myocardial infarction (AMI) 
adrenergic blockers and, 164 
angiographic progression of, 196-197 
angiotensin-converting enzyme (ACE) inhibitors, 

160-161 
causing an abbreviated aPTT, 472 
mortality studies, 349 
nitrates and, 158-159 
non-Q-wave, 194-195 
and oral contraceptive use, 589 
and PAl-1, 69, 70 
Q-wave, 195-197 
Q-wave vs. non-Q-wave, 162-163 
and unstable angina, 163 
plasma markers of acute MI, 399-457 

Myocardial Infarction Triage and Intervention Trial 
(MITI), 301,307, 316-317, 336-337, 656 

Myocardial ischemia, 161,164, 172 
and reperfusion, role of inflammation following, 

569-580 
Myocardial necrosis, 195, i 96 
Myocardial stunning, 162, 339, 569 
Myocarditis, 414 
Myoglobin, 402--403, 409, 410, 417-418, 451,455-457 

N-acetyI-L-cysteine (NAC), 157, 159 
Naked DNA, 562 
Narins trial, 627 
National Heart Attack Alert Program (NHAAP), 

283-287 
National Heart, Lung and Blood Institute (NHLBI), 

Rapid Early Action for Coronary Treatment 
(REACT) trial, 285, 298-299 

Native prothrombin antigen, 469 
Native valvular heart disease, 507, 508 
Naturally occurring RGD-containing peptides, 647 
Nematode anticoagulant peptide (NAP), 364 
Neointima formation, 88-90 
Neoplasia, 43 ! 
Neovascularization, 93-94 
Neri Serneri trial, 627 
Netherlands Interuniversity Trial, 336, 340 
Neural regulation, of coronary blood flow, 157 
Neuroexcitatory induced seizures, 93 
Neuronal protection, coagulation role, 80 
Neurosurgery, prior, as risk factor for intracranial 

hemorrhage with thrombolytic therapy, 523 
Neutropenia, 43, 620 
Neutrophil activating factor, 572 
Neutrophil chemoattractants, 569-573 
Neutrophil-endothelial interactions, lbllowing 

myocardial ischemia and reperfusion, 573 
Neutrophil localization, 570, 573-576 
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Neutrophil-platelet aggregates, 43 
Neutrophit rolling, 573-575 
Neutrophils, 8, 38, 41, 43, 128-129, 365, 377 

-induced myocardial injury, mechanisms of, 576-579 
Neutrophil transmigration, 573 
New-onset angina, identification of, 322, 325 
Nicanartine, 70 
Nicardipine, 162 
Nifedipine, 162-165 
Nimodipine, 162 
NINDS trial, 528 
Nitrates, 157-t59, 163, 165, 290-291 
Nitric oxide (NO), 125, 145, 157, 377 

synthesis, 141,144, 599 
Nitric oxide synthase (NOS), 126, 145 
Nitroglycerin, 157-159, 165, 175, 178-79, 306-307, 

317 
Nitroprusside, 212 
NO-monomethyl-L-arginine (L-NMMA), 147 
Noncompressible vessel, puncture of, as risk, 523 
Nonhuman primates, 227 
Nonintegrins, 35 
"No reflow" phenomenon, 573 
Norepinephrine, 142-143, 146, 156, 160, 165, 210, 212 

effect on carotid artery, 174, 175, 179 
Norethindrone, 592, 594 
Norethindrone acetate, 594 
Norethindrone (biphasic), 594 
Norgestimate, 592 
Norgestrel, 594 
Northwick Park Heart Study, 21-22, 423 
Northwick Park Heart Study II, 192 
Norwegian Multicenter Trial, 164 
Norwegian Warfarin Reinfarction Study (WARIS), 506 
Novel anticoagulants, 364-365 
NPA test, 477 
NSAIDs, 524 
Nurses' Health Study, 588 
Nurses Health Study in Progress, 617, 6t8 

Obesity, 429 
Occluder, 224 
Omeprazole, 496, 522 
Open canalicular system, 32, 37-38, 41 
Oral anticoagulant therapy, 496-497, 521 
Oral contraceptive pills (OCP), 472, 496, 585, 588-589, 

594, 596-597, 601-604 
Orally active drugs, 616, 624 
ORBIT trial, 617 
Organ biopsy, as risk factor for systemic hemorrhage 

with thrombolytic therapy, 523 
Orgaran/Lomoparan, 626 
Osteoporosis, 587-588 
Ovulation, plasmin participation in, 66, 80 
Oxford Antiplatelet Trialists' Collaboration (1988), 618 
Oxidation, estrogen and, 598-599 
Oxygen, 145, 307, 317 

cyclooxygenase inhibitors and, 6 i 8-619 

Oxygen free radicals, 42, 365 
Oxygen radical scavengers, 577 

p 150,95, 575 
PAC I, 41 
Pancreatitis, 80, 95, 432, 596 
PARAGON trial, 366, 617, 645, 651 

PARAGON-A trial, 651 
PARAGON-B trial, 651 
PARAGON Pilot trial, 197 

Paramedics (EMT-P) 305-308, 315-317 
Partial thromboplastin time (PTT), 194, 465, 470, 477 
Passivation, 648 
Patient selection for thrombolytic therapy, 345-352 

from clinical trial to individual patient, 345-348 
PEPI trial, 591,592, 595-597 
Penicillin, 522 
Peptic ulcer disease, 524 
Peptides, 39, 142 
Peptidomimetics, 359, 365, 366 
Percutaneous transluminal coronary angioplasty 

