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   People panic because they do not know what to do or 
feel threatened. When a patient is bleeding after cardio-
pulmonary bypass (CPB) there are no simple or univer-
sal answers. A feeling of helplessness/panic can overwhelm 
the team if they are not savvy with regards to coagula-
tion. Coagulation is a complex and beautifully maintained 
homeostasis. It is part of a larger whole body and localized 
inflammatory system meant to decrease blood loss, isolate 
bacterial invasion, and heal tissues. When we perform CPB, 
the coagulation and inflammatory systems dysfunction 
(1,2). How much they change in any given patient is unpre-
dictable and probably determined by the constellation of 
gene variability in that particular patient (3,4). Coronary 
artery bypass graft    (CABG) patients are by nature pro-
thrombotic (5,6). However, patients presenting with end 
stage heart failure, those requiring transplantation, or 
those with dissected aortas may be far on the other side 
of the spectrum pushed towards a bleeding diathesis. Peri-
operative chronic anti-platelet therapy or acute loading 
of these drugs in the catheterization laboratory may also 
create pharmacologic reasons for profound suppression of 

the platelet membrane recognition system or function. In 
the end we in the operating rooms have limited options for 
treatment of coagulopathies. All too often the end result 
of the confusing bleeding picture is a panic reaction with 
the team giving a combination of blood products, includ-
ing fresh frozen plasma (FFP), cryoprecipitate (Cryo), and 
platelet concentrate (Plts). It is an understandable human 
reaction to a crisis — seeking any potential means to end 
the crisis. Along with these blood bank products, all of which 
carry risks, the team may elect to use some very expen-
sive and prothrombotic drugs such as factor VIIa. There 
are better ways to respond but they require systems and 
infra-structure. These methods use already available tech-
nologies and existing algorithms for ferreting out potential 
common coagulopathies. In the CPB world of complexity a 
rational approach will assist in calming the desire for panic 
over transfusion. Hypercoagulability may be as dangerous 
or more so than hypocoagulability. 

  THE PATIENT UPON PRESENTATION 

 Preoperative genetic state is determined for us when 
the patient presents for surgery (3,4), however, perhaps 
in the not too distant future, preoperative genetic screen-
ing may be available. Some gene polymorphisms    exist and 
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predispose patients to be prothrombotic. For example, 
the variants in tissue plasminogen activator (TPA), plas-
minogen activator inhibitor-1, and pro-thrombin genes all 
can increase the risk of atherosclerosis as well as perhaps 
early graft thrombosis (7,8). A polymorphism for an extra 
sticky portion of the IIb/IIIa platelet surface glycoprotein 
exists as well as glycoprotein (GP) Ib and variants of Von 
Willebrand’s proteins (9,10). There are almost certainly 
gene polymorphisms that make some people susceptible 
to heparin thrombocytopenia whereas others, even if they 
develop antibodies, do not get the catastrophic thrombo-
sis. We select for prothrombotic patients just by the fact 
that we do CABG surgery and these variants will be more 
likely to be expressed in the population coming to heart 
surgery   . 

 Hypercoagulability has a number of definitions. We sus-
pect it as a causal factor when a patient suffers a thrombotic 
stroke or occlusion of a coronary graft, but what coagulation 
screening tests should be used to define and therefore pre-
dict an increased thrombotic risk? Thromboelastography 
(TEG, Haemonetics Corporation, Braintree, MA) is one of 
the best tests for assessing overall whole blood coagulation 
interaction. It has been widely used to assess hypercoagu-
lability (11–13). Thromboelastography has demonstrated a 
higher incidence of a hypercoagulable state in certain pop-
ulations with atherosclerosis, diabetes, and hypertension, 
as well as in patients with acute thrombosis. However the 
preoperative use of TEG has not born out to be predictive 
of who will bleed after surgery. To date, there has been no 
large scale study looking at preoperative hypercoagulabil-
ity and the prediction of early graft thrombosis, as proven 
by angiography. 

