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hallenges for Providing Effective Hemostasis in
urgery and Trauma

effrey H. Lawson and Michael P. Murphy

ascular injury, whether surgical or traumatic, triggers a complex series of regulatory events. The understanding of
hese events, their interdependence, and their effect on hemostasis and thrombosis, is slowly being unraveled. The
urrent understanding of these processes is reviewed in this paper. The application of this knowledge to the operating
heatre has been slow and is severely limited by the lack of effective tools to monitor the coagulopathic status of
ndividual patients. Hence, the initial treatment of patients with severe hemorrhage relies on improving the patient’s
hysiological status and on basic surgical techniques. Should these efforts fail, then a number of topical hemostatic
gents, selective inhibitors of fibrinolysis, and procoagulant molecules, such as recombinant factor VIIa, may be
tilized. However, many of these agents have not yet been tested in clinical trials and studies are urgently needed to
etermine efficacy, safety, optimal dosage and time of administration.
emin Hematol 41(suppl 1):55-64. © 2004 Elsevier Inc. All rights reserved.
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Blood Coagulation and the Regulation of
Hemostasis and Thrombosis

LOOD COAGULATION is a physiologic defense
mechanism that maintains the integrity of the

ammalian circulatory system in response to vascu-
ar damage. The hemostatic response to injury,
hether traumatic or surgical, is a complex series of

egulatory events that require the interaction of both
ellular elements and blood plasma proteins. The
egulation of these cellular and molecular events de-
ermines one of three potential outcomes: hemor-
hage, controlled hemostasis, or thrombosis. The he-
ostatic response has been classically characterized

s a cascading series of enzymatic reactions, which
onvert a group of plasma proenzymes to their active
nzyme forms (Fig 1). This series of reactions leads to
he formation of thrombin, a proteolytic enzyme,
hich is able to convert fibrinogen to fibrin by lim-

ted proteolysis, thus forming the basis of the blood
lot.10,30 However, this model does not satisfactorily
xplain the dynamic regulation of blood coagulation
eactions that occur in vivo, which requires localized
eactions at the point of vascular damage, nor does it
ddress the complex physiology that regulates the
linical outcomes following the major homeostatic
hallenge of surgery and trauma.

Functionally, hemostasis can be separated into
our major regulatory steps, namely, initiation, prop-
gation, termination, and resolution or fibrinolysis.
nitiating events convert the normal vascular endo-
helium to a focal point of procoagulant enzymatic
ctivity. Propagating events are the enzymatic steps
hat convert a small molecular signal to a multicom-
onent reaction, leading to the generation of throm-
in. Terminating events inhibit or downregulate the
rocoagulant response, thus containing thrombus

ormation to a point of vascular damage. Resolution

Seminars in Hematology, Vol 41, No 1, S
f the hemostatic process occurs when a vessel filled
ith hemostatic thrombus becomes reorganized via
brinolytic pathways allowing for the re-establish-
ent of blood flow through the vascular channel.

nitiation
ndothelial cells line the vascular space which, under
ormal conditions, provides a barrier between the
irculating blood and the extravascular tissue. Rest-
ng endothelial cells form a monolayer that is
upported by a subendothelial matrix consisting of
ollagen, elastin, mucopolysaccharides, laminin, fi-
ronectin, von Willebrand factor, and fibrin. The
ubendothelial matrix forms a second hemostatic
arrier to prevent the extravasation of blood. Under
ormal conditions, the intraluminal surface of the
ndothelium maintains a nonthrombogenic environ-
ent by constitutive expression of heparan sulfate

roteoglycans, thrombomodulin, and nonadherent
hospholipids, and releases nitric oxide, prostacyclin
PGI2), and tissue plasminogen activator (t-PA) into
he vascular space to promote blood flow.

The initiation of blood coagulation is marked by a
hysical (traumatic or surgical) disruption or molec-
lar signal, which converts the resting endothelium

nto a focal point of procoagulant activity. A number
f biological agonists have been identified that pro-
ote endothelial cell activation by altering the inter-

ace of the endothelium with the circulating blood.
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56 Lawson and Murphy
One of the first events to occur following activa-
ion of endothelial cells is the proteolytic removal of
eparan sulfate proteoglycans from the endothelial

igure 1. Schematic representation of in vitro blood coagulation.
he cascading reactions culminate in the formation of thrombin
nd the conversion of fibrinogen to fibrin. TF, tissue factor; PL,
hospholipids; Fg, fibrinogen; Fn, fibrin. Adapted with permission
rom Mann et al.32
ell surface. These heparans function as anticoagu-
ant cofactors that bind to and increase the anti-
rotease activity of antithrombin III (AT-III). The
emoval of the heparan proteoglycans decreases the
asal level of anti-protease cofactor activity on the
ell surface, thus promoting a procoagulant environ-
ent.
A second procoagulant event that occurs during

ndothelial cell activation is the down-regulation, or
oss, of thrombomodulin on the cell surface, which
ecreases the level of anticoagulant activity in the
ocal environment.

