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U NFRACTIONATED heparin (UFH) is the main-
stay of anticoagulation for cardiovascular surgery, for 

patients requiring extracorporeal membrane oxygenation 
(ECMO), initially for ventricular assist devices (VADs), and 
for postoperative thrombosis prophylaxis. The elimination 
half-life of heparin is dose dependent and increases from 
approximately 30 min after a bolus of 25 U/kg, to 60 min with 
a bolus of 100 U/kg and 150 min with a bolus of 400 U/kg.1 
UFH has many advantages in this setting, including the abil-
ity to monitor using standard coagulation assays or point of 
care tests, including activated clotting time (ACT), the ability 
for safe usage in patients with renal failure, and complete and 
rapid reversal with protamine. Heparin, unlike other antico-
agulants, requires a cofactor antithrombin to inhibit thrombin 
and factor Xa. One of the potential unique aspects of heparin 
is that alterations in the heparin dose response can occur. In 
case of “heparin resistance,” very high or increasing dosages 
of heparin are required to achieve the targeted anticoagulant 
effect.1 The most important factors contributing to this condi-
tion are critically decreased concentrations of antithrombin, 
high fibrinogen levels and thrombocytosis.1

The major adverse effect of heparin is heparin-induced 
thrombocytopenia (HIT), a paradox in which an anticoagu-
lant causes a severe procoagulant condition due to antibodies 
directed against the complex of heparin and platelet factor 
4, a protein constituent of alpha granules and platelets that 
is released following platelet activation.2 This HIT antigen/
antibody complex leads to platelet activation and thrombin 
generation and maybe associated with concomitant thrombo-
embolic complications.2 In patients with acute HIT or other 
contraindications to heparin in perioperative settings, the 
parenteral direct thrombin inhibitors (DTI) argatroban and 
bivalirudin are currently the first line alternatives. However, 
the use of these agents requires additional understanding of 

their pharmacology, monitoring, data supporting their use, 
and their potential side effects. In this review, we summarize 
clinical data of argatroban and bivalirudin and evaluate their 
potential use in the setting of cardiovascular surgery as well 
as in the intensive care unit (ICU).

Pharmacology of Argatroban and Bivalirudin
In contrast to heparins that require antithrombin to inhibit 
thrombin, argatroban and bivalirudin are DTIs that bind to 
thrombin independent of antithrombin, as shown in figure 1. 
DTIs, unlike UFH, inhibit both plasma and fibrin bound 
thrombin.3 Fibrin bound thrombin activates platelets in the 
forming thrombus for clot stabilization. DTIs inhibit clot 
bound thrombin, decreasing clot stabilization, and promote 
thrombolysis.3 In addition, recent data indicate that argatro-
ban and bivalirudin increase the fibrin network permeability, 
rendering it less resistant to fibrinolysis.4 These “thrombolytic” 
effects may contribute to their clinical efficacy in percutaneous 
coronary intervention (PCI), thrombolysis for VAD throm-
bosis, and thrombosis prophylaxis.5 However, in conjunction 
with the lack of a reversal agent, these effects may contribute 
to potentially severe bleeding complications within the context 
of high-dose administration as used during cardiac surgery. 
The specific pharmacology of these parenteral DTIs will be 
discussed.

Argatroban
Argatroban is a synthetic, nonpeptide small molecular 
weight (~500 Da) L-arginine derivative that reversibly inhib-
its thrombin by means of univalent binding to the active site 
(exosite 3; fig. 1A).6 Argatroban is recommended for use in 
patients with renal failure as it undergoes hepatic elimination 
with a half-life of 40 to 50 min, but can be prolonged with 
moderate to severe hepatic dysfunction.6 The advantage of 
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this agent is its lack of antigenicity, hepatic elimination, and 
relatively short half-life independent of renal elimination. 
Current labeling for argatroban is for prophylaxis or treat-
ment of thrombosis in patients with HIT, and as an antico-
agulant in adult patients with or at risk for HIT undergoing 
PCI (https://www.accessdata.fda.gov/drugsatfda_docs/label/ 
2011/022485lbl.pdf; accessed November 28, 2017).