(PTCA), 129-131,260, 293, 308, 345-351,357, 
364-366 

and ACT, 474, 477--478 
clinical trials with abciximab, 645, 652 
clinical trials with integrilin, 645 
clinical trials with tirofiban, 645 
elevated XL-FDP as risk factor, 432 
for AMI, 401 
and GPllb/IIIa inhibitors, 381 
GUSTO liB patency results, 266 
hemorrhagic complications, 523,529, 531-532, 

535-537 
high-risk, 645 
intraprocedural anticoagulation monitoring, 484-488 
myoglobin peak, 455 
PAI-I and t-PA concentrations, 430 
thrombosis occurrence after, 615, 621-623, 625-628 
troponins marking AMI, 413 
ventricular function, 336 

Percutaneous transluminal coronary angioplasty, 
anticoagulation monitoring, 483--491 

current practice, 488 
postprocedure anticoagulation, 488 
thrombus, 483-484 
with newer agents, 488-490 

Peripheral hemorrhage, 111 
Peripheral artery disease, 537 
Peripheral arterial occlusion, staphylokinase treatment 

for, 260 
Peripheral vascular disease, 21-22, 40, 422, 431, 561 
Peroxisome, 34 
PGI2 (vasodilator), 126, 146 
Phenprocoumon, 535, 62 I 
Phentolamine, 165 
Phenylbutazone, 496 
Phenytoin, 522 
Phorbol esters, 66 
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Phosphatidyi choline-phosphatidyl serine (PCPS) 
vesicle, 11 

Phosphatidylinositol-2,4-biphosphate, 143 
Phosphatidylinositol 4-5-biphosphate (PIP2), 33, 36 
Phosphinositide, 36, 37 
Phosphodiesterase inhibitor, 616 
Phospholipase A2, 36, 144, 376 
Phospholipase C, 36, 143, 145, 376, 392, 394 
Phospholipid membrane, 8, 9 
Phospholipids, 15, 17, 18, 57, 67 
Phospholipid vesicles, 7, 8, 10 
Physicians Health Study, 617, 618 
Picotamide, 619 
Pindolol, 163 
Placental steroids, 595 
Placentation, 80 
Plaque disruption and thrombosis, 207-216 

animal models of, 209-2 i 2 
bench models of, 208--209 
human models of, 207-209 
methods to detect vulnerable plaques, 214-216 
morphologic evidence in humans, 207-208 
pharmacologic trigger, 209-212 
rabbit model of, 208-214 
studies to prevent, 212-214 

Plaque rupture, 657 
experimental models of, 169-231 

Plasma coagulation factors, 15-23 
new perspectives, 20-23 
structural considerations, 18-20 

Plasma lipids, 21 
Plasma markers 

of infarction, 399-457 
of thrombosis, 399--457 

Plasma membrane, 34 
Plasma recalcification time (PR), 470, 477 
Plasma system, 231 
Plasmin, 19, 53, 55-56, 58, 149, 425, 427, 428 

and ct2_antiplasmin, 59 
definition, 657 
endothelial cell biology, 13 I 
and hemorrhagic complications, 520 
inhibited by ct2_antiplasmin, 57-58 
as marker of fibrin formation and degradation, 424 
and PAl-I, 65 
properties, 54 
vascular homostasis, 147 

Plasmin-ct2_Antiplasmin (PAP) complexes, 57-58, 427, 
430--431 

Plasminemia, I 1 ! 
Plasminogen (Plg), 53, 56, 59---60, 65, 91,427-428, 603 

alignment of amino-terminal region of human serine 
proteases, 108 

deficiency, 87 
definition, 657 
and DSPA variants, 277 
endothelial cell biology, 131 
and estrogen replacement therapy, 601 

fibrin effect on, 58-59 
from targeted gene deletions and mutations, 81 
hemorrhagic complications, 524, 525, 528 
and molecular interactions oft-PA, 101,104, 

106-108, 111,113-114 
molecular structure of, 53-56 
neointima formation, 88 
properties, 54 
sequences near scissile bonds of, 109 
targeted gene inactivation and gene transfer, 79-80 
vascular homostasis, 147 

Plasminogen activators, molecular structure of, 53-56 
Plasminogen activator (PAl), 65, 125, 602-603 
Plasm inogen activator inhibitor- 1 (PAIo I ), 1 9-20, 38, 

53, 56-58, 65-73, 378 
arterial gene transfer, 551,553 
assays of fibrinolytic system, 428 
background, 65-66 
clinical significance, 67-73 
clinical utility of measurement, 427-430, 432 
deficiency, 53, 67, 73 
from targeted gene deletions and mutations, 81 
function, 66-67 
hemorrhagic complications, 524 
inhibited, 364 
main antagonist of t-PA, 27 l, 274 
molecular interactions oft-PA, 101, 104, 108-109, 

l l2  
and myocardial infarction, 160 
properties, 54 
sequences near scissile bonds of, 109 
structure, 66-67 
and targeted gene inactivation, 79, 83-84, 90-91, 

93-94 
therapeutic thrombolysis and, 359 
vascular homostasis, 148, 149 

Plasminogen activator inhibitor-2 (PAI-2), 57, 58, 65, 
80 

from targeted gene deletions and mutations, 8 l 
properties, 54 
and targeted gene inactivation, 84 

Plasminogen activator inhibitor-3 (PAI-3), 17, 65, 80 
Plasminogen steal phenomenon, 258, 272, 273 
Platelet activating factor (PAF), 36, 42-43, 125, 

