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B Abstract Blood clots form under hemodynamic conditions and can obstruct
flow during angina, acute myocardial infarction, stroke, deep vein thrombosis, pul-
monary embolism, peripheral thrombosis, or dialysis access graft thrombosis. Ther-
apies to remove these clots through enzymatic and/or mechanical approaches require
consideration of the biochemistry and structure of blood clots in conjunction with
local transport phenomena. Because blood clots are porous objects exposed to local
hemodynamic forces, pressure-driven interstitial permeation often controls drug pen-
etration and the overall lysis rate of an occlusive thrombus. Reaction engineering and
transport phenomena provide a framework to relate dosage of a given agent to poten-
tial outcomes. The design and testing of thrombolytic agents and the design of ther-
apies must account for (a) the binding, catalytic, and systemic clearance properties
of the therapeutic enzyme; (b) the dose and delivery regimen; (c) the biochemical and
structural aspects of the thrombotic occlusion; (d) the prevailing hemodynamics and
anatomical location of the thrombus; and (€) therapeutic constraints and risks of side
effects. These principles also impact the design and analysis of local delivery devices.
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HEMODYNAMICS OF THROMBOSIS

Thrombosis Under Flow and In Vivo Thrombi

The development of athrombus, its structure, and its susceptibility to lysisdepend
on complex interactions of biology and hydrodynamics. The coagul ation cascade
triggered by the exposure of tissue factor within the ruptured atherosclerotic
plague results in conversion of prothrombin to thrombin. Thrombin cleavesfibri-
nopeptides A and B from fibrinogen resulting in afibrin monomer that undergoes
polymerization. The capture of flowing platelets by exposed subendothelium
involves platelet GP Ib—von Willebrand factor (VWF) interactions followed by
slower but more stable fibrinogen cross-bridging of platelet GPIIb/Ia (o,B3)
(97, 124). Neutrophils and monocytes can aso be captured into platelet thrombi
via platelet P-selectin to further enhance fibrin deposition (78).

Arterial flow conditions with high wall shear ratesincrease platel et deposition
and decrease red blood cells (RBCs) and fibrin accumulation, whereas low shear
rates are more permissive for fibrin formation and retention of RBCs (125). Clots
formed under flow in vivo or in Chandler loops display marked striations indic-
ative of an ongoing deposition-mediated growth. Such clots have upstream
‘“head’’ regionsrich in platelets, leukocytes, platelet-released plasminogen acti-
vator inhibitor type 1 (PAI-1), and downstream ‘‘tail’’ regions enriched in RBCs
(89, 106). Coronary artery thrombi formed during unstable angina are grayish
white, whereas those present during acute myocardial infarction (M1) are reddish
in appearance as determined by angioscopy (69). These grayish-white coronary
thrombi tend to be resistant to thrombolytic therapy. These structures are particu-
larly rich in platelets, are older, have a very tight fibrin structure (113), and are
formed under flow conditions. The reddish thrombi of acute M| are fibrin and
RBC rich and tend to be younger.

Once formed, blood clots are defined by two interpenetrating pharmacol ogical
compartments: (a) the impermeable cellular compartment that contains platelets,
RBC, and white blood cells, and (b) the permeable biphasic fibrin gel compart-
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ment that contains hydrated fibrin fibers surrounded by fluid. The biphasic fibrin
gel has a porosity € = V,giq/Viow, Which may vary with position in the clot.
During thrombolysis, the fibrinolytic reactions occur in the biphasic fibrin to erode
the solid phase volume of the fibrin fibers (b = 1 — ¢€). Average concentrations
of reactive species within the fibrin gel can be defined based on their local phase-
averaged concentration within the fibrin fiber volume or the pore space volume.

Venous and arterial thrombi compositions have been measured ex vivo (82),
and these levels are given in Table 1. Because thrombi form under flow condi-
tions, the relationship of clot properties to those of whole blood is not a direct
one; depletions and enrichments occur (15, 19, 82). Also, areal thrombus expe-
riences compacting forces and the permeation of fresh fibrinogen that would allow
for continuing fibrin polymerization.

TABLE 1 Initia state of systemic circulation and arterial and venous thrombi

a-Granule Thrombi level (uM)P
release

Species Plasma (uM) (uM)? Venous Arterial
Fibrin(ogen) 8.0 0.044 ¢ = 80220
Plasminogen 2.2 0.00136 ¢ = 0.562 ¢ = 0.839

s = 1.299 s = 2428

cr = 0.783 cr = 1.316
tPAC 0.00005 —d ¢ = 0.000618 ¢ = 0.000917

s = 0.00133 s = 0.00309

¢r = 0.000832 ¢y = 0.00157
uPA® 0.00005 — ¢ = 0.00005 ¢ = 0.00005

s=0 s=0

¢r = 0.000035 c¢; = 0.000035
Plasmin 0 — — —
PAI-1 (only 5% active) 0.0003 0.00447 ¢ = 0.0274 ¢ = 0.0617

s = 0.0071 s = 0.00858

cr = 0.0213 cr = 0.0458
ay-Antiplasmin 1.0 0.000269 ¢ =10 ¢ =10

s =10 s =10

CT = 10 CT = 10
Macroglobulin 30 0.00171 ¢ =30 ¢ =30

§s=0 §=0

CT = 21 CT = 21
Platelets 0.3 x 10%ml — 1.5 x 10%ml 45 x 10%ml

®Based on release of a-granules from 0.3 X 10° plateletsinto 1 ml of buffer.

bDerived from Potter van Loon et a (82). For porosity, e = 0.7 corresponding to 0.3 g of pellet/g of thrombi, the
total clot concentration of each species (cr, uM) isgivenasc; = e¢ + (1 — €)s = [ug of free/g of thrombi +
ug of bound/g of thrombi](1000/MW;).

%PA, Tissue plasminogen activator.

9, Negligible.

€UPA, Urokinase.
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Hemodynamics and Thrombolytic Therapy

Clinical evidence indicates an important role for permeation and its impact on
the rate at which reperfusion occurs. For example, patients with hypotension or
cardiogenic shock are poor candidates for successful thrombolytic treatment of
myocardial infarction (38, 83). In human cardiogenic shock and MI, the success
of thrombolytic therapy can be enhanced with administration of ionotropic agents
(with a consequent increase of systolic pressure from 64 to 102 mm Hg) (38). In
acanine model of |eft anterior descending coronary thrombosiswith severe hypo-
tension (systolic pressure of 75 mm Hg) (85), left anterior descending catheter
administration of recombinant tissue plasminogen activator (tPA) to the clot was
significantly less effective under conditions of hypotension when compared with
thrombolysis at systolic pressures of 130 mm Hg. Similar transport mechanisms
have been shown for the lysis of pulmonary embolism (84, 88). In a canine model
of cardiogenic shock with left anterior descending thrombosis in which systolic
pressure had been reduced to 75 mm Hg by phlebotomy, intraaortic balloon
counter pulsation to increase coronary pressure resulted in enhanced thrombo-
lysis, with intravenous (i.v.) tPA (86, 87). The transport issuesin various clinical
trials have been reviewed by Blinc & Francis (9).

Ml is a thrombotic event triggered by atherosclerotic plague rupture. The
upstream pressure on a clot is the time-averaged aortic pressure of ~90 mm Hg,
whereas the downstream pressure depends on the extent of collateralization of
the myocardium. Collateralization is known to reduce infarct size during M1 due
to reduction of ischemia (28, 80). There is a report of thrombolysis being less
successful in patients with collateralization, but thiswas correlated with enhanced
severity of stenosisin this patient subset (4). For a 1-cm-long clot (68), the pres-
sure drop (AP/L) across an occlusive arterial thrombus may range from ~70-80
mm Hg/cm to ~40 mm Hg/cm with collateralization.

