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ABSTRACT: The estimated prevalence of mitral or aortic valvular heart 
disease is ≈2.5% in the general population of Western countries, and 
is expected to rise with population aging. A substantial proportion of 
patients with valvular heart disease undergoes surgical valve replacement. 
Mechanical heart valves are much more durable than bioprostheses, and 
are thus preferentially implanted in patients with a longer life expectancy, 
but have the major drawback of requiring lifelong anticoagulation to 
prevent valve thrombosis because of their higher thrombogenicity. The 
non–vitamin K antagonist oral anticoagulants (NOACs) are replacing 
vitamin K antagonists in many settings, including bioprostheses, because 
of their favorable safety and efficacy profiles. However, mechanical heart 
valves currently pose an absolute contraindication to NOACs based on 
the results of a single phase II study comparing dabigatran and warfarin 
(RE-ALIGN [Randomized, Phase II Study to Evaluate the Safety and 
Pharmacokinetics of Oral Dabigatran Etexilate in Patients after Heart Valve 
Replacement]). That trial was stopped prematurely because of an excess 
of both stroke and bleeding with the dabigatran doses tested. Because of 
such negative findings, research in this area has been halted. We believe 
that several aspects of both the preclinical studies and the RE-ALIGN trial 
should be critically reevaluated. In our opinion, 1 single trial with a single 
NOAC does not represent sufficient evidence for dismissing a therapeutic 
strategy, anticoagulation with NOACs, that has shown better safety and 
at least similar efficacy as warfarin in the setting of atrial fibrillation and 
venous thromboembolism,. Herein, we reevaluate this topic to identify 
the patient profile that has the greatest likelihood of benefit from some 
of the NOACs, with a focus on factor Xa inhibitors, thus providing some 
perspectives for basic and translational research.
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Antithrombotic management of patients with 
mechanical heart valves (MHVs) continues to 
be an important medical problem. The es-

timated prevalence of mitral or aortic valvular heart 
disease is ≈2.5% in the general population of the 
United States and Europe, and exceeds 10% in sub-
jects >75 years of age.1,2 Furthermore, in a recent UK 
community study, more than half of patients referred 
to echocardiography for suspected heart failure had at 
least a mild valvulopathy, 3% of them having a severe 
disease.3

MHVs currently all consist of bileaflet structures 
mounted on Teflon- or Dacron-covered sewing rings.4,5 
These valves are more durable than bioprostheses,6 
and are thus preferentially implanted in patients with 
a long life expectancy.7,8 However, MHVs are much 
more thrombogenic than bioprostheses, requiring life-
long anticoagulation to avoid subclinical thrombosis9 
and thromboembolic complications. At present, this is 
achieved with the vitamin K antagonists (VKAs: war-
farin, acenocoumarol, phenprocoumon, and phen-
indione), which are certainly more effective than an-
tiplatelet agents in preventing valve thrombosis and 
embolization, although thromboembolic events with 
VKAs still occur at a rate of 1 to 2 per 100 patient-
years, and major bleeding still occurs at a rate of 1.4 
per 100 patient-years.10 Well-known drawbacks of the 
VKAs are interactions with several foods and drugs, and 
the need for lifelong monitoring through the interna-
tional normalized ratio (INR).11 Furthermore, the time 
in therapeutic range impacts the safety and efficacy of 
VKA therapy,12,13 but achieving an optimal time in ther-
apeutic range, above a threshold of 70%, requires “dili-
gence, skill and various therapeutic strategies.”13 This 
is even more challenging when the target INR exceeds 
the usual 2 to 3 range most commonly recommended 
for stroke prevention in atrial fibrillation or for venous 
thromboembolism.

The well-known limitations of VKAs have prompted 
the widespread acceptance of non–vitamin K antago-
nist oral anticoagulants (NOACs). These drugs include 
dabigatran, which selectively inhibits thrombin, and ri-
varoxaban, apixaban, edoxaban, and betrixaban, which 
block factor (F) Xa activity.14 NOACs can be safely ad-
ministered in patients with atrial fibrillation, which co-
exist with most forms of native valvular heart disease. 
Indeed, a meta-analysis of clinical trials of patients with 
atrial fibrillation randomly assigned to NOACs or war-
farin, the former reduced stroke or systemic embolic 
events by 19% in comparison with warfarin, mainly be-
cause of a 51% reduction in hemorrhagic stroke, with 
a strong trend toward overall better safety in terms of 
major bleeding.15 NOACs also significantly reduced all-
cause mortality by 10% and intracranial hemorrhage 
by 52%.15 Other well-known advantages of the NOACs 
include the fact that they do not require coagulation 

monitoring, and they have much fewer interactions 
with drugs and foods than VKAs.

NOACs have also been used in a discrete number 
of patients with bioprostheses >3 months postimplan-
tation. Although dedicated analyses have been per-
formed only for apixaban16 and edoxaban,17 it appears 
reasonable to use NOACs in patients with bioprosthe-
ses after 3 months from implantation, although no data 
are available on the outcomes of earlier treatment.