The induction of tissue factor expression on the
ell surface constitutes the third coagulant effect.
issue factor functions as the major receptor/cofactor
rotein in the initiation of the hemostatic response.
nce tissue factor appears on the cell surface it binds

o the plasma zymogen factor VII or its activated
rotease factor VIIa, and initiates a series of proco-
gulant reactions commonly described as the “coag-
lation cascade.”

The fourth event that occurs to initiate the hemo-
tatic response is a change in the phospholipid com-
osition of the endothelial cell membrane. This
hange results in an increase of acidic phospholipid
eadgroups in the outer leaflet of the endothelial cell
embrane, resulting in the formation of an adherent

ellular surface that allows the binding of clotting
roteins and enzymatic complex assembly. This lo-
alization of clotting factors to the point of vascular
amage initiates and propagates the clotting response
y condensing the procoagulant enzymes and cofac-
ors onto a single membrane, thus providing a cata-
ytic surface for enzymatic activity (Fig 2).

ropagation
he propagation of blood coagulation has been char-
cterized as proceeding by one of two enzymatic
athways commonly referred to as the intrinsic and
xtrinsic pathways. The intrinsic pathway of blood
oagulation consists of a group of plasma proteins
hich, in vitro, are activated by “contact” with nega-

ively charged surfaces, such as glass or kaolin. This
athway starts with the formation of factor XIIa. In
he presence of high molecular weight kininogen,
actor XIIa converts factor XI to XIa. In the presence
f calcium ions, factor XIa converts factor IX to IXa.
actor IXa then binds with its cofactor protein factor
IIIa in the presence of calcium ions and the appro-
riate lipid surface and activates factor X to Xa. The
ormation of factor Xa then designates the “common
athway” where both intrinsic and extrinsic path-
ays converge to form the prothrombinase complex.
actor Xa binds to its cofactor protein factor Va, in

he presence of calcium ions and the appropriate lipid
urface, and activates factor II (prothrombin) to fac-
or IIa (thrombin).
The intrinsic pathway has been well characterized
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Hemostasis in Surgery and Trauma 57
y in vitro studies. However, in vivo studies have
ailed to identify the physiologic activator of factor
II. Furthermore, although patients have been iden-

ified with deficiencies of prekallikrein,22 high-
olecular-weight kininogen,7 and factor XII,24 none
as been reported to develop a significant bleeding
iathesis, or to require prophylactic therapy prior to
emostatic challenge. Thus, the biological relevance
f this pathway in the hemostatic response has be-
ome suspect.46 However, patients with factor XI
eficiencies, although rarely requiring therapy, do
ave significant episodes of bleeding as a complica-
ion of surgery.40,48 From these observations, it has
een generally concluded that factor XI plays a role in
he hemostatic response, but it is unclear from in vivo
tudies whether factor XIa is activated by the other
roteins of the intrinsic pathway. An alternative role
or the function of factor XI has recently been pro-
osed whereby factor XI is activated to factor XIa by
hrombin. In this setting thrombin activation of fac-
or XIa forms a positive feedback loop in which the
ntrinsic pathway is activated only after a small
mount of thrombin has been formed by the extrinsic

18

Figure 2. Schematic representation o
athway. s
The extrinsic pathway was classically defined as
he interaction of blood elements with components
outside” the vasculature in response to vascular
amage.14,33 This pathway is activated by the interac-
ion of the plasma protein factor VIIa with the inte-
ral membrane protein tissue factor. This enzymatic
omplex activates factor X by limited proteolysis.
nce factor Xa is formed, the enzyme binds with its

ofactor protein, factor Va, to form the next level of
nzyme complex. This pathway converges with the
ntrinsic pathway at the level of factor Xa formation
nd ultimately leads to the generation of thrombin via
he prothrombinase complex.