In stroke, occlusion occurs as a result of (a) local atherothrombosis of alarge
or small cerebral vessdl or (b) through embolization from a noncerebral source
such as an atherothrombotic carotid artery or the fibrillating heart. Cerebral and
subarachnoid hemorrhages, for example caused by aneurysm rupture, are distinct
causes of stroke and highly contraindicated for thrombolytic therapy. Thrombotic
stroke can occludethe basilar, vertebral, or carotid arteries. Embolic material from
the carotid or atria has not been quantified for differencesin fibrin density or lytic
susceptibility. A clot that occludes the vertebral, basilar, or carotid arteries can
experience a mean arterial pressure of ~75 mm Hg with = 20% pulsatility onits
proximal face. It is difficult to estimate the pressure on the distal face of the clot,
which may at times approach the proximal pressure due to the complex connec-
tivity of the cerebral circulation. The role of collateral blood flow was found to
provide no benefit for thrombolysis of proximal basilar thrombosis but reduces
ischemiain basilar artery thrombolysis (30).

In deep vein thrombosis, clots are formed under low flow conditions or stasis,
often after surgery, by mechanisms likely involving inflammatory pathways and
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venous dysfunction. These clots are RBC rich and are extremely long, with
lengths from a few centimeters to ~25 cm. The pressure drop across these long
clotsislow (<1 mm/cm of clot). Thus, deep vein thrombosis is not susceptible
to i.v. therapy due to poor drug penetration. Thrombolytic therapy requires
intrathrombic delivery via catheters that are continually pushed through the deep
vein thrombosis over several hoursto days. Similarly, in peripheral arterial throm-
bosis, the 5- to 25-cm-long clots (47) experience pressure drops of ~5-10 mm
Hg/cm, insufficient to drive substantial permeation.

In pulmonary embolism, in which an embolus from a deep vein thrombosis
lodges in the pulmonary arterial circulation to obstruct flow, the local pressure
drop across the embolism can be estimated by using the mean pulmonary artery
pressure of about 20 mm Hg as the upstream pressure and the mean left atrium
pressure to estimate the pulmonary venous pressure. For a 1-cm-long pulmonary
embolism, the mean pressure drop AP/L is 10 mm Hg/cm of clot (7-15 mm Hg/
cm over the cardiac cycle). The pulmonary embolism would have a permeability
similar to a retracted whole blood clot subjected to arterial compacting forces
(k ~ 10~ 1°-10 12 cm?), thus providing a Darcy flow velocity of ~0.05 mm/min.

In arteriovenous access grafts for dialysis patients, a large AP exists (40-80
mm Hg) across clots that may be several centimeters long. The ease of accessto
the graft facilitates local infusions. Urokinase (UPA) has a higher probability of
deep penetration because it does not bind fibrin and is more commonly used to
clear access grafts.

BLOOD CLOT BIOCHEMISTRY AND MECHANICS

Fibrin Structure and Fibrinolytic Biochemistry

The thrombin-activated fibrin monomers polymerize into extended protofibrils (2
monomers thick) that aggregate laterally to form thick fibers (for review, see 42).
Structural and transport properties of fibrin are given in Table 2. lonic strength
was long held to regulate electrostatic i nteractions during protofibril lateral aggre-
gation, but recent evidence has implicated the prevailing chloride ion as afibrin-
binding inhibitor of lateral aggregation leading to extremely thin fibers in the
fibrin gel (32). Thin fiber gels of fibrin are noted to dissolve more slowly (37).
Coarse clots with thick fibers formed from plasma at lower ionic strengths and
low thrombin or in the presence of dextran dissolved more rapidly than fibrin clot
structures when treated with tPA or uPA (23).

Fibrinolysis is a multicomponent and multiphase reaction network (Figure 1).
UPA can activate plasminogen to plasmin in a homogeneous fluid phase reaction,
whereas tPA can bind fibrin and activate fibrin-bound plasminogen in a hetero-
geneous reaction. PAI-1 and a-antiplasmin inhibit plasminogen activators (UPA
and tPA) and plasmin, respectively. Asfibrin is cleaved by plasmin, new binding
sites for plasminogen, plasmin, and tPA are revealed with the generation of car-
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TABLE 2 Structural and transport properties of fibrin and blood clots

Property

M easurement

Fibrinogen, 340 kD

r,, Radius of hydrated photofibril
Radius of fundamental fiber unit
R;, Radius of hydrated fiber bundle

Pores between protofibrils in fiber
Dpore: Diameter of pore in fibrin gel
Fibril density in fiber

Fiber porosity
Fiber density

g, Overdl porosity

k, Specific permeability

Reynolds number, Re = p L v/u
Peclet number, Pe = vL/D,

AP/L

45 nm X 2nm
3-5 nm (2 monomers/fibril)
50 nm

4-50 nm (Fine gel at 0.3 M NaCl)
100-500 nm (Coarse gel at 0.1 M NaCl)

10-30 nm

0.1 (fine) to 10 uM (coarse)
0.01116 Fibrils/nm? (coarse)
0.008366 Fibrils/nm? (fine)

0.80 (coarse)

210 mg/ml of fiber (fine)

280 mg/ml of fiber (coarse)

>0.99 (Plasma or purified fibrin gel)

0.9 — 0.99 (Platelet-retracted clots)

0.75 — 0.9 (Compacted fibrin)

108 cm? (Coarse fibrin, 3 mg/ml)

1071 - 10~ cm? (Fine fibrin, 3 mg/ml)

10~8 em? (Unretracted whole blood or plasma clot)

10~ % cm? (Retracted whole blood)

10~ — 10~ em? (Compacted coronary thrombus)

0.1—1 Global (p Ly Vi)

O (10° Global
O (1-100) Loca at lysis front

~60 mm Hg per cm of clot (arterial)
0-10 mm Hg per cm of clot (venous)

boxy-terminal lysines (44). These lysines can be subsequently removed by throm-

bin-activated carboxypeptidases in plasma (123).

Clot Mechanics

The rheology of purified fibrin, platelet-free plasma, or platelet-rich plasmaclots
is accurately described by linear viscoelastic theory for small deformations, in
which the complex dynamic shear modulus G isdefinedasG = G’ + iG", where
G’ [=] dyne/lcm? is the dynamic elastic modulus (which scales with the cross-
link density) and G” is the dynamic loss modulus (which describes viscous flow
behavior and is much smaller than G’). The elastic modulus G’ can increase with
gtrain, i.e. strain hardening (5). Glover et a (39) provide a correlation for the
maximum elastic modulus obtained after complete platel et-rich-plasma clotting
post-recalcification as G' ., = 420 + 0.54 p®’® for p = platelet concentration
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FIGURE 1 Schematic of fibrinolysis. Plasminogen (plg) is activated to plasmin (plm)
in the fluid phase by urokinase (UPA), whereas fibrin-bound plasminogen is activated by
tissue plasminogen activator (tPA) in the fibrin phase. The free-phase plasmin isinhibited
by the antiplasmin (AP) and macroglobulin (MG), whereas the bound-phase plasmin is
protected from inhibition. The uPA and tPA areinhibited in the free phase by plasminogen
activator inhibitor type 1 (PAI-1). Plasmin solubilizes fibrin to fibrin degradation products
(FDP). Soluble species can reversibly adsorb and desorb with fibrin under kinetically
controlled conditions.