129-130, 390-392, 394, 535 
ischemia/reperfusion injury, 571,572, 575-577 

Platelet activation-dependent granule external 
membrane (PADGEM) protein, 43, 573, 574 

Platelet agonists, 36-37 
Platelet aggregometer, 40 
Platelet-derived endothelial cell growth factor 

(PD-ECGF), 150 
Platelet-derived growth factor (PDGF), 38, 42, 126, 

129-131,150, 377, 618-619 
Platelet factor-4 (PF4), 20, 38-42, 363, 525, 571, 

624-625, 644 
definition, 657 
platelet activation and AMI, 376-378 
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Platelet factor V, 18 
Platelet-free neutrophils, 41 
Platelet function tests, 465 
Platelet glycoprotein Ib-lX complex, 35 
Platelet-rich plasma (PRP), 41, 43 
Platelet-rich venous thrombosis model, 220-221 
Platelets, structure and function, 8, 29--44, 375-378 

activation, 35-37, ! 85, 376-377, 617, 622 
activation after thrombosis, 378 
adhesion, 32-35, 375-376 
aggregation, 38--43, 157, 377, 490, 615, 617-620, 622 
aggregation, and GPllb/llIa receptors, 643, 647, 648 
aggregation, and thrombolysis effectiveness, 390, 

392-393 
definition, 657 
function, 32 
-leukocyte interactions, 41--42 
membrane system, 32 
neutrophil-derived mediators, 42-43 
organelle zone, 32 
peripehral zone, 31 
platelet-derived mediators, 42 
platelet leukocyte adhesion, 43-44 
prothrombotic effects of, 377-378 
reaggregation, 43 
role in hemostasis, 31 
secretion, 37-38 
shear stress, 377 
sol-gel zone, 31-34 
thrombin activation, 37 
tools for measuring platelet activation, 40-41 

Platelet satellitism, 43 
Platelet-specific proteins, 38 
Platelet llb/llla Unstable Angina Receptor Suppression 

Using Integrilin Therapy (PURSUIT) trial, 366, 
617, 645, 651 

Polycythemia, 468, 472 
Polymorphonuclear (PMN), 43 

-derived leukotrienes, 43 
elastase, 42 
leukocytes, 42 

Polypeptide chains, 22 
Postphlebitic syndromes, 498 
PPACK, 358, 363, 364, 425, 521,616, 629 

definition, 657 
Prazosin, 165 
Preatheroma (type II1 lesion), 184 
Preferred provider organizations (PPOs), 303 
Pregnancy, 507-508 

causing an abbreviated aPTT (last trimester), 472 
elevated PAI-2 levels, 57 
lipids levels and, 595-596 

Pregnanes, 592 
Prehospital enzyme determination, 306 
Prehospital questionnaire, 306 
Prehospital strategies, for treatment of AMI, 333-352 
Prehospital technologies, 305-307 
Prehospital therapies, specific, 307-308 

Prekallikrein, 86 
Prevention of Atherosclerosis with Ramapril Therapy 

(PART) trial, 161 
Primary hemostasis, 29, 3 i 
Prinzmetal's angina, 158 
PRISM study, 366, 617, 645 
Procainamide, 225 
Procoagulation, relation to thrombosis, 16 
Procofactors, domains comprising, 19 
Procollagenase, 187 
Proenzyme-activation region, 19 
Proenzyme plasminogen (Pig), 79, 80 
Proenzymes, domains comprising, 19 
Profibrinolysis, relation to thrombosis, 16 
Progesterone, 592, 596 
Progesterone replacement therapy, 596-597, 601 
Progestin replacement, 591-595 
Progestins, synthetic, 596 
Progestogens, 592, 595 
PROLOG study, 489, 490, 535, 648, 649 
Promyelocytic leukemia, 423 
Propeptide, 19 
Propranolol, 163-165 
Prospective Cardiovascular Munster Study (PROCAM 

study), 21 
Prostacyclin, 125, 141,143-145, 148, 157, 365, 377, 

379 
Prostaglandins, 32, 144, 157, 160, 391,393 

D2, 365 
Ej, 378, 379 
PGI2, 377 

Prostanoids, inhibiting NE release, 140 
Prosthetic heart valves, 501-506, 508, 524, 532-534, 

537 
Prostromelysin, 187 
Protease, 110 

nexin, 65 
Protein, 149 
Protein C, 16-19, 36, 38, 79, 125, 148, 358 

definition, 657 
as endogenous inhibitor, antithrombin agent, 616, 629 
impact on coagulation factors, 60 !, 602, 603 

Protein C activation peptide, 427 
Protein cofactor Va, 5, 6 
Protein kinase C, 143 
Protein S, 16--19, 38, 57, 79, 125, 131,629 

definition, 657 
impact on coagulation factors, 602, 603 
inactivating factor Va, 364 

Proteinase nexin-I (PN-I), 80, 81 
Proteoglycans, 140, 150 
Prothrombin, 10-12, 18-19, 80--82, 108, 125, 657 
Prothrombin 2, 10 
Prothrombinase, 5, 37, 466 
Prothrombinase complex, 5, 6, 8-11, 17, 19 
Prothrombin fragment (F1.2), 21,423,-424, 427, 432, 

525, 601 
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Prothrombin time (PT), 465-469, 471,473, 475, 
477-478, 495-497 