Over the past 15 years, it has become increasingly
ecognized that the majority of blood coagulation
vents are propagated via the tissue factor-dependent
athway.17,32,39 It is also clear that congenital defi-
iencies of factors VIII and IX lead to the classic
leeding tendencies described as hemophilia A and B,
espectively.43 Furthermore, patients who exhibit de-
ciencies in factors II,41 V,47 VII, and X, although less
ommon due to the autosomal recessive nature of the
enes coding for these proteins, have bleeding epi-

initiation of hemostatic pathways.
f the
odes of equal magnitude to those more commonly
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58 Lawson and Murphy
escribed for the classic hemophilias. These observa-
ions illustrate that proteins from both the intrinsic
nd extrinsic pathway are essential for the propaga-
ion of normal hemostasis. This has led many inves-
igators to combine the two-pathway system of he-
ostasis into a unified model where all of the

roteins outlined above function in a common path-
ay of membrane-dependent enzyme complexes,

eading ultimately to the generation of thrombin. A
iagram of this model is presented in Fig 1. In this
odel the reaction is initiated after the appearance of

issue factor on the cell surface. Tissue factor then
inds with factor VIIa and activates both factors IX
nd X to the activated proteases factors IXa and Xa,
espectively. Factors IXa and Xa then bind with their
espective cofactor proteins, factors VIIIa and Va,
hus establishing the second level of enzyme com-
lexes. A propagation loop of enzymatic reactions
ontinues until sufficient quantities of factor Xa and
hrombin are formed to overcome the local concen-
rations of protease inhibitors. Once a critical con-
entration of thrombin exists, it is able convert suffi-
ient fibrinogen to fibrin to generate a stable blood
lot.

omplex Formation
ne of the physiologic paradigms of the hemostatic

esponse is the formation of membrane-bound enzy-
atic complexes. Coagulation enzymes appear only

o be effective on a physiologic time scale when these
roteins are assembled as a complex on an acidic
hospholipid membrane in the presence of calcium

ons.
The molecular details of complex assembly have

een most rigorously described for the enzyme com-
lex prothrombinase.27,31,34 The prothrombinase

Table 1. Kinetic Properties of the Vitamin K–De

Enzyme Substrate Km* (�

a II 131
a/Va/PCPS/Ca2� II 1
Xa X 299
Xa/VIIIa/PCPS/Ca2� X 0.
IIa X 4.
IIa/TF/PCPS/Ca2� X 0.
IIa IX NA
IIa/TF/PCPS/Ca2� IX 0.
Ia PC 60.
Ia/TM/PCPS/Ca2� PC 0.

Abbreviation: NA, not available.
*Michaelis constant for substrate utilization.
†Turnover number.
Adapted from: Mann KG, et al: Surface-dependent reactions o
opyright American Society of Hematology, used with permission.
omplex consists of factor Va, factor Xa, a charged t
hospholipid surface, and divalent metal ions
Ca2�). Kinetic studies of prothrombin activation by
rothrombinase have demonstrated that the com-
lete assembled complex consisting of factor Xa, fac-
or Va, an acidic phospholipid surface, and calcium
ons, activates prothrombin nearly 1 � 106 times

ore efficiently than does factor Xa alone.35 The
nhancement of prothrombin activation has been
ttributed to co-condensation of the enzyme and sub-
trate on the same lipid surface and a 3,000-fold
ncrease in the catalytic rate of prothrombin activa-
ion conferred by the interaction of factor Xa with
actor Va and the phospholipid surface.36

The other vitamin K–dependent blood clotting
omplexes have been studied using the prothrombin-
se complex as a model. Factors IXa and VIIIa form a
:1 stoichiometric complex on both synthetic and
atural cell membranes and in many ways appear to

unction in a manner similar to prothrombinase.49 In
ontrast, studies of the tissue factor/factor VIIa com-
lex have suggested a slightly different model, where
ssembly of the catalytic complex does not require
cidic phospholipid but only tissue factor in the pres-
nce of calcium ions.2,29,42 The importance of com-
lex formation for all of the procoagulant proteins
utlined above is best illustrated by comparing the
atalytic efficiency (kcat/Km) of each serine protease
hen bound in an enzyme complex or free in solu-

ion. The kinetic properties of complex formation of
he various blood clotting enzyme complexes are
hown in Table 1. In general, each of the assembled
omplexes is enzymatically 10,000-fold more effi-
ient than the uncomplexed serine proteases.

issue Factor
issue factor is an integral membrane glycoprotein

ent Enzymatic Complexes of Blood Coagulation

) kcat† (min�1) kcat/Km (mol/L�1 � min�1)