(plateletsymm?), where platelets significantly enhance clot strength. The value of
G’ max 1S ~1000 dyne/cm? for clotted platelet-free plasmaor platel et-poor plasma,
~3000 dyne/cm? for clotted whole blood, and ~10,000 dyne/cm? for clotted
platelet-rich plasma. Platelet retraction can generate significant normal forces
(60), and retracted clots are well known to display lytic resistance through mech-
anismsinvolving PAI-1 (17). The relationship between evolving clot mechanics
during lysis and embolization has not been well characterized experimentally. For
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flow around a nonoccluding wall-attached thrombus, the shearing and normal
forces on the surface that cause embolization are not affected by pressure-driven
permeation through the thrombus (6). However, such permeation would control
delivery of plasminogen activators.

BIOPHYSICS OF THROMBOLYSIS

Diffusion

The penetration of proteins entering a fibrin clot as well as their mobility within
the fibrin gel represents a complex transport problem. In general, the Brownian
motion of aprotein in fibrin would experience minimal steric hindrance or hydro-
dynamic resistance because the ratio A of the protein radius (4 nm) to the typical
pore radius (>500 nm) is quite small (A < 0.01). For arandom array of fibers of
radius R; and fiber volume fraction (¢ = 1 — ¢), the pore-averaged diffusivity
D of a solute with radius R is given by Ogston et a (77) as D/D, = exp
(— Y2 RJR;), which accounts for steric hindrance but not hydrodynamic resis-
tance. The Brownian diffusion coefficient of numerous proteins in water (D,) is
correlated by Tyn & Guzek (112) with D, ~ 5 X 10~ 7 cm?/s being typical for
most mid-sized proteins. For a coarse fibrin gel at 8 uM, theratio is D/D, > 0.99
for aprotein with 4 nm radius and a fiber with a 250 nm radius. For a compacted
fibrin gel (at 220 uM, ¢ ~ 0.3), the ratio remains >0.99. Hindered Brownian
diffusion of a spherical solute in a cylindrical pore (18, 75) that accounts for
hydrodynamic resistance {D/D, = [1 — A] ?[1 + (9/8)x InA + 1539\ +
1.2~ 2]} indicates minimal hindrance of solute mobility in plasmagels. Consid-
eration of hindered Brownian diffusion of a spherical solute in a fiber matrix
with hydrodynamic interactions (81), in which D/D, = [(1 + (RZK)Y? +
U3(RZ/K)] 2, indicates that hindrance of solute mobility is minor (<10% reduc-
tion in mobility) for fibrin with a Darcy permesbility k > 10~ cm? (aretracted
clot). Hindrance is more substantial (D/D, ~0.4) in ahighly compacted clot when
the Darcy permeability is estimated to be ~10~ 23,

These calculations are consistent with the lack of reduction of the diffusivity
of proteins in 30% retracted whole blood clots (66). Also, fluorescent bovine
serum albumin displays only modest 40% reduction in diffusivity at 12 mg/ml of
fibrin (105); however, the albumin was present during fibrinogen polymerization
in this measurement. Sakharov et al (93) measured the penetration of fluorescent
antifibrin(ogen) from a creeping flow into a plasma clot. Strong fibrin binding of
the antibody resulted in a <200-um penetration in 1 h, whereas a nonimmune
antibody penetrated >500 um into the plasma clot, consistent with unhindered
Brownian diffusion. Steric and hydrodynamic resistance become important in
understanding mobility of a protein within the 10- to 30-nm spaces between the
protofibrils of the fibrin fiber (8, 25, 119).
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Dispersion

Dispersion represents the sum of molecular diffusion and convection-enhanced
mixing across fluid streamlines (92). A common form of the longitudinal disper-
sion coefficient D, for inert solutesis given as the sum of the effective diffusion
coefficient and hydrodynamic dispersion. The effects of adsorption and reaction
on D, are not known, although these processes may reduce the amount of solute
in the slowest moving streamlines near the solid fiber surface (99) so asto enhance
dispersion.

Dispersion, even when fluid permeation is present, has an important role in
fibrinolysis. In finite-thickness, moving-front systems, dispersion dictates the
shape of species peaks at the lytic front (114) where sharp gradients can exist
and where the local Peclet number, Pey.y, is actualy small. The Peoca = Viront
Ssront/Dy 1S about 220, for a front velocity (Vi) Of 0.1 X the Darcy velocity
(V) to 1.0 X v, alysisfront thickness of 6;4, ~ O(100 um), and the longitudinal
dispersion D, scaling with Dy, V. The P, is significantly smaller than the
global Peclet number Pe = (V * Lg)/(DporeV) ~ O(1000). Neglect of dispersion
at the lysis front is not justified by the magnitude of Pe.4, and such neglect will
overestimate the height of the species at the front, where large gradients exist
over small length scales.

Permeability

The permeability of afibrous structure is dictated by the porosity and fiber diam-
eter. Fine fiber gels offer considerably higher resistance to pressure-driven per-
meation when compared with coarse fiber gels formed at the same fibrin
concentration. Permeability measurements of fibrin were first conducted as a
probe of molecular structure to estimate pore size and fiber thickness. Perme-
ability of ~10~1° cm? for 9.4-mg/ml of fibrin led to estimates of 30- to 70-nm
fiber diameters (90). At 2 mg/ml, fine gels have a permeability of 4 x 10~ 1%
cm?, and coarse fibrin has a permeability of 4 X 10~° cm? (25). Recalcified,
thrombin-treated human plasma (undiluted) has a permeability of 1 x 108 to
4 x 108 cm?, depending on the speed of coagulation (13). Polymerization of
plasma can produce very thick fibers (22). The presence of RBCs during poly-
merization of whole blood (diluted by half in buffer) resultsin very large pores
that allow the elution of RBCs, suggesting a pore size similar to that of the
deformable RBC (24). The permeability of clotted plasmawasfound to bedlightly
lower in patients with a history of MI, compared with an age-matched control
group (8.3 = 52 X 107 % cm? vs 125 + 57 X 10 ° cm?) (35). Fibrinogen
levels can be 1.5- to 3-fold higher in patients with a history of MI. Interestingly,
low-dose acetylsalicylic acid (75 mg daily dose) taken by a healthy control group
increased plasma clot permeability by 65%, and this increase reversed 1 week
after stopping the dosage (127).
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Correlations become useful to predict the permeability of a structure of known
fibrin density and fiber radius. Correlationsfor random arrays of cylindersaverage
the contributions of parallel and perpendicular orientations (48). For aligned cyl-
inders, flow perpendicular to the cylinders results in only a twofold increase in
resistance relative to flow parallel to the cylinders. Thus, the anisotropic nature
of the fiber orientation and permeability compared with flow direction is not
unusually strong and may be offset by the observation that spatial nonuniformity
can increase the permeability by =50% (48). The correlation of Jackson & James
(48) of k = Dyiper® (3/80 d) (—In ¢ —0.931) is applicable to numerous fibrous
media, but tends to underpredict the permeability for highly porous gels (50) as
well asfor fibrin gels. Diamond & Anand (31) found that the specific permeability
data of Blomback et a (14) were suitably correlated with the fiber diameter and
the fibrin porosity by the Davies equation (33), where

K = DZue/[70(1— €)¥H1+52(1—€)¥3}] (1)

The permeability of a platelet-retracted, whole blood clot can be estimated
from correlations for fibrin permeability k(e, Dsiper), Where g is the porosity of
the retracted fibrin that resides in the volume between the RBCs. A whole blood
clot cannot retract more than ~50%, because the RBCs are incompressible. Clot-
ted blood initially having ahematocrit H = 0.35-0.5 can undergo aglobal retrac-
tion R® (e.g. R® = 0 for no retraction to R® = 0.5 for 50% retraction to 0.5 of
original volume). By considering the volume of each compartment in aretracted
clot and the volume of exuded serum, it is possible to define C, the compaction
of the fibrin within the volume surrounding the RBCs as

C=[R - (H+ (1-HaMA-HA-w)] @

Where o = Priprinogen in plasmal Pribrinogeninfibrinfiber = 0-0171 (coarse fiber) to 0.0143
(fine fiber).
The overal permeability of the retracted clot K eqacted aior 1S then given as

Kretracted ciot = K(&rf» Drier)*[(1—H)at
+ C1l-H)(@A-o)/[H+(1-Ha + C1-H)(A-a)],

where g; = [C(1—a)]/[a + C(1—)].