All NOACs are currently contraindicated, and 
thus share a black-box warning, in all patients with 
MHVs.7,8,11 This is because of evidence for harm from 
dabigatran in the RE-ALIGN trial (Randomized, Phase II 
Study to Evaluate the Safety and Pharmacokinetics of 
Oral Dabigatran Etexilate in Patients after Heart Valve 
Replacement).18 Does 1 single negative trial with 1 
single drug provide sufficient evidence for totally dis-
missing the possibility of using NOACs, a therapeutic 
strategy that in the settings of atrial fibrillation and ve-
nous thromboembolism has shown better safety and 
similar or better efficacy than warfarin?15,19 Probably 
not. Herein, we will then reevaluate the issue of anti-
coagulation, and more broadly antithrombotic thera-
py, for the prevention of thromboembolism in patients 
with MHVs.

THE PROBLEM: THROMBOEMBOLIC 
EVENTS IN PATIENTS WITH MHVS
The reported rates of prosthetic valve thrombosis are 
highly variable, and likely underestimate its true inci-
dence because valve imaging is not performed rou-
tinely and may have suboptimal quality.4 Furthermore, 
a distinction should be made between the accumula-
tion of small amounts of mural thrombus on the leaf-
lets early after in vivo implantation, which may resolve 
with the ensuing endothelization, and the progressive 
leaflet thrombosis, eventually affecting valve hemody-
namics.4 In any case, prosthetic valve thrombosis com-
monly occurs within months from surgery, and the risk 
with MHVs is much higher than with bioprostheses.20,21 
The rate of thrombosis on MHVs ranges from 0.1% 
to 5.7% per year, and is higher with specific valve 
types, in the early perioperative period, when valves 
are implanted in the mitral and tricuspid positions, and 
in association with subtherapeutic anticoagulation.20 
The annual incidence of MHV obstruction ranges from 
0.5% to 6.0%.20 Thromboembolic events in treated 
populations have an estimated annual incidence of 
2.5% to 3.7%.20

THE SOLUTION: ANTICOAGULANTS
International guidelines for the management of valvu-
lar heart disease recommend lifelong anticoagulation 
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with VKAs for all patients with MHVs: recommenda-
tions are class I, level of evidence A in the latest Ameri-
can Heart Association/American College of Cardiology 
guidelines7; class I, level of evidence B in the European 
Society of Cardiology guidelines8; and class I, level of 
evidence B in the American College of Chest Physicians 
guidelines.11 VKAs block the carboxylation of 4 coagu-
lation proteins, namely FII (prothrombin), FVII, FIX, and 
FX. The dosage required for optimal anticoagulation 
displays individual variations according to the diet, drug 
interactions, disease processes, and gene polymor-
phisms affecting VKA metabolism.22 The carboxylation 
of vitamin K–dependent factors is not blocked to the 
same speed and to the same extent at the beginning of 
therapy, and there is considerable interindividual varia-
tion in plasma levels of active, carboxylated factors, at 
any given INR.23,24 Furthermore, changes in dietary vi-
tamin K intake, poor compliance, drug interactions, or 
impaired absorption because of gastrointestinal distur-
bances all increase the intra- and interpatient variability 
in efficacy.22–24 For all these reasons, the INR is often 
unstable, which is a major determinant of thromboem-
bolic or bleeding events,25 and reduced survival after 
MHV implantation, as well.26 Finally, even when the INR 
remains in the normal range, thromboembolic compli-
cations may still occur because of the many different 
pathogenetic mechanisms involved in thromboembo-
lism after valve surgery.27

ATTEMPTS AT USING NOACS WITH 
PROSTHETIC HEART VALVES
Preclinical Studies: NOACs as a Possible 
Alternative to VKAs
During early development of the NOACs, their efficacy 
in preventing thrombosis on MHVs was evaluated in 
preclinical studies. With a single exception,28 the only 
drug with published data is dabigatran, mostly because 
dabigatran was the earliest drug of this class to ap-
proach clinical use.29

In an in vitro study, St. Jude Medical 27-mm MHV 
prostheses were exposed to whole blood anticoagu-
lated with dabigatran, unfractionated heparin (UFH), or 
low-molecular-weight heparin (LMWH) in a thrombosis 
tester under pulsatile circulation.30 In this model, dabi-
gatran proved as effective as both UFH and LMWH in 
preventing thrombus formation.30 However, analyses of 
coagulation parameters revealed that “the lower dabi-
gatran dose (500 nmol/L) did not produce therapeutic 
anticoagulation conditions.”30 Concentrations of 500 
nmol/L (235.8 ng/mL) are almost 5-fold higher than 
trough dabigatran levels measured in RE-ALIGN (see 
below), and dabigatran concentrations proven effective 
in this in vitro study, 1000 nmol/L, are almost 10-fold 
higher.