0.6 4.58 � 103

1800.0 1.80 � 108

0.002 6.69
500.0 7.94 � 109

0.024 4.93 � 103

69.0 1.53 � 108

NA NA
15.6 6.42 � 107

1.2 2.00 � 104

214.0 2.14 � 109

vitamin K-dependent enzyme complexes. Blood 1990;76:1-16.
pend

mol/L

063
87
45

243
0
1

f the
hat propagates coagulation by its interaction with
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Hemostasis in Surgery and Trauma 59
lasma factor VII and/or two-chain factor VIIa on a
hospholipid or cell surface. Tissue factor was ini-
ially characterized as “tissue thromboplastin,”
hich was the functional component in tissue ex-

racts taken from brain or lung tissue that initiated
he extrinsic pathway in clotting reactions such as the
rothrombin time (PT). Tissue factor has been char-
cterized as a transmembrane glycoprotein with an
pparent molecular weight of between 37,000 and
3,000. The mature protein contains three distinct
tructural domains: amino acids 1 to 219 form the
xtracellular domain of the protein; amino acids 220
o 242 form a small, hydrophobic transmembrane
omain; and residues 243 to 263 form a short cyto-
lasmic tail.

Under normal conditions, tissue factor is not in
ontact with the blood. However, tissue factor is
aintained in close proximity to the vascular space

nd has been shown by immunohistochemical tech-
iques to envelop the endothelial cells in the suben-
othelial matrix and extravascular space.51 Under
athologic conditions, tissue factor has also been

dentified in foam cells of atherosclerotic plaques and
n proliferating vascular smooth muscle cells.12 It has
lso been demonstrated, both in vitro and in vivo,
hat tissue factor activity can be induced on vascular
ndothelial cells and monocytes by a number of
rowth factors and mitogens.3,4,9,21,26,45

Tissue factor is unique among the protein cofac-
ors involved in hemostasis because it requires no
urther proteolytic processing following its appear-
nce on the cell membrane. Thus, as soon as tissue
actor contacts blood elements it is ready to bind its
lasma ligand factor VII and/or factor VIIa and initi-
te the hemostatic response. The exposure of tissue
actor to the blood may be induced by a variety of
gonists, which include physical, chemical, or cellu-
ar damage to the vascular lining. However, once
issue factor appears on the cell surface, the regula-
ion of its activity is dependent on at least three
otential events, namely: (1) availability of the ligand
actor VIIa to bind the surface receptor; (2) presenta-
ion and orientation of substrates (factors IX and X)
hat will be activated by the tissue factor/factor VIIa
omplex; and (3) inhibition of the tissue factor/factor
IIa complex.
The binding of factor VIIa to tissue factor proceeds

ndependently of the phospholipid component of the
ell surface. The formation of the binary complex is
nly dependent on two variables: the available num-
er of tissue factor binding sites, and the concentra-
ion of factor VII/VIIa in the blood plasma. Tissue
actor binds both the zymogen factor VII and the
rotease factor VIIa with the dissociation constant for
ither ligand generally reported to be in the range
f 10�10 to 10�9 mol/L.13,16 Interestingly, factor VII

s found in blood at the lowest concentration of all the c
lasma zymogens (10�8 mol/L), which is only
lightly above the dissociation constant for the tissue
actor/factor VIIa interaction. Teleologically, this low
oncentration of factor VII may function as a protec-
ive mechanism in the setting of tissue factor–
nduced disseminated intravascular coagulation
DIC). It has been demonstrated that animals treated
ith Escherichia coli, endotoxin, or tumor necrosis

actor, develop a DIC syndrome that is induced by a
issue factor-based mechanism.50 This DIC response
an be blocked in vivo by the addition of anti–tissue
actor antibodies or high-dose tissue factor pathway
nhibitor (TFPI).11 In this setting, once a significant
oncentration of factor VII has been depleted from
he plasma by complex formation and subsequent
nhibition, no further procoagulant complexes can be
ormed, blunting any further hemostatic response.
hus, the very low levels of factor VII in plasma may

unction as a protective ceiling in the setting of over-
helming tissue factor stimulus, so that the extent of
athologic thrombosis is constrained. This may also
xplain the hemostatic effect of high-dose factor VIIa
bserved in coagulopathic patients with massive
rauma.

The interaction of the physiological substrates,
actors IX and X, which propagate the tissue factor
esponse is a second level of regulation of the
atalytic complex. It is well established that pro-
eolytic activation of both factors IX and X is
eeded for a functional procoagulant response and
hat these substrates function in concert to propa-
ate the hemostatic reaction. Furthermore, de-
ailed biochemical analysis supports a model
hereby these substrates are delivered into the

eaction center by an activated cellular membrane
urface.28 Although the importance of this may not
eem obvious, the mechanism of substrate delivery
o the catalytic complex provides a second key
egulatory step in the activity of the tissue factor/
actor VIIa complex where cellular activation of the

embrane surface is required for maximal activity
f the tissue factor complex. In this case, the cell
ould not only require the expression of tissue

actor, but also alterations in the phospholipid
omponents of the outer leaflet of the plasma mem-
rane that allow for binding of factors IX or X to the
ell surface prior to their activation.

