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A major challenge to the advancement of cardiac surgery 
is establishing a way to prevent thrombosis within 
the cardiopulmonary bypass (CPB) circuit. Since the 

discovery of heparin by McLean in 1916 and the subsequent 
discovery of its antidote, protamine, heparin has been effec-
tively used as the primary method of anticoagulation during 
cardiac surgery.1 Hattersley2 introduced the activated clotting 
time (ACT) in 1966 as a bioassay for monitoring heparin’s 
anticoagulant effect. When the ACT fails to reach target levels 
after heparin administration, the concern is raised that anti-
coagulation is subtherapeutic. At best, subtherapeutic antico-
agulation leads to low levels of activation of the coagulation 
system on CPB and may potentially result in a consumptive 
coagulopathy that can manifest as excessive bleeding after 
heparin neutralization. At worst, subtherapeutic antico-
agulation can result in the formation of thrombi within the 
CPB circuit or the patient’s end organs. Therefore, a target 
ACT is chosen that is believed to be sufficiently more than 
the minimal ACT, below which subtherapeutic anticoagula-
tion occurs. Unfortunately, both the minimal ACT and the 
ideal target ACT remain unknown. This fact is highlighted 
in a recent survey that demonstrated wide variations among 
institutions in regards to what ACT is targeted.3

Heparin resistance during cardiac surgery is defined as the 
failure of unusually high doses of heparin to achieve a target 
ACT. Alternatively, heparin resistance can be better defined by 
a decreased heparin dose response (HDR) curve. Depending 
on the specific definition used, the reported incidence of 
heparin resistance during cardiac surgery ranges from 4% 
to 26% (Table 1).4–8,10 Heparin resistance is a multifactorial 
disorder that is complicated by the variability in heparin’s 
anticoagulant effect and the fact that the ACT is not specific 
to heparin. The diagnosis of heparin resistance often leads to 
interventions aimed at achieving the target ACT and providing 
an adequate margin of safety in regards to anticoagulation. 
The aim of this review is to discuss the variability of heparin 
potency, heparin responsiveness as measured by the ACT, 
and the current management of heparin resistance.

HEPARIN
Unfractionated heparin (UFH) has long been the anticoagu-
lant of choice for initiation and maintenance of CPB because 
it is effective, inexpensive, and easily reversed. However, a 
major drawback of UFH is its variable anticoagulant effect 
among patients. A multitude of factors contribute to this 
variability, and clinicians must understand the pharmacol-
ogy of UFH to appreciate its limitations.

UFH is a heterogeneous mixture of polysaccharides with 
molecular weights ranging from 5,000 to 30,000 Da (5–35 
polysaccharide units) with a mean molecular weight of 15,000 
Da.12 Heparin is a naturally occurring compound isolated 
from either a bovine or porcine source and, because it is 
not homogenous, requires purification. Heparin’s primary 
mechanism of action is indirectly mediated through catalyzing 
the anticoagulant effect of antithrombin (AT), an endogenous 
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inhibitor of thrombin (factor IIa), factor Xa, and other factors 
(Fig. 1). A secondary mechanism of action includes catalyzing 
the anticoagulant properties of heparin cofactor II (HC II).

The variability of heparin response among patients has 
a biochemical and pharmacokinetic basis. Biochemically, 

binding of heparin and AT is dependent on heparin possessing 
a critical pentasaccharide sequence, which is present in only 
one-third of heparin molecules.13–21 The heparin molecules 
lacking this critical sequence may possess alternative 
anticoagulant activity as well as contribute to a variety 

Table 1.  Definition and Incidence of Heparin Resistance
Reference Heparin-loading dose Target ACT Incidence of heparin resistance
Avidan et al.4 400 U/kg 480 s 66/193 (18%)
Avidan et al.5 400 U/kg 480 s 54/296 (13%)
Ranucci et al.6 300 U/kg 480 s 104/500 (21%)
Ranucci et al.7 Not stated One or more ACT <400 s after heparinization,  

or the need for AT administration
53/200 (26%)

Staples et al.8 500 U/kg 480 s 949/4280 (22%)
Koster et al.9 500 U/kg 480 s Not reported
Williams et al.10 450 U/kg 480 s (or 600 s if using aprotinin) 85/2270 (4%)
Lemmer et al.11 600 U/kg 600 s (patients aprotinin treated) Not reported

ACT = activated clotting time; AT = antithrombin.

Figure 1.  Binding of heparin and antithrombin (AT) 
is dependent on heparin possessing a critical penta-
saccharide sequence (dark green), which is present 
in only one-third of heparin molecules. A, A minimum 
of 18 saccharides are required to form a heparin/
AT/thrombin ternary complex and act as a template 
for which both AT and thrombin can interact. Heparin 
molecules of shorter chain length do not inhibit 
thrombin. B, Inhibition of factor Xa by AT can occur 
at chain lengths <18 saccharides and only requires 
that heparin contain the critical pentasaccharide 
sequence.
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of other untoward effects.22,23 Furthermore, the heparin 
chain length must contain a minimum of 18 saccharides to 
form a heparin/AT/thrombin ternary complex and act as 
a template for which both AT and thrombin can interact.24 
When this complex forms, the inhibition of fluid-phase 
thrombin is accelerated 4,000-fold.25 However, fibrin-bound 
thrombin is protected from the heparin/AT complex and is 
not inhibited.26 Alternatively, inhibition of factor Xa by AT 
can occur at chain lengths <18 saccharides and only requires 
that heparin contain the critical pentasaccharide sequence. 
Acceleration of factor Xa inhibition is 1200-fold.25

A second AT-independent anticoagulant effect is medi-
ated via HC II.27 As this effect is AT independent, it does not 
require a specific saccharide sequence to be present. At hep-
arin concentrations >1.0 units/mL, heparin interacts with 
HC II in a charge-dependent fashion and results in throm-
bin inactivation.27 This mechanism is also dependent on the 
chain length of heparin and functions optimally at chain 
lengths >24 saccharide units. Additionally, heparin concen-
trations >2.0 U/mL have been shown to inhibit fibrin-bound 
thrombin in an AT-independent fashion.26 At the present 
time, the clinical relevance of this mechanism during cardiac 
surgery remains unclear. Nonetheless, Intimatan, a HC II 
agonist, is a possible alternative to heparin in low AT states.28

The pharmacokinetics of heparin are both complex and 
variable before even considering the effects of hemodilution, 
hypothermia, CPB, and organ dysfunction during cardiac 
surgery. After IV administration, heparin immediately binds 
to various plasma proteins, macrophages, and endothelial 
cells (Fig. 2).29–35 Clearance of heparin is by both a rapid-
saturable and a slower nonsaturable mechanism.36–38 The 
rapid-saturable phase consists of internalization and metab-
olism of heparin in both endothelial cells and macrophages. 
Subsequent clearance is slower and largely from renal elimi-
nation. Because of this pharmacokinetic profile, higher doses 
result in both an increase in the intensity and duration of 

the anticoagulant effect. The biologic half-life of heparin 
increases from 30 minutes with an IV bolus of 25 units/kg, 
to 60 minutes with an IV bolus of 100 units/kg, to 150 min-
utes with an IV bolus of 400 units/kg.36,37,39 Alternatively, the 
elimination half-life of low molecular weight heparin (3–6 
hours) is mainly removed by nonsaturable renal elimination, 
which results in a significantly prolonged elimination half-
life in the setting of renal insufficiency.

UFH is, by nature, a very heterogeneous molecule. It 
is because of this heterogeneity that heparin’s potency is 
standardized to ensure equivalent potency among batches. 
Before 2008, the United States Pharmacopoeia (USP) stan-
dard and the World Health Organization (WHO) standard 
(i.e., international standard) for heparin potency were not 
equivalent. The discrepancy resulted in the USP standard 
potency being 10% greater than the WHO standard.a Since 
2008, the USP has revamped its potency unit assignments 
to harmonize the USP standard with the WHO standard. 
The conversion of potency standardization in the United 
States may have resulted in a decrease in ACT values and 
a higher incidence of heparin resistance.40 Additionally, the 
heterogeneity of heparin molecules may lead to variability 
in potency within lots of UFH. However, the variability 
in potency of the finished product should only be ±10%. 
Despite the attempt at standardization, monitoring of the 
anticoagulant effect of heparin is recommended to ensure 
an adequate anticoagulant response and prevent overdos-
ing with this complicated drug.

ANTICOAGULATION MONITORING
Activated Clotting Time
The ACT is a relatively simple test that works by mixing 
fresh, whole blood with a contact activator (e.g., kaolin, 

Figure 2.  After IV administration, hepa-
rin nonspecifically binds to endothelial 
cells, macrophages, and various plasma 
proteins. Additionally, heparin binds to 
antithrombin (AT) and ultimately forms 
a complex with factors IIa or Xa. The 
remaining heparin circulates in the blood 
unbound.

a  Available at: www.usp.org/hottopics/heparin.html. Accessed March 27, 
2012.

www.usp.org/hottopics/heparin.html
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celite). The contact activator mimics the negatively charged 
surface of the CPB circuit by initiating the intrinsic pathway 
of the coagulation cascade (factor XII, prekallikrein, and 
high molecular weight kininogen [HMWK]). Multiple steps 
occur within the test tube, and the test end point occurs 
when a measurable fibrin clot is detected (Fig. 3). The ACT 
is then measured as the time required to transform blood 
from a liquid to a gel, which is detected with one of several 
different detection methodologies (e.g., decrease rate of 
gravity-dependent descent of a plunger system or the 
movement of a metal chip as detected by a magnetic sensor). 
Unlike the activated partial thromboplastin time, which 
becomes unclottable at heparin concentrations commonly 
used during cardiac surgery (2–10 units/mL), the ACT can 
still be used to detect the effects of heparin.

