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Thrombolytic or fibrinolytic therapy is an area of great promise, for po-
tentially it offers the physician a method by which the deleterious. effects of
acute thrombo-embolic vascular disease may be controlled or prevented by
medical means. The practical urgency of developing such therapeutic mea-
sures is self-evident as, despite the introduction of anticoagulant therapy
and the efforts of surgeons to extend the applicability of such techniques as
thrombectomy, embolectomy, endarterectomy, vein ligation, and vascular
grafting, acute thrombo-embolic vascular disease still remains the largest
single cause of mortality and morbidity in the middle-aged and elderly pop-
ulations of the Western World.

While the ability of the organism to both lay down and also remove
fibrin was firmly established by classical pathological studies on wound
healing, inflammation, etc., during the last century, it was only at its turn
that the demonstrations by Sahli (1), that urine would dissolve crude fibrin
clots, and by Goodpasture (2), that sterile whole blood clots underwent
spontaneous lysis, suggested that humoral apart from cellular mechanisms
might play a role in fibrin lysis. However, it was not until the thirties when
Tillett & Garner’s discovery (3) of a potent bacterial “fibrinolysin” (a sub-
stance now termed streptokinase, a plasminogen activator) provided the
key reagent for biochemical and clinical studies, and Christensen & Mac-
Leod’s paper (4) on the enzymatic basis of fibrin lysis, in which the plas-
minogen-plasmin system terminology was introduced, that sustained re-
search interest was aroused. Since that time, intensive basic, clinical, and
therapeutic investigation of the plasminogen-plasmin system has occupied
the attention of many investigators; the historical development of the field
is adequately treated in a number of symposia and reviews (5-21).

Even though the past decade has seen important advances in under-
standing the biochemical interactions of the plasminogen-plasmin system,
its individual components, its physiological function in the organism, its
pathological malfunctions in disease states, and the principles that should
govern its therapeutic applications, success at the applied therapeutic level
has not matched other gains. Although this relative failure at the applied
therapeutic level has been caused by many factors, ie., inadequate knowl-
edge of thrombolytic mechanisms, incomplete understanding of the interac-
tions of the coagulation and plasminogen-plasmin systems, toxicity of the
available thrombolytic agents, and other difficulties, it now appears that

* The survey of the literature pertaining to this review was concluded in June
1965.
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many of these former problems have either been solved or at least are on
the verge of solution. Consequently, it will be the purpose of this review to
evaluate current prospects and available thrombolytic agents, with only
passing reference to discarded approaches and obsolescent drugs or drug
combinations, to delineate current problems awaiting solution, and to at-
tempt a projection of reasonable expectations and future developments. It
will be apparent that in this field, as in so many other fields of pharmaco-
logical importance, the problems posed by accurate clinical evaluation of
drug effect now rank equally with those problems incident to the acquiring
of fundamental knowledge of drug action and in the development of new
agents; therefore, we have attempted to emphasize both the scope and na-
ture of the problem of clinical evaluation.

This review is designed to be selective, and since excellent reference
coverage to the field has been provided by numerous reviews, monographs,
and symposia (9-21) published over the last five years, we shall cite only
such key references as appear pertinent to the subjects under discussion.

INTRODUCTORY CONSIDERATIONS

In vivo fibrin lysis is controlled by an enzymatic process involving the
conversion of an enzyme precursor, plasminogen, into a proteolytic enzyme,
plasmin; a reaction mediated through specific plasminogen activators or ki-
nases. In fact, useful biochemical and physiological analogies exist between
the well-studied trypsinogen-trypsin system activated in the gut by entero-
kinase and the plasminogen-plasmin system activated intra- and extravascu-
larly by specific activators. Both enzymes are formed as inactive enzyme
precursors; both are activated by a similar mechanism of proteolytic cleav-
age by specific kinases (22, 23) ; both enzymes show only very limited sub-
strate specificity and destroy many substrates of biological importance;
both may under certain disease conditions, where enzymatic control mecha-
nisms are disturbed, produce catastrophic consequences to the organism;
and plasma contains powerful inhibitors against each.

The crucial differences between these enzymes occur with respect to
their sites of action, for whercas trypsin activation occurs in the intestinal
tract, a site which affords physical separation of the enzyme from other
susceptible substrates of biological importance, the site-of plasminogen acti-
vation is widespread throughout the extra- and intravascular spaces with-
out physical separation of the proteolytic enzyme plasmin and its target
substrate fibrin from other susceptible substrates of biological importance
(24). Thus, the specific actions of the plasminogen-plasmin system depend
upon certain special properties of the enzyme precursor plasminogen and
its specific activators; these properties are considered later, for they are
crucial to both the special problems inherent in thrombolytic therapy and
also assure its feasibility and promise.

Plasminogen is a serum globulin, which has. been highly purified (25—



Annu. Rev. Pharmacol. 1966.6:89-106. Downloaded from www.annual reviews.org

by John Carroll University on 12/17/11. For personal use only.