A third major area of regulation of the tissue fac-
or-induced procoagulant response involves the inhi-
ition of the catalytic complex once it is formed. Of
he known plasma inhibitors of blood coagulation,
nly TFPI and AT-III have been characterized as
hysiological inhibitors of the tissue factor/factor
IIa complex.38 The role of these inhibitors is dis-

ussed in detail below.
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60 Lawson and Murphy
ermination

Protease inhibitors and anticoagulants. Regula-
ion of the hemostatic response requires the dynamic
alance between the procoagulant enzymes and the
egative feedback of inhibitor proteins and anticoag-
lant proteases. In general terms, the blood coagula-
ion response must be tightly localized to the point of
ascular damage to prevent widespread thrombosis
f the normal blood vessels. This control is main-
ained by three major classes of regulatory molecules,
hich include the serine protease inhibitors (ser-
ins), heparins, and the anticoagulant proteases.
Protease inhibitors. The major protease inhibi-

ors that inhibit or regulate the blood coagulation
esponse include the serpins, namely, AT-III, heparin
ofactor II (HC-II), plasminogen activator inhibitor 1
PAI-1), and �2-antiplasmin (�2AP). Once formed,
omplexes of proteases and serpins are rapidly
leared from the circulation.

AT-III is the major inhibitor of thrombin and has
lso been shown to inhibit factors VIIa, IXa, Xa, and
Ia. Kinetic studies of AT-III inhibition of these pro-

eases have demonstrated that the inhibitory rate is
low in the absence of heparin, but when heparin is
dded to the reaction, the rate of inhibition is, in
eneral, increased by 1,000-fold. Only small amounts
f free heparin circulate in the plasma and the major
ource of biologically active heparin is thought to be
eparan proteoglycans found on the endothelial cell
urface. Heparins function as a cofactor and bind to
oth the protease and AT-III, thus potentiating the
olecular interaction of the protease and inhibitor.
ongenital and acquired deficiencies of AT-III lead to
ypercoagulable states, which commonly present as
pontaneous venous thrombosis or pulmonary em-
olus.
HC-II is similar to AT-III in that it inhibits serine

roteases activated during the procoagulant process
nd its rate of inhibition is also accelerated by hepa-
in. However, HC-II is much less selective than AT-III
n its cofactor requirements and is able to function
ell with many polyanions and glycosaminoglycans.
C-II circulates at a lower concentration than AT-III

nd has a slower Kass, suggesting that it is a less
ffective inhibitor of free thrombin; however, its role
s an inhibitor on the cell surface in association with
ellular glycosaminoglycans remains to be estab-
ished.

�2-macroglobulin (�2M) is an ancient class of pro-
ein that circulates in plasma at a concentration of 2
o 5 �mol/L. The protein contains two to four iden-
ical 180-kd subunits. There are no known deficiency
tates of �2M, a fact that leads some authors to pos-
ulate that the inhibitor is biologically so important
hat a congenital deficiency is incompatible with life.

he specific mechanism of �2M inhibition has been a
tudied in detail and a model has been developed in
hich the large �2M molecule physically traps the
rotease in a molecular cage following the cleavage
y the protease of a specific portion of �2M termed
he “bait region.” Following cleavage of the bait re-
ion, the �2M subunit undergoes a major conforma-
ional change which traps the protease and renders it
ncapable of macromolecular substrate hydrolysis.
nce �2M-protease complexes are formed, they are

apidly cleared from the circulation by specific high-
ffinity �2M receptors, which are found on a wide
ange of cell types, including hepatocytes, reticuloen-
othelial cells, fibroblasts, and adipocytes. �2M ap-
ears to function as a second line of defense against
idespread systemic activation of proteases found in
athologic conditions such as DIC.
Kunins are a superfamily of proteins that are struc-

urally homologous to aprotinin. The unique struc-
ural element common to all kunins has been local-
zed to a small 58–amino acid kunin domain. Of the
arious kunin-type proteins found in blood, the most
mportant inhibitor of the hemostatic process is
hought to be TFPI. TFPI has been described as a
rotease inhibitor consisting of three tandem Kunitz-
ype domains.20 A unique mechanism of action has
een invoked to describe the inhibition of tissue
actor/factor VIIa by TFPI. This requires the binding
f factor Xa to TFPI before the inhibitor can interact
ith the tissue factor/factor VIIa complex.5 In this