For a 50% retraction of clotted whole blood (R® = 0.5, H = 0.4), the clotted
plasma in the clot will have been compacted to 15.8% of its original volume (C
= 0.158), corresponding to an exudation of 84.2% of the original plasmavolume
as serum from the retracted clot. Under these conditions for ¢ = 0.93565 and
the plasma coarse fiber diameter D; = 380 nm (22), the permeability of the 55.8-
uM fibrin in the volume between the RBCsis given by Eq. 1 as0.5 X 10~ °cm?.
The value of Keracted aior 1S then calculated to be 1.0 x 10~ ° cm?, which compares
well with the single measurement in the literature of 1.13 x 10~ cm? (134). It
isreasonable to conclude that the transport property of the fibrin within aretracted
clotislargely determined by the permeability of densefibrin. Similarly, for clotted
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whole blood that is not retracted (R® = 0,H = 0.4, C = 1.0, o = 0.0171), the
overall clot permeability is estimated to be 0.9 x 10~ 8 cm? (380-nm fiber diam-
eter), which compares reasonably well with the measurement of 1.22 x 108
cm? (12) for undiluted clotted whole blood without retraction.

Adsorption Phenomena

Although forward binding events may equilibrate rapidly relativeto thetimescale
of thrombolysis and transport, dissociation events are considerably slower. Bound
proteins may coexist with fluid depleted of the protein due to washout by per-
meation. This represents a nonequilibrium state. Additionally, there exist numer-
ical difficulties that prevent the application of the local equilibrium assumption.
In moving-front problems with finite thickness, the solubilization at thelytic front
is a gpatially dependent source term. In any numerical solution involving dis-
cretization, two adjacent elements are coupled by convection, which linkssoluble-
phase species in the upstream element (released by lysis) with the fluid
concentration at the downstream node. Thus, solubilization is a source term in
the upstream element that erroneously forces the phantom creation of massin the
solid fibrin in the downstream element when local equilibrium is enforced.

Dissociation constants (Kg) of fibrinolytic species binding with fibrin are avail -
able. The adsorption and desorption rates of proteins interacting with fibrin have
not been measured, partly because fibrin is an insoluble polymer that is difficult
to handle in stop-flow or surface plasmon resonance measurements. The forward
association rates for proteins binding to fibrin are expected to be significantly less
than the ultrafast and very high-affinity associations of plasmin with antiplasmin
(k = 10" M1 s71) (128), plasmin with a,-macroglobulin (k = 0.03 x 10’
M1 s7%) (118), and tPA binding with PAI-1 (ke = 2.9 X 10°' M~ *s™ 1) (62).
Protein forward-association rates have often been measured by surface plasmon
resonance to be ~10°-10° M ~* s, often slower than diffusion-limited associ-
ation. A time of 10 min was clearly sufficient for equilibration of protein binding
to fibrin (64). Because the binding of fibrinolytic mediators to fibrin is a fast
process (likely equilibrating within seconds) relative to the characteristic times
of lysiskinetics and front propagation, modeling of fibrinolysis may not be highly
sensitive to the value for the forward adsorption rate, except in situationsin which
a reactive species is generated in solution and a competition exists between its
rate of adsorption and its rate of inhibition.

by PALCI on 08/06/09. For personal use only.
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Mathematics of Fibrinolysis

The mathematics describing moving frontsin dissolving permeable mediainclud-
ing polymers are well established (34, 76, 79). Fibrinolysis is a multicomponent
reaction network with fluid-phase reactions as well as heterogeneous reactions
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catalyzed by species bound in the solid-fibrin fiber phase. The analogy with affin-
ity chromatography is particularly useful, except that the solid phase can disap-
pear, which results in solubilization and rebinding of species (Figure 2A). In this
case, the moving lysis front operates like an *‘ffinity filter,”” whereby species
accumulate at the front based on their binding affinity to fibrin. For transport of
species in eroding fibrin, the instantaneous concentration of a soluble species at
some position in the fluid phase of the fibrin gel is described by Eq. 46 (1-3;
see also 7, 55, 76, 79, 126).

6800800800800 0
20 900 %00 900 %40
o o°°o 0

.
— = 3053

A Diffusion

! Dispersion

B
On 1
K/ B w0
oeg‘.J}’O X

B Permeation

C Homogeneous
Reaction

D Reversible
Saturable
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]
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FIGURE 2 Summary of transport and reaction physics during fibrinolysis. (A)Solutes
that do not bind fibrin permeate with the solvent front, whereas fibrin-binding species
accumulate at the lysis front asfluid permeatesinto the fibrin where they undergo continual
solubilization and rebinding. (B) At each position of the clot, various physical and bio-

chemical processes affect the concentration of speciesin the fluid and fibrin phases aswell
as the volume of each phase.
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The rate of change of the local volume-averaged concentration of the ith spe-
ciesin the fluid phase (¢;) depends on the net transfer rate of that species to the
fibrin fibers (ON'/at), dispersion (D), permeation (v), homogeneous reaction in
the free phase between the | and k species (R,), and the effects due to change of
volume of the solid phase (9¢/dt) as adsorbed species (s) are released during
solubilization of the solid phase and free phase species are diluted to a small
extent in the lost fibrin fiber volume (Figure 2B). The rate of change of afibrin-
bound concentration of the ith species depends on the heterogeneous rate of reac-
tion in the solid phase (°R,), the rate of binding, and the rate of dissociation under
conditions where the jth species may compete for the rth binding site (for &, =
1, interaction; for £; = 0, no interaction) (see Eq. 5).

o oNT
= (s—oc) It (1-¢) ot
+ Ve(D*V(sc)) — Ve(eqv) + e >Ry (4)
Ik

ac,
8_
at

N
T = Ko - Se9) — K (9) (5)
]
5 _ND L seeg (6)
ot at S

The superficial permeation velocity v through the porous fibrin matrix of the
blood clot is given by Darcy’s law:

V = —KVP, @

where K = k(x,y,t)/u for plasma of viscosity u permeating through fibrin with a
specific permeability k. For two dimensional calculations of v, and V, at every
position and time, the Poisson equation of theform V ev = V ¢ (K(x,y,t)VP) =
0 is solved with the hydraulic permeability (K) varying in space and time owing
to lysis, but not dependent on the local direction of flow at a given position (2).

A particular challenge in modeling fibrinolysis is the complexity of solubili-
zation asfibrin is degraded to acomplex distribution of fragments. Heterogeneous
reactions involving plasmin cleavage of fibrin will cause adecreasein solid fibrin
volume due to solubilization. This class of reactions is commonly treated by a
“*shrinking-core’’ model, whereas the ‘‘ progressive conversion’”” model is used
for reaction systems that have no change in solid shape. During lysis, it islikely
that both surface erosion and inner fiber dissolution occur simultaneously. How-
ever the relative extents are not known and may depend on specific reaction
conditions. Surface erosion has been observed in collagen fibrils (104), whereas
fibrin displays both surface erosion (Figure 3) and complex agglomeration and
restructuring during lysis (Figure 4). Veklich et a (117) found, by electron
microscopy, that fibrinolysis results in larger fragments with evidence for trans-



Annu. Rev. Biomed. Eng. 1999.1:427-461. Downloaded from arjournals.annualreviews.org

by PALCI on 08/06/09. For personal use only.