Bivalirudin
Bivalirudin is a small peptide with a molecular weight  
(~4,000 Da) that inhibits thrombin by reversibly binding to 
both the active site and the fibrinogen binding site region 
(exosite site 1; fig. 1B).3,7 Bivalirudin is cleaved by proteases 
including thrombin with ~80% elimination by enzymatic 
cleavage; approximately 20% will be renally eliminated 
(fig.  1B). The elimination half-life of bivalirudin is 20 to 
30 min in the presence of normal renal function while with 
renal dysfunction, half-life can be prolonged to 60 min, and 

up to 240 min in anephric renal failure requiring hemodialy-
sis.3,8 Therefore, baseline renal function is important when 
administering bivalirudin for cardiac surgery or in critically 
ill patients. Bivalirudin is currently approved in the United 
States and most European countries for patients with unsta-
ble angina undergoing percutaneous transluminal coronary 
angioplasty or PCI with provisional use of glycoprotein IIb/
IIIa inhibitor and in patients at risk of HIT undergoing PCI 
(http://www.angiomax.com/downloads/ANG_USPI.pdf; 
accessed November 28, 2017).

Despite their relatively short half-lives, no specific rever-
sal agents are available for either of these intravenous agents. 
While extracorporeal elimination via renal replacement ther-
apy (RRT) has only a modest impact on pharmacokinetics of 
argatroban, it can significantly reduce the plasma concentra-
tion of bivalirudin.9,10 Although not currently approved for 
cardiac surgery or other perioperative use, bivalirudin is the 
only “alternative anticoagulant” which has been prospectively 

Fig. 1. (A) Indirect inhibition of thrombin by antithrombin, which is activated via unfractionated or low molecular weight heparin. 
(B) Direct inhibition of thrombin by argatroban and bivalirudin. Bivalirudin is cleaved by thrombin via proteolysis. This represents 
the major elimination mechanism of bivalirudin. Modified from Lee CJ, Ansell JE: Direct thrombin inhibitors. Br J Clin Pharmacol 
2011; 72:581–92. AT = antithrombin.
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studied in cardiac surgery in HIT and non-HIT patients 
(table 1). According to current American College of Clinical 
Pharmacology guidelines it is the preferred agent for patients 
with HIT requiring urgent cardiac surgery.2

Monitoring of Direct Thrombin Inhibitors and Effect on 
Viscoelastic Tests
Intraoperative monitoring of DTI anticoagulation is usually 
performed with the ACT. However, pharmacokinetic studies 
during cardiac surgery are only available for bivalirudin.11,12 
During surgery with cardiopulmonary bypass (CPB), a 2.5-
fold prolongation of the ACT baseline value has been recom-
mended as the target value.7 Although the different ACT assays 
revealed a good correlation to plasma bivalirudin concentra-
tions (target concentration of 10 to 15 µg/ml during CPB), 
the response of different commercially available test systems to 
bivalirudin anticoagulation varies significantly.11 During “off-
pump coronary artery bypass” (OPCAB) surgery, bivalirudin 
dosing and monitoring often follows the PCI regimen with a 
target ACT value greater than 300 s.7,12 Following this strat-
egy, the mean bivalirudin concentration during the grafting 
procedure was 11.2 ± 2.32 µg/ml and consistently exceeded 
the target concentration greater than 6.5 µg/ml, which in large 
PCI studies had been evaluated as being effective.3,12

The partial thromboplastine time (PTT) alone is routinely 
used to monitor the effect of DTIs when used as prophylactic 
or therapeutic anticoagulation agents in the ICU. Exceptions 
in this regard are patients on ECMO support where, similar to 
the use of UFH, both the PTT and ACT are most often used 
(table 1). The commercially available PTT reagents show sig-
nificant variation in response to the different DTIs.7,13 Addi-
tionally, most PTT assays are not linearly related to DTI levels 
at high plasma levels (exceeding approximately the threefold 
prolongation of the reference PTT value) where the PTT may 
plateau and increases in plasma levels may not significantly 
increase PTT values.14,15 This is relevant in cases of bleeding, 
or in patients requiring emergency invasive procedures. More 
specific assays, such as the diluted thrombin time, ecarin clot-
ting time or a chromogenic anti-IIa assay, better assess DTIs 
plasmatic concentrations.15 However, these tests are not rou-
tinely available in all hospitals and target values need to be 
better defined and validated in controlled studies.