The ACT is affected by multiple variables, many of 
which are commonly seen during cardiac surgery (Table 2). 
The first step in addition of a contact activator is activa-
tion of factor XII to factor XIIa and prekallikrein to kalli-
krein. These activated factors form a complex with HMWK. 
Although patients with deficiencies of factor XII, prekalli-
krein, or HMWK do not bleed excessively, they will have 
a baseline prolongation of the in vitro ACT.41–47 Therefore, 
monitoring heparin’s in vivo anticoagulant effect with the 
ACT in patients with a deficiency in any of these factors is 
problematic. In patients with a factor XII deficiency, increas-
ing in vivo factor XII levels with fresh frozen plasma (FFP) 
has been successful in returning the ACT to baseline levels, 
but it introduces the risks of transfusions to the patient.41,47–49 
Alternatively, a mixing study (e.g., plasma-modified ACT) 
can be used to correct the factor XII deficiency in vitro 
and has been useful in monitoring heparin’s anticoagu-
lant effect.43 A final approach for heparin management in 
patients with deficiencies of contact activators is titration of 
heparin to either a whole blood heparin concentration or 

anti-Xa level. Although this approach has been used suc-
cessfully, it fails to monitor heparin responsiveness.45,46,50,51

Aprotinin administration prolongs the ACT in the pres-
ence or absence of heparin.52,53 The mechanism for this 
prolongation is believed to be aprotinin’s ability to inhibit 
contact activation and is present only when celite is used 
as the activator.52–60 The in vitro difference in the kaolin and 
celite-activated ACT can be explained by the fact that the 
positively charged aprotinin binds to the negatively charged 
kaolin, thus negating the anticoagulant effect of aprotinin.57 
Thus, in the presence of aprotinin and heparin, the prolon-
gation of the celite ACT is a reflection of both aprotinin’s 
and heparin’s anticoagulant effect whereas prolongation 
of the kaolin-activated ACT is a reflection of only heparin. 
Therefore, to avoid under-heparinization, the kaolin-acti-
vated ACT is recommended as it excludes aprotinin’s anti-
coagulation effect.57

The activation of factor XII leads to the initiation of the 
intrinsic pathway, which includes sequential activation of 
factors XI, IX, VIII, and X. Single factor deficiencies (e.g., 
hemophilia A or B), global deficiencies (e.g., hemodilution) 
and acquired coagulation factor deficiencies (e.g., vitamin K 
antagonists) will all result in a prolongation of the ACT.61–67 
Furthermore, each step in the intrinsic pathway is regu-
lated by enzymatic activity, which is slowed in the setting 
of hypothermia and will prolong the ACT.62,68 However, this 
effect is only seen when the ACT is run with a device that 
requires more than 1 mL of whole blood.69 Devices requiring 
less volume are not affected, because the blood is easier to 
warm to normothermia in a timely fashion.

On completion of the intrinsic pathway, the common 
pathway begins with factor Xa catalyzing the conversion of 
prothrombin to thrombin. Thrombin has many actions that 
include activation of factors XI, VIII and V. Subsequently, 
the formation of factor VIII-IX complex (tenase) and factor 
V-X complex (prothrombinase) results in an exponential 
increase in thrombin generation. Thus, medications that 
inhibit thrombin (e.g., heparin, direct thrombin inhibitors) 
will prolong the ACT. Thrombin also catalyzes the conver-
sion of fibrinogen to fibrin and, consequently, low fibrino-
gen levels are associated with a prolonged ACT.70 Last, 

Figure 3.  The activated clotting time (ACT) is initiated by adding a 
contact activator (i.e., celite, kaolin) to whole blood. The contact acti-
vator subsequently activates the intrinsic coagulation cascade. The 
end point of the ACT is the formation of fibrin clot. As demonstrated, 
there are multiple factors other than heparin and antithrombin (AT) 
that impact the ACT. The factors in the intrinsic pathway are repre-
sented in blue and the factors in the common pathway are repre-
sented in green. HMWK = high molecular weight kininogen.

Table 2.  Factors Affecting Activated Clotting Time
• Hypothermia
• Hemodilution
• Medications

◦ Heparin
◦ Warfarin
◦ Aprotinin (celite more likely than kaolin)
◦ �Platelet inhibitors (therapeutic medications like cyclooxygenase 
inhibitors, IIb/IIIa or adenosine diphosphate inhibitors, or 
antiplatelet antibodies)

◦ Direct thrombin inhibitors (e.g., hirudin derivatives, argatroban)
◦ Protamine

• Platelet count
• Factor deficiencies (any contact or common pathway coagulation factor)

◦ Contact factors (factor XII/factor XI, kallikrein) or intrinsic (factor VIII)
◦ Antithrombin
◦ Common pathway (factor V, II)
◦ Fibrinogen

• Disease states: anticardiolipin/antiphospholipid antibodies
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many of these reactions occur on the platelet surface, hence, 
both platelet count and activity will affect the ACT.71–76

Hypercoagulable states, such as lupus anticoagulant, 
will also have an effect on the ACT. The presence of lupus 
anticoagulant results in a prolongation of the ACT in the 
absence of heparin. Contrary to its prolongation of the 
ACT in vitro, which is secondary to the binding of the in 
vitro activator (e.g., kaolin) by a pathologic antibody, the 
presence of lupus anticoagulant in vivo results in a pro-
thrombotic state.77 Different approaches have been used to 
overcome this limitation, including doubling of the target 
ACT or creating a patient-specific ACT titration curve.78,79 
As with contact activator deficiencies, an alternative 
approach for heparin monitoring in hypercoagulable dis-
ease states is whole blood heparin concentrations or anti-Xa 
levels.77 However, the optimal heparin level is unknown in 
this patient population.

Protamine has been reported to prolong the ACT via 
inhibition of both serine proteases and platelets.73,80–87 Thus, 
a high ACT after an initial protamine dose is not specific 
for inadequate heparin reversal and may be a reflection of 
protamine excess.

Further complicating anticoagulation monitoring with 
the ACT is the fact that the many different ACT machines 
used clinically vary in the activator, blood volume, tem-
perature, and measurement techniques. The lack of stan-
dardization in ACT machines yields results that are not 
interchangeable.88–92

Heparin Dose Response
Recognizing the large variability in the ACT response to 
heparin and heparin decay curves, Bull et al.93 attempted to 
develop a protocol that considers the individual variability 
in heparin responsiveness. The goal of this methodology is 
to determine an optimal heparin dose based on the indi-
vidual response to a modest heparin dose. To make a HDR 
curve, a minimum of 2 ACTs must be performed (a base-
line without heparin and one either after an in vivo dose or 
an in vitro sample with a known concentration of heparin). 
Additional ACTs will generate more points along the curve 
and ultimately result in a better HDR curve. Once a HDR 
curve has been established, a personalized dosing regimen 
can be created. For example, if the initial dose does not reach 
the desired ACT, the additional dose of heparin required to 
reach the goal ACT can be extrapolated. If adding a known 
heparin concentration in vitro, the heparin concentration 
to obtain the goal ACT can then be extrapolated (Fig. 4). 
Heparin responsiveness can be quantified by calculating 
the heparin sensitivity or heparin sensitivity index with the 
slope values from the following linear equations:

� (1)

or

� (2)

This methodology is the basis by which the automated 
HDR tests (e.g., Hemochron RxDx system [International 
Technidyne Corp., Edison, NJ], Hepcon HMS system 
[Medtronic Perfusion Services, Minneapolis, MN]) deter-
mine a heparin-loading dose. Garvin et al.94 demonstrated 
that the HDR fails to consistently predict the heparin bolus 
dose as demonstrated by the poor correlation between the 
calculated HDR and postbolus heparin level. However, the 
heparin bolus dose calculated using the HDR achieved a 
target ACT of 300 seconds 92.5% of the time and 350 sec-
onds 83% of the time.94 Potential explanations for this 
discrepancy include the method by which the patient’s 
blood volume was calculated and a failure of the in vitro 
calculated HDR to measure heparin’s true in vivo effects. 
Although this methodology has many limitations, attain-
ment of a heparin level of 2.0 units/mL will result in 95% of 
patients having an ACT within the “safe zone” which Bull 
et al. described.93,95 Also, of note is the curve may not be lin-
ear at higher concentrations.96

Minimum ACT
Despite high doses of heparin, the ability of blood to be 
activated is not completely abolished. Therefore, contact 
activation from the CPB circuit will result in the formation of 
a thrombus if the contact time is sufficient and the activator 
strong enough. Using an ACT with manual visualization 
of clot as the end point of the test, Bull et al.97 reported a 
minimum ACT of 300 seconds based on visualizing thrombus 
in the CPB circuit. Furthermore, they described a “safe 
zone” between 180 and 300 seconds where CPB could be 
successfully completed despite activation of the coagulation 
system. Below 180 seconds, catastrophic thrombus formation 
occurred and prohibited safe completion of CPB.97

Bull et al.93 failed to determine the ACT level that not 
only prevents thrombus formation but also minimizes 
coagulation activation. As demonstrated by subsequent 

Figure 4.  A heparin dose response curve can be generated to esti-
mate the initial heparin-loading dose. A baseline blood sample is 
drawn and 2 activated clotting time (ACT) are run (1 without heparin 
[point 1] and 1 with a known concentration of in vitro heparin [point 
2]). From these 2 points, a heparin dose response curve can be 
extrapolated and used to determine the in vivo heparin concentra-
tion that is required to achieve the target ACT. A heparin-loading 
dose can then be calculated using the patient’s estimated blood 
volume.
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studies, coagulation activation continues to occur with 
ACTs in excess of 400 seconds.98,99 The optimal ACT for safe 
conduct of CPB can then be defined as the period of time 
that blood can remain in contact with the CPB circuit with 
minimal coagulation activation. Because heparin does not 
inhibit fibrin-bound thrombin at levels <2.0 units/mL, it 
is reasonable to advocate for a minimal heparin level of at 
least 2.0 units/mL to achieve this goal.26 Although there is 
no evidence to determine the true minimum ACT or hepa-
rin level, many institutions are safely using an ACT target 
≥350 seconds and a heparin level ≥2.0 units/mL without 
reported complications.3,94,95,100

HEPARIN RESISTANCE
Mechanisms Related to AT Deficiency
AT deficiency has long been thought to be the primary mech-
anism of heparin resistance as heparin’s anticoagulant effect 
is mediated indirectly via an AT pathway. Thus, a deficiency 
of AT decreases the ability of heparin to inhibit thrombin. 
AT deficiency can be either congenital or acquired in etiol-
ogy. Congenital AT deficiency has a prevalence of 1 in 3,000 
individuals, and these patients have AT levels approximately 
40% to 60% of normal.101 Acquired AT deficiency is associated 
with a variety of clinical conditions including liver disease, 
malnutrition, nephrotic syndrome, and heparin treatment.102

AT levels can be measured by both an activity test (i.e., 
functional assay) and an antigen level test.103 Both are com-
monly expressed as a percentage with normal values rang-
ing from 80% to 120%. The functional assay measures the 
ability of AT to inhibit thrombin or factor Xa in the presence 
of heparin. The amount of thrombin or factor Xa remain-
ing uninhibited is inversely proportional to the AT level.103 
The antigen level only measures the amount of protein in 
the blood. Of the 2, the functional assay is the most appro-
priate one to be ordered first as it detects both quantitative 
and qualitative defects in AT whereas the antigen level only 
detects the quantitative defects.