440

DIAMOND

FIGURE 3 Lysisunder shrink-
ing-core conditions. Visudiza-
tion by contrast-enhanced dif-
ferential interference contrast
microscopy shows the dissolu-
tion by 1-uM plasmin of individ-
ual fibrin fibers adsorbed to a
coverdip. Frames are shown
every 10 s. Fibrin fibers were
formed from 3 mg/ml of fibrino-
gen clotted with 1 U/ml of throm-
binin 0.1 M NaCl.

verse cutting across fibers rather than uniform degradation of the outer radius of
the fiber. Also, large fragments of fibrin have been eluted from dissolving fibrin
(121). Anand & Diamond (3) assumed that the fiber is solubilized at constant
density. With this approach the change in fiber diameter can be related to the
historic amount of fibrin cleavage L at each position and time as

t

LOCE) = 1 | Kt S ®

where v is equal to 0.1 corresponding to the solubilization of an equivaent of
one monomer by 10 peptide cleavage events (y = 0.1). This approach avoidsthe
difficulty of calculating the dynamic spatial gradientsfor specieswithin amicrom-
eter-sized fiber that itself resideswithin afibrin clot that has macroscopic dynamic
spatial gradients.

To date, mathematical analyses of fibrinolysis tend to be subcases of Eq. 4-6.
Approaches that neglect the (s—c)de/ot term do not conserve mass and corre-
spond to the assumption that species present within the dissolving fiber are com-
pletely degraded or inhibited and cannot rebind intact fibrin (31). Approachesthat
do not account for reversible adsorption and neglect the (1— g)oN"/at term are
limited to treatments of soluble plasminogen activators such as uPA and strep-
tokinase and use a fibrinolytic rate based on an effective active plasmin concen-
tration (bound + soluble plasmin) (133, 134). Kolev et a (57) have conducted
amoving-front analysis by assuming a constant thickness, thin reaction zone (due
to adsorption-controlled penetration of diffusing plasmin) of the fibrin, which is
separated from the bulk enzyme solution by a singular boundary. If front prop-
agation isslow and does not travel very far for initialy thin gel structures(relative
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FIGURE 4 Fibrin fibers agglomerate together and undergo extremely complex conformational
changes as the fibrous nature of the materia is lost. Fibers were formed from recalcified human
plasma and treated with 1-uM urokinase. Similar results are observed in purified fibrin. Images
are shown at time eguals O (), 20s (b), 30s (c), and 40s (d) after addition of uPA.

to the time of enzyme diffusion), this assumption appearsvalid in the experiments
of Kolev et al, whose results compared well with the full transport/reaction anal-
ysis of Anand & Diamond (3) and who calculated the instantaneous lysis rate as
R = (ykp)*[plasming,ql, where vk, = (0.1)5s ! = 0.5 s 1. Kolev found a
similar apparent rate constant of 0.56 s~ for lysis of fibrin formed in 100-mM
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NaCl. Attempts to predict clot lysis without accounting for interstitial permeation
by using various diffusion-controlled shrinking-core models and various pro-
gressive-conversion models failed to identify a single model to correlate lysis
extents in patients (103).

Assay Methods and Boundary Conditions

Fibrin is an insoluble polymeric substrate, and this complicates the measurement
of kinetics, thrombolytic activity, and prediction of clinical efficacy. In designing
fibrinolytic assaysto measure kinetics or to predict clinical efficacy, itisimportant
to define the transport conditions and biochemistry of the fluid external to the
fibrin gel (termed the extrinsic phase) as well as the transport of fluid within the
fibrin (termed the intrinsic phase) (73, 91, 130, 132). Common lytic assays are
shown in Table 3. The reaction processes may display a pseudo-steady state, but
in reality every fibrinolytic assay is a batch reaction in which the fibrin may
eventually be fully solubilized. If concentration gradients exist at the start of the
assay (e.g. tPA in the extrinsic phase only) and the characteristic length of the
clot is greater than ~100 um, the role of transport processes will control the
kinetics of lysis. For very thin films of fibrin (<100 pm thick) or dispersed fibrin
suspensions (51, 129, 130), the systems are well mixed with rate processes dic-
tated by heterogeneous enzyme kinetics only. Mixing of the extrinsic phase does
not necessarily ensure adegquate mixing at the fluid-gel boundary layer and will
have no effect on transport inside the fibrin. Lysis front propagation is easily
visualized and is a relevant predictor of thrombolytic efficacy. Chromogenic and
fluorogenic substrates are very useful in probing the active site kinetics of purified
enzymes and in calibrating enzymatic activity units (20, 63); however, the kinetic
parameters give lessinsight into the heterogeneous rate processes of thrombolysis
that involve adsorption and ternary complex assembly on fibrin.

Assays have also been developed to study lysis with laminar flow exposure of
a surface of the clot, which typically enhances delivery to the surface (95). At a
wall shear stress of 10 dyne/cm? (but not 5 dyne/cm?), re-tPA and TNK-tPA both
caused a dose-dependent removal of platelets adherent on preformed layer fibrin
via afibrinolytic mechanism (40). Komorowicz et al (58) found that increasesin
wall shear rate at afibrin surface from 25 to 500 s~ * (0.25 to 5 dyne/cm?) caused
the rate of product release by circulating plasmin to increase 2.8-fold. This
increase may be caused either by an increased removal rate of degrading fibrin
(shear stress-enhanced embolization) or a reduction in transport limits across a
concentration boundary layer with increasing flow. In an earlier study with whole-
blood clots, plasmaclots, fibrin gels, and partially compacted thrombi from Chan-
dier loops, the effects of flowing liquid (citrated plasma or blood) over the clot
surface tended to reduce thefibrinolytic activity of various plasminogen activators
(74). This reduction was beyond explanation owing to the complexity of transport
and cellular/plasmafactorsin the circulating fluid. Flow may perturb unique reac-
tive environments near the clot surface.
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TABLE 3 Transport issues in fibrinolytic assays®

Assay

Advantage

Disadvantage

Stationary extrinsic phase

Controlled velocity

Laminar flow extrinsic phase

*Simple

*Can calibrate
*96-well format
*Can model

*Suspended clots
*Dynamic sampling
*96-well plate/shaker
«Fibrin film is gradientless

*No external phase
transport limits
*Dynamic removal
and addition of fluid
*May have steady state

*Replicates in vivo
hemodynamics and therapy

*Gives dynamic permeability

«Can study pulsatility effects

*Can vary from transport

to reaction limited
sLytic fingering studies
*Replicates in vivo transport

*Nonocclusive thrombi

*Embolization studies

*Rethrombosis studies

*Good delivery to clot
surface

eldeal for kinetic studies
*Pseudohomogeneous
*Dynamic removal/addition
*Optical assays possible

«Diffusion limited kinetics
*Rheological effects
*Thick stagnant layer
*Hard to sample reliably

sLab to lab variability

eUnknown external
boundary layer thickness

«Difficult to model

¢Intrinsic phase
diffusion limits

sLow replicate numbers
*Not commonly used

*Need advanced model
*No true steady state
*Permeation changes
over time

*Need advanced model
*Low replicate numbers
*Need good clot adhesion
sHard to sample

*Very complex physics
«Difficult to model
sHard to assay
*Boundary layer effects
sLow replicate numbers

*Nonphysiologic substrate

*Variability of substrate

sNot predictive of
thrombolytic drug delivery

*Aggregation/wall adsorption

aSchematic features include fibrin or clot (shaded), lysis front propagation (dashed arrow), fluid motion (solid arrow),
mixing (impeller), concentration boundary layer (dashed line), and concentration profiles (solid line). A parabolic flow
profileis indicated for the case of laminar flow extrinsic phase.