 Perioperative use of clopidogrel/PGY12 inhibitors has 
been widely shown to affect bleeding after heart surgery 
(13–18). As a pro-drug it must undergo metabolism in 
the liver to become active leading to its platelet inhibit-
ing effects. Approximately 15–20% of the North American 
population are deemed to be nonresponders. A new warn-
ing has appeared in product labeling suggesting that 
for the use of clopidogrel, patients should be tested by 
either genetic testing or through functional testing. The 
VerifyNow ®  (Accumetrics Inc., San Diego, CA) is a widely 
used automated light transmission platelet aggregometer, 
which has a gathering literature demonstrating its cor-
relation with other “gold standard” testing for platelet 
aggregometry (19,20). In cardiology it is becoming widely 
used and it makes sense for us to have it available as a pre-
operative screening test for cardiac surgery patients on 
clopidogrel. 

 Aspirin, as a thromboxane inhibitor, is less likely to be 
associated with severe bleeding than clopidogrel, although 
papers showing generally increased oozing are present. 
The combination of aspirin and clopidogrel as well as 
high dose clopidogrel are particularly worrisome for us in 

perfusion and anesthesia (13–18). Debate arises as to 
whether it is safe to wait for elective surgery a period of 
5–7 days or whether by acute withdrawal of these agents 
we incur a withdrawal rebound hypercoagulability and 
unwarranted risk of acute myocardial infarction (21). The    
discussions of this risk have universally not weighed the 
increased risk of perioperative transfusion, reoperation for 
bleeding, infection, prolonged ventilation, and intensive 
care unit (ICU) stay versus the risk of myocardial infarc-
tion. There are no answers but a plethora of passionately 
held opinions. New PGY12 and anti-IIb/IIIa agents will be 
introduced within the next few years. Some will be ultra-
short acting intravenous agents, which could well be an 
advance for us in that they would be more easily titrated 
with the possibility of wearing off during a CPB run. 

 Pre-operative vitamin K inhibition through warfarin 
compounds is common prior to valve surgery and partic-
ularly re-op valves. Waiting for normalization of the pro-
thrombin time (PT) may be unreasonable while vitamin K 
works, or the liver function may be partially impaired by 
cardiac failure such that waiting will take a very long time. 
Fresh frozen plasma, although potentially effective, will add 
significant volume expansion. One potential use of Factor 
VIIa in cardiac surgery is to normalize the PT rapidly with 
little or no volume. The use of Factor VIIa is highly effec-
tive in not just changing the PT test result but in reducing 
bleeding associated with a prolonged PT. 

 The routine use of peri-operative PT and activated par-
tial thromboplastin time either alone or in conjunction 
with a number of coagulation tests are not by themselves 
predictive of bleeding after heart surgery (22). Therefore,    it 
is a waste of money to routinely order these tests. 

   HEPARIN ANTICOAGULATION 

 The beginning of the potential for bleeding begins with 
the injection of heparin. Unfractionated heparin (UFH) cre-
ates a fascinating pharmacologic conundrum that on injec-
tion establishes far reaching biologic changes. This article is 
limited and cannot fully delve into the effects of heparini-
zation, especially in the dosages used for CPB. UFH is the 
most widely influencing drug we use. Unfractionated hepa-
rin binds to and reacts with 22% of the proteins circulating 
in blood (23–25). It does not just activate anti-thrombin III 
thereby leading to the secondary anticoagulant effect 
that we use for bypass. It activates platelets in many ways 
and inhibits them in others. It both causes contact activa-
tion and inhibits it depending upon the levels of AT-III. 
Heparin reacts with the surface of endothelial cells causing 
them to release heparan (their natural barrier to coagula-
tion and inflammation) and through that release unleashes 
bound tissue factor pathway inhibitor. Tissue factor path-
way inhibitor (TFPI) is a dramatic inhibitor of platelet acti-
vation, depressing the ability to create a thrombin burst 
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(26–31). Circulating TFPI is not tested by any routine coag-
ulation testing. Heparin has far reaching effects beyond the 
blood stream including effects on interstitial water leakage 
(edema), white cell transmigration, and eventually angio-
genesis itself. 

 Heparin causes platelet factor 4 (PF4) activation/expres-
sion. The complex of heparin and PF4 is highly antigenic 
leading to antibody formation. Fifty percent of patients 
after heart surgery will test positive for antibodies, 5–7% 
have antibodies prior to heart surgery. Biology is telling us 
something and one has to wonder what effect low levels 
of antibodies may have either in the acute perioperative 
setting or early in the ICU. Platelet    factor 4 antibodies are 
the most highly prothrombotic stimulus we know of today 
but if they are present during CPB can they cause a dra-
matic opposite effect by causing the accelerated destruc-
tion/sequestration of platelets? 