Further studies assessed animal models, which 
were in all cases swine models (Table). In a study, 19 
pigs underwent mitral valve replacement with a me-
chanical valve (27-mm Carbomedics OptiForm).31 The 
experimental group consisted of 11 animals receiving 
dabigatran (20 mg/kg orally twice daily), whereas the 
2 control groups consisted of 3 animals receiving no 
anticoagulation and 5 animals receiving warfarin (1–5 
mg once daily, adjusted to maintain an INR from 2.0 
to 2.5).31 Animals on dabigatran had a longer survival 
(average, 50.3 days) than both control groups (18.7 
and 15.6 days for the no anticoagulation and war-
farin groups, respectively; P=0.017).31 Hemorrhagic 
complications were present in 40% of the warfarin 
group and 27% of the dabigatran group.31 The small 
and heterogeneous sizes of treatment groups may be 
considered limitations of this study. Furthermore, the 
warfarin regimen closely recapitulated treatment of 
human patients,31 but the animals received 20 mg/kg 
twice daily of dabigatran, as opposed to the ≈2.1 mg/
kg twice daily used for atrial fibrillation at the higher 
approved dabigatran dose (150 mg twice daily). In 
another study, 30 swine underwent implantation of 
a bileaflet mechanical valved conduit (St Jude Mas-
ters Series; St Jude Medical) bypassing the ligated, 
native descending thoracic aorta, a condition mim-
icking aortic valve replacement.32 The animals were 
randomly assigned to no anticoagulation (n=10), the 
LMWH enoxaparin 2 mg/kg subcutaneously twice 
daily (n=10), or dabigatran 20 mg/kg orally twice 
daily. At 30 days, the mean thrombus weight was 
638 mg in the no anticoagulation group, 121 mg in 
the enoxaparin group, and 19 mg in the dabigatran 
group (P=0.01 enoxaparin versus dabigatran).32 No 
major or occult hemorrhagic events were reported.32 
These findings reinforced the rationale of dabigatran 
use in a clinical trial, but, again, dabigatran was here 
administered at very high doses (also in comparison 
with the enoxaparin doses used). Indeed, the animals 
were exposed to a dabigatran dose that, in a human 
weighing 70 kg, would correspond, assuming similar 
intestinal absorption and interspecies ratios of distri-
bution volumes between the intra- and extravascular 
compartments, to 1400 mg twice daily.

Only 1 study evaluated rivaroxaban, which appeared 
to be more effective than enoxaparin in preventing 
MHV thrombosis.28 Thirty swine were here implanted 
with a mechanical valved conduit bypassing the ligated 
descending aorta. The animals were randomy assigned 
to no anticoagulation (n = 10), enoxaparin at 2 mg/kg 
subcutaneously twice daily (n = 10), or rivaroxaban at 2 
mg/kg orally twice daily (n=10). Mean thrombus weight 
at day 30 was 760 mg in animals receiving no antico-
agulation, 717 mg in those on enoxaparin, and 210 mg 
in those on rivaroxaban (P=0.05 for enoxaparin versus 
rivaroxaban).28 Again, the NOAC dose administered to 
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the animals was markedly higher than a full dose tested 
in humans (as much as 13.8-fold higher; Table).

In all these studies, dose selection relied on current 
knowledge of interspecies differences in the coagula-
tion profile, as well as the pharmacokinetics and phar-
macodynamics of NOACs in swine. Doses selected for 
the swine models aimed to compensate for signifi-
cant differences between pigs and humans. Indeed, 
porcine blood is more coagulable than human blood, 
with prominent activation of the intrinsic coagulation 
pathway. For this reason, “the direct application of 
results obtained from a swine model in the therapy 
of human diseases may lead to serious disturbances 
of clotting and fibrinolytic processes, including throm-
boembolic risk, posing a direct threat to the health 
or even the life of the patient”.35 Furthermore, dabi-
gatran has a lower affinity for porcine thrombin than 
for human thrombin, and the half-life of dabigatran in 
swine is around 5 hours, compared with 11-13 hours 
in human patients (J. van Ryn, MD, personal commu-
nication, 2018). Finally, it may also be noted that in 2 
studies,28,32 the valve was placed in a nonphysiologi-
cal position, ie, in a conduit bypassing the ligated de-
scending aorta, posing further challenges to the trans-
lation of these findings to the human setting. Overall, 
the difficulty in faithfully reproducing the human phe-
notype in animals limits the possibility to translate re-
sults in the clinical setting, as demonstrated by the 
sharp contrast between the positive results of animal 
studies30-32 and the premature discontinuation of 
the RE-ALIGN trial.18

Only Human Study: RE-ALIGN: 
Dabigatran Is Not an Alternative to VKAs
A phase 2 dose-validation study, RE-ALIGN, was then 
started in 2011 to compare dabigatran with warfarin.18 
The design and main results of this study are reported 
in Figure 1. The study population included patients un-
dergoing implantation of a mechanical bileaflet valve 
in the aortic or mitral position or both (population A), 
or implanted with a mechanical bileaflet mitral valve 
(with or without mechanical aortic valve replacement) 
>3 months before (population B). The patients were 
randomly assigned in a 2:1 ratio to either dabigatran 
or warfarin. Exclusion criteria included uncontrolled 
hypertension, a high risk for bleeding, severe renal im-
pairment, or active liver disease. The initial dabigatran 
dose was selected based on kidney function (150 mg 
twice daily for a creatinine clearance <70 mL/min; 220 
mg twice daily for 70–109 mL/min; and 300 mg twice 
daily for a creatinine clearance ≥110 mL/min). Doses 
were then adjusted after dabigatran dosing: if a patient 
was found to have a level <50 ng/mL during the first 1 
to 2 weeks of treatment, the dose of dabigatran was 
increased to the next higher dose. The 50 ng/mL val-
ue was deemed desirable to prevent valve thrombosis 
based on pharmacokinetic models. The warfarin dose 
was adjusted to obtain an INR of 2 to 3 (patients with 
no additional risk factors) or 2.5 to 3.5 (patients with 
additional risk factors or a mechanical mitral valve).18

The trial was discontinued after the enrollment of 
252 patients (199 in population A and 53 in popu-