Diffusion-Mediated Lysis

In the absence of permeation, placement of lytic solutions adjacent to fibrin gels
or blood clots will cause sharp lysis fronts to move across the structure. The
velocity of these fronts depends on the concentration gradient for diffusion, the
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enzymatic speed of fibrin degradation, and in some cases arheological retraction
mechanism (3, 94). Placement of human Glu,—plasmin or Lys,—plasmin adjacent
to coarse fibrin (3 mg/ml) provided for a lysis front whose pseudo—steady-state
velocity is given by the following (130, 131):

Viyss (MM/min) = 0.0164 [plasmin]®#’# for 0.01 < [plasmin] < 10 pM.

Placement of uPA or tPA adjacent to coarse fibrin (3 mg/ml) containing 2.2-uM
plasminogen causes lysis fronts to proceed at a pseudo—steady-state velocity as
follows (130):

Viygs (MM/min) = 0.0715 [UPA]®1% for 0.01 < [UPA] < 80 uM;
Viyss (MM/min) = 0.0551 [tPA]%3%* for 0.01 < [tPA] < 10 uM.

Higher levels of tPA can actualy reduce the speed of the lysis front through
interference with plasmin activity (130). The presence of inhibitors and different
levels of fibrin or plasminogen would change the above relationships. Under the
most rapid lytic environments created in vitro, the fastest front velocity observed
under conditions of diffusion was 0.16 mm/min (130).

At low enzyme concentrations of Lys,—plasmin, uPA, or tPA of <1 uM, the
experimentally measured lysis front position propagated proportionaly to
t¥2. In computer simulations of lysis without convection, the position of the fibri-
nolysis front was proportional to tY? as expected. However, at high enzyme
concentrations (plasmin = 10 uM; uPA or tPA > 1 uM), the measured front
positions were correlated with t* and moved at nearly constant velocity and at
speeds faster than simulated for diffusion-mediated transport (3), indicating non-
Fickian behavior that is common to polymer dissolution (34). Anand & Diamond
(3) demonstrated that fibrin fibers retracted under conditions of lysisin aregion
only a few micrometers away from the lysis front. The molecular origin of this
retraction is not known. Similar retraction has been observed by confocal micros-
copy (94). It is not known whether these retraction mechanisms occur or contrib-
ute in the lysis of whole blood clots or retracted blood clots. Most lysis
experiments with suspended whole blood clots in which diffusion is the major
mode of transport take many hours to daysto achieve 100% lysis, suggesting that
a high lysis velocity (>0.1 mm/min) is not achievable in these systems. In rigid
gels, impaired retraction may participate to hinder lysis, asis observed with actin-
laden fibrin (49) or Dusart’s fibrin (29). Under permeation conditions that over-
whelm retraction-mediated transport, there is no observed difference in lysis of
fine and coarse gels (131).

Permeation-Enhanced Lysis

Permeation markedly enhances lysis of purified fibrin (130, 131), clotted plasma
(2), clotted whole blood (12, 131), and retracted-blood clots (10, 134). Blinc et
a (12) first demonstrated that a pressure head of 37 cm H,O (27 mm Hg) across
3-cm-long blood clots (AP/L = 9.05 mm Hg/cm of clot) caused a superficial
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velocity of flowing plasma (viscosity ~ 1.32 centipoise at 22°C) of 6.7 + 3.2
mm/min (k = 1.22 X 10~ 8 cm?). Lysis of these clots by diffusive delivery of
uPA (500 IU) in plasma resulted in a lysis front velocity of 0.0083 mm/min.
Pressure-driven permeation caused an 89% reduction in clot volume within 45
min, a59-fold enhancement of lysisover diffusive delivery. However, permeation
caused nonuniform lysis front and clot cannulation. The lysisfront velocity at the
center position of the clot was ~0.75-1.5 mm/min. For thislytic delivery regimen
applied to unretracted-blood clots, theratio v;,4/V was 0.15. Wu et al (131) found
that permeation of 1-uM plasmin into unretracted-whole-blood clots caused lysis
fronts to proceed at v,s/V~0.25 for permeation velocities from 0.05 to 1.4 mm/
min. Although plasmin is normally impotent in plasmain suspended clot assays,
the significant washout of antiplasmin as well as front loading of plasmin under
permeation conditions can facilitate lysis of whole-blood clots.

For retracted clots treated with 400 IU/ml of uPA in plasma driven by AP/L
= 14.6 mm Hg/cm, nonuniform lysis fronts proceed at a velocity of ~0.1 mm/
min (10, 134). The superficial permeation velocity was about 0.225 mm/min, and
the ratio viy4s/V was 0.44. The lysis front was able to keep up reasonably well
with the slowly moving permestion front despite the fact that local fibrin density
was concentrated fivefold during retraction. In other studies with MRI to image
the position of permeating fluid in retracted clots, Blinc et a (11) demonstrated
that, under lytic conditions, the locations in a clot that experienced fluid perme-
ation al'so experienced dissolution. Because v,/ V was <1for lysisof unretracted
and retracted blood clots, increasing uPA or plasminogen in the permeating
plasma would be expected to enhance the lysis rate.

In diluted plasma clots exposed to 0.1 uM tPA and 1.0 uM Glu-plasminogen
permeating at constant velocities of 0.1 or 0.2 mm/min, the ratio of v, s/V was
about 1 in both cases (1), indicating that the lytic regime had sufficient or excess
reactivity to keep pace with permeation. Increasing the tPA level in this experi-
ment would not enhance the lysis front velocity.

Wu et a (131) studied the lysis of purified fibrin by plasmin or uPA under
conditions of permeation. For permeation of 1-uM plasmin into 3 mg/ml of fine
or coarse fibrin, viy4s/V = 0.74 for V from 0.01 to 0.4 mm/min. For permeation
of 1-uM uPA into 3 mg/ml of fine or coarse fibrin containing 2.2-uM Glu-
plasminogen, v;y4s/V = 0.72 for v from 0.01 to 0.8 mm/min. These experiments
represent relatively reactive lytic regimens in which the lysis front velocity kept
pace with the permeation velocity. In contrast, for constant permeation of lower
levelsof plasminat v = 0.1 mm/mininto 3 mg/ml of coarsefibrin, S.L. Diamond
and V. Kudallur (data not shown) found aratio of v;4/V = 0.42 (0.1-uM plas-
min) and v,,5¢/V = 0.1 (0.01-uM plasmin). For constant permeation of plasmin
av = 0.5mm/mininto 3 mg/ml of coarsefibrin, S.L. Diamond and V. Kudallur
(data not shown) found ratios of v, 5s/V = 0.72 (1-uM plasmin), v;4s/V = 0.167
(0.1-uM plasmin), and v,y5/V = 0.033 (0.01-uM plasmin). V. Kudallur and S.L.
Diamond (data and computer simulations not shown) also concluded that increas-
ing the concentration of fibrin to 6 or 9 mg/ml reduced the plasmin-mediated lysis
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front velocity by two distinct mechanisms, enhanced fibrinol ytic burden and feed-
back inhibition of plasmin by fibrin degradation products.