Prothrombin time ratio (PTR), 524, 525 
P-selectin glycoprotein ligand (PSGL- 1), 127 
Pseudopeptides, 616 
Pseudopeptides/peptidomimetics, as RGD peptide, 

623-624 
Pseudotyped retrovirus, 562 
Public access defibrillation, 315 
Pulmonary embolism, 221,359, 431 

and oral contraceptives, 589, 602 
treatment of, 497-498, 507 

Pulmonary fibrosis, and PAl-l, 72 
Pulmonary hypertension, reteplase therapy, 264 
Pulsatility index, 599--600 
Pump-l, 56 
Purines, inhibiting NE release, 140 
Pyrophosphates, 38 

Quantitative coronary angiography, 171 
Quick's one-stage prothrombin time, 467, 496 
Quiescent endothelium, description of, 124 
Quinapril lschemic Event Trial (QUIET), 161 
Quinidine, 496, 522 
Q-wave myocardial infarction, 195-197, 339-340 

angiographic correlates of, 196 
medical treatment strategies, 197 

R68070 (drug), 393 
Rabbit tissue factor (AP- 1), 393-394 
Radioimmunoassay (RIA), 422, 425-428, 430, 455-456 
Radiolabeled low-density lipoproteins (LDL), 215 
Radionuclide scanning, 321,322, 325-328, 337 
Ramipril, 161 
RANTES trial, 571 
Rapid Early Action for Coronary Treatment (REACT) 

trial, 285, 298-299 
RAPPORT trial, 617, 645 
Rat arteriovenous shunt model, 227 
RBC thrombus, in small animals, 226 
Reactive oxygen species, as chemotactic activators, 

572-573 
Receptor-mediated gene transfer, 549 
Recombinant adenoviruses, 549, 552-553 
Recombinant plasminogen activator (r-PA), i 10, 657; 

see also Reteplase 
Recombinant single chain urokinase-type plasminogen 

activator (rscu-PA), 358-359 
Recombinant TFPI (rTFPI), 364 
Recombinant tick anticoagulant peptide, 616 
Recombinant tissue-plasminogen activator (rt-PA), 193, 

197, 251,259-260, 337, 652 
hemorrhagic complications, 524, 526, 528-529, 53 I 

Recurrent myocardial infarction, 70, 86, 148 
Refractory angina, 251 
Regional left ventficular ejection fraction, 339 
Regulatory proteins, domains comprising, ! 9 
Renal diseases, 40 

Renal failure, 524 
Renin, 142 
Renin-angiotensin system, 125, 142, 145-146, 148, 

160, 596 
Reocclusion, 225-226, 351-352, 359, 365, 378-379, 

430 
thrombolysis effectiveness, 391-394 

ReoPro, 365-366, 380-381 
Repeat-sequence domain, 19 
Reperfusion, 113, 195-196, 225, 264, 324 

EMS system role, 306-308 
and ischemia, 335-336 
and markers of thrombosis, 430 
myoglobin peak and, 455--457 
selection of strategy, 350, 352 
therapeutic profile of, 346-347 
thrombolysis effectiveness, 389-394 
time delay from onset of symptoms, 347-348 
within 60 minutes to AMI patients, 285, 287, 289 

RESCUE trial, 346 
Resistance vessels, 139, 140 
Respiratory distress, coagulation role, 80 
Restenosis, 70, 80, 129-132, 430, 484, 488 

definition, 657 
RESTORE trial, 366, 487, 489, 536, 617, 624, 645 
Restriction fragment length polymorphisms (RFLP), 22 
Reteplase (r-PA), 237, 263-267, 520, 528; see also 

Recombinant plasminogen activator (r-PA) 
clinical endpoints after therapy, 266 
clinical studies, 264-265 
coronary patency rates, 266 
evaluation of in experimental animals, 264 
functional studies in vitro, 263-264 
implications for clinical practice and future research, 

265-267 
molecular characteristics of, 263 

Reteplase vs. Alteplase Patency Investigation During 
acute myocardial infarction (RAPID I) trial, 264 

(RAPID) II study, 265, 266, 528 
Retinal ischemia, 534 
Retroperitoneal bleeding. See Hemorrhagic 

complications 
Retroviruses, 552, 553, 561,562 
RGD peptides, 365-366, 377, 381,490, 615-617, 

623-624, 646 
RGDF, 39 
RGDS peptides, 39, 43, 44 
Rhodamine-labeled factor Xa, 10 
Ridogrel, 380, 617, 619 
Ridogrel versus Aspirin Patency Trial (RAPT), 617 
Rifampin, 496, 522 
RISC trial, 617, 627 
Ro 43-5054, patency status, 360 
Russell's viper venom (RVV), 210-213, 219 

Sak-,g,.l 0, 56 
Sarcoidosis, and PAl-1, 72 
Saruplase, 657; see also Single-chain u-PA 
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Satler trial, 627 
S~twe's clinical diagnostic index, 327 
Schulman trial, 617, 645 
Schwartz trial, 617 
Scottish Breast Cancer Committee, 589 
Secondary hemostasis, 22 
Selectins, 37, 41,127-129, 131,377, 572-575, 578-579 
Septic shock, 80 
Serotonergic receptors, 157 
Serotonin (5-HT), 36-38, 42, 129, 140, 144-145, 150, 

157 
antagonists, 358 
blocking agents, models for, 224 
receptor antagonists, 365, 380 
receptor blockade, 377-378 
and stenoses, 171, 179 
thrombolysis effectiveness, 390-394 