Because heparin exerts its anticoagulant effect indirectly 
via AT, AT levels should correlate with measures of heparin 
responsiveness such as the heparin sensitivity index. This cor-
relation holds true in vitro, especially when levels decrease to 
≤60%.104 Conversely, preoperative AT levels do not correlate 
well with heparin responsiveness in patients undergoing 
cardiac surgery.11,104,105 Despite the poor correlation, the inci-
dence of heparin resistance is higher in patients with low AT 
levels.7,11,106 Thus, the concern still remains that low AT levels 
decrease heparin’s anticoagulant effects. However, supple-
mentation with AT fails to increase the ACT to target levels 
in all patients.4,5 Therefore, an alternative, AT-independent 
mechanism must also be present for heparin resistance.

Acquired AT Deficiency
Heparin Pretreatment
The use of heparin preoperatively (24–48 hours) is com-
monly thought to contribute to heparin resistance.8,63,107,108 
Preoperative enoxaparin treatment has also been shown to 
increase the incidence of heparin resistance.109,110 On heparin 
administration, the heparin-AT complex binds to thrombin 
and is followed by dissociation of heparin from the throm-
bin/AT complex. The thrombin/AT complex is then rapidly 

consumed and cleared via the reticuloendothelial system 
resulting in an AT level decline of approximately 5% to 
7% per day.111 This decline in AT levels is thought to be the 
mechanism by which heparin pretreatment increases the 
incidence of heparin resistance.7,8,96,108,112 Linden et al.112 dem-
onstrated lower AT levels in a preoperative period (80.9% vs 
92.6% activity). However, the mean AT level in the heparin-
pretreated group remained within the normal range, and 
although the preoperative AT levels were statistically differ-
ent, it is unlikely that the small reduction (11.7%) is clinically 
significant. Additionally, Nicholson et al.113 found no differ-
ence in AT levels between heparin-resistant and heparin-
responsive patients in heparin-pretreated patients.

Although the exact mechanism has not been definitively 
linked to AT deficiency, the fact still remains that the heparin 
responsiveness, as measured by the ACT, in patients receiv-
ing heparin preoperatively is decreased. Despite the routine 
use of ACT in cardiac surgery, the validity of using the ACT 
in this patient population has been called into question. 
Use of the high-dose thrombin time, a more specific mea-
sure of thrombin inhibition than the ACT, demonstrated 
no increase in heparin requirements in heparin-pretreated 
patients despite the ACT demonstrating an increased inci-
dence of heparin resistance.114 Findings from this study sug-
gest that heparin resistance in this patient population may, 
in fact, be a function of the ACT.

Other Conditions Associated with Acquired AT 
Deficiency
There are other causes of an acquired AT deficiency (Table 3). 
Decreased synthesis can occur in patients with liver disease 

Table 3.  Mechanisms for Heparin Resistance
Antithrombin (AT) mediated

• �Reduced synthesis (hereditary versus reduced global hepatic 
function)

• Accelerated clearance
◦ Nephropathy: renal losses leading to renal vein thrombosis
◦ Accelerated consumption

▪ Preoperative use of either unfractionated or low molecular 
weight heparin

▪ Upregulated hemostatic system: disseminated intravascular 
coagulation, endocarditis, deep venous thrombosis/pulmonary 
embolism

▪ Mechanical: CPB, ventricular assist device, intra-aortic balloon 
pump, extracorporeal membrane oxygenation

Non-AT mediated
• Increased heparin-binding
◦ Proteins

▪ Chemokines (PF4, interleukins like NAP 1, NAP 2, ENA-78, I-309, 
macrophage proteins like MIP, RANTES, monocyte proteins)

▪ Extracellular matrix proteins (laminin/collagens, 
thrombospondin, fibronectin/vitronectin)

▪ Growth factors (fibroblast, platelet-derived, vascular/hepatocyte)
▪ Enzymes (superoxide dismutase, cathepsin G, elastase)
▪ Miscellaneous (factor VIII/von Willebrand factor, Lactoferrin, 

Histidine-rich glycoprotein, lipoproteins/albumin)
◦ Platelets

▪ Variable, nonspecific binding
▪ Thrombophilia
▪ Platelet activation/release
▪ Medications—nitroglycerin

CPB = cardiopulmonary bypass; NAP = neutrophil-activating protein; MIP = 
macrophage inflammatory protein.
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(i.e., cirrhosis) and malnutrition.115–117 Nephrotic disease 
might result in ongoing loss of AT in the urine.118,119 An 
upregulated hemostatic system, as seen in sepsis, dissemi-
nated intravascular coagulation and patients with a deep 
vein thrombosis/pulmonary embolism, can lead to greater 
levels of AT consumption.116,120–122 Also, mechanical support 
devices such as the intra-aortic balloon pump, ventricular 
assist device, or extracorporeal membrane oxygenation are 
associated with a decline in AT levels.8,123,124

AT-Independent Mechanisms for Heparin 
Resistance
In addition to AT deficiency, there are multiple other poten-
tial mechanisms that can lead to heparin resistance that are 
both poorly defined and nonspecific. Becker et al.125 con-
cluded that IV nitroglycerin resulted in a qualitative AT 
defect. Brack et al.126 observed a reduction in heparin levels 
with concomitant nitroglycerin infusion. Regardless of the 
potential mechanism, the effect of IV nitroglycerin on hepa-
rin responsiveness remains uncertain as demonstrated by 
several studies yielding conflicting results.76,125–131

After IV administration, heparin can bind to many 
molecules and platelets that can result in reduced biologic 
availability. The number of heparin-binding proteins is 
extensive and includes chemokines, extracellular matrix 
proteins, growth factors, enzymes, and many other 
miscellaneous proteins (Table 3). A full review of these 
proteins and the specific clinical scenarios during which 
they are increased is beyond the scope of this review.

Increased factor VIII activity augments the propagation 
phase of clotting and has been shown to reduce the HDR.104 
Factor VIII is an acute phase reactant that increases in the 
setting of inflammation. Furthermore, increased factor VIII 
is associated with endothelial dysfunction and has been 
associated with cardiovascular disease.132–135 Therefore, one 
can speculate that elevated factor VIII levels are seen in 
the cardiac surgical population. Case reports are emerging 
describing increased factor VIII as a risk factor for heparin 
resistance.136–141 However, the extent to which this contrib-
utes to the phenomena of heparin resistance in the cardiac 
surgical population requires further investigation.

TREATMENT OF HEPARIN RESISTANCE
When faced with the clinical scenario of heparin resistance, 
therapeutic approaches include administering additional 
heparin, supplement AT with FFP, supplement AT with an 
AT concentrate or accept the ACT and proceed with CPB 
without any additional treatment. Conventionally, addi-
tional heparin has been administered until the ACT reaches 
target levels. Case reports in the literature have documented 
heparin doses as high as 1200 units/kg to achieve a target 
ACT.142,143 Such high doses of heparin are not without con-
sequences as the total heparin dose is correlated with the 
degree of heparin rebound and a potential increase in post-
operative chest tube drainage.144,145 Moreover, there appears 
to be a ceiling effect in regards to anticoagulation with esca-
lating doses of heparin.9,96 Levy et al.96 demonstrated that 
whole blood heparin concentrations >4 units/mL failed to 
further increase the ACT.

Successful treatment of heparin resistance with AT sup-
plementation via FFP was first reported by Sabbagh et al.146 

FFP is a medically accepted method of AT supplementation 
and contains approximately 1 IU of AT per 1 mL of FFP.147 
Thus, 2 units of FFP (approximately 500 mL) results in a 
dose of 500 IU of AT. However, the subsequent literature 
supporting FFP as an effective treatment for heparin resis-
tance is limited, with only 1 in vitro study and several case 
reports published.143,148–151 Furthermore, there are no studies 
showing that administration of FFP for heparin resistance 
improves clinical outcomes (i.e., postoperative bleeding). 
Although not directly looking at the efficacy of FFP, Avidan 
et al.4 demonstrated that 2 units of FFP were insufficient to 
improve heparin responsiveness in the majority of patients. 
Despite the lack of evidence in the literature supporting its 
use, FFP has been widely used for heparin resistance and 
may improve heparin responsiveness in a small percent-
age of patients. However, safety concerns with transfusions 
and the time delay to thaw FFP makes this a less appealing 
therapy.152 Additionally, the United States Food and Drug 
Administration only recommends patients with a single 
coagulation factor deficiency (i.e., AT) receive FFP when no 
specific coagulation factor concentrate is available.b

AT concentrates have emerged as an alternative method 
of AT supplementation. Although their use for heparin 
resistance is off label, they have been shown to be effective 
at improving heparin responsiveness. AT concentrate 
is available in both purified human and recombinant 
forms. Both are supplied in vials as a sterile, lyophilized 
powder, and the potency is standardized to the WHO 
international standard. The source for human purified AT 
is human plasma that has been pasteurized to inactivate 
viruses and has no known contraindications. The source 
for recombinant AT is genetically engineered goats, which 
express grams per liter quantities of AT in their milk. 
Thus, recombinant AT should not be given to patients 
with a known hypersensitivity to goat milk proteins. 
Although both forms of AT concentrate will increase AT 
levels, differences in the clinical pharmacology impact 
the dosing. The half-life for recombinant AT is much 
shorter than human purified (11.6 hours vs 3.8 days) and 
requires a maintenance infusion if supplementation is 
needed for an extended period of time. Recombinant AT 
also has a 4-fold higher affinity for heparin, but the clinical 
significance of this difference is unknown.153 Lastly, the two 
are supplied in vials with different doses (1750 IU vials for 
recombinant AT vs 500 IU vials for human purified AT). 
Before a cost comparison between the 2 concentrates can be 
performed, consideration must be given to the differences 
in pharmacokinetics, the difference in amount supplied in 
each vial, and the expected duration of therapy.