THROMBOLYTIC AGENTS 21

28), with a molecular weight of approximately 88,000 (29), which is dis-
tributed in both extra- and intravascular spaces and is found in body fluids
and transudates. While its concentration in the plasma is relatively con-
stant, its normally low concentration in such fluids as the aqueous humor
of the eye or in the cerebrospinal fluid becomes greatly increased in the
presence of inflammatory disease of the eye or-the meninges. Similarly,
inflammatory exudates in the pleural or joint spaces will show high plasmin-
ogen levels, while transudates show lesser concentrations.

Specific kinases (plasminogen activators) can be extracted from virtual-
ly all body tissues, except the full-term placenta and the liver, being partic-
ularly abundant in such tissues as the heart and lung (30, 31). Only very
low levels of plasminogen activator are assayable in the plasma of resting
man (32, 33), but five- to tenfold increases occur following the stress of
exercise, and much higher levels after the administration of certain drugs,
e.g., epinephrine, nicotinic acid, etc., and in disease states (pathological plas-
ma proteolysis, “pathological fibrinolysis”). Plasminogen activator is also
present in tears, breast milk, and, in particularly high concentration, in the
urine; in all these fluids it appears to subserve the function of preventing
fibrin blockage of the excretory ducts. The plasminogen activator present
in urine, termed urokinase, has recently been crystallized in apparently ho-
mogeneous form (34), is assayable on synthetic substrates (35), and is
presently being purified, on a large scale, for use as a thrombolytic agent.
Similarly, recent substantial progress has been made in the purification of
plasminogen activator of high specific activity from tissue (36), though to
date no efforts have been made to utilize this material as a thrombolytic
agent.

While it seems clear that the plasminogen activator, found in plasma,
must represent that released from tissues, it is not established that uroki-
nase, found in the urine, is wholly or even largely an excretion product of
plasma, though several studies provide suggestive evidence that at least
some part of the urinary plasminogen activator may represent excreted
plasma activator.

In Vivo THROMBOLYSIS?

The problem posed by the ability of the organism to utilize a proteolytic
enzyme of relatively undifferentiated substrate specificity, plasmin, to lyse
fibrin, without simultaneously destroying other substrates of biological
significance, has excited considerable investigative speculation and interest.
Moreover, since it was also known that over-activity of the plasminogen-
plasmin system, in disease states, was productive of a severe coagulation
defect and a sometimes catastrophic hemorrhagic diathesis (pathological

3 The term thrombolysis will be used to describe the reaction by which thrombi
(or clots) are lysed. The adjective thrombolytic will be used to designate biochemi-
cal moieties capable of inducing thrombolysis.
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plasma proteolysis or pathological “fibrinolysis”), elucidation of the mecha-
nisms by which i vivo thrombolysis occurred, under physiological condi-
tions, became of crucial importance to the formation of a rational thera-
peutic approach.

Since several critical reviews (7, 11, 15) have traced the various contro-
versies in this area, we shall confine our description of in vivo thrombolytic
mechanisms to the current hypothesis and the therapeutic indications and
contra-indications that have flowed from its development. This hypothesis
(37, 38, 39), which appears to account adequately for the facts and is now
almost universally accepted [for dissent see (40)], is founded on the con-
cept that, in vivo, plasminogen exists as a “two phase” system; as a soluble
phase form in the plasma and as a gel phase form in thrombi and fibrinous
deposits. The actions of activators on plasminogen in the two phases and
the consequence of plasminogen activation in these two sites are biochemi-
cally totaily dissimilar. Activation of soluble or plasma plasminogen, be-
cause of the presence of plasma inhibitors, provided the activation is slow,
will not result in detectable signs of plasma proteolysis, since the enzyme is
effectively inhibited on its formation; however, rapid activation of plasma
plasminogen does produce enzymatic effects (pathological plasma proteoly-
sis). Fibrinogen, the most abundant available substrate, is the chief one de-
graded with the production of a severe coagulation defect. On the other
hand, activation of gel phase or clot plasminogen produces thrombolysis, as
the enzyme is activated in close spatial relationship with its substrate fibrin,
and the reaction is, initially at least, independent of plasma inhibitors.
Moreover, plasminogen activators differ in the ratio of their activities on
soluble and gel phase plasminogens. Those tested all show a selective
affinity for gel phase plasminogen activation but the bacterial activator
streptokinase has a relatively lesser ratio of activity on gel phase plasmino-
gen than do the naturally occurring tissue activators (36) urokinase (39)
or plasma activator (41). The ratio of these respective activities may be
quantitated by in vifro means and the accuracy of the predictions confirmed
by i vivo methods (38, 41, 42).