Table.  Non–Vitamin K Antagonist Oral Anticoagulants for Mechanical Heart Valves in Animal Studies

Reference Setting Treatment Groups

Non–Vitamin K 
Antagonist Oral 
Anticoagulant 

(Dose) Results: Efficacy Results: Safety

Animal Dose/ 
Full Human 

Dose

Schomburg et al, 
201231 

Swine,
Mitral valve 
replacement

No anticoagulation
Warfarin

Dabigatran

Dabigatran 
(20 mg/kg twice 

daily)

Survival: 50.3 days 
dabigatran, 18.7 days no 

anticoagulation, 15.6 days 
warfarin (P=0.017)

Hemorrhagic 
complications: 40% 

warfarin, 27% 
dabigatran

9.3

McKellar et al, 201132 Swine,
Mechanical 

valved conduit

No anticoagulation
Enoxaparin
Dabigatran

Dabigatran
(20 mg/kg twice 

daily)

Mean thrombus weight: 
638 mg no anticoagulation, 

121 mg enoxaparin, 19 
mg dabigatran (P=0.01 

enoxaparin vs dabigatran)

No major or occult 
hemorrhagic or 

embolic events in any 
groups

9.3

   Platelets deposited: 2.7×108 
dabigatran, 1.8×109 
enoxaparin (P=0.03)

  

Greiten et al, 201428 Swine,
Mechanical 

valved conduit

No anticoagulation
Enoxaparin
Rivaroxaban

Rivaroxaban
(2 mg/kg twice 

daily)

Mean thrombus weight: 
no anticoagulation 638 

mg, enoxaparin 121 mg, 
dabigatran 19 mg (P=0.01 

for enoxaparin vs dabigatran)

No hemorrhagic 
or thrombotic 

complications in any 
groups

13.8

   Platelets deposited: 
6.13×109 rivaroxaban, 
3.03×1010 enoxaparin 

(P=0.03)

  

The full human doses are 150 mg twice daily for dabigatran, and 20 mg once per day for rivaroxaban; a 70 kg body weight is considered.
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lation B) because of an excess of both thromboem-
bolic and bleeding events among patients receiving 
dabigatran. In detail, over a mean follow-up lasting 
≈140 days, ischemic or unspecified stroke occurred in 
9 patients (5%) in the dabigatran group and in no 

patients in the warfarin group. Major bleeding (with a 
pericardial location in all cases) occurred in 7 patients 
(4%) and 2 patients (2%), respectively. It is notewor-
thy that, in the group that had recently undergone 
surgery (population A), the majority of thromboem-

Figure 1. Design and main results of the RE-ALIGN trial (Randomized, Phase II Study to Evaluate the Safety and Pharmacokinetic of Oral Dabigatran 
Etexilate in Patients after Heart Valve Replacement).  
The patient numbers for treatment allocation refer to study group assignment. Population A included patients receiving a mechanical heart valve (MHV) in the 
mitral and aortic position from ≤7 days, whereas patients in population B underwent implantation of a MHV in the mitral position (and possibly also in the aortic 
position) from >3 months. Mean treatment duration in each study arm is reported. The main outcome measures are provided. The difference in treatment out-
comes is much more prominent in population A than in population B, although no formal comparison could be performed. bid indicates twice daily; FU, follow-up; 
INR, international normalized ratio; and VKA, vitamin K antagonist. Derived from Eikelboom et al.18 

Figure 2. Timing of mechanical heart valve 
implantation and outcome in the RE-ALIGN 
trial. 
FU indicates follow-up. Derived fom Eikelboom 
et al.18 
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bolic events occurred within the first 90 days. Further-
more, the differences between the dabigatran and 
warfarin groups were less prominent in population B; 
most notably, no patient in either group experienced 
death, stroke, systemic embolism, or major bleeding, 
suggesting limited differences between dabigatran 
and warfarin after 3 months from implantation of a 
mechanical mitral valve (Figure 2).18

These negative findings prompted an intense debate 
and were variably ascribed to drug-related factors or 
limitations in study design.36 For example, it was point-
ed out that dabigatran is a competitive, reversible inhib-
itor of a single coagulation factor, with a short half-life 
and hourly variations in the degree of anticoagulation.37 
Dabigatran also provides a much lower incidence of su-
pratherapeutic anticoagulation than warfarin, and may 
increase coagulation factor activity during long-term 
use. Dabigatran excretion is also critically dependent on 
renal function, which changes over time.38 In addition, 
circulating dabigatran levels, as measured in RE-ALIGN, 
are not tightly associated with the degree of anticoagu-
lation.39 It has also been noted that the use of antiplate-
let therapy in the RE-ALIGN trial was low, although at 
least 70% of patients had intermediate or high throm-
boembolic risk,40 and there was no detailed comparison 
between patients experiencing complications or not.41

Despite the many questions raised by RE-ALIGN, re-
search on this topic stopped completely. A better un-
derstanding of thrombosis on MHVs may allow identi-

fying a setting in which NOAC therapy has the greatest 
likelihood of providing a valuable alternative to VKAs to 
inform further basic and translational studies.