SERP-I viral serine proteinase inhibitor, 215 
Serpins (serine proteinase inhibitors), 56, 65--67, 101, 

109 
Serum, 66 
Serum glutamic oxaloacetic transaminase (SGOT), 401 
Seven-transmembrane domain receptor, 36 
Shear stress, 145 
Signal peptide, 19 
Signal transduction, 37 
Significant bleeding diathesis, 523 
Simoons trial, 617 
Single-chain t-PA, 55, 58, 59 
Single-chain urokinase plasminogen activator 

(scu-PA)(Saruplase), 53, 55-56, 59-60, 248-249, 
379, 390, 394; see also Saruplase 

schematic representation, 248 
target gene for intervention to prevent acute coronary 

syndromes, 548, 553 
Single photon emission computed tomography 

(SPECT), 326, 337 
Single-vessel disease, 198 
SCATI study, 529 
Simvastatin and Enalapril Coronary Atherosclerosis 

Trial (SCAT), 161 
Sixty-Plus Reinfarction Study Group, 506, 532 
Skin ulcerations, 80, 95 
Smoking, 21, 22, 195, 293 

and oral contraceptives and CHD, 588, 589, 602, 603 
Smooth muscle cells, 38, 89 
Snake venom, 359, 381 

-derived RGD peptides, 378 
proteins, 365 

S-nitrosothiols, 157 
Sol-gel zone, 31-34 
SPAF trial, 499-502, 534 
SPAF II trial, 499, 502, 533-534 
SPAF III trial, 500, 502, 508 
SPINAF trial, 499, 501,534 
Standard 12-lead ECG, 327-328 

Staphylokinase (Sak), biochemistry and 
pharmacodynamics, 53, 56, 60--61,237, 257-261. 
520, 528 

engineered variants and antigenicity of, 260 
fibrin specificity, 258 
for peripheral arterial occlusion, 260 
mechanisms of action and of fibrin specificity, 257 
natural variants, 257-260 
recombinant, initial clinical experience, 259-260 
pharmacokinetics of, 261 
properties of, 257-259 
structure and production of, 257 
vs. streptokinase, 257-259 

STAR trial, 358-359, 528 
STAT laboratory testing, 457 
Stenotic plaque, 185--186 
Stenting, 365, 547, 551,552 
STOP infusion of thrombotic, 351 
Streptase ®, 237 
Streptokinase (SK), 53, 60, 197, 231-241,350 

adverse events, 240-24 I 
chemical, biochemical, and pharmacological 

properties, 271 
chemistry, 239 
concomitant antithrombotic medications, 241 
definition, 657 
dynamics, 239 
efficacy with acute myocardial infarction, 240 
hemorrhagic complications, 520, 524, 526-530, 537 
kinetics, 239-240 
and left ventricular function, 335 
and left ventricular volumes, 339 
mortality reduction following AMI, 293 
preclinical and clinical properties, 273 
as reperfusion strategy based on ST-segment 

monitoring, 351 
thrombolysis effectiveness, 389, 39 !, 392 
vs. alteplase, 272-274, 357-362, 366 
vs. anistreplase, 244 
vs. reteplase, 264, 265 
vs. staphylokinase, 257-259 
with aspirin, 618, 627 
with heparin, 346, 348, 362, 625 
with prostaglandin Et, 379 

Stroke, 21, 70, 93, 347, 506, 523, 587-588 
warfarin and atrial fibrillation, 4999-502 

Studies Of Left Ventricular Dysfunction (SOLVD) trial, 
160 

Study to Evaluate Carotid Ultrasound Changes with 
Ramapril and Vitamin E (SECURE), 161 

Subendothelial collagen, 35 
Substance P, 599 
Sudden cardiac death (SCD), 198, 313-316 
Sudden ischemic death, 189, 197-198 
Sulfinpyrazone, 496 
Sulfonamides, 496 
Sulotroban, 616, 617, 619 
Superoxide anion, 42 
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Surgery 
major, as hemorrhage risk factor, 523 
postoperative state, causing an abbreviated aPTT, 472 

Survival and Ventricular Enlargement (SAVE) trial, 
160, 161,429 

sVCAM-1,548, 550 
Swedish Ticlopidine Multicenter Study, 62 I 
Synthetic peptides, 359, 378 

TACT trial, 617 
Tailored thrombolytic therapy, 348-352 
Tamoxifen, 496, 522, 589 
Taprostene, 379 
Targeted gene inactivation, biological effects of, 79-95 

atherosclerosis, 90-91 
brain function, 92-93 
coagulation system, 79 
embryonic development and reproduction, 80-84 
fibrinolytic system, 83-84, 86-87 
gene regulation, 94 
health and survival, 84-85 
hemostasis, 85-86 
infection, 92 
malignancy, macrophage function, and 

neovascularization, 93-94 
monoclonal antibodies against knocked-out murine 

proteins, 94-95 
neointima formation, 88-90 
plasminogen system, 79-80 
targeted manipulation and adenovirus-mediated 

transfer of genes in mice, 80 
tissue remodeling, would healing, 91-92 
thrombosis and thrombolysis, 86-88 