Multiple studies have demonstrated that AT supplemen-
tation will improve heparin responsiveness as measured by 
the ACT.4,5,9–11,96,154–156 Despite the improvement in the ACT, 
only 2 studies have shown a reduction in hemostatic activa-
tion with AT supplementation for heparin resistance during 
CPB and none have demonstrated a reduction in bleeding 
complications after CPB.5,9 One potential explanation for the 
reduction in hemostatic activation is the larger doses of AT 

b  Available at: http://www.fda.gov/downloads/biologicsbloodvaccines/
guidancecomplianceregulatoryinformation/guidances/blood/ucm155749.
pdf. Accessed June 15, 2012.

http://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/blood/ucm155749.pdf
http://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/blood/ucm155749.pdf
http://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/blood/ucm155749.pdf
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(≥50 IU/kg or ≥3500 IU of AT concentrate for a 70 kg patient) 
used in these studies, which resulted in normalizing AT lev-
els throughout the entire CPB time.5,9 However, Levy et al.157 
demonstrated large doses of AT maintain normal AT levels 
throughout CPB and may enhance anticoagulation activity 
even in nonheparin-resistant patients. Conversely, AT levels 
decrease below baseline soon after commencing CPB with 
the standard dose (500–1000 IU) commonly given for hepa-
rin resistance. Lastly, cost should be considered before AT 
administration. At our institution, the acquisition cost of 
human purified AT is $2.71 per IU, which would translate 
to a cost of approximately $1355 to $2710 for the standard 
dose of 500 to 1000 IU.

Clearly, AT concentrate is superior to FFP in increas-
ing the ACT, but questions remain about the overall cost 
of AT administration and the lack of data demonstrating 
an improvement in clinical outcomes. Furthermore, not all 
patients with AT deficiency have heparin resistance and 
supplementation with AT fails to raise the ACT to target 
levels in all patients.4,5,7 Therefore, many patients with hep-
arin resistance have an AT-independent mechanism, and 
increasing the AT levels to supraphysiological levels pro-
vides no further increase in heparin responsiveness.104,158 
Therefore, empirically treating all patients with heparin 
resistance with AT supplementation will lead to a thera-
peutic intervention for a subset of patients that not only has 
potential side effects (e.g., increases in heparin rebound and 

related postoperative bleeding) and is costly, but also lacks 
efficacy.

The last therapeutic option, accepting an ACT below 
target and proceeding with CPB, is often not chosen for 
fear that anticoagulation is subtherapeutic. Historically, 
anticoagulation was accomplished without an ACT using 
a heparin-loading dose based on the patient’s weight and 
redosing was based on the time interval since heparin was 
last dosed. Multiple studies comparing this method with 
ACT monitoring failed to demonstrate a consistent ben-
efit in postoperative hemostasis.159–168 In 1 study, Metz and 
Keats164 had 24 of 193 patients fail to reach an ACT of 400 
seconds with a heparin-loading dose of 300 units/kg. They 
subsequently commenced CPB without additional treat-
ment and noted no clotting in the CPB circuit or increase in 
chest tube output.

Treatment Algorithm
Despite the many limitations in our current understanding 
of heparin resistance, a rational approach to management 
of heparin resistance should be undertaken (Fig. 5). Recent 
guidelines have recommended AT supplementation only 
for AT-mediated heparin resistance, but many clinicians 
treat patients with heparin resistance with AT concentrates 
without knowledge of the mechanism.169 Preoperatively, a 
thorough review of the patient’s clinical history will reveal 
patients at higher risk of heparin resistance. In these patient 
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Figure 5.  A proposed approach to patients 
with heparin resistance. AT = antithrom-
bin; ACT = activated clotting time; CPB = 
cardiopulmonary bypass; DIC = dissemi-
nated intravascular coagulation; PE = pul-
monary embolism; ECMO = extracorporeal 
membrane oxygenation; IABP = intra-aortic 
balloon pump; VAD = ventricular assist 
device; HDR = heparin dose response; FFP 
= fresh frozen plasma.
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populations, a plasma-based AT concentration may be help-
ful in distinguishing which patients have an AT-mediated 
heparin resistance. Although no studies have been done to 
support the utility of a preoperative AT level, determination 
of an AT level in patients at higher risk of heparin resistance 
will result in limiting empiric AT supplementation.

In patients with heparin resistance and a low AT level, 
AT supplementation with 500 to 1000 IU is warranted. 
When available, AT concentrate is the preferred method of 
AT supplementation, with FFP being an acceptable alterna-
tive. If the ACT fails to reach therapeutic levels with this 
initial dose, repeat doses should be given with a goal of 
attaining a normal AT level. However, clinical studies are 
needed to confirm a benefit of AT supplementation other 
than an increase in the ACT.

In patients with heparin resistance and a normal AT 
level, it is appropriate to administer larger doses of heparin. 
A whole blood heparin concentration may be useful in this 
scenario to ensure adequate heparin levels (minimum of 4 
units/mL) and exclude a higher than expected amount of 
nonspecific protein binding.

Infrequently, the ACT remains below the target level 
despite a normal AT level and a heparin level >4.0 units/
mL. The appropriate next step remains unclear; however, 
an argument can be made for proceeding with CPB in many 
of these patients. First, the target ACT varies greatly among 
institutions, and many institutions have target ACTs that 
are significantly higher than levels that are successfully 
used by others.3 In institutions with a high-target ACT, 
heparin resistance may simply be a function of choosing 
too high an ACT and a reasonable approach may be to 
accept a lower target ACT. Even in the subset of patients 
who continue to have an ACT below the target level, an 
argument for commencing CPB using a fixed heparin dose 
regimen (i.e., redosing heparin every 30–60 minutes) is that 
there is no conclusive evidence that routinely monitoring 
the ACT improves postoperative hemostasis. An alternative 
approach is achieving supraphysiologic levels of AT. 
However, the mechanism of heparin resistance is unlikely 
to be AT mediated in patients with normal AT levels and AT 
supplementation will not only be costly, but also lack efficacy. 
Additional heparin can also be administered, but there is 
no evidence that heparin levels >4.0 units/mL improves 
anticoagulation. Lastly, an alternative anticoagulant could 
be considered, such as direct thrombin inhibitors, but these 
medications have many limitations including the lack of an 
antidote.

This approach fails to address the situation where an AT 
level is unavailable. Many institutions do not have the capa-
bility to perform an AT level. Moreover, laboratory-based 
testing is prolonged (30–60 minutes) and makes ordering an 
intraoperative AT level inefficient. Unfortunately, clinicians 
are left to use clinical judgment without an AT level and 
empirically treat the patient.

CONCLUSIONS
CPB is a technology whose routine use includes many 
complexities. Anticoagulation with heparin is just one 
of the important aspects of CPB. We have reviewed the 
topic of heparin responsiveness and heparin resistance. 
Unfortunately, the minimum ACT required for safe conduct 

of CPB remains unknown. However, because of the multi-
ple factors affecting ACT levels besides AT levels and hepa-
rin concentration, a diagnosis of heparin resistance may be 
a function of the complexities of the ACT. When faced with 
heparin resistance, a rational approach should be taken that 
minimizes empiric therapies. To this end, ACT determina-
tions and the definition of heparin resistance need to be 
standardized. Moreover, more research is needed to con-
firm a clinical benefit of strategies aimed at treating heparin 
resistance.  E

DISCLOSURES
Name: Alan Finley, MD.
Contribution: This author helped write the manuscript.
Attestation: Alan Finley approved the final manuscript.
Name: Charles Greenberg, MD.
Contribution: This author helped write the manuscript.
Attestation: Charles Greenberg approved the final manuscript.
This manuscript was handled by: Jerrold H. Levy, MD, FAHA.

REFERENCES
	 1.	 Wardrop D, Keeling D. The story of the discovery of heparin 

and warfarin. Br J Haematol 2008;141:757–63
	 2.	 Hattersley PG. Activated coagulation time of whole blood. 