These observations indicate that i# vivo thrombolysis is mediated
through a mechanism involving activation of intrinsically contained throm-
bus plasminogen and is not produced (except possibly in a very minimal
and insignificant fashion) by the extrinsic actions of plasmin upon thrombi.
They carry the therapeutic implication that-the ideal thrombolytic agent
will be a plasminogen activator of high affinity for gel phase plasminogen.
The infusion of a proteolytic enzyme, such as plasmin, will prove
ineffective in producing thrombolysis and hazardous through production of
a state of pathological plasma proteolysis, if used in large doses.

APPROACHES TO THROMBOLYTIC THERAPY

The clinical approach to thrombolytic therapy has involved the intrave-
nous infusion of four main classes of agent. These comprise, firstly, the use
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of a variety of proteolytic enzymes (capable of inducing in wvitro lysis of
fibrin), secondly, the naturally occurring enzyme plasmin,* thirdly, a varie-
ty of plasmin-plasminogen activator mixtures, and lastly, the use of plasmin-
ogen activators alone,

Proteolytic enzymes.—Intravenously administered trypsin, despite the
unsatisfactory and contradictory evidence derived from animal experiment,
received, some years ago, fairly extensive trial as a thrombolytic agent in
man. Although initial clinical reports were encouraging, the lack of proven
thrombolytic activity i# vivo, the hazard of induced clotting i# vivo, and
the frequent production of local thrombophlebitis has resulted in its aban-
donment [for references see (11, 15)]. Although on the basis of animal
experiment (45), chymotrypsin was shown to be an apparently superior
thrombolytic agent, the advantages were marginal, and clinical trials have
not been reported. While considerable investigative effort has been under-
taken to purify aspergillin O (a proteolytic enzyme produced by Aspergil-
lus oryzae) and define its properties (46, 47, 48), these are not of a nature
to suggest therapeutic utility. Similarly, thrombin E (an acetylated throm-
bin derivative), although proposed (49) and tested as a thrombolytic agent
in animals, has not, for various reasons (50), been tested in man.

Plasmin.—Activator-free glycerol-activated plasmin (22) has only had
limited trial in man with discouraging results (51) ; neither do results with
trypsin-activated porcine plasmin show greater promise (52, 53).

Plasmin-plasminogen activator mixtures—Two plasmin-streptokinase
mixtures have been commercially available, Actase (now withdrawn from
the market) and Thrombolysin. Other plasmin-streptokinase mixtures and
plasmin-urokinase mixtures have also undergone limited clinical evaluation
(54, 55). The disadvantages attendant upon the use of such mixtures have
been clearly defined (15, 43, 44) and, though initial clinical reports with all
these agents were encouraging (8, 12), this approach is now largely dis-
carded.

Plasminogen activators—Only two plasminogen activators have under-
gone clinical study. The majority of work has been performed with strep-
tokinase, a product of hemolytic streptococcal metabolism, but more recent-
ly, urokinase, extracted and purified, on a large scale from human urine,
has become available.

While streptokinase has served as a model investigative drug to estab-
lish the scientific basis for (37) and the potential of thrombolytic therapy
(38, 56), the variable clinical toxicity of streptokinase and streptokinase-
plasmin mixtures, chiefly manifested by pyrogenic reactions, has proved to
be a deterrent to its large-scale clinical trial. Since the pyrogenic effect has
varied with different batches, has lessened as purification procedures have

* Several enzyme preparations, referred to in the literature as “plasmin,” were in
reality mixtures of plasmin and plasminogen activators and their # vive activity
later shown to be caused by this latter component alone (43, 44).
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improved (57, 58), and in some instances nonpyrogenic batches of strepto-
kinase have been produced (38, 59), it may be tentatively assumed that the
pyrogenic batches contain some unidentified contaminant. Elimination of
pyrogenicity from streptokinase preparations has proved to be an unusually
difficult problem, since no reliable animal screening test exists for its detec-
tion, and the occurrence of pyrogenic reactions in individual patients, at a
fixed dosage, is inconsistent and unpredictable. Moreover, streptokinase is
highly antigenic to man and, because of wide variation in patient plasma
antibody concentration (60) the correct dosage for the individual patient
has to be determined by titration for plasma streptokinase antibody (60,
61). A full treatment course of streptokinase invariably immunizes the pa-
tient and may prevent patient re-treatment for a period of months until the
plasma antibody level undergoes spontaneous decline (38). Despite these
difficulties and the potential risk of inducing hypersensitivity reactions by
drug infusion, streptokinase therapy has been successfully employed in a
substantial number (several thousand) of patients.

Recently, in the scarch for a nonantigenic and nontoxic plasminogen ac-
tivator suitable for clinical use, interest has focused on urokinase, the plas-
minogen activator excreted into urine. Although Ploug & Kjeldgaard (62),
some years ago, described a urokinase purification method apparently
suited to large-scale use, only extremely limited investigative studies with
this preparation have been published (63, 64). Notable defects in these ear-
lier preparations included those of low specific activity, contamination with
urinary thromboplastic moieties, and the possibility of contamination with
virus, derived from the bulk urine pools, used as starting material.