INTRAVENOUS LYTIC THERAPIES

Pharmacokinetics

Intravenous thrombolytic administration regimes for acute Ml often involve a
combination of bolus and continuous infusions. In the systemic circulation,
changes in blood chemistry occur due to fibrin-independent plasminogen acti-
vation. Complex models with multiple half-lives for clearance and multiple com-
partments for tPA biodistribution, in physiologic and therapeutic settings, have
been demonstrated to be highly accurate (26, 27). Chandler et a (27) found that
tPA is cleared faster in subjects with low PAI-1 vs high PAI-1 levels (t,;, of 3.5
vs 5.4 min), owing to the slow clearance of the tPA—PAI-1 complex.

The dynamics of circulating plasminogen activators and associated changesin
blood protein levels are dominated by the rate of hepatic clearance. Thus, asingle-
compartment model can accomplish a reasonably accurate description of changes
in the systemic circulation (1, 109, 111). The concentration of each species (C,
uM) in the systemic circulation is given by solution of a set of coupled ordinary
differential equations that describe the rate of change of concentration of each
species (C) in plasma (Eg. 8). The plasma of the circulation can be treated as a
single, well-mixed compartment that can receive a user-specified infusion regime
for any species I;(t) (umol/s), and any species may be eliminated at a given rate
by clearance K;(t) (umol/s), as follows:

Vo 1 = Vi SZR(G,C) + 10 — K. ®
]

dt
In the circulatory system, the rate of generation (or loss) of the ith species R(C;,
C,) is determined by the reaction between the jth and kth species. The clearance
rate of each species K; is taken as a first-order processin C; determined from the
half-life of the species, where K; = (k CiVpjasma)- (56, 108)

Pharmacodynamics

With in vitro kinetic data for the reaction network (Figure 1) and ex vivo arterial
thrombi properties and initial plasma composition (Tables 1-2), Anand & Dia
mond (1) simulated an accel erated therapeutic regime for intravenoustPA therapy
for coronary thrombolysis (122) involving a 15-mg bolus followed by infusion
of 85 mg over 90 min. In the simulation, this regime provided for a relatively
constant circulating level of tPA of about 0.04 uM (Figure 5A) during the first
hour of therapy. Plasminogen dropped to less than half of its original level with
the concomitant appearance of inhibited complexes. The lysis front advanced at
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FIGURE 5 Lysis simulation of an arterial thrombus by intravenous tPA thrombolytic
therapy (100-mg total dose). Changes in systemic species are shown (A) for a therapy
initiated by a 15-mg tPA bolus followed by infusion of 85 mg of tPA over 90 min. Initial
clot length is 1 cm, and initial pressure drop was set at 50 mm Hg/cm. Complete reper-
fusion is achieved at 52 min (B). Shown are the percent lysis profile (C) and concentration
profiles of free and bound species (D—F) across the clot after 10 min of therapy. Used with
permission from Anand & Diamond (1).

anearly constant velocity of about 1 mm/10 min for the first 40 min of the therapy
(Figure 5B), after which lysis proceeded more rapidly with the remaining 6 mm
of the thrombi dissolving in the next 10 min. The prediction of clot lysis (with
no adjustable parameters) is consistent with observed recanalization times
between 45 and 90 min. At 10 min, dramatic changes in reactant concentrations
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FIGURE 5 continued

were seen in a thin reaction zone (Figure 5C—E). The inhibited plasmin species
moved with the permeating fluid through the lysis front. The overall thrombolytic
rate (i.e. lysisfront velocity) achieved as aresult of thisaggressive dosing scheme
can be improved only marginaly up to the point where the lysis front proceeds
at a velocity comparable with the permeation velocity.

Simulation of i.v.-uPA (two-chain—uPA) therapy for acute M1 for a protocol
of abolus of 8 mg UPA (~10° IU abbokinase) followed by continuous infusion
of 1 mg/h (~125,000 1U/h) provided for an approximately constant level of 0.04-
uM uPA (similar to the tPA level in Figure 6A). A zone of complete lysis pro-
ceeded about 1.5 mm across the front of the clot at 90 min. A low degree of lysis
(5-30%) was present at 90 min in regions deep within the clot (0.2-1 cm). This
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FIGURE 5 continued

deep zone of lysis was not seen with tPA and indicates that uPA activated an
inner clot pool of plasminogen becauseits penetration into the clot was not slowed
by binding. The distinct patterns of tPA and uPA thrombolysis make the decon-
volution of additive vs synergistic biochemical effects of combined tPA/UPA i.v.
therapies difficult.

CATHETER-BASED THERAPY

With intrathrombic delivery, penetration of the catheter into the clot causes com-
paction and disruption of the thrombus. For deep vein thrombosis, the facilitated
delivery over the many centimeters of the clot justifies the approach because
transport is insufficient for successful reperfusion via intravenous delivery.

A single-port catheter requires cannulation of the clot followed by continual
infusion of the thrombolytic agent in conjunction with slow trandation of the
catheter through the thrombus (47, 67). Pulsatile pumping is a variation on this
approach to enhance local mixing (53). Multiport catheters also require cannu-
lation of the clot, but can deliver agent along the length of the clot with less need
for adjustment of the catheter position. As the fluid leaving the catheter seeksthe
path of least resistance, the flow may not necessarily be evenly distributed across
the ports unless careful design of the port diameter and port spacing is achieved.
Similarly, porous baloons or porous membranes on catheter tips have been
described. Catheter tips that contain numerous small ports at various angles help
to generate high-speed jets of fluid rich in plasminogen activator (116). In this
“‘pulse-spray’’ approach, benefits may be partly due to mechanical disruption and
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FIGURE 6 Lysisfront progression at 10-min intervals ranging from 20 to 60 min for
fibrin beds of increasing variability in local fibrin density and permeability. (Panel above)
theinitial permeability field had random variations in permeability around abaselinevalue
(mid gray) of 3.16 x 10~ cm? (left). (Panel opposite) For fibrin with a 4% (A), 15%
(B), or 25% (C) maximum variation in fibrin density, lysis fronts demonstrate the devel-
opment of alytic finger owing to increased random variationsin local fibrin density (max-
imum permesability variation shown above each case). Used with permission from Anand
& Diamond (2).

partly due to enhanced transport across a poorly mixed external boundary layer.
The ability to actually forceliquid radially from the catheter into the deeper layers
of the clot is particularly difficult. The delivered fluid must follow the path of
least resistance, typically the 100- to 1000-um gap between the catheter and the
thrombus, not the 1- to 10-um pores of the blood clot. Thus, intrathrombic deliv-
ery is characterized by diffusive transport in the radial direction from the catheter
surface across a few millimeters of clot toward the outer vessel wall. The low
permeability of the vessel wall minimizes pressure-driven permeationintheradial
direction. Kandarpaet a (52) found no difference between pul se-spray treatment
and slow continuous infusion of UPA for peripheral thrombolysis.

Distinct from these drug-delivery catheters, several studies have demonstrated
the use of the Bernoulli effect, in which fluid is forced from the catheter head
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FIGURE 6 continued

and jets toward a receptacle lumen in the catheter to create a very low-pressure
region (59, 120). This ‘‘rheolytic’’ approach causes recirculation vortices to per-
turb the thrombus in conjunction with forceful aspiration of the thrombusinto the
catheter. The approach is reported to remove the clot rapidly without the need for
lytic agents, but does generate some hemolysis and local injury to the vessel wall
(200).