MECHANISMS OF THROMBOSIS  
ON MHVS
Surface-Related Factors
Artificial surfaces promote thrombosis through a series 
of interconnected processes.42,43 Rapid absorption of 
plasma proteins seems to occur first, promoting plate-
let adhesion and activation.44 Thrombin generation on 
valve surfaces is attenuated by a FXIIa inhibitor, and 
reduced in FXII-deficient plasma.45 This outlines the 
crucial role of the activation by artificial surfaces, the 
Dacron and Teflon sewing ring being even more throm-
bogenic than metal leaflets.45 Negatively charged and 
hydrophilic surfaces appear to be powerful promoting 
stimuli, and activated platelets support the activation of 
the intrinsic coagulation pathway.46 This pathway leads 
to the production of FXa, which activates prothrombin; 
thrombin then promotes its own generation and plate-
let aggregation, as well. Finally, thrombin converts fi-
brinogen into fibrin monomers, which then polymerize 
into fibrin strands that stabilize platelet aggregates.47 
FXIIa also induces complement activation, which ampli-
fies thrombin generation through a crosstalk between 
the complement and coagulation pathways.43 In addi-

Figure 3. Mechanisms of thrombosis on mechanical heart valves and possible therapeutic approaches.  
Mechanical heart valve implantation elicits platelet activation and the coagulation cascade, as discussed in detail in the text. Several therapeutic approaches may 
contribute to prevent valve thrombosis in patients not taking a vitamin K antagonist. A combination of strategies is probably required, as demonstrated by the 
negative results of the RE-ALIGN trial comparing dabigatran with warfarin. f indicates factor.
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tion, both local tissue injury during surgical valve re-
placement4 and the release of heme because of hemo-
lysis48 may activate the extrinsic coagulation pathway, 
which nonetheless is not essential for MHV thrombo-
sis.30 These mechanisms are schematized in Figure 3.

After ≈3 months, a neointima composed of smooth 
muscle cells, elastic extracellular matrix, and endothe-
lial cells covers most of the frame struts, whereas areas 
of high-velocity blood flow remain bare.49 Over time, 
the neointimal layer becomes more fibrotic and less 
thrombogenic.49 This could be crucial for interpreting 
the findings of RE-ALIGN, which, as discussed above, 
showed a clustering of thrombotic events in patients 
with valves implanted <3 months before enrollment.

Hemodynamic Factors
Blood stasis reduces the washout and dilution of activated 
clotting factors, while limiting the action of coagulation 
inhibitors. Furthermore, regional turbulence disrupts lam-
inar flow and creates zones of rapidly varying shear stress, 
favoring thrombosis. Turbulence may also delay endothe-
lization or cause itself neointimal injury or dysfunction, 
further activating hemostatic mechanisms.50 Accordingly, 
valve thrombosis occurs 20-fold more often in the tricus-
pid than in the mitral position,21 and 2- to 3-fold more 
often on mitral than on aortic mechanical prostheses.9 
States of low cardiac output, as occur in heart failure, fur-
ther increase the risk of valve thrombosis.9

Hemostasis-Related Factors
Several congenital or acquired conditions increase the 
likelihood of thromboembolic complications on MHVs. 
Such are FV Leiden and prothrombin gene mutations, 

antithrombin, protein C or protein S deficiencies, atrial 
fibrillation, malignancies, the antiphospholipid antibody 
and the nephrotic syndromes, high estrogen hormonal 
states, smoking, and obesity. Although evidence in the 
specific setting of MHVs is quite limited, it is reasonable 
to assume that all such conditions increase the risk on 
thrombosis in such conditions.4,9,50

LESSONS FROM THE RE-ALIGN 
FAILURE AND FUTURE PERSPECTIVES
In the coagulation cascade, each factor activates mul-
tiple downstream effectors, and several positive feed-
back systems are in place. For this reason, a procoagu-
lant stimulus elicits an amplified response in terms of 
thrombin generation. MHVs activate the intrinsic coag-
ulation pathway starting from contact phase activation, 
eliciting a sustained thrombin generation. As a result, 
it is conceivable that local concentrations of thrombin 
exceed those achievable by dabigatran, which inhibits 
thrombin in a 1:1 ratio, overcoming dabigatran effects.45 
By contrast, VKAs block the production of several fac-
tors of the intrinsic and common pathways, namely FIX, 
FX, and prothrombin, in addition to FVII in the extrinsic 
pathway, thus being effective also when thrombin gen-
eration is triggered by MHVs.45 As a proof of this, in an 
in vitro study, thrombin generation on MHV was blunt-
ed by the plasma of warfarin-treated patients already 
with an INR >1.5, whereas dabigatran concentrations 
<200 ng/mL had minimal effects.45 Dose-equivalency 
plots revealed that dabigatran concentrations of 254 
and 488 ng/mL were required to suppress thrombin 
generation to the same extent as warfarin at INR val-
ues of 2.0 and 3.5, respectively.45 Therefore, one could 

Figure 4. Characteristics of the optimal 
candidate for mechanical heart valve 
implantation.  
Based on preclinical studies and the RE-ALIGN 
trial, the characteristics of the ideal candidate 
for non–vitamin K antagonist oral anticoagu-
lants (NOACs) are proposed.
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calculate that dabigatran doses in the order of 620 mg 
twice daily would be required to maintain the trough 
concentration of the drug ≥250 ng/mL.45 Such doses 
are more than double the 300 mg twice daily maximum 
dabigatran dose used in RE-ALIGN,18 a dose that was 
already twice as high as the higher one approved for 
atrial fibrillation,51 and which caused substantially, actu-
ally prohibitively, more bleeding than warfarin.18 It thus 
seems unlikely that coagulation activation on MHVs can 
be suppressed by clinically relevant dabigatran doses. 
Upstream inhibition through FXa inhibitors might, con-
versely, prove more effective, because each molecule of 
FXa generates ≈1000 molecules of thrombin,52,53 thus 
more closely resembling the upstream inhibition occur-
ring with warfarin.