In further developmental studies of urokinase as a therapeutic agent
(18, 42, 50, 65), many difficult production and scientific problems have had
to be surmounted.’ These included not only the requirement that the prep-
arations show negligible toxicity in animal studies, but also requirements
for high preparation specific activity (35,000 C.T.A. urokinase units/mg
protein), for preparation treatment at 60° C for ten hours (for virus inacti-
vation), and for stringent precautions to eliminate the known urinary
thromboplastic moieties from the final preparations. This latter requirement
was a matter of particular difficulty and required the development of spe-
cial assay procedures (66).

Though only limited clinical experience has been obtained with these

¢ Two pharmaceutical firms, the Abbott Laboratories, Chicago, and the Sterling-
Winthrop Research Institute, Rensselaer, New York, have played the major role
in this work.

Parenthetically it may be noted, especially in view of the present-day great costs
and difficulties of drug development, that the evolution of urokinase as a therapeutic
agent has only been possible through the development of the closest collaboration
between pharmaceutical firms and university departments of medicine and with finan-
cial support from the National Heart Institute.
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newer urokinase preparations (18, 42), they show considerable promise for
inducing states of intense and predictable plasma thrombolytic activity im-
mediately on their injection when administered on a dose-body-weight basis
(42). Furthermore, they are apparently nonantigenic, nonpyrogenic, and
show negligible signs of clinical toxicity, except insofar as their biochemi-
cal actions influence coagulation function (see later section).

OTHER PHARMACOLOGICAL APPROACHES

Though presently not of demonstrated practical value, two alternative
pharmacological approaches to thrombolytic therapy require consideration.
The pioneering observations of Biggs, Mcfarlane & Pilling (67) on epi-
nephrine injection, and particularly the later studies of Weiner, Redisch &
Steele (68) on injection of nicotinic acid have stimulated investigators to
screen a large number of pharmacological substances for their effect on
plasma fibrinolytic activity. The demonstration that enhanced plasma fibri-
nolytic activity following pharmacological stimulation resulted from release
of plasminogen activator into the circulation (32, 33), the knowledge that
organs and vessel walls contain high concentrations of this activator (30,
31), and the significant work of Kwaan, Lo & MacFadzean (69, 70) in
which they attempted by a variety of ingenious studies to develop a general
pharmacological theory to account for plasminogen activator release from
the vessel wall, have maintained interest in this approach.

Nevertheless, the development of a practical pharmacological method of
controlling plasma thrombolytic activity has been hindered by many
difficulties. None of the drugs so far tested produces other than relatively
mild and transitory enhancement of plasma thrombolytic activity, and most
produce disturbing side effects which limit dosage; moreover, in certain
cases (e.g., nicotinic acid) rapid refractoriness to drug action develops.
While it has been reported that the long-term administration of certain
drugs, eg., sulfonylureas, testosterone, steroids, etc., will produce mild
chronic elevation of plasma thrombolytic activity, these claims have been
almost wholly based on the use of the euglobulin lysis time and similar
tests, where assay values are partially dependent upon nonspecific changes.
For instance, in one investigation (71) where it was claimed that steroid
administration enhanced plasma thrombolytic activity, it seemed possible, at
least from inspection of the other data furnished, that the apparent effect
of steroid administration may have been wholly indirect and attributable to
changes in patient plasma fibrinogen concentrations. While it is entirely
possible that satisfactory methods for the pharmacological control of plas-
ma fibrinolytic activity may be devised, an achievement that might have
great clinical utility, it must be acknowledged that presently we lack effective
pharmacological methods for this purpose. Fearnley (72) and von Kaulla
(19) have recently reviewed this field.

A further potentially useful approach towards the goal of thrombolytic
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therapy has been developed through the work of von Kaulla and his associ-
ates (19). These studies have involved the screening of a variety of chemi-
cal compounds in a simple i# vitro plasma-plasma clot test system for evi-
dence of “fibrinolytic” activity. Although a variety of active compounds
have been discovered, the mechanism by which such effects occur is ob-
scure and clinical studies have not yet been attempted.

In Vivo THROMBOLYSIS IN MAN

Previous reviews (7, 11, 15) have cited the extensive and convincing
evidence that the infusion of thrombolytic agents will lyse experimentally
produced thrombi in a variety of animal species. Such evidence, though of
important relevance to the general problem of thrombolytic therapy, does
not offer certainty that similar results can be obtained in the human being
where requirements for clinical safety are paramount and in whom throm-
botic lesions will differ from those produced in the experimental animal,
Indeed, several agents capable of producing thrombolysis in the experimen-
tal animal, have subsequently been shown to be unsuitable for human thera-
peutic use; the very success achieved in animal models has, in some cases,
led to erroneous appreciation of the very different circumstances involved
in clinical investigation. Consequently, the evidence, cited in this section,
will be restricted to that derived from man.