Other physical enhancements of lysis include ultrasound and laser energy.
Ultrasound, applied either externally or at the site of the catheter, can enhance
the rate of thrombolysis via several distinct and interacting mechanisms (43).
First, ultrasound-induced cavitation increases the specific permeability of fibrin
(101). Unexpectedly, electron microscopy indicated that ultrasound caused thick
fibers of fibrin to disaggregate into fine fibers (16). Transient openings of large
pores in the presence of ultrasound are one possible reconciliation of the discrep-
ant observations. Our laboratory has not observed by real-time microscopy any
disaggregation in fiber structure during ultrasound exposure. Under conditions of
constant pressure drop, lysis of clots exposed to ultrasound will be enhanced
simply by enhancing permeation. However, ultrasound enhancements have also
been observed under no-flow circumstances (107) or under constant velocity
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permeation as measured in our laboratory. Consistent with ultrasound-induced
structural changes in fibrin, there is a 40% increase in the binding of tPA to
ultrasound-exposed fibrin (102). Ultrasound with cavitation or added micro-
bubbles causes microstreaming to facilitate transport across the poorly mixed
boundary layer at the clot/fluid boundary. It is not known whether significant
microstreaming can occur within the pore space of fibrin, where viscous damping
by the fiber surfaces would be significant. The use of lasers to ablate thrombus
has received some attention (61, 110). Difficulty in complete dissolution is a
challenge with this approach. Also, the thrombogenicity of charred residuals may
be significant. The use of laser energy to drive drug-laden microspheres severa
hundred micrometers into an in vitro thrombus represents a novel approach to
combine lasers with pharmacological agents (98).

DESIGNING LYTIC FORMULATIONS

Much emphasis has been placed on the molecular design of plasminogen acti-
vators to ater half-life and minimization of fibrin-independent plasminogen acti-
vation. For example, TNK-tPA has alonger circulatory half-life and causeslittle
systemic activation, allowing a simpler, front-loaded bolus of the agent (54). In
contrast, reteplase has a moderately reduced affinity of fibrin which alows for
deeper penetration into a clot structure in a permeation assay (36), as would be
predicted for lower-affinity agentsand potentially with lessinterferencewith plas-
min as seen with tPA (130). Madison (65) has provided an extensive review of
the site-directed mutagenesis of tPA.

Multicomponent formulations of plasminogen activators have been developed
but have not reached widespread clinical use. Although formulations may provide
drug delivery scenarios not possible with a single protein, the issues of transport
become significant for formulations that reduce plasminogen activator mobility.
A two-step targeting approach with an antifibrin antibody conjugated with a non-
blocking anti-uPA antibody has been reported to help target and enhance the
activity of subsequently delivered uPA (96). Streptokinase has aso been conju-
gated via avidin-biotin to RBCs (71), which allows for a long circulatory half-
life of the plasminogen activator. A two-part formulation involving antifibrin
antibody linked to heparin (anionic) in an electrostatic complex with cationic
peptide-conjugated UPA has been demonstrated in vitro. This system allowstrig-
gered release by protamine of the cationic uPA conjugate because protamine has
high-affinity binding to heparin (21). Such a system provides clot targeting by
the antibody followed by triggered release of uPA, which would then have good
motility in the fluid permeating through the clot. Also liposomes containing strep-
tokinase (72) or tPA (45) or with surface-associated plasminogen (46) have been
described to provide preferential delivery to a clot. Vakkalanka et a (115) have
developed a temperature- and pH-sensitive polymer that undergoes swelling to
provide enhanced release of streptokinase.
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CLOT CANNULATION

In many circumstances, lysis proceeds across an occlusion in a nonuniform man-
ner in which a lytic finger dissolves its way through the structure. The highly
thrombogenic surfaces of cannulated clots, when exposed to flowing blood, would
be prone to rethrombosis. Highly aggressive lytic regimes may also be associated
with higher rates of lytic fingering. Studies have shown that higher doses of
recombinant single-chain tPA can lead to reduced patency rates (41, 70). MRI
visualization demonstrated that fluid permeation through a clot may be nonuni-
form (12). Zidansek et a (134) first model ed fingering lysis by using single-phase,
multicomponent convection-diffusion-reaction equations solved with a lattice
random-walk approach for various characteristic reaction times. Thereactiontime
is a lumped parameter corresponding to the time between first arrival of Iytic
species and compl ete solubilization at a position. Such an approach isvalid for a
fluid-phase plasminogen activator, although an a priori prediction of the reaction
timeisnot direct. Anand & Diamond (2) solved the biphasic equation of transport
for the adsorbing- and reactive-species plasmin permeating through fibrin. In this
approach, the relationship of enzyme properties, material properties, and transport
parameters was directly related to front propagation and fingering.

In two-dimensional simulations of lysisin fibrin with initial variationsin den-
sity, the plasmin concentration profiles and the lysis front shape revealed that the
fingers progressed fastest in regions where the initial permeability was highest
and therefore provided for enhanced plasmin transport. Anand & Diamond (2)
found that increasing the variability of theinitial fibrin density resulted inincreas-
ing the size of the lytic fingers (Figure 6). Anand & Diamond (2) concluded that
there are distinct mechanisms by which dissolution fingers can exist:

(1) Structural: a blood clot is formed by the random aggregation of fibrin
bundles under flow. These bundles are typically oriented with some degree of
randomness and with various pore diameters and hence would lead to an initial
permeability field varying considerably in space;

(2) Rheological: Pressure-driven permeation would lead to deformation of the
proxima face of a clot, resulting in enhanced velocities through the middle of
the blood clot;

(3) Cellular: Platelet retraction may result in less fibrin fibers present in the
middle of the clot, leading to higher velocities in this region.

by PALCI on 08/06/09. For personal use only.

SUMMARY
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1. Pressure-driven permeation controls the rate of drug penetration into a dis-
solving thrombus. Under conditions of extremely rapid lysisin which transport
is rate limiting, the lysis front proceeds at essentially the velocity of the per-
meating fluid (or dightly faster owing to dispersional processes). This estab-
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lishes the theoretical maximum rate of lysis. Under conditions of only diffusive
delivery and extremely rapid lysis reactions, the maximum lysis front velocity
is about 0.15 mm/min. This velocity is achieved through fiber retraction
enhancement of transport, which may not be operative in rigid or dense
structures.

. Plasminogen activators with high affinity will bind and accumulate on the

proximal face of the thrombus with local concentrations considerably higher
than in the bulk extrinsic phase. Lower-affinity agents will have significantly
better penetration into the clot under conditions of permeation to activateinte-
rior pools of plasminogen.

. Protein diffusion is not significantly hindered in the pore space of fibrin.
. Fibrinolysisis fundamentally heterogeneous and transient. Kinetic assays that

begin with macroscopic fibrin or clot structures and have a defined intrinsic
phase and extrinsic phase produce kinetic parameters with lumped diffusion-
limited or mixing contributions.

. Small fluctuations of the local fibrin density can create preferred paths of

permeation and result in clot cannulation or embolism. After clot cannulation,
lysis proceeds significantly more slowly and is controlled by diffusion in the
radia direction.

. Catheter delivery of plasminogen activators faces some of the same transport

challenges asi.v. therapies. Attempts at direct pumping of buffer into athrom-
bus will result in significant leakage and limited deep penetration because the
fluid, aways taking the path of least resistance, will explore the open flow
paths between the catheter and the thrombus instead of penetrating into the
thrombus. Ultrasound has molecular effects on fibrin structure, permeability,
and fibrinolytic biochemistry without direct ** pumping’’ of unidirectional sol-
vent flow into the fibrin.

Visit the Annual Reviews home page at http://www.AnnualReviews.org.
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