 Reports have demonstrated heparin bound bypass cir-
cuits to be effective in conjunction with radically reduced 
amounts of systemic heparinization (32,33). The technique 
has not gained wide spread utilization but it is provoca-
tive to think that perhaps the most important piece of that 
work is in showing that by reducing the usage of UFH we 
can gain on reduction of inflammation as well as bleeding. 

 Since heparin is, to this author, an uncontrolled and 
scary drug, then utilizing the lowest dose possible to 
achieve adequate anticoagulation makes sense. However, 
there is strong contrary opinion that pushing heparin lev-
els high will further reduce the formation of thrombin dur-
ing CPB. Lower dose heparin can allow for lower dose 
protamine (34). 

 Reversal of heparin with protamine causes a coagul-
opathy that is little appreciated. Protamine is a mild anti-
thrombin. Excess protamine by itself can play into the risk 
for bleeding. A common practice is to give recipe heparin 
and 1:1 protamine at the end of bypass. Protamine is so 
highly poly-cationic that as little as 3% of the protamine is 
needed to reverse heparin. By using 1:1 ratios, we may well 
be already using too much protamine. Then, if a patient 
exhibits a bleeding tendency, most often more protamine 
is used. Protamine titration by use of automated monitor-
ing system has been shown to decrease bleeding. One less 
expensive method is to give a lower dose than 1:1, test the 
ACT, and repeat protamine only in small quantities. If the 
ACT does not then further reduce after a second small 
dose of protamine, more protamine will only increase the 
bleeding, not make it better. 

 The heparin protamine complex binds to the surface of 
platelets and causes them to be recognized by the retic-
uloendothelial system (RES) and leads to inflammation 
(35,36). This happens very quickly and may be responsible 
for a great deal of the immediate coagulopathic bleeding 
after CPB. Often a patient emerges successfully from CPB, is 
administered protamine, and initially the microvasculature 

appears to clot. Then some 10–20 minutes later ooz-
ing begins and the response by the surgical team can be 
to administer FFP, Cryo, Plts, and now even Factor VIIa. 
What may be occurring is that the platelets, being coated 
with heparin-protamine complexes and having their gly-
col-proteins activated, are marginated in the pulmonary 
vasculature. They are therefore sequestered for a period 
of time by the RES. An acute drop in platelet count is the 
result. It has been shown that immediately after protamine 
a 10–90% decrease in platelet count occurs, predicting in 
which patients this will occur or the severity of such a cata-
strophic thrombocytopenia is not possible. It is short lived 
(less than 12 hours) but in the time it occurs, bleeding could 
be enough that the remaining or recovering platelet count 
is depressed by hemorrhagic losses. Very few centers get a 
platelet count at 30 minutes after protamine or on entrance 
to the ICU, but it does make sense to do so. 

   CARDIOPULMONARY BYPASS 

 The effects of CPB are dramatic upon the coagula-
tion and inflammation system. When CPB was histori-
cally young the teaching was that contact activation by 
the plastic surfaces of the tubing themselves lead to fac-
tor XII and XI activation. Today, we know that not to be 
the primary reason for coagulopathy. Rather there appears 
to be widespread tissue factor activation and release dur-
ing CPB. One can debate at length what might be caus-
ing such a massive release of tissue factor. Tissue factor is 
released from endothelial cells, platelets, and tissue (37). 
All of these factors have reason to be responsible for tissue 
factor finding its way into circulation. Clearly at surgery 
there is dramatic tissue destruction in opening the medi-
astinum and certainly when the mediastinum is suctioned 
using cardiotomy suction both tissue factor and thrombin 
are directly pulled into the CPB machine. Platelets when 
activated express tissue factor and it is the burst of enough 
critical mass of platelets cross talking and expressing tis-
sue factor and factor VIIa that leads to the critical throm-
bin burst creating a clot. Remember that heparin activates 
platelets. Endothelial cells when made ischemic and then 
repurfused express a dramatic increase in tissue factor. 