JAMA 1966;196:436–40
	 3.	 Lobato RL, Despotis GJ, Levy JH, Shore-Lesserson LJ, Carlson 

MO, Bennett-Guerrero E. Anticoagulation management during 
cardiopulmonary bypass: a survey of 54 North American insti-
tutions. J Thorac Cardiovasc Surg 2010;139:1665–6

	 4.	 Avidan MS, Levy JH, Scholz J, Delphin E, Rosseel PM, Howie 
MB, Gratz I, Bush CR, Skubas N, Aldea GS, Licina M, Bonfiglio 
LJ, Kajdasz DK, Ott E, Despotis GJ. A phase III, double-blind, 
placebo-controlled, multicenter study on the efficacy of recom-
binant human antithrombin in heparin-resistant patients 
scheduled to undergo cardiac surgery necessitating cardiopul-
monary bypass. Anesthesiology 2005;102:276–84

	 5.	 Avidan MS, Levy JH, van Aken H, Feneck RO, Latimer RD, Ott 
E, Martin E, Birnbaum DE, Bonfiglio LJ, Kajdasz DK, Despotis 
GJ. Recombinant human antithrombin III restores heparin 
responsiveness and decreases activation of coagulation in 
heparin-resistant patients during cardiopulmonary bypass. J 
Thorac Cardiovasc Surg 2005;130:107–13

	 6.	 Ranucci M, Isgrò G, Cazzaniga A, Ditta A, Boncilli A, Cotza M, 
Carboni G, Brozzi S. Different patterns of heparin resistance: 
therapeutic implications. Perfusion 2002;17:199–204

	 7.	 Ranucci M, Isgrò G, Cazzaniga A, Soro G, Menicanti L, Frigiola 
A. Predictors for heparin resistance in patients undergoing cor-
onary artery bypass grafting. Perfusion 1999;14:437–42

	 8.	 Staples MH, Dunton RF, Karlson KJ, Leonardi HK, Berger 
RL. Heparin resistance after preoperative heparin therapy or 
intraaortic balloon pumping. Ann Thorac Surg 1994;57:1211–6

	 9.	 Koster A, Fischer T, Gruendel M, Mappes A, Kuebler WM, 
Bauer M, Kuppe H. Management of heparin resistance during 
cardiopulmonary bypass: the effect of five different anticoagu-
lation strategies on hemostatic activation. J Cardiothorac Vasc 
Anesth 2003;17:171–5

	10.	 Williams MR, D’Ambra AB, Beck JR, Spanier TB, Morales DL, 
Helman DN, Oz MC. A randomized trial of antithrombin con-
centrate for treatment of heparin resistance. Ann Thorac Surg 
2000;70:873–7

	11.	 Lemmer JH Jr, Despotis GJ. Antithrombin III concentrate to 
treat heparin resistance in patients undergoing cardiac surgery. 
J Thorac Cardiovasc Surg 2002;123:213–7

	12.	 Johnson EA, Mulloy B. The molecular-weight range of muco-
sal-heparin preparations. Carbohydr Res 1976;51:119–27

	13.	 Lindahl U, Bäckström G, Höök M, Thunberg L, Fransson LA, 
Linker A. Structure of the antithrombin-binding site in heparin. 
Proc Natl Acad Sci USA 1979;76:3198–202



Heparin Sensitivity and Resistance

June 2013 • Volume 116 • Number 6	 www.anesthesia-analgesia.org	 1219

	14.	 Rosenberg RD, Lam L. Correlation between structure and func-
tion of heparin. Proc Natl Acad Sci USA 1979;76:1218–22

	15.	 Casu B, Oreste P, Torri G, Zoppetti G, Choay J, Lormeau JC, 
Petitou M, Sinäy P. The structure of heparin oligosaccha-
ride fragments with high anti-(factor Xa) activity containing 
the minimal antithrombin III-binding sequence. Chemical 
and 13C nuclear-magnetic-resonance studies. Biochem J 
1981;197:599–609

	16.	 Choay J, Petitou M, Lormeau JC, Sinaÿ P, Casu B, Gatti G. 
Structure-activity relationship in heparin: a synthetic penta-
saccharide with high affinity for antithrombin III and eliciting 
high anti-factor Xa activity. Biochem Biophys Res Commun 
1983;116:492–9

	17.	 Ellis V, Scully MF, Kakkar VV. The relative molecular mass 
dependence of the anti-factor Xa properties of heparin. Biochem 
J 1986;238:329–33

	18.	 Oosta GM, Gardner WT, Beeler DL, Rosenberg RD. Multiple 
functional domains of the heparin molecule. Proc Natl Acad Sci 
USA 1981;78:829–33

	19.	 Lindahl U, Thunberg L, Bäckström G, Riesenfeld J, Nordling K, 
Björk I. Extension and structural variability of the antithrombin-
binding sequence in heparin. J Biol Chem 1984;259:12368–76

	20.	 Atha DH, Lormeau JC, Petitou M, Rosenberg RD, Choay J. 
Contribution of 3-O- and 6-O-sulfated glucosamine residues 
in the heparin-induced conformational change in antithrombin 
III. Biochemistry 1987;26:6454–61

	21.	 Rosenberg RD, Jordan RE, Favreau LV, Lam LH. Highly active 
heparin species with multiple binding sites for antithrombin. 
Biochem Biophys Res Commun 1979;86:1319–24

	22.	 Kishimoto TK, Viswanathan K, Ganguly T, Elankumaran 
S, Smith S, Pelzer K, Lansing JC, Sriranganathan N, Zhao G, 
Galcheva-Gargova Z, Al-Hakim A, Bailey GS, Fraser B, Roy 
S, Rogers-Cotrone T, Buhse L, Whary M, Fox J, Nasr M, Dal 
Pan GJ, Shriver Z, Langer RS, Venkataraman G, Austen KF, 
Woodcock J, Sasisekharan R. Contaminated heparin associated 
with adverse clinical events and activation of the contact sys-
tem. N Engl J Med 2008;358:2457–67

	23.	 Hirsh J, Bauer KA, Donati MB, Gould M, Samama MM, Weitz 
JI; American College of Chest Physicians. Parenteral antico-
agulants: American College of Chest Physicians Evidence-
Based Clinical Practice Guidelines (8th Edition). Chest 
2008;133:141S–59S

	24.	 Bray B, Lane DA, Freyssinet JM, Pejler G, Lindahl U. Anti-
thrombin activities of heparin. Effect of saccharide chain length 
on thrombin inhibition by heparin cofactor II and by antithrom-
bin. Biochem J 1989;262:225–32

	25.	 Jordan RE, Oosta GM, Gardner WT, Rosenberg RD. The 
kinetics of hemostatic enzyme-antithrombin interactions in 
the presence of low molecular weight heparin. J Biol Chem 
1980;255:10081–90

	26.	 Weitz JI, Hudoba M, Massel D, Maraganore J, Hirsh J. Clot-
bound thrombin is protected from inhibition by heparin-anti-
thrombin III but is susceptible to inactivation by antithrombin 
III-independent inhibitors. J Clin Invest 1990;86:385–91

	27.	 Tollefsen DM, Majerus DW, Blank MK. Heparin cofactor II. 
Purification and properties of a heparin-dependent inhibitor of 
thrombin in human plasma. J Biol Chem 1982;257:2162–9

	28.	 Tanaka KA, Szlam F, Vinten-Johansen J, Cardin AD, Levy JH. 
Effects of antithrombin and heparin cofactor II levels on antico-
agulation with Intimatan. Thromb Haemost 2005;94:808–13

	29.	 Conrad H, Heparin Binding Proteins. 1st ed. San Diego, CA: 
Academic Press, 1997

	30.	 Peterson CB, Morgan WT, Blackburn MN. Histidine-rich gly-
coprotein modulation of the anticoagulant activity of heparin. 
Evidence for a mechanism involving competition with both 
antithrombin and thrombin for heparin binding. J Biol Chem 
1987;262:7567–74

	31.	 Lane DA, Pejler G, Flynn AM, Thompson EA, Lindahl U. 
Neutralization of heparin-related saccharides by histidine-rich 
glycoprotein and platelet factor 4. J Biol Chem 1986;261:3980–6

	32.	 Bârzu T, Molho P, Tobelem G, Petitou M, Caen J. Binding and 
endocytosis of heparin by human endothelial cells in culture. 
Biochim Biophys Acta 1985;845:196–203

	33.	 Preissner KT, Müller-Berghaus G. Neutralization and bind-
ing of heparin by S protein/vitronectin in the inhibition of 
factor Xa by antithrombin III. Involvement of an inducible 
heparin-binding domain of S protein/vitronectin. J Biol Chem 
1987;262:12247–53

	34.	 Lijnen HR, Hoylaerts M, Collen D. Heparin binding proper-
ties of human histidine-rich glycoprotein. Mechanism and 
role in the neutralization of heparin in plasma. J Biol Chem 
1983;258:3803–8

	35.	 Sobel M, McNeill PM, Carlson PL, Kermode JC, Adelman B, 
Conroy R, Marques D. Heparin inhibition of von Willebrand 
factor-dependent platelet function in vitro and in vivo. J Clin 
Invest 1991;87:1787–93

	36.	 de Swart CA, Nijmeyer B, Roelofs JM, Sixma JJ. Kinetics of 
intravenously administered heparin in normal humans. Blood 
1982;60:1251–8

	37.	 Bjornsson TD, Wolfram KM, Kitchell BB. Heparin kinetics 
determined by three assay methods. Clin Pharmacol Ther 
1982;31:104–13

	38.	 McAvoy TJ. Pharmacokinetic modeling of heparin and its clini-
cal implications. J Pharmacokinet Biopharm 1979;7:331–54

	39.	 Olsson P, Lagergren H, Ek S. The elimination from plasma 
of intravenous heparin. An experimental study on dogs and 
humans. Acta Med Scand 1963;173:619–30

	40.	 Dyck L, Friesen RM. Do different heparin brands influence acti-
vated clotting times? J Extra Corpor Technol 1998;30:73–6

	41.	 Wood MK. Congenital factor XII deficiency and cardiopulmo-
nary bypass. Ann Thorac Surg 1994;58:1565

	42.	 Salmenperä M, Rasi V, Mattila S. Cardiopulmonary bypass 
in a patient with factor XII deficiency. Anesthesiology 
1991;75:539–41

	43.	 Gerhardt MA, Greenberg CS, Slaughter TF, Stafford Smith M. 
Factor XII deficiency and cardiopulmonary bypass: use of a 
novel modification of the activated clotting time to monitor 
anticoagulation. Anesthesiology 1997;87:990–2

	44.	 Moorman RM, Reynolds DS, Comunale ME. Management of 
cardiopulmonary bypass in a patient with congenital factor XII 
deficiency. J Cardiothorac Vasc Anesth 1993;7:452–4

	45.	 Davidson SJ, Burman JF, Rutherford LC, Keogh BF, Yacoub MH. 
High molecular weight kininogen deficiency: a patient who 
underwent cardiac surgery. Thromb Haemost 2001;85:195–7

	46.	 Oram MP, Mumford AD, Morse C, Underwood S. Management 
of anticoagulation for coronary artery bypass surgery in a 
patient with severe prekallikrein deficiency. J Cardiothorac 
Vasc Anesth 2006;20:580–2

	47.	 Wallock M, Arentzen C, Perkins J. Factor XII deficiency and car-
diopulmonary bypass. Perfusion 1995;10:13–6

	48.	 Conaglen PJ, Akowuah E, Theodore S, Atkinson V. Implications 
for cardiac surgery in patients with factor XII deficiency. Ann 
Thorac Surg 2010;89:625–6