Although an enormous literature on the clinical effects of streptokinase
infusion [for references see (6, 8, 12, 73)] has accumulated, most claims
made for clinical efficacy and thus directly or indirectly for presumptive
thrombolytic efficacy, have been based on purely clinical data. However, it
is well recognized that the clinical outcome in patients suffering from many
varieties of peripheral vascular disease is highly variable, and that clinical
improvement, amounting in some cases to clinical “cure,” may occur with-
out resolution of the primary vascular thrombotic process. Thus, clinical
evidence of improvement is insufficient to establish the reality of thrombo-
lysis, and it is highly desirable that objective evidence of vascular function,
such as is provided by pre- and post-treatment angiographic examination,
be used to establish the precise cause of therapeutic benefit. Obviously, it is
neither feasible nor desirable to employ such procedures in all patients or
in all studies, but, in general, their use permits a degree of diagnostic and
scientific precision obtainable in no other way.

In an important experimental study, Johnson & McCarty (59) induced
localized thrombosis in the superficial arm veins of human volunteers, and
24 to 48 hours later infused streptokinase, using several dosage schedules.
By means of pre- and post-treatment venography and with an “optimal”
streptokinase dosage schedule, they demonstrated thrombolysis, without
subsequent clot reformation, in 11 of 11 studies.

Treatment of the patient suffering from an acute thrombo-embolic vas-
cular complication presents many problems (the uncertain age and extent
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of the thrombo-embolus and often its occurrence in a severely atherosclerot-
ic vessel) not encountered in the human volunteer with localized venous
thrombosis. In such circumstances, it has been necessary to use consider-
ably higher and more prolonged streptokinase dosage, and treatment fail-
ures have been frequent. Nevertheless, even under the adverse conditions
of human thrombo-embolic vascular discase, clear evidence has bcen
obtained that streptokinase therapy produces in wivo thrombolysis. Ver-
straete, Amery & Vermylen (74) treated 15 arteriographically proven arte-
rial thrombi or emboli with high dosage streptokinase therapy (mean dose
3.22 X 108 units administered over a mean period of 65 hours). For a varie-
ty of reasons, including in some cases the patient’s death, post-treatment
arteriography could not always be performed, but in seven of nine such ex-
aminations, restoration of arterial patency was demonstrated; by clinical.
criteria, lysis had occurred in eight of 15 instances after 60 hours of thera-
py. Streptokinase was usually administered by intra-arterial catheter placed
in close proximity to the thrombus or embolus, and thrombolysis was dem-
onstrated from 34 to 108 hours after the commencement of therapy.

Salmon (20), who used very similar methods, reported on the effect of
streptokinase infusion in 50 patients. Streptokinase therapy produced com-
plete thrombolysis in 24 and partial lysis in a further nine. The majority of
his patients were suffering from arterial embolism and his results in this
group were superior to those obtained in patients with arterial thrombosis.

Since it has been suggested that the administration of streptokinase by
intra-arterial catheter in close proximity to the obstruction might possess
notable advantages over administration of this agent by the intravenous
route, the studies of Winckelmann et al. (75) are of considerable impor-
tance. These investigators preferred the intravenous route for their treat-
ment of 19 patients with acute recent arterial obstruction. In nine patients,
all peripheral pulses returned and the oscillograms were restored to nor-
mal; in five patients there was partial return of these parameters to nor-
mal, while in five other patients there was no improvement. Arteriography
in nine patients showed close agreement with the clinical findings and dem-
onstrated complete lysis in four cases, partial lysis in three, and no change
in two. Their streptokinase dosage varied from 2.2-13.4 X 108 units, and
complete or partial thrombolysis was observed in from 15 to 144 hours.
Other authors [inciuding (56, 76, 77)] have published case reports with an-
giographic or other types of objective findings indicating that streptokinase
produced thrombolysis in the patient with vascular disease.

While in such studies, there is sometimes doubt as to the etiological
cause of the obstruction visualized by arteriography (thrombosis or embol-
ism with or without atherosclerotic disease), it is believed that both throm-
bi and emboli have responded equally well to the therapy. Similarly, while
authors have dated the time of arterial occlusion from the onset of sympto-
matology and have restricted treatment to relatively “recent” lesions, it is
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probable that the occlusions visualized by arteriography were, in many in-
stances, much older than would have been suspected by “clinical dating”;
this could have accounted for the fact that some lesions were uninfluenced
by therapy.

Studies with purified urokinase preparations are still very limited in
number. However, Johnson, McCarty & Newman (65) have reported that
following the infusion of low doses of urokinase and heparin for 25 hours,
nine of 13 experimentally induced venous clots in human volunteers were
successfully lysed, and Fletcher et al. (42) have demonstrated, by means of
pre- and post-treatment venography, massive thrombolysis in two patients
suffering from acute thrombophlebitis and treated with high urokinase dos-
age for 16 hours. Other investigator reports (78) suggest that purified
urokinase acts as a powerful thrombolytic agent in man.