A proof-of-concept for the efficacy of FXa inhibi-
tion in preventing thrombosis on MHVs is the routine 
use of LMWHs (which inhibit FXa more than throm-
bin) in cases when absolute contraindications to VKAs 
exist, such as during the first and last trimesters of 
pregnancy.54 Conclusions on this point rely mostly 
on observational data, with only 1 small randomized 
clinical trial supporting it.55 However, a comprehen-
sive meta-analysis compiling data from 1042 patients 
recruited in 9 studies (including 95 women from 4 
cohorts) found no differences between LMWHs/UFH 
and VKAs with regard to the risk of thromboembolic 
events (odds ratio, 0.67; 95% CI, 0.27–1.68), or ma-
jor bleeding (odds ratio, 0.66; 95% CI, 0.36–1.19), 
with similar outcomes in pregnancy and other condi-
tions.56 Since then, however, LMWH therapy instead 
of VKAs has been associated with higher rates of 
maternal thromboembolic complications during preg-
nancy, allegedly because of a combination of factors, 
including dose requirement changes, the lower reli-
ability of heparin monitoring during pregnancy, and 
patients’ compliance.57 Further caution is also needed 
because the fully selective parenteral FXa inhibitor 
fondaparinux has been shown inadequate to prevent 
thromboembolic events triggered by foreign surfaces, 
such as catheters, in contrast to UFH (which inhibits 
both thrombin and FXa equally), and also to LMWHs 
(which inhibit FXa, but also, although to a lower ex-
tent, thrombin).58,59

Inhibitors of contact phase activation, such as FXIIa 
inhibitors, have been reported to be quite effective in 
preventing MHV thrombosis in vitro,45 and further re-
search on such compounds, or other upstream blockers 
of the intrinsic coagulation pathway, such as FXIa inhib-
itors, is thus warranted.60 Activated platelets also seem 
to play an important role in FXII activation,44 and aspirin 
appears to be useful to avoid the need of uptitrating 
VKAs in patients with MHVs.7,61 The combination of 
an antiplatelet agent and a NOAC may thus contribute 
to better inhibiting the upstream phase of coagulation 
triggering MHV thrombosis.

In parallel, the quest for approaches complementary 
to antithrombotic therapy should also focus on newer 
MHVs with the lowest possible thrombogenic poten-
tial,8 most notably, the On-X valve (On-X Life Technolo-
gies).62 Further advances in the design of mechanical 
prostheses are also warranted, with the use of less 
thrombogenic materials, more favorable flow dynam-
ics,63 and possibly even positively charged surfaces to 
prevent FXII activation (US patent: https://www.google.
com/patents/US200500211344). Finally, less traumatic 
valve implantation should be pursued, and conditions 
of lower thrombotic risk should be targeted first. These 
considerations are recapitulated in Figure 3, prospect-
ing the favorable or unfavorable conditions for a new 
first-set human experimentation. Profiles of the ideal 
MHV patient candidate to a new trial of antithrombotic 
prophylaxis with a NOAC would be patients with MHV 
implanted in the aortic position >3 months before, 
with preserved systolic function, a low bleeding risk, no 
causes of hypercoagulability, including atrial fibrillation, 
and a prospective good compliance to treatment (Figure 
4). Regardless of these considerations, the premature 
interruption of RE-ALIGN stands as a reminder of the 
need for acquiring robust preclinical evidence before 
reconsidering a clinical trial. In animal studies, species 
differences should be taken into account, and the hu-
man setting should be reproduced as close as possible in 
terms of realistic anticoagulation intensity and valve po-
sition. To achieve this goal, a possible approach would 
be to measure FXa activity in animals receiving warfarin 
(target INR, 2–3 or 2.5–3.5), and then to search for the 
anti-FXa dosing able to achieve similar trough-and-peak 
FXa activity levels. The chosen drug regimen should then 
be preferably assessed after 3 months from aortic valve 
replacement.

CONCLUSIONS
The need for a safe and effective alternative to VKAs 
remains unmet, yet research on this field has largely 
halted, following the negative findings of the RE-ALIGN 
trial. In our opinion, the unfavorable results of 1 single 
trial should not deter us from further testing of a valu-
able and convenient therapeutic approach. The current 
longer survival with MHV than with bioprostheses de-
spite the hurdles of traditional VKA anticoagulation, 
together with the better safety profile of the NOACs in 
comparison with VKAs, should prompt further experi-
mentation in this important area.

ARTICLE INFORMATION

Correspondence
Raffaele De Caterina, MD, PhD, University Cardiology Division, G. d’Annunzio 
University, Chieti, Ospedale SS. Annunziata, Via dei Vestini, 66013 Chieti, Italy. 
Email rdecater@unich.it

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 28, 2021

mailto:﻿rdecater@unich.it﻿


Aimo et al� Direct Oral Anticoagulants for Mechanical Valves

ST
AT

E 
OF

 T
HE

 A
RT

September 25, 2018� Circulation. 2018;138:1356–1365. DOI: 10.1161/CIRCULATIONAHA.118.0356121364

Affiliations
Cardiology Division, University Hospital of Pisa, Italy (A.A.). Brigham and Wom-
en’s Hospital, Harvard Medical School, Boston, MA (R.P.G.). G. d’Annunzio Uni-
versity, Chieti-Pescara and Center of Excellence on Aging, Italy (R.D.C.).