Of note, both drugs interfere with the prothrombin time.14 
The effect is more pronounced with the monovalent DTI arg-
atroban than with the bivalent DTI bivalirudin. Differences 
in the molar concentrations of DTI required for the therapeu-
tic effect appear to be responsible for this observation.14 This 
condition should be considered when transitioning patients 
from argatroban to vitamin K antagonists. For argatroban, 
recent recommendations provide useful information for this 
transition period.16 In the case of bivalirudin, an algorithm 
has recently been validated.17 Most patients had undergone 
cardiac surgery—in particular the implantation of a VAD.

Although viscoelastic testing using different activators 
and antagonists is used extensively as part of point-of-care 

testing for bleeding algorithms to guide therapy with proco-
agulants and hemostatic agents, there is little data describ-
ing its use for parenteral direct thrombin inhibitors. Direct 
thrombin inhibitors, including argatroban and bivalirudin, 
can increase the clot formation time, but may have only a 
minor effect on the maximum clot strength.18 The use of 
an ecarin clotting time, currently under development, can 
more accurately measure concentrations of DTIs, and may 
be helpful to guide therapy.19

Intraoperative Use

Argatroban
There are scant data with regard to the use of argatroban dur-
ing cardiac surgery, particularly when CPB is employed. While 
several articles described the successful use of argatroban in 
patients undergoing OPCAB surgery, several publications 
also report catastrophic bleeding when argatroban was used 
for anticoagulation during CPB.20,21 In the largest case series 
published, argatroban was used in seven HIT patients under-
going left ventricular assist device (LVAD) implantation with 
arterio-venous ECMO support. Major complications ranged 
from one intraoperative device thrombosis to uncontrollable 
bleeding in four patients; in one patient it was lethal.22

Bivalirudin
The use of bivalirudin for anticoagulation in adults undergo-
ing cardiac surgery has been studied in multiple prospective 
and randomized controlled trials (RCTs; table 1). The dos-
ing of bivalirudin during cardiac surgery follows standard-
ized protocols (table 1). Protocols vary, dependent upon if 
the procedure is performed with or without CPB or ECMO 
support (table 2).

Bivalirudin was initially compared to UFH in patients 
undergoing OPCAB surgery.23 While the authors did not 
report any significant differences in terms of postoperative 
blood loss between groups, coronary graft blood flow evalu-
ated 3 months postoperatively via angiography was signifi-
cantly higher in the bivalirudin group. In the subsequent 
multicenter, open label trial (EVOLUTION OFF trial), 
patients undergoing OPCAB surgery were randomized to 
receive either bivalirudin or UFH.24 The objective was to 
assess the safety and efficacy of bivalirudin in this indication. 
The study concluded that bivalirudin was an effective antico-
agulant, without excessive bleeding and with a safety profile 
similar to heparin. In the prospective multicenter “CHOOSE 
OFF” trial, bivalirudin anticoagulation for OPCAB surgery 
was performed in patients with HIT antibodies.25 The safety 
and efficacy profiles were comparable to the results of the 
aforementioned studies in non-HIT patients (table 1). In an 
attempt to avoid HIT and provide a “heparin-free” environ-
ment, one group performed OPCAB surgery in a large series 
of consecutive patients.26 Results showed excellent clinical 
outcomes of bivalirudin within this indication.

The unique pharmacology of bivalirudin has implications 
for the surgical technique, which, however, are minor during 
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OPCAB surgery (table 2). In contrast, when using a standard 
CPB system and performing complex open-heart surgery, 
surgical and perfusion techniques require specific consider-
ations as listed in table 2.27 In view of the promising results 
in patients undergoing OPCAB surgery, bivalirudin was sub-
sequently evaluated in patients undergoing cardiac surgery 
with CPB28,29 (table 1). The final dosing and protocols for 
performance of CPB was extrapolated from in vitro studies, 
former PCI studies, and the results of these pilot studies.28,29