THROMBOLYSIS AND THE BL00D COAGULATION SYSTEM

Fundamental to the development of thrombolytic therapy has been the
relationship of plasma thrombolytic activity to the coagulation system and
to hemostatic mechanisms. It is inferred that the action of physiological
thrombolytic mechanisms is normally directed to the lysis of microthrombi
rather than to the removal of large clinically evident thrombi. In this sense,
the detection of clinical thrombosis may be regarded as indicative of either
partial or complete failure of plasminogen-plasmin system activity to con-
trol intravascular fibrin deposition. Presumably, the failure of physiological
thrombolytic mechanisms to prevent thrombus formation i vivo represents
an accumulation of factors inimical to their actions (prior vessel disease,
embolism, hemodynamic, coagulation, or platelet anomalies, etc.) rather
than to primary failure of the plasminogen-plasmin system itself. Thus,
mere therapeutic reinforcement of plasminogen-plasmin activity would be
expected to constitute an ineffective approach (the available evidence
would support such a concept) and, in the presence of established thrombo-
sis, the physician should be prepared to use plasminogen-plasmin system
components in a pharmacological, as apart from physiological, manner. Such
pharmacological usage, involving the production of intense (several hun-
dredfold normal) and prolonged states of plasma thrombolytic activity,
though primarily directed at the target thrombus, also affects the integrity
of the blood coagulation system and, in certain circumstances, hemostatic
function.

The effects on the coagulation system are caused by activation of solu-
ble phase plasminogen (because of infusion of plasminogen activator) with
the production of a, usually mild, state of pathological plasma proteolysis.
Fibrinogen, because of its abundance as a substrate, is the chief protein de-
graded, and these degradation products interfere with the polymerization
of fibrin monomer, producing the coagulation defect, described by our
group, as defective fibrin polymerization (79-82). However, even when
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using streptokinase where virtually all soluble phase plasminogen must be
activated prior to the development of substantial plasma thrombolytic activ-
ity (38), clinical studies indicate that, provided care is employed, the effects
of the agent on coagulation function is not sufficiently severe as to preclude
its use (38, 56). With urokinase, which possesses a very high gel/soluble
phase plasminogen activity ratio, intense plasma thrombolytic activity may
be induced and maintained with plasma plasminogen concentration at 20 to
30 per cent of normal, and a lesser degree of coagulation anomaly is pro-
duced than with streptokinase. However, clinical studies with urokinase
have been limited and it is still not clear that the coagulation defect pro-
duced by urokinase infusion in man (18, 42) is precisely similar to that
produced by strepokinase infusion under similar circumstances; in fact, it
is possible that fibrinogen degradation products of a higher molecular
range (83, 84) may be formed during urokinase infusion, and the coagula-
tion anomaly, though of similar general characteristics, could be of a some-
what different type. Despite its propensity to affect the coagulation system,
urokinase, on biochemical grounds, possesses two great advantages over
streptokinase. Firstly, immediately on its infusion it induces an intense plas-
ma thrombolytic state instead of after a variable time interval as with
streptokinase; this permits immediate effective treatment in cases of clini-
cal urgency. Secondly, states of intense plasma thrombolytic activity may
be induced by its infusion in the presence of substantial concentrations of
circulating plasminogen. This latter property partially obviates the difficulty
previously observed with streptokinase (56, 59, 85), that plasminogen may be
leached from the target thrombus during therapy (with the possibility that
therapeutic action may cease), and also the danger that further thrombi
laid down either during or shortly after the completion of therapy with
streptokinase will be virtually devoid of plasminogen and thus insusceptible
to lysis by thrombolytic agents.

Since thrombolytic agents are administered for the purpose of lysing
fibrin clots, their use carries the hazard of inducing hemorrhage at local
sites, where, owing to trauma or disease processes, fibrin, or fibrinous
deposits contribute substantially to the hemostatic barriér. This phenome-
non, in mild form, has been reported following both streptokinase (38, 79,
86, 87) and urokinase infusion (42). While normally this action of the
drug, which is a reflection of its powerful therapeutic potential, is unimpor-
tant, it has sometimes constituted a severe practical limitation to drug
evaluation, as many otherwise “suitable” cases are patients who have re-
cently been subjected to an unsuccessful surgical procedure. The hazard of
inducing hemorrhage in such patients at sites of recent surgical trauma is
so high that thrombolytic therapy is definitely contra-indicated. Other rela-
tive or absolute contra-indications to thrombolytic therapy, at least as it is
presently practiced, include any pre-existent disease where hemorrhage is a
danger, i.e., recent peptic ulcer, bleeding from a chrenic ulcer, other G.I.
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bleeding, history of nonsurgical hematuria, etc. Moreover, prior anticoagu-
lant therapy or other hemorrhagic diathesis may complicate the course of
thrombolytic therapy, and careful laboratory study of the coagulation sys-
tem is required before introducing anticoagulants into the therapeutic regi-
men of the patient who has been treated with thrombolytic agents.