Telford trial, 627 
Tenascin, 130 
Tethered peptide ligand, 37 
Tetradecapeptides, synthetic, 66 
Tetrahydrobiopterin, 145 
Tetranectin, 54 
Textbook of Advanced Cardiac Life Support, 301 
Theophylline, 379 
Theroux trial, 317, 324, 327, 645 
Thioglycolate-stimulated macrophages, 88 
Thrombin, 5, 8-10, 17, 19, 42--43, 83, 363-364 

affecting phosphoinositide hydrolysis and 
arachidonate metabolism, 36-37 

antiplatelet strategies in adjunctive treatment, 
377-378 

antithrombin III effect, 79 
definition, 657 
effect on aPTT, 471-472 
endothelial cell biology, 125-130 
endothelial regulation of coronary blood flow, 157 
in receptor-mediated control of vascular tone, 145 
in small animals, 226 
markers for coagulation, 422 
PAI-1 structure and function, 66 
vascular homostasis, 144, 148 

Thrombin active site inhibitors, 616 
Thrombin-antithrombin III complexes (TAT), 15, 359, 

422, 426, 432, 525, 601-603 
and argatroban, 629 
definition, 657 

Thrombin fragment FI.2, 629 
Thrombin inhibitors, 488--489 
thrombin receptor, 37 
Thrombin receptor agonist peptide (TRAP), 37, 657 
Thrombocytopenia, 43, 90, 380, 521,529-530, 537, 625 
Thromboembolic disease, 53, 528-529, 534 
Thrombogenic arteriovenous flow device, 228 
Thrombokinase, 467 
Thrombolic embolism, 504 
Thrombolysis, enhancement by conventional 

thrombolytic drugs, 131, 389-394 
biological effects of targeted gene inactivation, 86-88 
experimental models of, 169-231 
markers of coronary recanalization after, 449-457 
plasma markers of, 399-457 

Thrombolysis After Myocardial Infarction (TAMI) 
trial, 196-197, 379, 524, 530, 622. 657 

TAMI-4 trial, 379 
TAMI-5 trial, 346 
TAMI-6 trial, 579 
TAMI-8 trial, 197, 381,536, 651 

Thrombolysis In Myocardial Infarction (TIMI), 
196-197, 250, 339, 454, 657 

(TIMI) I trial, 524, 530 
(TIMI) II trial, 379, 523-525, 530 
(TIMI) liB trial, 164 
(TIMI) III trial, 193 
(TIMI) IliA trial, 193 
(TIMI) IIIB trial, 193 
(TIMI) 5 trial, 197, 531,626, 627 
(TIMI) 6 trial, 197, 627 
(TIMI) 7 trial, 531,627, 628 
(TIMI) 9 trial, 364 
(TIMI) 9A trial, 197, 526, 527, 531-532, 627 
(TIMI) 9B trial, 527, 531-532, 627, 629 
(TIMI) 10A trial, 114 

Thrombolytic agents, 237-278, 317, 401,520, 529 
and electrocardiograms for diagnosis aids, 306-308 

Thrombolytic agents, molecular approaches to the 
design of new, 101-114 

antifibrin antibody-t-PA chimeric molecules, 106 
combination of selected mutations in t-PA, I 1 1 - 1 1 4  
molecular interactions oft-PA, 101-105 
optimizing fibrinolytic function, 105-11 ! 

Thrombolytic drugs, enhancement of thrombolysis by 
389-394 

potential pharmacological interventions for, 390-394 
thrombolysis effectiveness, 389-390 

Thrombolytic impact, assessment of, 336-340 
infarct size, 336-337 
combined clinical and laboratory measures, 339 
global left ventricular ejection fraction, 337-339 
left ventricular volumes and remodeling, 339 
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Q-wave infarction, 339-340 
regional left ventricular ejection fraction, 339 
stroke distances, 339 

Thrombolytic therapy, 193, 294, 359 
antithrombotic drugs as adjunct, 357-366 
aspirin as adjunct, 357-366 
clinical experience with current antithrombotic drugs 

as adjuncts to, 359-362 
conjunctive antithrombotic treatment, future 

prospects, 362-366 
for acute myocardial infarction, EMS services, 316 
hemorrhagic complications and, 524-529, 536 
heparin as adjunct, 357-366 
models for, 220-223, 225-227 
NHAAP recommendations, 286 
patient selection for, 345-348 
tailored, 346, 348-352 
written informed consent for, 291 

Thrombolytic Predictive Instrument (TPI) project, 523 
Thrombomodulin, 17, 20, 56, 125, 128, 148, 248 

definition, 657 
deficiency, 80-81, 83 
as endogenous inhibitor, antithrombin agent, 616, 629 

Thrombophilia, 18, 498 
Thromboplastin, 125, 219, 467, 469, 497 
Thrombosis, 80, 219, 643 

biochemistry of, 3-23 
biological effects of targeted gene inactivation and, 

86-88 
experimental models of, 169-231 
and PAI-1, 69-70 
plasma markers of, 399-457 

Thrombosis, markers of, 421--433 
activation and inhibition of coagulation, 421-423 
plasmin generation, 427-429 
thrombin generation, 423--427 

Thrombospondin, 35, 38, 125, 130, 363, 376-378 
Thrombotic disorders, gene therapy for, 561 
Thrombotic stroke, 40 
Thromboxane, 126 
Thromboxane A2 (TxA~), 42, 129, 144, 147, 157, 365, 

376-378 
platelet activation and, 36-38, 40 
prostaglandin endoperoxide receptor antagonists, 380 
receptor antagonists, 358, 378, 616, 619--620 
receptor inhibitors, 378 
receptors, 380 
thrombolysis effectiveness, 390-394 