etting, inhibition of the complex can only occur after
actor Xa has been generated by the reaction. How-
ver, the work of Callander et al has challenged this
otion.6 These investigators have reported that TFPI
inds to and inhibits the tissue factor/factor VIIa
omplex directly with a dissociation constant of 11.9
mol/L in the absence of factor Xa, and a dissociation
onstant of 4.5 nmol/L in the presence of factor Xa.
rom these studies the authors concluded that factor
a is not an obligate requirement for the inhibition of

he tissue factor/factor VIIa complex by TFPI, but
nly enhances the overall binding affinity. In spite of
FPI being a high-affinity inhibitor of the tissue fac-

or pathway, its plasma concentration is below its
eported Kass. These data have caused some investi-
ators to question the role of TFPI as a true inhibitor
f the tissue factor pathway and have led to the
uggestion that it may function more as a regulator of
issue factor–stimulated reactions rather than as a
rue inhibitor. In light of these data, the true role of
FPI in the regulation of tissue factor–dependent
eactions awaits further study.

Heparins. Heparins are naturally occurring gly-
osaminoglycans, which function in the anticoagu-
ant arm of the hemostatic process by potentiating the
nhibitory action of AT-III. The binding of heparin to
specific domain of AT-III greatly accelerates the rate

t which AT-III inactivates procoagulant enzymes.
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Hemostasis in Surgery and Trauma 61
his property forms the basis for the widespread
linical use of heparin as anticoagulant therapy.

Thrombomodulin. Thrombomodulin is an inte-
ral membrane protein, which does not require pro-
eolytic processing to become an active cofactor.
hrombomodulin can be classified as cellular “recep-

or,” which binds thrombin with a dissociation con-
tant of 1 � 10�9 mol/L.19 The binding of thrombin
o thrombomodulin alters the enzymatic specificity
f thrombin, switching it from a procoagulant en-
yme that converts fibrinogen to fibrin, to an antico-
gulant enzyme that activates protein C to activated
rotein C (APC). Once formed, APC inactivates fac-
ors Va and VIIIa via limited proteolysis. Thrombo-
odulin is constitutively expressed on the surface of

ascular endothelial cells and platelets15 thus pro-
oting an anticoagulant posture on the surface of

ormal cells in contact with blood elements.

Fibrinolysis

nder normal hemostatic functioning, t-PA is se-
reted by endothelial cells and, on binding to a fibrin
lot, locally activates plamsminogen to plasmin. It is
he direct binding of t-PA to fibrin that gives this
olecule the reputation for “clot-specific” fibrinoly-

is. Once plasmin is activated by t-PA, it begins to
egrade fibrin into soluble products, including
-dimers, which are often used as a marker of fibrino-
ytic processes. The regional control of plasmin acti-
ation is essential to the specific lysis of a local throm-
us. However, in the setting of trauma and surgery,
ystemic plasmin activation may result in systemic
brinolysis and degradation of both hemostatic fibrin
olymers and circulating fibrinogen. This is a likely
xplanation for the use of systemic antifibrinolytics,
uch as �-aminocaproic acid and aprotinin, in the
etting of massive surgery in which systemic fibrino-
ysis has been induced.

Like all other proteolytic pathways that are acti-
ated during the hemostatic response, fibrinolysis
nvolves a complex set of inhibitory pathways that,
nder normal conditions, are downregulated to pre-
ent overactivation. PAI-1 has been characterized as a
otent inhibitor of t-PA, two-chain t-PA, and uroki-
ase. PAI-l downregulates the activity of these plas-
inogen activators, thus preventing widespread

lasmin formation and systemic fibrinolysis. PAI-1 is
ormally synthesized and secreted from endothelial
ells. However, during endothelial cell stimulation
his process is diminished leading initially to a loss of
ocal anti-fibrinolytic activity.

�2AP is the primary inhibitor of plasmin, which is
ormed during fibrinolysis. �2AP inhibits free plas-

in 100 times more effectively than plasmin which is
ound to fibrin during fibrinolysis. These data have

ed to the hypothesis that �2AP functions to inhibit c
ree plasmin as it diffuses from fibrin, thus inhibiting
ystemic fibrinolysis, while leaving plasmin which is
ound to fibrin free to function as a protease. Unlike
T-III and HC-II, �2AP does not appear to be poten-

iated by heparin or polyanionic surfaces.