Using these standardized protocols for bivalirudin anti-
coagulation during CPB, in the open label multicenter ran-
domized “EVOLUTION ON” trial, which predominately 
included lower-risk patients undergoing coronary artery 
bypass grafting surgery or isolated valve surgery patients, 
bivalirudin anticoagulation was compared to heparin/prot-
amine management27,30 (table  2). The safety and efficacy 
profile was similar between groups (table 1). In the prospec-
tive “CHOOSE ON” trial, bivalirudin anticoagulation was 
used in patients with HIT antibodies.31 In this trial, patients 
with a higher perioperative risk, undergoing more complex 
cardiac surgical procedures, including reoperations and com-
bined procedures, were included.31 Although the safety and 
efficacy profiles were comparable to the aforementioned 
studies, the rate of transfused patients markedly increased in 
patients treated with bivalirudin (table 1).

Over the last years, bivalirudin anticoagulation has also 
been used in high-risk patients undergoing complex cardiac 
surgery procedures such as LVAD implantation or procedures 
requiring deep hypothermic cardiac arrest.32,33 Even though 
the procedures were successful, transfusion requirements 
and blood loss were increased when compared to the results 
reported in previous prospective studies performed in lower-
risk patients undergoing less complex surgical procedures. 
The increased bleeding tendency was explained by renal fail-
ure with prolongation of the elimination half-life of bivaliru-
din thus leading to a prolonged anticoagulant effect.32

Bivalirudin anticoagulation has also been used for intra-
operative procedures that replaced CPB by arterio-venous 
ECMO support.34,35 Using a modified implantation tech-
nique for a VAD, which reduces the period of blood stasis 
in the system, and a completely closed biocompatible system, 
the dose of bivalirudin, when compared to CPB, was reduced 
considerably (one fifth to one tenth). This strategy, which is 
comparable to the aforementioned case series performed using 
argatroban anticoagulation, had been recently assessed in a 
larger group of patients with HIT antibodies and compared to 
the standard of heparin/protamine given in patients without 
HIT antibodies22,34 (table 1). Outcomes for bleeding compli-
cations, such as early re-exploration, delayed chest closure, and 
postoperative blood loss were comparable between groups.

Table 2.  Dosing of Bivalirudin

During Cardiac Surgery: Established Protocols from RCTs

Type of  
System

Bolus
Patient
(mg/kg)

Continuous
Infusion

(mg · kg–1 · h–1)
Bolus ECC

(mg/kg) ACT (s) Type of Surgery Precautions

Off-pump 0.75 1.75  > 300 OPCAB, TAVI Avoid stasis in grafts, devices
Intermittent flushing after 10–15 min

CPB25 1.0 2.5 50 > 2.5 x base-
line value

Cardiac surgery,
Surgery of thoracic 

aorta

Avoid stasis in reservoirs, devices, etc.
Replace cardiotomy suction by cell 

saving
Reconnect CPB system after weaning
Add 50 mg and re-circulate CPB
No hemofiltration during CPB

During Cardiac Surgery: Protocols for Special Procedures

ECMO33 0.25–0.5 0.25–0.5 none 180–220 LVAD implantation Reduce duration of blood stasis in the 
device (LVAD) as much as possible; 
dose dependent on baseline ACT 
value

ECMO34 0.2* 0.1–0.2 none 160–180 Lung transplantation  

For Pre- and Postoperative ECMO Support in Cardiac Surgery: Single-center Studies

 Start Dose
(µg · kg–1 · min–1)

Continuous Dose
(µg · kg–1 · min–1)

Anticoagulation 
Assay Target (s)

 

ECMO53 0.025 ≈ 0.03–0.05 PTT 45–60 Dose dependent on renal function and 
RRT

ECMO54 0.03–0.05 ≈ 0.05–0.1 ACT 160–180  

*Suggested based on author experience.

ACT = activated clotting time; CPB = cardiopulmonary bypass; ECCS = extracorporeal circulation circuit; ECMO = extracorporeal membrane oxygenation 
system; (L)VAD = (left) ventricular assist device; OPCAB = off-pump coronary artery bypass grafting; PTT = partial thromboplastin time; RCT = randomized 
controlled trial; RRT = renal replacement therapy; TAVI = transcatheter aortic valve implantation. 