	49.	 Veronesi R, Maurelli M, Bianchi T, Toscani M, Via G, Villani 
MA, Pettinella S, Santambrogio LG, Fuardo M. Mitral valve 
repair and cardiac transplantation in a patient with fac-
tor XII deficiency. J Cardiothorac Vasc Anesth 2005;19: 
419–20

	50.	 Burman JF, Chung HI, Lane DA, Philippou H, Adami A, Lincoln 
JC. Role of factor XII in thrombin generation and fibrinolysis 
during cardiopulmonary bypass. Lancet 1994;344:1192–3

	51.	 van Veen JJ, Laidlaw S, Swanevelder J, Harvey N, Watson C, 
Kitchen S, Makris M. Contact factor deficiencies and cardiopul-
monary bypass surgery: detection of the defect and monitoring 
of heparin. Eur J Haematol 2009;82:208–12

	52.	 Jones K, Nasrallah F, Darling E, Clay N, Searles B. The in vitro 
effects of aprotinin on twelve different ACT tests. J Extra Corpor 
Technol 2004;36:51–7

	53.	 Despotis GJ, Filos KS, Levine V, Alsoufiev A, Spitznagel E. 
Aprotinin prolongs activated and nonactivated whole blood 
clotting time and potentiates the effect of heparin in vitro. 
Anesth Analg 1996;82:1126–31

	54.	 Laurel MT, Ratnoff OD, Everson B. Inhibition of the activation 
of Hageman factor (factor XII) by aprotinin (Trasylol). J Lab 
Clin Med 1992;119:580–5



1220     www.anesthesia-analgesia.org� anesthesia & analgesia

E  Review Article

	55.	 Fritz H, Wunderer G. Biochemistry and applications of 
aprotinin, the kallikrein inhibitor from bovine organs. 
Arzneimittelforschung 1983;33:479–94

	56.	 Wendel HP, Heller W, Gallimore MJ, Bantel H, Müller-
Beissenhirtz H, Hoffmeister HE. The prolonged activated clot-
ting time (ACT) with aprotinin depends on the type of activator 
used for measurement. Blood Coagul Fibrinolysis 1993;4:41–5

	57.	 Dietrich W, Jochum M. Effect of celite and kaolin on activated 
clotting time in the presence of aprotinin: activated clotting 
time is reduced by binding of aprotinin to kaolin. J Thorac 
Cardiovasc Surg 1995;109:177–8

	58.	 Dietrich W, Dilthey G, Spannagl M, Jochum M, Braun SL, 
Richter JA. Influence of high-dose aprotinin on anticoagulation, 
heparin requirement, and celite- and kaolin-activated clotting 
time in heparin-pretreated patients undergoing open-heart sur-
gery. A double-blind, placebo-controlled study. Anesthesiology 
1995;83:679–89

	59.	 Wang JS, Lin CY, Hung WT, Karp RB. Monitoring of heparin-
induced anticoagulation with kaolin-activated clotting time in 
cardiac surgical patients treated with aprotinin. Anesthesiology 
1992;77:1080–4

	60.	 Wang JS, Lin CY, Hung WT, Thisted RA, Karp RB. In vitro effects 
of aprotinin on activated clotting time measured with different 
activators. J Thorac Cardiovasc Surg 1992;104:1135–40

	61.	 Dalbert S, Ganter MT, Furrer L, Klaghofer R, Zollinger A, Hofer 
CK. Effects of heparin, haemodilution and aprotinin on kaolin-
based activated clotting time: in vitro comparison of two differ-
ent point of care devices. Acta Anaesthesiol Scand 2006;50:461–8

	62.	 Cohen EJ CL, Dearing JP. Activated clotting times and cardio-
pulmonary bypass: the effect of hemodilution and hypothermia 
upon activated clotting time. . J Extracorp Tech 1980;12:139–41

	63.	 Dietrich W, Spannagl M, Schramm W, Vogt W, Barankay A, 
Richter JA. The influence of preoperative anticoagulation on 
heparin response during cardiopulmonary bypass. J Thorac 
Cardiovasc Surg 1991;102:505–14

	64.	 Dietrich W, Dilthey G, Spannagl M, Richter JA. Warfarin pre-
treatment does not lead to increased bleeding tendency during 
cardiac surgery. J Cardiothorac Vasc Anesth 1995;9:250–4

	65.	 Terai C, Saitoh D, Okamoto K, Kawakami M, Magario N. 
Plasma activated clotting time as an indicator of dangerous 
hypocoagulability in warfarin-treated trauma patients: a pre-
liminary study. Surg Today 1998;28:834–8

	66.	 Chang RJ, Doherty TM, Goldberg SL. How does warfarin affect 
the activated coagulation time? Am Heart J 1998;136:477–9

	67.	 Gautam S, John RM, Stevenson WG, Jain R, Epstein LM, Tedrow 
U, Koplan BA, McClennen S, Michaud GF. Effect of therapeu-
tic INR on activated clotting times, heparin dosage, and bleed-
ing risk during ablation of atrial fibrillation. J Cardiovasc 
Electrophysiol 2011;22:248–54

	68.	 Despotis GJ, Summerfield AL, Joist JH, Goodnough LT, Santoro 
SA, Spitznagel E, Cox JL, Lappas DG. Comparison of acti-
vated coagulation time and whole blood heparin measure-
ments with laboratory plasma anti-Xa heparin concentration in 
patients having cardiac operations. J Thorac Cardiovasc Surg 
1994;108:1076–82

	69.	 Kmiecik SA, Liu JL, Vaadia TS, Nichols JD, Kohtz RJ, Mills NJ, 
Petterson CM, Stammers AH. Quantitative evaluation of hypo-
thermia, hyperthermia, and hemodilution on coagulation. J 
Extra Corpor Technol 2001;33:100–5

	70.	 Rani TR, Gopinath R. An unusual cause of a prolonged acti-
vated coagulation time during cardiac surgery: congenital 
hypofibrinogenemia. J Cardiothorac Vasc Anesth 2008;22:725–6

	71.	 Moorehead MT, Westengard JC, Bull BS. Platelet involvement 
in the activated coagulation time of heparinized blood. Anesth 
Analg 1984;63:394–8

	72.	 Ammar T, Fisher CF, Sarier K, Coller BS. The effects of throm-
bocytopenia on the activated coagulation time. Anesth Analg 
1996;83:1185–8

	73.	 Ammar T, Scudder LE, Coller BS. In vitro effects of the platelet 
glycoprotein IIb/IIIa receptor antagonist c7E3 Fab on the acti-
vated clotting time. Circulation 1997;95:614–7

	74.	 Bode AP, Lust RM. Masking of heparin activity in the acti-
vated coagulation time (ACT) by platelet procoagulant activity. 
Thromb Res 1994;73:285–300

	75.	 Moliterno DJ, Califf RM, Aguirre FV, Anderson K, Sigmon KN, 
Weisman HF, Topol EJ. Effect of platelet glycoprotein IIb/IIIa 
integrin blockade on activated clotting time during percutane-
ous transluminal coronary angioplasty or directional atherec-
tomy (the EPIC trial). Evaluation of c7E3 Fab in the Prevention 
of Ischemic Complications trial. Am J Cardiol 1995;75:559–62

	76.	 Gayoso JM. 5-year incidence of thrombocytosis and the effect 
on heparin dose response and heparin requirements. J Extra 
Corpor Technol 1999;31:184–90

	77.	 Jervis K, Senthilnathan V, Lerner AB. Management of a patient 
with lupus anticoagulant and antiphospholipid syndrome for 
off-pump coronary artery bypass grafting using the Hepcon 
system. Anesth Analg 2009;108:1116–9

	78.	 Gorki H, Malinovski V, Stanbridge RD. The antiphospholipid 
syndrome and heart valve surgery. Eur J Cardiothorac Surg 
2008;33:168–81

	79.	 East CJ, Clements F, Mathew J, Slaughter TF. Antiphospholipid 
syndrome and cardiac surgery: management of anticoagulation 
in two patients. Anesth Analg 2000;90:1098–101

	80.	 Griffin MJ, Rinder HM, Smith BR, Tracey JB, Kriz NS, Li CK, 
Rinder CS. The effects of heparin, protamine, and heparin/
protamine reversal on platelet function under conditions of 
arterial shear stress. Anesth Analg 2001;93:20–7

	81.	 Lindblad B, Wakefield TW, Whitehouse WM Jr, Stanley JC. The 
effect of protamine sulfate on platelet function. Scand J Thorac 
Cardiovasc Surg 1988;22:55–9

	82.	 Wakefield TW, Whitehouse WM Jr, Stanley JC. Depressed 
cardiovascular function and altered platelet kinetics follow-
ing protamine sulfate reversal of heparin activity. J Vasc Surg 
1984;1:346–55

	83.	 Barstad RM, Stephens RW, Hamers MJ, Sakariassen KS. 
Protamine sulphate inhibits platelet membrane glycopro-
tein Ib-von Willebrand factor activity. Thromb Haemost 
2000;83:334–7

	84.	 Kozek-Langenecker SA, Mohammad SF, Masaki T, Kamerath 
C, Cheung AK. The effects of heparin, protamine, and hepari-
nase 1 on platelets in vitro using whole blood flow cytometry. 
Anesth Analg 2000;90:808–12

	85.	 Ni Ainle F, Preston RJ, Jenkins PV, Nel HJ, Johnson JA, Smith 
OP, White B, Fallon PG, O’Donnell JS. Protamine sulfate down-
regulates thrombin generation by inhibiting factor V activation. 
Blood 2009;114:1658–65

	86.	 Khan NU, Wayne CK, Barker J, Strang T. The effects of prot-
amine overdose on coagulation parameters as measured by the 
thrombelastograph. Eur J Anaesthesiol 2010;27:624–7

	87.	 Mochizuki T, Olson PJ, Szlam F, Ramsay JG, Levy JH. Protamine 
reversal of heparin affects platelet aggregation and activated 
clotting time after cardiopulmonary bypass. Anesth Analg 
1998;87:781–5