Physiology of Hemostasis

lthough this brief review outlines various individual
spects of complex hemostatic pathways, it fails to
mphasize the interdependence of these various
hysiologic systems. In the setting of human physi-
logy and stress, competing biochemical pathways
ften appear to push and pull against each other.
owever, when surgical stress, trauma, or illness
ushes one of these competing pathways out of bal-
nce, pathologic events can occur, leading to either
emorrhage or thrombosis. Unfortunately, few stud-

es have evaluated the interdependence of these path-
ays in vivo and even fewer have attempted to char-

cterize how these events may proceed amid the
omplex physiologic events observed in surgical and
rauma patients.

emostasis in Surgery and Trauma

n the best-case scenario, surgery can be thought of as
controlled form of trauma in which patients are

xposed to hemostatic stress. In the worst-case sce-
ario, major surgery or trauma tests the limits of
emostatic function by stimulating an array of
hysiologic systems that “push” to the limit bleeding
rom the operative or traumatic wound while main-
aining essential blood flow to vital organs. This
roblem is highlighted in a review by Sauaia and
ssociates, which places exsanguination second to
entral nervous system injuries as a cause of death in
rauma patients.44 Coagulopathy is the most frequent
omplication encountered in the management of
raumatic injuries. A clinical model developed using
ultiple logistic regression analysis revealed four

ignificant risk factors that contribute to bleeding
omplications in trauma patients, namely, pH less
han 7.10, temperature less than 34°C, injury severity
core greater than 25, and systolic blood pressure less
han 70 mm Hg. Of these risk factors, hypothermia is
he most important as it impedes the temperature-
ependent enzymatic reactions of both the intrinsic
nd extrinsic pathways, and depresses platelet func-
ion. Furthermore, the fibrinolytic system is immedi-
tely activated following trauma, returning to normal
fter the first 24 hours in patients with mild to mod-
rate injuries, but remaining elevated in those with
ajor injuries.23 Platelet counts decrease after major

njury, and in survivors platelet counts normalize in
he first few days. However, in fatal cases platelet

ounts are lower and remain depressed throughout
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esuscitation.1,23 Blood tests that are most frequently
bnormal are PT (97%), platelet count (72%), and
ctivated partial thromboplastin time (aPTT) (70%).1

Coagulation abnormalities occur with greater se-
erity in trauma patients with head injuries, followed
y those with gunshot wounds, blunt trauma, and
tab wounds.8 Brain injury causes the release of tissue
hromboplastin into the circulation, rapidly activat-
ng the extrinsic coagulation pathway and leading to
consumptive coagulopathy. Massive transfusion is

ssociated with a significant increase in mortality in
rauma. Dilution of platelets and coagulation factors
ccurs with red blood cell replacement alone, and
rolongation of the PT and aPTT are due to low levels
f factors V and VIII. Other abnormalities associated
ith transfusion are thrombocytopenia and hypo-

hermia-induced platelet dysfunction.8,37 In addi-
ion, surgical and trauma patients tend to evolve
rom a fibrolytic state in the first 24 to 48 hours
fter the insult to a hypercoagulable condition
otable for an increased risk of thrombotic compli-
ations, such as deep venous thrombosis, myocar-
ial infarction, thrombotic occlusion of bypass
rafts, and stroke.23,37

Thus, the challenge of providing effective hemo-
tasis in surgery is to be able to recognize the unique
ituation of each patient undergoing hematologic
tress and to maintain their physiology between the
elicate balance of bleeding or clotting to death. In
pite of the observation that surgery and trauma
ause some of the most extreme hemostatic chal-
enges to patients, much is still unknown about the
ellular or biochemical function of patients during
he critical period of surgical stress. Such knowledge
ight enable the operative team to make critical

ecisions regarding risks for hemorrhage, thrombo-
is, or both.

The clinical magnitude of this problem is high-
ighted by a recent 2-year review of surgical deaths
nd complications from our own institution. From
his review, nearly 50% of the surgical complications
ould be attributed to either hemorrhage or throm-
osis in the operative or postoperative period. An
ven more unsettling observation was that the major-
ty of these complications were “nontechnical,”

eaning that perioperative bleeding or thrombosis
as out of balance causing the adverse outcome.
bvious reasons for these complications include
ighly complex surgical procedures, severe trauma,
atients presenting to the operating room on an array
f systemic antiplatelet medication or anticoagulants,
nd unknown underlying hypercoagulable states.