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/128/2/390/365881/20180200_0-00031.pdf by guest on 09 April 2024



Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2018; 128:390-400	 396	 Koster et al.

DTI in Cardiac Surgery

In one case, bivalirudin was used during double-lung 
transplantation with ECMO support.35 The use of a com-
pletely closed biocompatible surface system and absence of 
a period of blood stasis in a device or graft allowed for a fur-
ther reduction of the bivalirudin dose (table 2). Transfusion 
requirements and postoperative blood loss were comparable 
to institutional results achieved with heparin anticoagulation.

In a small single center and the large multicenter prospective 
Effect of Bivalirudin on Aortic Valve Intervention Outcomes-3 
(BRAVO-3) trial, bivalirudin was compared to heparin/prot-
amine during transfemoral transcatheter aortic valve implan-
tation (TAVI).36,37 The BRAVO-3 trial was powered to assess 
the superiority of bivalirudin particularly with regard to major 
bleeding events and noninferiority with regard to 30-day car-
diovascular events. However, the control group exhibited only 
approximately 50% of the expected major bleeding complica-
tions, therefore the study was underpowered and the superior-
ity of bivalirudin over UFH could not be demonstrated with 
respect to major bleeding events (table 1). The same protocol 
had been successfully used for transapical TAVI of an aortic 
valve in a patient with antiphospholipid syndrome.38

Pre-/Postoperative Anticoagulation, Renal 
Replacement Therapy, and ECMO Support

Argatroban
Based on the results of first prospective clinical studies, the rec-
ommended starting dose of argatroban for treatment of acute 
HIT was 2 µg · kg–1 · min–1.39 However, more recent studies 
showed that patients with heart failure and organ dysfunc-
tion required decreased dosing (~0.5 µg · kg–1 · min–1 or less; 
table 3).40 After cardiac surgery, argatroban doses have been 
further reduced in order to decrease the risk of postoperative 
bleeding complications.41–45 However, even the relatively low 
dosing provided effective inhibition of thrombin activation.46

Argatroban has also been investigated in larger series of 
patients after cardiac surgery for anticoagulation during 
RRT (table 3).47,48 Due to the fact that argatroban pharma-
cokinetics are not impacted by renal function and the filter 
systems, dosing is predictable and rather stable. In both stud-
ies, transfusion requirements were within the normal range 
for ICU patients needing RRT, and no case of severe bleed-
ing was reported (table 3).

Successful use of argatroban has also been reported in 
two larger cohorts of patients with HIT after implantation 
of LVADs (table  3).49,50 Additionally, argatroban has been 
effectively used for thrombolysis in patients with thrombosis 
of a LVAD system.5

Outside the indication of HIT and cardiac surgery, arg-
atroban has also been employed in ICU patients showing 
“heparin resistance.”51 The results of this retrospective study 
suggest that argatroban may be an option in this condition.

Bivalirudin
Bivalirudin, however, outside the context of cardiac surgery, 
has been used for anticoagulation during RRT in HIT and 

non-HIT patients.52 In contrast to argatroban, pharmacoki-
netics are influenced by renal function. Furthermore, bivali-
rudin is cleared through RRT itself. This explains the more 
volatile dosing protocols which depend on creatinine clear-
ance and the use of different filter systems.

In patients before or after cardiac surgery needing ECMO 
support, successful use of bivalirudin has been reported in 
smaller series of HIT and non-HIT patients53,54 (table 1). 
Dosing protocols varied depending on patients’ renal func-
tion, as did the coagulation test systems used, as well as tar-
get values. However, blood loss and transfusion rates were 
comparable to heparin anticoagulation. In both studies, the 
anticoagulant effect of bivalirudin was more predictable and 
stable than with heparin and resulted in lesser adjustments 
of the infusion rate.