 The bombardment of the plasma with tissue factor leads 
to factor VII activation and eventually the consumption 
of serine proteins as well as the production of thrombin 
(37). Thrombin is a tremendous amplifier of coagulation 
and inflammation. It has long been known that there is a 
constant thrombin production during CPB. Unfortunately, 
heparin AT-III only can bind plasma free thrombin, one 
molecule at a time. Thrombin    does not exist in plasma 
very often, or for very long. It is instantaneously taken up 
by platelet and white cell binding proteins, which have a 
higher affinity and a closer connection to thrombin pro-
duction than does heparin AT-III. That fact is a major 
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driver of the consumptive coagulopathy that leads to plate-
let dysfunction. 

 Hemodilution is somewhere between 10–40% of circu-
lating volume in CPB. In the last 5 years the use of smaller 
prime circuits and aggressive retrograde autologous prime 
(RAP) (both arterial and venous removal of prime) have 
decreased mean prime volumes. This certainly helps in the 
coagulopathy of CPB. In our institution the routine usage 
of RAP has increased the Hgb on entry to the ICU by 
1.5 gm/dL. We do not have a measure of how much it has 
increased platelet count, fibrinogen, and other critical pro-
teins but that must be considerable. 

 Fibrinolysis is universal in CPB. Academics argue whether 
platelet dysfunction or fibrinolysis is the more severe cause 
of post-CPB coagulopathy (38–41). It really matters not as 
they both have influences on each other. TPA is released 
from endothelial cells that are disturbed. Heparin causes 
the release of a different plasminogen activator but the 
predominance of affect is carried by the endothelial cell 
expression of TPA. Plasminogen, when cleaved by ser-
ine proteases to plasmin causes destruction of fibrinogen 
and fibrin. Perhaps more importantly plasmin can attack 
or bind to platelet surfaces as well as destroy fibrinogen 
already attached to key glycoprotein binding sites thereby 
creating a dysfunctional blockade as a competitive inhibi-
tion of the platelet surface. Near universal usage of lysine 
analogues, and previously wide usage of aprotinin was a 
result of the embracement by our specialties that fibrin-
olysis should be inhibited. The debate about which lysine 
analogue to use and or the safety and effectiveness of apro-
tinin is not the subject of this article. However, since the 
withdrawal of aprotinin some large series are showing dis-
turbing trends towards more bleeding, worse outcomes, 
and increased mortality. 

 A consumptive coagulopathy is set up on CPB, most 
probably due to platelet activation and thrombin gen-
eration (42,43). This has been compared to diffuse intra-
vascular coagulation. Several papers have examined the 
concentration of key serine protease coagulation proteins 
during and after CPB. The consumable factors, Factor V, 
VII, VIII, and fibrinogen are the ones that suffer the great-
est (42,43   ). For the most part, the studies done were on 
small populations of patients undergoing routine CABG 
surgery. That may not be our practice today and CABG 
patients are not the high risk bleeding patients. An obser-
vational study of 101 patients in Toronto and Hamilton, 
Ontario recently examined a number of protein coagula-
tion precursors as well as platelet count and some coagu-
lation testing. The mean drop in platelet count was 52% at 
one hospital and 43% at another. This may have been due 
to a difference in anesthesia and perfusion practices (fluid 
usage and RAP). In these hospitals about a 33% reduction 
in Hgb was found. Fibrinogen decreased by 41% in Toronto 
and 31% in Hamilton. Thrombin-anti-thrombin complex 

(TAT), AT-III, and soluble fibrin monomer had impres-
sive changes. TAT increased 3000% and fibrin monomer 
increased 800% (43). These two findings demonstrate the 
on-going activation of coagulation even in the presence of 
heparin. The researchers attempted to correlate the quan-
tity of post-operative chest tube output (a surrogate of 
bleeding) with the changes in measured coagulation pro-
teins and platelets. Of interest they did look at these pro-
teins preoperatively and they did find that there was an 
inverse correlation in bleeding between F1.2 (prothrom-
bin activation/a measure of on-going hypercoagulable 
activity) and bleeding   . Intraoperatively and postopera-
tively there was a strong correlation between the amount 
of thrombin generation, fibrin degradation, and depletion 
of fibrinogen (43). The degradation of fibrinogen was then 
correlated to bleeding as was the overall lowering of plate-
let count. Factor XIII, the stability factor, that cross links 
and strengthens fibrin was correlated with increased bleed-
ing as well. 