	88.	 Welsby IJ, McDonnell E, El-Moalem H, Stafford-Smith M, 
Toffaletti JG. Activated clotting time systems vary in precision 
and bias and are not interchangeable when following heparin 
management protocols during cardiopulmonary bypass. J Clin 
Monit Comput 2002;17:287–92

	89.	 Reich DL, Zahl K, Perucho MH, Thys DM. An evaluation of two 
activated clotting time monitors during cardiac surgery. J Clin 
Monit 1992;8:33–6

	90.	 Horkay F, Martin P, Rajah SM, Walker DR. Response to heparin-
ization in adults and children undergoing cardiac operations. 
Ann Thorac Surg 1992;53:822–6

	91.	 Hug MI, Di Bernardo S, Berger F, Bauersfeld U, Weiss M. 
Measurement of activated clotting time in children–compari-
son of the Celite i-STAT ACT with the Medtronic ACT II. Acta 
Anaesthesiol Scand 2004;48:211–7

	92.	 Avendaño A, Ferguson JJ. Comparison of Hemochron and 
HemoTec activated coagulation time target values during 
percutaneous transluminal coronary angioplasty. J Am Coll 
Cardiol 1994;23:907–10

	93.	 Bull BS, Huse WM, Brauer FS, Korpman RA. Heparin therapy 
during extracorporeal circulation. II. The use of a dose-response 
curve to individualize heparin and protamine dosage. J Thorac 
Cardiovasc Surg 1975;69:685–9

	94.	 Garvin S, FitzGerald DC, Despotis G, Shekar P, Body SC. 
Heparin concentration-based anticoagulation for cardiac 



Heparin Sensitivity and Resistance

June 2013 • Volume 116 • Number 6	 www.anesthesia-analgesia.org	 1221

surgery fails to reliably predict heparin bolus dose require-
ments. Anesth Analg 2010;111:849–55

	95.	 Fitzgerald DJ, Patel A, Body SC, Garvin S. The relationship 
between heparin level and activated clotting time in the adult 
cardiac surgery population. Perfusion 2009;24:93–6

	96.	 Levy JH, Montes F, Szlam F, Hillyer CD. The in vitro effects of 
antithrombin III on the activated coagulation time in patients 
on heparin therapy. Anesth Analg 2000;90:1076–9

	97.	 Bull BS, Korpman RA, Huse WM, Briggs BD. Heparin therapy 
during extracorporeal circulation. I. Problems inherent in exist-
ing heparin protocols. J Thorac Cardiovasc Surg 1975;69:674–84

 	 98.	 Brister SJ, Ofosu FA, Buchanan MR. Thrombin generation 
during cardiac surgery: is heparin the ideal anticoagulant? 
Thromb Haemost 1993;70:259–62

 	 99.	 Slaughter TF, LeBleu TH, Douglas JM Jr, Leslie JB, Parker JK, 
Greenberg CS. Characterization of prothrombin activation 
during cardiac surgery by hemostatic molecular markers. 
Anesthesiology 1994;80:520–6

	100.	 Garvin S, Fitzgerald D, Muehlschlegel JD, Perry TE, Fox 
AA, Shernan SK, Collard CD, Aranki S, Body SC. Heparin 
dose response is independent of preoperative antithrombin 
activity in patients undergoing coronary artery bypass graft 
surgery using low heparin concentrations. Anesth Analg 
2010;111:856–61

	101.	 Tait RC, Walker ID, Perry DJ, Islam SI, Daly ME, McCall F, 
Conkie JA, Carrell RW. Prevalence of antithrombin deficiency 
in the healthy population. Br J Haematol 1994;87:106–12

	102.	 Bucur SZ, Levy JH, Despotis GJ, Spiess BD, Hillyer CD. Uses 
of antithrombin III concentrate in congenital and acquired 
deficiency states. Transfusion 1998;38:481–98

	103.	 Patnaik MM, Moll S. Inherited antithrombin deficiency: a 
review. Haemophilia 2008;14:1229–39

	104.	 Despotis GJ, Levine V, Joist JH, Joiner-Maier D, Spitznagel E. 
Antithrombin III during cardiac surgery: effect on response of 
activated clotting time to heparin and relationship to markers 
of hemostatic activation. Anesth Analg 1997;85:498–506

	105.	 Garvin S, Muehlschlegel JD, Perry TE, Chen J, Liu KY, Fox AA, 
Collard CD, Aranki SF, Shernan SK, Body SC. Postoperative 
activity, but not preoperative activity, of antithrombin is asso-
ciated with major adverse cardiac events after coronary artery 
bypass graft surgery. Anesth Analg 2010;111:862–9

	106.	 Dietrich W, Braun S, Spannagl M, Richter JA. Low preopera-
tive antithrombin activity causes reduced response to hepa-
rin in adult but not in infant cardiac-surgical patients. Anesth 
Analg 2001;92:66–71

	107.	 Chan T, Hwang NC, Lim CH. A statistical analysis of fac-
tors predisposing patients to heparin resistance. Perfusion 
2006;21:99–103

	108.	 Esposito RA, Culliford AT, Colvin SB, Thomas SJ, Lackner 
H, Spencer FC. Heparin resistance during cardiopulmonary 
bypass. The role of heparin pretreatment. J Thorac Cardiovasc 
Surg 1983;85:346–53

	109.	 Bar-Yosef S, Cozart HB, Phillips-Bute B, Mathew JP, Grocott 
HP. Preoperative low molecular weight heparin reduces hepa-
rin responsiveness during cardiac surgery. Can J Anaesth 
2007;54:107–13

	110.	 Pleym H, Videm V, Wahba A, Asberg A, Amundsen T, Bjella L, 
Dale O, Stenseth R. Heparin resistance and increased platelet 
activation in coronary surgery patients treated with enoxapa-
rin preoperatively. Eur J Cardiothorac Surg 2006;29:933–40

	111.	 Matthai WH Jr, Kurnik PB, Groh WC, Untereker WJ, Siegel 
JE. Antithrombin activity during the period of percutane-
ous coronary revascularization: relation to heparin use, 
thrombotic complications and restenosis. J Am Coll Cardiol 
1999;33:1248–56

	112.	 Linden MD, Schneider M, Baker S, Erber WN. Decreased 
concentration of antithrombin after preoperative therapeutic 
heparin does not cause heparin resistance during cardiopul-
monary bypass. J Cardiothorac Vasc Anesth 2004;18:131–5

	113.	 Nicholson SC, Keeling DM, Sinclair ME, Evans RD. Heparin 
pretreatment does not alter heparin requirements during car-
diopulmonary bypass. Br J Anaesth 2001;87:844–7

	114.	 Shore-Lesserson L, Manspeizer HE, Bolastig M, Harrington D, 
Vela-Cantos F, DePerio M. Anticoagulation for cardiac surgery 

in patients receiving preoperative heparin: use of the high-
dose thrombin time. Anesth Analg 2000;90:813–8

	115.	 Raya-Sánchez JM, González-Reimers E, Rodríguez-Martín JM, 
Santolaria-Fernández F, Molina-Pérez M, Rodríguez-Moreno 
F, Martínez-Riera A. Coagulation inhibitors in alcoholic liver 
cirrhosis. Alcohol 1998;15:19–23

	116.	 Damus PS, Wallace GA. Immunologic measurement of anti-
thrombin III-heparin cofactor and alpha2 macroglobulin in 
disseminated intravascular coagulation and hepatic failure 
coagulopathy. Thromb Res 1975;6:27–38

	117.	 Segal H, Cottam S, Potter D, Hunt BJ. Coagulation and fibri-
nolysis in primary biliary cirrhosis compared with other 
liver disease and during orthotopic liver transplantation. 
Hepatology 1997;25:683–8

	118.	 Kauffmann RH, Veltkamp JJ, Van Tilburg NH, Van Es LA. 
Acquired antithrombin III deficiency and thrombosis in the 
nephrotic syndrome. Am J Med 1978;65:607–13

	119.	 Chen TY, Huang CC, Tsao CJ. Hemostatic molecular markers 
in nephrotic syndrome. Am J Hematol 1993;44:276–9

	120.	 Mammen EF. Antithrombin: its physiological importance and 
role in DIC. Semin Thromb Hemost 1998;24:19–25

	121.	 Legnani C, Preda L, Palareti G, Lunghi B, Rossi E, Coccheri 
S. Reduced inhibition of activated prothrombin by heparin 
and venous thromboembolism: heparin resistance revisited. 
Haematologica 2002;87:182–8

	122.	 Na S, Shim JK, Chun DH, Kim DH, Hong SW, Kwak YL. 
Stabilized infective endocarditis and altered heparin respon-
siveness during cardiopulmonary bypass. World J Surg 
2009;33:1862–7

	123.	 Niebler RA, Christensen M, Berens R, Wellner H, Mikhailov T, 
Tweddell JS. Antithrombin replacement during extracorporeal 
membrane oxygenation. Artif Organs 2011;35:1024–8

	124.	 Stiller B, Lemmer J, Merkle F, Alexi-Meskishvili V, Weng 
Y, Hübler M, Koster A, Drews T, Lange PE, Hetzer R. 
Consumption of blood products during mechanical circula-
tory support in children: comparison between ECMO and 
a pulsatile ventricular assist device. Intensive Care Med 
2004;30:1814–20

	125.	 Becker RC, Corrao JM, Bovill EG, Gore JM, Baker SP, Miller 
ML, Lucas FV, Alpert JA. Intravenous nitroglycerin-induced 
heparin resistance: a qualitative antithrombin III abnormality. 
Am Heart J 1990;119:1254–61

	126.	 Brack MJ, More RS, Hubner PJ, Gershlick AH. The effect of low 
dose nitroglycerin on plasma heparin concentrations and acti-
vated partial thromboplastin times. Blood Coagul Fibrinolysis 
1993;4:183–6

	127.	 Habbab MA, Haft JI. Heparin resistance induced by intrave-
nous nitroglycerin. A word of caution when both drugs are 
used concomitantly. Arch Intern Med 1987;147:857–60