One single center study reported excellent results when 
bivalirudin was used in non-HIT patients after implantation 
of an LVAD (table 2).55

Additional Clinical Considerations
Argatroban and bivalirudin are important anticoagulation 
alternatives for patients with HIT who require urgent surgery 
and/or perioperative anticoagulation. Although employed 
for more than a decade in the complex setting of cardiac 
surgery, scientific data are limited to a restricted number of 
smaller prospective and retrospective, mostly single center 
studies. In the high-risk cardiac surgery patients with HIT, 
it is often challenging to identify the etiology of adverse out-
comes that could either be attributed to the patient’s under-
lying condition or the drugs used. These major limitations 
must be considered when trying to balance potential risks 
and benefits of these potent anticoagulants.

The unique pharmacokinetics of bivalirudin render this 
agent an interesting option, particularly for a short-term, 
high-dose anticoagulant effect, as needed during interven-
tions such as PCI and cardiac surgery. However, limitations 
are the lack of a standardized reliable point-of-care monitor-
ing during CPB, as well as a reversal agent. Initial bivalirudin 
studies were performed in comparably lower-risk patients 
undergoing noncomplex standard cardiac surgical procedures. 
In patients with progressively impaired multiorgan and, in 
particular, severely impaired renal function, the bleeding risk 
associated with bivalirudin appears to be markedly higher. In 
such patients, however, modification of the surgical and per-
fusion strategy, which may enable surgery without CPB and/
or a reduction of the bivalirudin dose, might help to improve 
results. One example is the LVAD implantation during ECMO 
support using low-dose bivalirudin anticoagulation.34 In older 
or high-risk patients with significantly impaired renal function 
who are scheduled for aortic valve replacement, performing the 
procedure as TAVI using bivalirudin anticoagulation might be 
the preferable option.38 The large BRAVO-3 trial demonstrated 
successful use of bivalirudin in this indication. In an attempt 
to avoid CPB and reduce surgical trauma, a hybrid procedure 
using TAVI and OPCAB might also be an option for high-risk 
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patients who need aortic valve replacement and concomitant 
coronary artery bypass grafting surgery. However, there are still 
high-risk patients scheduled for urgent surgery where the perfu-
sion strategy cannot be modified (e.g., heart transplantation). In 
such patients, a persistent anticoagulant effect may be associated 
with severe diffuse bleeding. In such a situation, the chest may 
have to remain open, the patient was transferred to the ICU and 
RRT was installed to augment bivalirudin elimination. After 
normalization of coagulation parameters (usually after 4 to 6 h), 
secondary closure of the chest may be performed.32

Both drugs have been successfully used in cardiac surgical 
and critically ill populations, for prophylactic and therapeutic 
anticoagulation. The optimal monitoring of these drugs, par-
ticularly regarding the preference of functional “clotting tests,” 
such as the PTT or assays which monitor drug concentrations, 
is the subject of ongoing research.56 However, target drug lev-
els for the different indications have not yet been defined and 
validated.56 In view of the available data for argatroban and 
bivalirudin, it appears that even for extracorporeal procedures 
like renal replacement therapy and ECMO, a target value of 

an approximately twofold prolongation of the PTT ensures 
effective anticoagulation.46 As the PTT, in this range, provides 
a linear correlation to the drug level, the risk of overdosing, 
excessive anticoagulation and bleeding appears to be low.

All available data indicate that argatroban, when adequately 
dosed and monitored in this indication, provides effective anti-
coagulation at complication rates almost comparable to the 
standard of UFH anticoagulation. However, in ICU patients, 
particularly when multiorgan failure exists, the starting dose of 
argatroban has to be reduced to 0.5 to 1.0 µg · kg–1 · min–1, and 
particularly during the initial 24 h, monitored tightly (every 2 
to 4 h).15 The main limitation for the use of argatroban in the 
perioperative setting of major cardiac surgery is the fact that no 
option for extracorporeal elimination is available. Particularly 
in critical patients with impaired liver function, the elimination 
half-life of argatroban increases considerably. This may lead to 
hard to treat bleeding complications in case urgent/emergency 
surgery must be performed. Viewing this condition, in patients 
with impaired liver function and a high risk for urgent surgery, 
indicates that bivalirudin may be considered as an alternative 

Table 3.  Argatroban Anticoagulation after Cardiac Surgery, with and without Heart Failure, and with Renal Replacement Therapy

Study Study Design
Patients

(n)

Start after 
Surgery

(h)