 The scientific beauty of this study is that it identifies sev-
eral key factors that can be followed with already exist-
ing laboratory testing: platelet count, fibrinogen, and clot 
strength (TEG). There is no center that will routinely fol-
low multiple factors such as TAT, soluble fibrin monomer, 
F1.2, and factor XIII, however with some critical knowl-
edge and application of key testing one can make rational 
decisions. 

   TEAM APPROACHES AND COAGULATION 
MONITORING 

 Preoperatively there appears to be little benefit in 
wide-spread coagulation screening testing. However, yet 
unproven, but tempting is the usage of testing for PGY12 
and aspirin effects using the Accumetrix tests. The TEG 
can provide similar testing of both of these drugs’ effects 
by performing a platelet map. This manipulation of the 
TEG runs three simultaneous samples with different lev-
els of platelet count as well as activators in platelet map-
ping. Although very good at detecting the drug effects it is 
labor intensive and must be performed with an exacting 
detail for proper handling of the blood as well as centrifu-
gation of blood and platelet count accuracy. Preoperative 
assessment by history, understanding the nature of the sur-
gery, medication usage, possible consumption (aneurysm), 
or liver dysfunction (heart failure) is as or more important 
than routine laboratory testing. 

 Intraoperative prevention of coagulopathy is para-
mount and there are no universal truisms here. It appears 
to this author that heparin titration with a philosophy 
of least reasonable drug amount for both heparin and 
protamine makes sense. It is acknowledged that others feel 
strongly that a great deal of heparin and a high ACT value 
(>600 seconds) is advantageous. Near universal use of 
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antifibrinolytics is standard but there is no recent data 
to show this is the right thing to do. However, in cases 
where antifibrinolytics have been withheld due to practice 
changes, bleeding has been remarkable. 

 One underappreciated behavior is to reduce the use of 
unnecessary red cell transfusions (44). Red cell transfu-
sions are widely associated with worse outcomes and bleed-
ing. One can argue this is a result of bleeding but there are 
new research findings suggesting that micro-particles of 
erythrocyte membrane themselves have pro-inflammatory 
effects and platelet inhibiting effects which make sense as 
relating to bleeding (45,46). Of interest, series of Jehovah’s 
Witness patients seem to have less bleeding than do other 
patients. That could be due to the fact that surgeons are 
more meticulous during surgery in these patients but it 
could also have relationships to the lack of transfusion. 

 During the CPB run and after protamine the application 
of selected coagulation monitoring can be extremely use-
ful. Thromboelastography and Rotem (Tem International 
GmbH, Munich, Germany) are tests of whole blood vis-
coelastic properties (47–51). Coagulation is a whole blood 
phenomenon, it is not an isolated plasma event. Indeed 
today we do understand that red cells play roles in coagu-
lation as do white cells. Both the TEG ®  and Rotem ®  are 
adequately described elsewhere. There are few differences 
between them in terms of how the two tests interrogate clot 
strength over time. That one measurement, clot strength, is 
key to understanding the potential for bleeding. 

 Clot strength is a function of the interaction of plate-
let surface GPIIb/IIIa interaction with fibrinogen and then 
fibrin cross linking with factor XIII. As a whole blood test, 
TEG ®  examines not only platelet functions and interac-
tions with fibrinogen, but all the complex interactions of all 
the proteins and cell lines together. Work has shown that 
TEG ®  has the best sensitivity and specificity for bleeding 
of any coagulation test available with regards to heart sur-
gery, and is the best predictive in a number of other settings 
including renal biopsy, liver transplantation, and trauma. 

 Thromboelastography, however, is not magic. It is lim-
ited in that it can only tell us whether a clot forms normally, 
proceeds to normal strength, holds together, or is prema-
turely lysed. Thromboelastography without special han-
dling is not sensitive to aspirin and P2Y12 inhibitors. The 
TEG ®  can be run during the fully heparinized bypass run 
(52). By using heparinase added to the cup of the machine 
heparin can be neutralized. If one runs a TEG ®  test side by 
side with a native (or Kaolin activated test) and a hepari-
nase test it is very easy to test for residual small amounts 
or rebound heparin. In a number of publications wherein 
TEG ®  has been used along with other coagulation testing, 
bleeding, blood product usage, and reoperation for bleed-
ing have been reduced. 