	128.	 Gonzalez ER, Jones HD, Graham S, Elswick RK. Assessment 
of the drug interaction between intravenous nitroglycerin and 
heparin. Ann Pharmacother 1992;26:1512–4

	129.	 Schoenenberger RA, Ménat L, Weiss P, Marbet GA, Ritz 
R. Absence of nitroglycerin-induced heparin resistance in 
healthy volunteers. Eur Heart J 1992;13:411–4

	130.	 Berk SI, Grunwald A, Pal S, Bodenheimer MM. Effect of  
intravenous nitroglycerin on heparin dosage requirements in 
coronary artery disease. Am J Cardiol 1993;72:393–6

	131.	 Lepor NE, Amin DK, Berberian L, Shah PK. Does nitroglycerin 
induce heparin resistance? Clin Cardiol 1989;12:432–4

	132.	 Devaraj S, Rosenson RS, Jialal I. Metabolic syndrome: an 
appraisal of the pro-inflammatory and procoagulant status. 
Endocrinol Metab Clin North Am 2004;33:431–53

	133.	 Franz IW, Van Der Meyden J, Tönnesmann U, Müller JF, 
Röcker L, Hopfenmüller W. [Blood coagulation in normoten-
sives and hypertensives in relation to their body mass index]. 
Dtsch Med Wochenschr 2002;127:2374–8

	134.	 Wattanakit K, Folsom AR, Selvin E, Weatherley BD, Pankow 
JS, Brancati FL, Hirsch AT. Risk factors for peripheral arterial 
disease incidence in persons with diabetes: the Atherosclerosis 
Risk in Communities (ARIC) Study. Atherosclerosis 2005; 
180:389–97

	135.	 Folsom AR, Wu KK, Rosamond WD, Sharrett AR, 
Chambless LE. Prospective study of hemostatic factors and 



1222     www.anesthesia-analgesia.org� anesthesia & analgesia

E  Review Article

incidence of coronary heart disease: the Atherosclerosis Risk 
in Communities (ARIC) Study. Circulation 1997;96:1102–8

	136.	 Uprichard J, Manning RA, Laffan MA. Monitoring heparin 
anticoagulation in the acute phase response. Br J Haematol 
2010;149:613–9

	137.	 Kumano N, Ikeda S, Arimori Y, Ono T, Saeki S. [Heparin 
resistance associated with elevated factor VIII]. Masui 
2008;57:471–3

	138.	 Raschke RA, Guidry JR, Foley MR. Apparent heparin resis-
tance from elevated factor VIII during pregnancy. Obstet 
Gynecol 2000;96:804–6

	139.	 Ellis RJ, Cunningham MT, Cook JD. Laboratory heparin resis-
tance in burn injury complicated by venous thrombosis. Burns 
1999;25:749–52

	140.	 Cirisano FD, Lee S, Greenspoon JS. Apparent heparin resis-
tance form elevated factor VIII in a patient with postopera-
tive deep venous thrombosis. A case report. J Reprod Med 
1996;41:191–4

	141.	 Edson JR, Krivit W, White JG. Kaolin partial thromboplas-
tin time: high levels of procoagulants producing short clot-
ting times or masking deficiencies of other procoagulants 
or low concentrations of anticoagulants. J Lab Clin Med 
1967;70:463–70

	142.	 Conard J, Lecompte T, Horellou MH, Cazenave B, Samama 
M. Antithrombin III in patients treated with subcutaneous or 
intravenous heparin. Thromb Res 1981;22:507–11

	143.	 Heller EL, Paul L. Anticoagulation management in a patient 
with an acquired antithrombin III deficiency. J Extra Corpor 
Technol 2001;33:245–8

	144.	 Gravlee GP, Haddon WS, Rothberger HK, Mills SA, Rogers 
AT, Bean VE, Buss DH, Prough DS, Cordell AR. Heparin dos-
ing and monitoring for cardiopulmonary bypass. A compari-
son of techniques with measurement of subclinical plasma 
coagulation. J Thorac Cardiovasc Surg 1990;99:518–27

	145.	 Gravlee GP, Rogers AT, Dudas LM, Taylor R, Roy RC, Case LD, 
Triscott M, Brown CW, Mark LJ, Cordell AR. Heparin manage-
ment protocol for cardiopulmonary bypass influences post-
operative heparin rebound but not bleeding. Anesthesiology 
1992;76:393–401

	146.	 Sabbagh AH, Chung GK, Shuttleworth P, Applegate BJ, 
Gabrhel W. Fresh frozen plasma: a solution to heparin resis-
tance during cardiopulmonary bypass. Ann Thorac Surg 
1984;37:466–8

	147.	 Mintz PD, Blatt PM, Kuhns WJ, Roberts HR. Antithrombin III 
in fresh frozen plasma, cryoprecipitate, and cryoprecipitate-
depleted plasma. Transfusion 1979;19:597–8

	148.	 Barnette RE, Shupak RC, Pontius J, Rao AK. In vitro effect 
of fresh frozen plasma on the activated coagulation time in 
patients undergoing cardiopulmonary bypass. Anesth Analg 
1988;67:57–60

	149.	 Leong CK, Ong BC. A case report of heparin resistance due to 
acquired antithrombin III deficiency. Ann Acad Med Singap 
1998;27:877–9

	150.	 Despotis GJ, Levine V, Alsoufiev A, Joist H, Goodnough LT, 
Pasque M. Recurrent thrombosis of biventricular-support 
devices associated with accelerated intravascular coagula-
tion and increased heparin requirements. J Thorac Cardiovasc 
Surg 1996;112:538–40

	151.	 Soloway HB, Christiansen TW. Heparin anticoagulation 
during cardiopulmonary bypass in an antithrombin-III defi-
cient patient. Implications relative to the etiology of heparin 
rebound. Am J Clin Pathol 1980;73:723–5

	152.	 Spiess BD. Treating heparin resistance with antithrombin or 
fresh frozen plasma. Ann Thorac Surg 2008;85:2153–60

	153.	 Edmunds T, Van Patten SM, Pollock J, Hanson E, Bernasconi 
R, Higgins E, Manavalan P, Ziomek C, Meade H, McPherson 
JM, Cole ES. Transgenically produced human antithrombin: 
structural and functional comparison to human plasma-
derived antithrombin. Blood 1998;91:4561–71

	154.	 Kanbak M. The treatment of heparin resistance with 
Antithrombin III in cardiac surgery. Can J Anaesth 
1999;46:581–5

	155.	 Van Norman GA, Gernsheimer T, Chandler WL, Cochran 
RP, Spiess BD. Indicators of fibrinolysis during cardiopulmo-
nary bypass after exogenous antithrombin-III administration 
for acquired antithrombin III deficiency. J Cardiothorac Vasc 
Anesth 1997;11:760–3

	156.	 Conley JC, Plunkett PF. Antithrombin III in cardiac surgery: an 
outcome study. J Extra Corpor Technol 1998;30:178–83

	157.	 Levy JH, Despotis GJ, Szlam F, Olson P, Meeker D, Weisinger A. 
Recombinant human transgenic antithrombin in cardiac sur-
gery: a dose-finding study. Anesthesiology 2002;96:1095–102

	158.	 Slaughter TF, Mark JB, El-Moalem H, Hayward KA, Hilton 
AK, Hodgins LP, Greenberg CS. Hemostatic effects of 
antithrombin III supplementation during cardiac surgery: 
results of a prospective randomized investigation. Blood 
Coagul Fibrinolysis 2001;12:25–31

	159.	 Babka R, Colby C, El-Etr A, Pifarré R. Monitoring of intraop-
erative heparinization and blood loss following cardiopulmo-
nary bypass surgery. J Thorac Cardiovasc Surg 1977;73:780–2

	160.	 Verska JJ. Control of heparinization by activated clotting time 
during bypass with improved postoperative hemostasis. Ann 
Thorac Surg 1977;24:170–3

	161.	 Akl BF, Vargas GM, Neal J, Robillard J, Kelly P. Clinical experi-
ence with the activated clotting time for the control of hepa-
rin and protamine therapy during cardiopulmonary bypass. J 
Thorac Cardiovasc Surg 1980;79:97–102

	162.	 Jumean HG, Sudah F. Monitoring of anticoagulant therapy 
during open-heart surgery in children with congenital heart 
disease. Acta Haematol 1983;70:392–5

	163.	 Lefemine AA, Lewis M. Activated clotting time for control of 
anticoagulation during surgery. Am Surg 1985;51:274–8

	164.	 Metz S, Keats AS. Low activated coagulation time during car-
diopulmonary bypass does not increase postoperative bleed-
ing. Ann Thorac Surg 1990;49:440–4

	165.	 Niinikoski J, Laato M, Laaksonen V, Jalonen J, Inberg MV. Use 
of activated clotting time to monitor anticoagulation during 
cardiac surgery. Scand J Thorac Cardiovasc Surg 1984;18:57–61

	166.	 Papaconstantinou C, Rådegran K. Use of the activated coagu-
lation time in cardiac surgery. Effects on heparin-protamine 
dosages and bleeding. Scand J Thorac Cardiovasc Surg 
1981;15:213–5

	167.	 Preiss DU, Schmidt-Bleibtreu H, Berguson P, Metz G. Blood 
transfusion requirements in coronary artery surgery with and 
without the activated clotting time (ACT) technique. Klin 
Wochenschr 1985;63:252–6

	168.	 Roth JA, Cukingnan RA, Scott CR. Use of activated coagu-
lation time to monitor heparin during cardiac surgery. Ann 
Thorac Surg 1979;28:69–72

	169.	 Ferraris VA, Brown JR, Despotis GJ, Hammon JW, Reece TB, 
Saha SP, Song HK, Clough ER, Shore-Lesserson LJ, Goodnough 
LT, Mazer CD, Shander A, Stafford-Smith M, Waters J, Baker 
RA, Dickinson TA, FitzGerald DJ, Likosky DS, Shann KG. 2011 
update to the Society of Thoracic Surgeons and the Society of 
Cardiovascular Anesthesiologists blood conservation clinical 
practice guidelines. Ann Thorac Surg 2011;91:944–82