Starting  
Dose

(µg · kg–1  
· min–1)

Continuous  
Dose

(µg · kg–1  
· min–1)

Target PTT
(s; 1.5–3 
times)

Thrombosis
(%)

Bleeding
(%)

After cardiac surgery
Koster A et al.41 Prospective, 

controlled, open 
label, dual center

2 0.5 2.0 NA > 80 NA 50
14 0.5 0.8–1.0 0.3–0.5 50–70 NA 0

Yoon JH et al.44 Retrospective, 
single center

31 within 72 NA median 0.66 NA NA 64.6

Hoffmann WD  
et al.45

Retrospective, 
single center

39 NA median 0.5 median 0.6 45–90 NA 10.2

Demma LJ  
et al.42

Retrospective  
single center

47 NA 1,5
0.5

(hepatic 
impairment)

NA < 100 NA 6

With and without heart failure

Begelmann SM  
et al.40

Retrospective, 
single center 65 NA 1.14 ± 0.62

0.97 ± 0.6  
(no HF)

42–84 NA 13.8

0.58 ± 0.28  
(no HF)

NA

Renal replacement therapy after cardiac surgery
Koster et al.47 Retrospective, 

single center 
(iHeD/cHeF)

iHeD (9) NA 1.0 0.06 ± 0.11 50–80 0 0
cHeF (6) NA 0.13 ± 0.21 0 0

Klingele et al.48 Retrospective, 
single center 
(cHeF)

A (41) NA
0.25

NA
60–90

NA NA
H+A (26) NA NA NA NA

VAD

Samuels LE  
et al.50

Retrospective, 
single center

H (5) NA NA NA
60–90

20 20
H+A (8) NA 0.5–1 NA 13 38
A (20) NA 0.5–1 NA 15 5

Pappalardo F  
et al.49

Retrospective, 
single center

Pre HIT (11) NA
0.02—±0.42 0.02 ± 015 45–80 18 22Post HIT (16) NA

A = argatroban; apt = activated partial thromboplastine time; cHeF = continuous hemofiltration; H = heparin; H+A = heparin followed by argatroban; 
HF = heart failure; HIT = heparin-induced thrombocytopenia; iHeD = intermittent hemodialysis; NA= not available; PTT = activated partial thromboplastin 
time;  VAD = ventricular assist device. 
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option, as the elimination half-life per se is shorter and elimina-
tion can be effectively augmented via RRT.

Conclusions
In the setting of cardiac surgery, argatroban and bivalirudin 
are alternatives to UFH anticoagulation. However, their use 
appears to be basically limited to the rare indication of HIT. 
During cardiac surgery, the lack of a reversal agent must be 
considered as a potential hazard and challenge. One indica-
tion in which a more preemptive use of both DTIs is dis-
cussed, are patients on ECMO and VAD support. These 
patients appear to reveal a high risk of HIT, which is often 
associated with detrimental outcomes.57,58 A “heparin-free 
environment” may improve results.56 All available data indi-
cate that both drugs can be used to achieve results compara-
ble to the standard of care (e.g., UFH). However, particularly 
in these patients, due to changes in the coagulation system 
caused by the contact of blood with nonendothelial surfaces 
and alterations in blood flow, the delicate balance between 
sufficient anticoagulation and prevention of bleeding com-
plication is hard to achieve.59
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The Summer of 1884: Nitrous Oxide from Drs. Gross and Basehore

This early color-free image of two well-dressed girls (left) is the obverse of a trade card from the Wood Library-Museum’s 
Ben Z. Swanson Collection. “Gross & Basehore, Dentists” advertised dental extraction services in York, Pennsylvania 
“without pain, using nitrous oxide gas.” A shoemaker-turned-dentist, Milton H. Gross (1857 to 1935) earned his D.D.S. 
in 1880 from the Baltimore College of Dental Surgery. Related to one of Dr. Gross’s dental school classmates, Horace 
E. Basehore (1862 to 1931) abandoned bartending to become Gross’s preceptee. Analysis of newspaper advertise-
ments helps date this trade card to the summer of 1884. (Copyright © the American Society of Anesthesiologists’ Wood 
Library-Museum of Anesthesiology.)
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