 The use of several key tests and the application of 
a coagulation algorithm make sense. The ACT and/or 

heparin protamine titration will ferret out the presence of 
residual heparin. The post protamine ACT should be a few 
seconds shorter than the preoperative one due to the pres-
ence of more tissue factor. Other tests that we use are the 
fibrinogen, platelet count, and the TEG (kaolin activated 
or heparinase treated). The PT although often ordered can 
be misleading due to the fact that there is an interaction 
between the heparin protamine complexes and the acti-
vator in the PT. An international normalized ratio of less 
than 2 after protamine cannot be considered prolonged. 
If one treats such international normalized ratios    with 
FFP one will end up over treating. The algorithm we use 
is similar to the one developed by Shore-Lesserson et al. 
(53,54). Others have perfected other algorithms and the 
Society of Thoracic Surgeons/Society of Cardiovascular 
Anesthesiologists Guidelines for Transfusion after heart 
surgery do recommend the use of coagulation driven algo-
rithm therapy (55   ). 

 Both D-8-amino arginine vasopressin (DDAVP) and 
Factor VIIa are frequently used in bleeding manage-
ment. D-8-amino arginine vasopressin is an analogue 
of the vasoconstrictive agent but rather than constrict, it 
causes vasodilatation. It also has an enhanced release of 
von Willebrand’s factor from the endothelial cells. Early 
work had shown this to not be a panacea for coagulopathic 
bleeding. Despite this, DDAVP has gained some popular-
ity recently in trauma and in Europe with a literature to 
support its use in heart surgery (56,57). It has been shown 
effective in patients with proven platelet dysfunction (as 
demonstrated by TEG ® ) when administered only in those 
patients with a mild to moderate amount of platelet dys-
function (58). Factor VIIa is an expensive recombinant pro-
tein that has rapidly gained “off-label” usage for bleeding 
in heart surgery. It is indicated for hemophilia and acquired 
factor VIIa deficiencies. There is no doubt in series where 
it has been used that it can dramatically decrease the flow 
of chest tube bleeding and it has probably been life sav-
ing. However, it is prothrombotic and debate rages as to 
when it should be used. Some view it as a first line drug, in 
other words, it offers advantages to apply it early on before 
a bleeding diathesis is complicated with massive usages of 
FFP, Cryo, and Plts. Others have suggested it should only 
be used as a last resort. There are emerging data that are 
sobering in terms of potential thrombotic risks. With the 
withdrawal of aprotinin, factor VIIa’s usage has increased 
and one cannot say this is a good thing (59). 

 Dosing of factor VIIa is also unclear. The initial papers 
had suggested that 90 ug/kg was appropriate and effective. 
Today papers are being presented saying that as little as 
20 ug/kg can be very effective and if not repeat dosing can 
be quickly carried out (60). There is no resolution or rec-
ommendation as to what dose to give. The 90 ug/kg dose 
was arrived at much the same way as the “Hammersmith” 
dose of aprotinin—experts’ best guess. 
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   SUMMARY 

 Today we have not progressed a great deal further than 
where we were years ago in terms of an industry approach to 
bleeding after heart surgery. Practitioners continue to hope 
for a single treatment option to stop bleeding. Stopping 
bleeding will almost certainly confer a risk of thrombosis. 
Understanding coagulopathy from CPB is highly complex 
and our treatment options are limited. Indiscriminate use 
of FFP, Plts, and Cryo, as well as unnecessary use of red cell 
products have major consequences that probably worsen 
coagulopathy rather than fix them. Some good coagula-
tion monitors do exist. However, to make effective use of 
them human systems must be in place for timely results. It 
is most often a problem that a hospital has not solved — 
how to get test results to the practitioners fast enough for 
them to make essentially real time decisions. No doubt 
new anti-coagulant, anti-platelet agents and more difficult 
patients will forever challenge our CPB case load. A ratio-
nal, monitored, and metered approach to coagulopathies 
will be met with more success than failure. 
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