Although a number of authors have advocated the concurrent use of
thrombolytic and anticoagulant agents, it is our view that if a sufficient
dosage of thrombolytic agent is infused to raise plasma thrombolytic activi-
ty to any significant degree, this combination with anticoagulants will
prove hazardous and if, in the interest of patient safety, a lower dosage of
thrombolytic agent is administered, the benefits to be expected from throm-
bolytic therapy are unlikely to be achieved.

Considerable space has been devoted to the relationship between throm-
bolysis and the coagulation system, as this relationship has been of funda-
mental importance to the development of the field. It should be emphasized
that in the past this problem has proven to be controllable at the bedside
and, as knowledge increases and improved agents are developed, its impor-
tance may be expected to diminish.

TaE FUTURE

The investigative advances of the past decade have included (a) the de-
velopment of a rational approach towards the problems of thrombolytic
therapy; (b) an understanding of the difficulties that may complicate this ap-
proach; (c) the devising of practical laboratory means of monitoring throm-
bolytic therapy (37, 88, 89, 90); (d) the development of two therapeutic
agents, streptokinase (which has less than ideal properties as a thrombolyt-
ic agent) and urokinase, which on the basis of laboratory and limited clini-
cal investigative studies (18, 42) more closely approximates the ideal
thrombolytic agent (except insofar as its production is severely limited and
it is presently far too costly to be explored in any except an investigative
setting) ; and lastly (¢) the crucial demonstration that, at least under certain
circumstances, such agents will induce thrombolysis in man (20, 42, 74, 75,
76).

These remarkable achievements have faced the investigator with fur-
ther problems of which the chief are (a) in what way can thrombolytic
agents be best employed as therapeutic tools; () how are appropriate dosage
schedules for clinical trial best established, especially in view of the great
cost and scarcity of urokinase; and (¢) how is the clinical utility of the agent
to be tested in the most economical fashion? Though at first sight these ap-
pear to represent somewhat elementary questions, in actuality each is com-
plicated by formidable difficulty at the clinical research level. Indeed, it is
common knowledge that the trial of many other promising pharmaceutical
agents is presently hindered by similar evaluation difficulties at the clinical
research level.
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Previous studies of thrombolytic agents have usually involved study of
in vivo biochemical effects with limited pharmacological, toxicity, and clini-
cal studies, the better of the latter having been designed to obtain objective
evidence of drug action. Thus, selection of patients for study has primarily
involved the selection of those in whom objective evidence of improvement
could be obtained, rather than those in whom the treatment might be
thought to be, on theoretical grounds, of greatest benefit. While numerous
purely clinical studies (mostly uncontrolled) have been published, these
have not been of a nature to contribute, in any substantial fashion, to the
solution of the clinical evaluation problem. Indeed, investigators have
tended, for reasons of convenience in obtaining sufficient patient material
and to limit the hazards of investigation, to utilize patients with either pe-
ripheral arterial or venous disease. While studics on such patients have
served many useful purposes, it has unfortunately become clear, as a result
of the increasing use of angiography in clinical practice, that clinical con-
cepts concerning the age and extent of certain apparently “acute” thrombot-
ic lesions are in need of revision. Not all patients with the diagnosis of
acute thrombophlebitis or acute arterial occlusion of a limb vessel suffer
from thrombotic vascular disease or, if such is the case, the main lesion is
not necessarily acute. Further, such studies suggest that clinical “cure” of
these vascular lesions is not necessarily associated with lysis of the causa-
tive thrombus. These angiographic studies have introduced a degree of
complication into therapeutic studies of such peripheral vascular diseases
as to necessitate either intensive study of a small selected group of patients
or the collection of very large groups, studied by clinical means, for assess-
ment of therapeutic effect.

Similarly, while such apparently straightforward and uncomplicated le-
sions as thrombosis of the central artery of the retina may appear as ideal
for assessing the effects of thrombolytic agents'(since visual and photograph-
ic assessment of progress is easy), increasing pathological and clinical
knowledge of this lesion suggests that in many cases both the etiology and
prognosis are so uncertain that extensive studies involving a large number
of patients would be required to establish the true value of thrombolytic
agents in this condition.