Thromboxane A~ synthase inhibitors, 358, 365, 378, 
380, 616, 619 

Thrombus, and PTCA, 483-484 
Thrombus formation, genetic intervention, 553-556 
Thrombuspondin, 35 
Thyrotoxicosis, 496, 501,522 
Thyroxine, 522 
Tick anticoagulant peptide (TAP), 364, 472, 629 
Tick venom, 381 
Ticlid, 522 

Ticlopidine, 522, 534-535, 616---617, 620--622 
definition, 657 

Ticlopidine-Aspirin Stroke Study (TASS), 534, 620 
Ticlopidine Multicenter Trial, 617, 621 
TIMI flow, 196, 197, 657 
Timolol, 164 
Tirofiban (MK-383), 197, 366, 381,616--617, 624, 645, 

647 
antithrombotic efficacy, 522 
definition, 657 
and PTCA, 536 

Tissue factor (TF), 6, 19, 81,421--423 
definition, 657 
factor VIIa complex, ! 5, 16, 422 
factor XIIIa complex, 424 

Tissue factor antigen, 421--422 
Tissue factor pathway inhibitor (TFPI), 15-18, 79, 125, 

364, 422-423,616, 629 
definition, 657 

Tissue remodeling, wound healing and 91-92 
Tissue-type plasminogen activator (t-PA), 16, 20, 53, 

55-6 I, 65-66, 79--80, 83-84; see also Aiteplase 
alignment of amino-terminal region of human serine 

proteases, 108 
assays of fibrinolytic system, 428 
biochemical and pharmacological properties of, 

269-271 
chemical, biochemical, and pharmacological 

properties, 269-271 
clinical utility of measurement, 425, 428--430 
combination of selected mutation in, 111-114 
definition, 657 
diagram of variant, r-PA, 110 
disaggregation of platelets, 378 
endothelial cell biology, 125, 131 
fibrin specificity, 104, 359 
and FPA levels, 426--428 
from targeted gene deletions and mutations, 81 
hemorrhagic complications, 520, 524, 527, 529-530, 

537 
and left ventricular function, 336 
MITI trial, 316-317 
molecular interactions of, 101-105 
mortality reduction following A/VII, 293 
and PAI-1, 68 
preclinical and clinical propeaies, 272-274 
production, 271 
promoting u-PA, 247 
properties, 54 
streptokinase for AMI, 240, 241 
and targeted gene inactivation, 86-95 
target gene for intervention to prevent acute coronary 

syndromes, 548, 551-553 
thrombolysis effectiveness, 389-394 
variants designed, molecular approaches, 101-114 
vascular homeostasis, 147-150 
vs. anistreplase, 243 
vs. reteplase, 263, 264 
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vs. schematic structure of DSPA, 276 
t-PA substrate, sequences near scissile bonds of, 109 
t-PA:u-PA, 81 
t-PA:u-PAR, 81 
T lymphocytes, 186-187 
TNK variant of tissue-type plasminogen activator 

(TNK-t-PA), 112-114, 237, 269, 274-276, 520, 
527-528 

biochemical and pharmacological properties, 274 
chemical properties, 271,274 
preclinical and clinical properties, 273-276 

Topoi trial, 627 
Total CK, time-activity profiles, 450, 456 
Tranexamic acid, 259 
Transforming growth factor 13 (TGF-13), 66, 72, 90-92, 

126, 130, 150, 377-378 
PAl-1 role in atherosclerotic lesions, 70 

Transient ischemic attacks (TIA), 349, 500-501,507, 
523 

Transient proteinuria, 241 
Trauma, major, and hemorrhage risk, 523 
Trauma facilities, 302 
Triglycerides, 22, 590-592, 594-595 
Trimethoprim/sulfamethoxazole, 522 
Tropomyosin, 413 
Troponins, as acute myocardial infarction markers, 

402-404, 409--410, 413-418, 449, 451,456-457 
assays, 416, 456 
molecular biology of, 413-414 
normal levels of, 414-415 
use of as early marker, 416--418 

Troponin tests, 325, 328 
Trypsin, 108 
Tryptase, 187 
Tumor invasion, coagulation role, 80 
Tumor metastasis, 66 
Tumor necrosis factor, 66, 125, 574, 575 
Tumor necrosis factor-a, 92, 127-128, 575, 577-578, 

580 
Tumor necrosis factor-13, 579 
Two-chain t-PA, 55, 58, 59, 102 
Two-chain u-PA (tcu-PA)(urokinase), 53, 55, 58-60, 

248-251,358-359; see also Urokinase 
Type II eccentric plaque, 195 

Ulceration index, Wilson's, 196 
Unit membrane, in peripheral zone, 32 
Unstable angina, 42, 147, 345, 359, 365 

anatomic-pathophysiologic correlates, 188-193 
angiographic correlates of, 190-192 
antiplatelet/antithrombotic therapy in, 193-194 
common lesion morphologies, 189 
early diagnosis, 402 
factor Vlla elevated, 422 
FPA levels and, 425 
hemorrhagic complications, 530-532, 534-535 
identification of, 322-323, 325-326, 328 
limitations of MB-CK subform assay, 408 

nitrates and, 159 
pathogenetic mechanisms in, 188 
progression of coronary artery disease, 193 
studies of therapy for, 366 
tcu-PA for, 251 
thrombolysis in, 193 
and thrombus, 483,484, 489 
treatment strategies, 193 