Acknowledgments
The authors thank Professor Michele Emdin at the G. Monasterio Foundation, 
Pisa, for the assistance in the preparation of this article.

Disclosures
Dr Aimo reports no conflicts of interest. Dr Giugliano reports serving as a con-
sultant and had received honoraria from Bristol-Myers Squibb, Janssen, Daiichi 
Sankyo, Merck, and Sanofi, and grant support through his institution from Dai-
ichi Sankyo, Merck, Johnson & Johnson, Sanofi, and AstraZeneca. Dr De Cateri-
na reports Steering Committee membership and National Coordination for Italy 
of several studies on NOACs in cardiovascular disease, including APPRAISE-2 
(Apixaban for Prevention of Acute Ischemic Events–2), ARISTOTLE (Apixaban 
for Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrilla-
tion), AVERROES (Apixaban Versus Acetylsalicylic Acid [ASA] to Prevent Stroke 
in Atrial Fibrillation Patients Who Have Failed or Are Unsuitable for Vitamin K 
Antagonist Treatment), ENGAGE AF-TIMI 38 (Global Study to Assess the Safety 
and Effectiveness of Edoxaban (DU-176b) vs Standard Practice of Dosing With 
Warfarin in Patients With Atrial Fibrillation), Re-DUAL PCI (Randomized Evalu-
ation of Dual Antithrombotic Therapy with Dabigatran versus Triple Therapy 
with Warfarin in Patients with Nonvalvular Atrial Fibrillation Undergoing Per-
cutaneous Coronary Intervention); and fees, honoraria, and research funding 
from Sanofi-Aventis, Boehringer Ingelheim, Bayer, BMS/Pfizer, Daiichi-Sankyo, 
Novartis, Merck, and Portola, as well.

REFERENCES
	 1.	 Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG, Enriquez-

Sarano M. Burden of valvular heart diseases: a population-based study. 
Lancet. 2006;368:1005–1011. doi: 10.1016/S0140-6736(06)69208-8

	 2.	 Timmis A, Townsend N, Gale C, Grobbee D, Maniadakis N, Flather 
M, Wilkins E, Wright F, Vos R, Bax J, Blum M, Pinto F, Vardas P. Euro-
pean Society of Cardiology: cardiovascular disease statistics Eur Heart J. 
2018;39:508–579.

	 3.	 Marciniak A, Glover K, Sharma R. Cohort profile: prevalence of valvular 
heart disease in community patients with suspected heart failure in UK. 
BMJ Open. 2017;7:e012240. doi: 10.1136/bmjopen-2016-012240

	 4.	 Dangas GD, Weitz JI, Giustino G, Makkar R, Mehran R. Prosthetic 
heart valve thrombosis. J Am Coll Cardiol. 2016;68:2670–2689. doi: 
10.1016/j.jacc.2016.09.958

	 5.	 Sun JC, Davidson MJ, Lamy A, Eikelboom JW. Antithrombotic 
management of patients with prosthetic heart valves: current evi-
dence and future trends. Lancet. 2009;374:565–576. doi: 10.1016/ 
S0140-6736(09)60780-7

	 6.	 Goldstone AB, Chiu P, Baiocchi M, Lingala B, Patrick WL, Fischbein 
MP, Woo YJ. Mechanical or biologic prostheses for aortic-valve and 
mitral-valve replacement. N Engl J Med. 2017;377:1847–1857. doi: 
10.1056/NEJMoa1613792

	 7.	 Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP III, Fleisher 
LA, Jneid H, Mack MJ, McLeod CJ, O’Gara PT, Rigolin VH, Sundt TM III, 
Thompson A. 2017 AHA/ACC Focused Update of the 2014 AHA/ACC 
Guideline for the Management of Patients With Valvular Heart Disease: a 
report of the American College of Cardiology/American Heart Association 
Task Force on Clinical Practice Guidelines. Circulation. 2017;135:e1159–
e1195. doi: 10.1161/CIR.0000000000000503

	 8.	 Baumgartner H, Falk V, Bax JJ, De Bonis M, Hamm C, Holm PJ, Iung B, 
Lancellotti P, Lansac E, Rodriguez Muñoz D, Rosenhek R, Sjögren J, Tor-
nos Mas P, Vahanian A, Walther T, Wendler O, Windecker S, Zamorano 
JL; ESC Scientific Document Group. 2017 ESC/EACTS Guidelines for the 
management of valvular heart disease. Eur Heart J. 2017;38:2739–2791. 
doi: 10.1093/eurheartj/ehx391

	 9.	 Makkar RR, Fontana G, Jilaihawi H, Chakravarty T, Kofoed KF, De Backer 
O, Asch FM, Ruiz CE, Olsen NT, Trento A, Friedman J, Berman D, Cheng 
W, Kashif M, Jelnin V, Kliger CA, Guo H, Pichard AD, Weissman NJ, Ka-
padia S, Manasse E, Bhatt DL, Leon MB, Søndergaard L. Possible sub-
clinical leaflet thrombosis in bioprosthetic aortic valves. N Engl J Med. 
2015;373:2015–2024. doi: 10.1056/NEJMoa1509233

	10.	 Cannegieter SC, Rosendaal FR, Briët E. Thromboembolic and bleeding 
complications in patients with mechanical heart valve prostheses. Circula-
tion. 1994;89:635–641.