There remain three extremely important disease classifications in which
thrombolytic agents might be of great utility and in which valid assessment
of their therapeutic utility might prove feasible; these are pulmonary em-
bolism, myocardial infarction, and acute cerebral thrombosis. It has been
previously suggested that cerebral thrombosis was the area of greatest
difficulty (11, 15) and in some ways that of least promise, because of the
difficulties inherent in the differential diagnosis of hemorrhage from
thrombosis, the peculiar nature of infarction in the brain as compared to
that of other organs and the difficulty of evaluation in clinical response,
etc. However, recently Meyer et al. (91, 92) have published the first large-
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scale study in this field. They studied the response of a streptokinase-anti-
coagulant-treated group of patients suffering from advancing stroke as
compared to the response of a similar anticoagulant-treated group. Despite
the finding, by means of serial angiography, that the apparently causative
thrombus was lysed more frequently in the streptokinase-anticoagulant-
treated group rather than in the control anticoagulant-treated group, the
response of the former as assessed by mortality and clinical response was
inferior to that of the control group. While this was a pioneering study
and certain details such as the decision to use combined streptokinase-anti-
coagulant therapy, uncertainties as to the precise basis of drug dosage, and
the significance of certain coagulation findings should be classified as ar-
guable, the study does indicate the need for caution in this difficult thera-
peutic area. On the other hand, it is not unreasonable to believe that fur-
ther research into the problem of acute cerebral thrombosis may delineate a
class of patients in whom a trial of thtombolytic therapy might be deemed
desirable.

Pulmonary embolism would appear to offer a hlghly suitable condition
for a trial of thrombolytic therapy. Embolism occurs into a presumably
normal vascular tree and initially, at least, the embolus is unorganized and
nonadherent to the vessel wall. Moreover, the condition is frequent, carry-
ing both high mortality and morbidity, and surgical treatment, when indi-
cated, is often hazardous. )

Studies of thrombolytic therapy, in this condition, have hitherto been
sporadic and isolated, largely because of difficulties in making and con-
firming the diagnosis and in assessment of treatment. However, recent
improvements in the technique of pulmonary angiography and, in particu-
lar, in the use of pulmonary isotopic scanning methods, after the injection
of I3 labeled macroaggregate albumin (93, 94), have largely overcome
former difficulties. It is to be expected that this lesion will attract con-
siderable sophisticated investigative attention.

The main impetus to the development of thrombolytic agents has been
the hope that these agents would prove useful in the treatment of acute
coronary thrombosis. There have been several studies of streptokinase-
plasmin (95-101) (Thrombolysin) and one of a urokinase-plasmin mix-
ture (55) in the therapy of acute myocardial infarction. None of these
studies provided evidence that the agent under investigation was of value
but, since in no case did the scanty laboratory data substantiate the au-
thor’s claim of effective thrombolytic therapy, these studies are without
direct relevance to the problem.

The hypothesis that effective thrombolytic agents may prove beneficial
to patients suffering from acute myocardial infarction rests on several
grounds [review and references in (102)]. First is the belief that in a
substantial proportion of patients, probably a majority, the proximate eti-
ological factor precipitating myocardial infarction is acute thrombosis of
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the artery supplying the involved region and that by the use of thrombolytic
agents, arterial continuity may be restored. Second is the concept that the
blood supply of the infarcted area may be improved by the action of the
agent in preventing microthrombus formation or by the lysis of micro-
thrombi. These two effects might be expected to reduce the final area of
myocardial death and in this way, reduce the degree of electrical instability
of the heart during the early critical stages of infarction at a time when
death from arrhythmia is a considerable danger, and finally, prevent or lyse
mural thrombi or extracardiac thrombi.

On the other hand, the treatment could exert deleterious effects and
the hypothetical dangers previously raised in the case of anticoagulant
therapy in acute myocardial infarction (now disproved) could apply with
greater force to thrombolytic therapy. Clearly, studies of thrombolytic
therapy in acute myocardial infarction should be designed first to test the
feasibility of the approach and only later to assess therapeutic value. Data
on the feasibility of using thrombolytic therapy is already available.
Fletcher et al. (56, 103) used streptokinase to induce and maintain in-
tense states of enhanced plasma thrombolytic activity over a 30 hour
period in 19 patients suffering from early acute myocardial infarction; all
survived the acute phase of the illness, one patient dying three weeks
later. Although the treated group fared better than the controls selected
by a double-blind method, and better than other patients treated in the
hospital during the same period, the results were not statistically signifi-
cant. However, these results, in conjunction with the follow-up studies,
demonstrate that the infarcted myocardium is tolerant of the induced
plasma thrombolytic state and constitute an important demonstration of
feasibility. Only limited data are available (104) concerning a rather
similar, larger, but still unpublished, European study of streptokinase treat-
ment in myocardial infarction (Verstraete et al.). Stage 1 of the study
has been completed, ten of 75 patients having died in the streptokinase-
treated group and five of 57 in the heparin-treated control group. Although
benefit was not demonstrated to result from streptokinase treatment, it is
reasonable to regard these results as offering a further demonstration that
the infarcted myocardium is tolerant of the induced plasma thrombolytic
state.

The problems involved in the running of adequately controlled thera-
peutic studies in acute myocardial infarction are of unusual difficulty, a fact
emphasized by the controversy that has surrounded the many studies of
anticoagulant therapy in this condition. Nevertheless, provided that feasi-
bility studies of urokinase therapy in acute myocardial infarction yield
satisfactory results, the potential utility of this therapeutic approach and
the serious nature of the myocardial infarction problem will require that
consideration be given to the development of full-scale clinical trials with
this agent.
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