Unstable Angina Study Using Eminase (UNASEM), 
192, 193 

Unstable plaque, in acute coronary syndromes, 185-188 
Urokinase, 104, 237, 264, 272, 336, 346, 389, 390; see 

also Two-chain u-PA, Urokinase-type 
plasminogen activator (u-PA) 

definition, 657 
hemorrhagic complications, 520, 529, 530 

Urokinase Pulmonary Embolism Trial (UPET 1,2), 525, 
529 

Urokinase-type plasminogen activator (u-PA), 53, 
56-57, 59--61, 65--66, 79-81, 83-84, 428, 430 

alignment of amino-terminal region of human serine 
proteases, 108 

biochemical and biological properties of, 247 
endothelial cell biology, effect on, 125 
new thrombolytic agents and, 105, 108 
and PAl-l, 68 
properties, 54-56 
single-chain urokinase-type plasminogen activator 

(scu-PA), 247-250 
and targeted gene inactivation, 86-94 
two-chain urokinase-type plasminogen activator 

(tcu-PA), 250-251 
vascular homostasis, 147-148 

Urokinase (u-PA) receptor (u-PAR), 53, 80-81, 84, 87, 
247 

Valvular heart disease, 507 
Vampire bat plasminogen activator (DSPA), 106-107, 

237, 271,273,276-278, 390 
Variable shear devices, 229-230 
Vascular biology, 121-165 
Vascular endothelial growth factor (VEGF), 80, 83, 

548, 554-556 
Vascular homeostasis, physiology of, 139-151 

anatomical properties, 139-141 
control of arterial patency, 146-149 
control of blood flow, 141-146 
vascular remodeling, 149-150 

Vascular lumen, role in vitamin K metabolism with 
warfarin, 19 

Vascular remodeling, 149-150 
Vascular smooth muscle cells, 145 
Vascular thrombosis, 31, 69 
Vascular wall function, endothelial control of, 125-126 
Vasa vasora, hemorrhage of, 207 
Vasoactive intestinal peptide, 143 
Vasoconstriction, 22 
Vasomotor tone, estrogen and, 599~01,604 
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Vasomotion, 171-173, 192 
Vasopressin, 125, 142, 157, 210 
Vasospasm, 207, 209, 223 
Vein grafts, 552, 598 
Venous thromboembolic disease, and ERT, 601--603 
Venous thromboembolism, 17-18, 498, 508, 529, 532, 

537 
Venous thrombosis, 20, 40, 87, 219, 359, 363, 532 
Venous thrombosis prophylaxis, 532 
Ventrieular arrhythmias, 215 
Ventricular fibrillation (VF), 222, 224, 313, 315-316 
Ventricular tachyarrhythmia, 313, 315 
Ventricular tachycardia (VT), 313, 315 
Ventriculography, 337 
Verapamil, 161,162, 163 
Very low density lipoprotein (VLDL), 105, 429, 

590-592, 594 
cholesterol, age trends in liporotein cholesterol 

fractions, 590 
Vessel passivation, 366 
Vessel wall damage, 43 
Veterans Administration Cooperative Study, 506, 6 i 7 
Vitamin E, 522, 598, 599 
Vitamin K, 18--19, 495-497, 521-522, 657 

deficiency, 468, 472 
Vitamin K-dependent (VKD) carboxylase, 19 
Vitamin K-dependent (VKD) proenzyme, 15, 19 
Vitamin K-dependent protein (VKDP) complexes, ! 5, 

19 
Vitamin K-dependent protein factors (VKDFs), 18 
Vitamin K reductase, 18, 19 
Vironectin, 657-658 
Vitronectin (VN), 20, 39, 41, 57, 85-86, 149, 376-377 

as ligand of surface membrane glycoprotein 
receptors, 35 

PAl-1 bound to, 66---67, 428 
receptor, 35 
stabilizing PAI-I in plasminogen system, 79-8 I 

VLA-6, 35 
Von Willebrand factor (vWF), 20, 35, 85-86, 125, 131, 

365, 377 
definition, 658 
immobilized, 10 

and platelet activation, 41 
and platelet adhesion, 375, 376 
and platelet aggregation, 615, 616, 620 
RGDF and RGDS sequences, 39 
and selectins, 127, 128 
thrombolysis effectiveness, 391-393 
vascular homeostasis, 149, 150 

Von Willebrand's disease, 125 

Warfarin, 424, 432, 469, 496, 498-501,503, 621 
and or vs. aspirin, 505, 507 
definition, 658 
hemorrhagic complications, 525, 532-533, 537 
inhibiting vitamin K, 495--497, 521 
metabolism with vitamin K, 18, 19 
and pregnancy, 507-508 
prothrombin time, 468-469, 471--472 
with anistreplase, 243-244 

Warfarin-induced skin necrosis, 18-19 
Warfarin-Reinfarction Study (WARIS), 532 
Washout phenomenon, 449--450, 455, 456 
Weibel-Palade bodies, 574, 578-579 
Wessler model, 219 
Wessler's principle, 219 
Western Washington Intracoronary Streptokinase Trial, 

340 
Western Washington IV Streptokinase Trial, 337 
Whole blood activated partial thromboplastin time 

(WBPTT), 476, 477 
Whole-blood clotting time (WBCT), 469--470, 477 
Wildtype tPA, 112 
Williams' study, 599 
Women's Health Initiative, 585 
Worcester Heart Attack Study, 294, 295 
Wu and Houk method, 40 

Xase complex, 15, 17, 20, 21 
Xemlofiban, 381,617, 624, 645, 647 

SC 54684, 616 
XL-FDP (cross-linked fibrin degradation products), 

424, 430-432 

Zymogen triad, 55 
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