The problem of perioperative hemorrhage or
hrombosis is exacerbated by the fact that a given
atient may swing from one extreme to the other
uring the course of the operative and postoperative

eriod. This hemostatic swing is illustrated in Fig 3. m
n this setting, patients may be initially hypothermic
nd/or hemodiluted, and have systemic activation of
brinolytic pathways leading to a hemorrhagic phe-
otype.23 However, if oversupported in the inflam-
atory postoperative period, this situation may rap-

dly swing back to that of a thrombotic state with the
ssociated risk of myocardial infarction, pulmonary
mbolus, or deep vein thrombosis. This scenario is
ell-illustrated by a recent report from our institu-

ion where 14 cases of children undergoing cardio-
ulmonary bypass procedures were prospectively fol-
owed during the operative period in an attempt to
escribe changes in hemostatic function. These chil-
ren quickly slipped into a hemorrhagic state with
he loss of factor V activity (30%) and a systemic
ncrease in circulating t-PA levels. However, this state
uickly reversed in the postoperative period with the
ecovery of PAI-1 levels and an increase in inflamma-
ory cytokines that could be shown to induce tissue
actor on cultures of endothelial cells.25

Effective Hemostasis: What Can Be Done
in Surgery and Trauma?

n the past 20 years much has improved in the med-
cal management of hemostasis and thrombosis. Un-
ortunately, this improved understanding of hemo-
tatic biology and the use of innovative therapies has
een slow to translate to the operating room. One
ajor limitation for many clinicians is the lack of

ccurate point-of-care testing that would allow oper-
tive teams to make real-time decisions regarding the
omplex interplay of the various hemostatic path-
ays outlined above. Activated clotting times serve
nly as a rough measure of heparinization, while the
sefulness of thrombelastograms is limited by varia-
ion in interpretation. Thus, many clinicians have to

igure 3. Schematic representation of physiologic swings be-
ween hemorrhage and thrombosis during surgery.
ake intraoperative therapeutic decisions based on
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hysiologic parameters, simple observation such as
he ability of a patient to make a clot, and the com-
lexity of the surgical procedure. With clinical expe-
ience of the operative team as the leading guide to
emostasis management, many tools are now avail-
ble to manage both hemorrhage and thrombosis in
he operative environment. Figure 4 illustrates a gen-
ral list of agents that may be used to direct the
hysiology of any given patient as they drift away
rom the “safe center” of hemostatic function. This
rray of topical hemostatic products includes matrix
roteins, fibrin polymers, and/or thrombin, which
an be applied by the surgeon directly onto a bleeding
ound. In addition, standard blood products are still

onsidered to be extremely useful to replace lost
actors or platelets and aid in volume resuscitation. In
xsanguinating patients, the use of high-dose recom-
inant factor VIIa has been shown to be beneficial in
elected cases of severe trauma. Finally, �-aminocap-
oic acid (Amicar, Lederle Laboratories, Pearl River,
Y) and aprotinin (Trasylol Bayer Corp, Leverkusen,
ermany) are widely used in cardiac surgery when

ystemic fibrinolysis is identified; these agents are
lowly gaining acceptance in other major surgical and
raumatic procedures.

Many vascular surgeons use intraoperative lytic
herapy to augment the fibrinolytic system; t-PA,
rokinase, or streptokinase may be applied directly to
vascular bed compromised by intraluminal thrombus.

To enhance the anticoagulant system, heparin is
outinely the drug of choice. However, there is now
n array of newer anticoagulants that await formal
esting in the operative environment.

When severe hemorrhage is encountered in a pa-
ient, we recommend compliance with the following
asic principles. The best results start with good

igure 4. Various therapeutics for use in control of hemostatic
athways during surgery. FFP, fresh-frozen plasma; Cryo, cryopre-
ipitate; plts, platelets; SK, streptokinase; UPA, urokinase-type
lasminogen activator; LMWH, low-molecular-weight heparin.
atient physiology. The operative team must make
very effort to keep the patient warm, well resusci-
ated, and balanced with respect to pH, divalent metal
ons (Ca2�, Mg2�), and electrolytes. If basic surgical
echniques are exhausted, the selective use of topical
emostatic agents to areas of bleeding appears to have
erit. However, many of these reagents still lack

ormal documentation of efficacy, and they should
ever be used as a substitute for surgical skill. Finally,
he use of selective, systemic inhibitors of fibrinoly-
is, and procoagulant molecules such as recombinant
actor VIIa, is increasing. However, the benefit of
hese reagents will only truly be demonstrated after
areful studies have addressed the following issues:
1) the optimal dose of the reagent; (2) the best time
n the surgical procedure to use these powerful mo-
ecular tools; and (3) how to avoid “overshooting the

ark” in patients at risk for a myriad of thrombotic
omplications.
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