	11.	 Ageno W, Gallus AS, Wittkowsky A, Crowther M, Hylek EM, Palareti G. 
Oral anticoagulant therapy: Antithrombotic Therapy and Prevention of 
Thrombosis, 9th ed: American College of Chest Physicians Evidence-Based 
Clinical Practice Guidelines. Chest. 2012;141:e44S–e88S.

	12.	 Connolly SJ, Pogue J, Eikelboom J, Flaker G, Commerford P, Franzosi MG, 
Healey JS, Yusuf S; ACTIVE W Investigators. Benefit of oral anticoagulant 
over antiplatelet therapy in atrial fibrillation depends on the quality of 
international normalized ratio control achieved by centers and countries 
as measured by time in therapeutic range. Circulation. 2008;118:2029–
2037. doi: 10.1161/CIRCULATIONAHA.107.750000

	13.	 Lader E, Martin N, Cohen G, Meyer M, Reiter P, Dimova A, Parikh 
D. Warfarin therapeutic monitoring: is 70% time in the therapeutic 
range the best we can do? J Clin Pharm Ther. 2012;37:375–377. doi: 
10.1111/j.1365-2710.2011.01324.x

	14.	 Husted S, de Caterina R, Andreotti F, Arnesen H, Bachmann F, Huber K, 
Jespersen J, Kristensen SD, Lip GY, Morais J, Rasmussen LH, Siegbahn A, 
Storey RF, Weitz JI; ESC Working Group on Thrombosis Task Force on Anti-
coagulants in Heart Disease. Non-vitamin K antagonist oral anticoagulants 
(NOACs): no longer new or novel. Thromb Haemost. 2014;111:781–782. 
doi: 10.1160/TH14-03-0228

	15.	 Ruff CT, Giugliano RP, Braunwald E, Hoffman EB, Deenadayalu N, 
Ezekowitz MD, Camm AJ, Weitz JI, Lewis BS, Parkhomenko A, Ya-
mashita T, Antman EM. Comparison of the efficacy and safety of new 
oral anticoagulants with warfarin in patients with atrial fibrillation: a 
meta-analysis of randomised trials. Lancet. 2014;383:955–962. doi: 
10.1016/S0140-6736(13)62343-0

	16.	 Avezum A, Lopes RD, Schulte PJ, Lanas F, Gersh BJ, Hanna M, Pais P, Erol 
C, Diaz R, Bahit MC, Bartunek J, De Caterina R, Goto S, Ruzyllo W, Zhu 
J, Granger CB, Alexander JH. Apixaban in comparison with warfarin in 
patients with atrial fibrillation and valvular heart disease: findings from 
the Apixaban for Reduction in Stroke and Other Thromboembolic Events 
in Atrial Fibrillation (ARISTOTLE) Trial. Circulation. 2015;132:624–632. doi: 
10.1161/CIRCULATIONAHA.114.014807

	17.	 Carnicelli AP, De Caterina R, Halperin JL, Renda G, Ruff CT, Trev-
isan M, Nordio F, Mercuri MF, Antman E, Giugliano RP; ENGAGE AF-
TIMI 48 Investigators. Edoxaban for the prevention of thromboem-
bolism in patients with atrial fibrillation and bioprosthetic valves. 
Circulation. 2017;135:1273–1275. doi: 10.1161/CIRCULATIONAHA. 
116.026714

	18.	 Eikelboom JW, Connolly SJ, Brueckmann M, Granger CB, Kappetein 
AP, Mack MJ, Blatchford J, Devenny K, Friedman J, Guiver K, Harper R, 
Khder Y, Lobmeyer MT, Maas H, Voigt JU, Simoons ML, Van de Werf 
F; RE-ALIGN Investigators. Dabigatran versus warfarin in patients with 
mechanical heart valves. N Engl J Med. 2013;369:1206–1214. doi: 
10.1056/NEJMoa1300615

	19.	 van Es N, Coppens M, Schulman S, Middeldorp S, Büller HR. Direct oral 
anticoagulants compared with vitamin K antagonists for acute venous 
thromboembolism: evidence from phase 3 trials. Blood. 2014;124:1968–
1975. doi: 10.1182/blood-2014-04-571232

	20.	 Lin SS, Tiong IY, Asher CR, Murphy MT, Thomas JD, Griffin BP. Prediction 
of thrombus-related mechanical prosthetic valve dysfunction using trans-
esophageal echocardiography. Am J Cardiol. 2000;86:1097–1101.

	21.	 Roudaut R, Serri K, Lafitte S. Thrombosis of prosthetic heart valves: di-
agnosis and therapeutic considerations. Heart. 2007;93:137–142. doi: 
10.1136/hrt.2005.071183

	22.	 De Caterina R, Husted S, Wallentin L, Andreotti F, Arnesen H, Bachmann 
F, Baigent C, Huber K, Jespersen J, Kristensen SD, Lip GY, Morais J, Ras-
mussen LH, Siegbahn A, Verheugt FW, Weitz JI. Vitamin K antagonists 
in heart disease: current status and perspectives (Section III). Position 
paper of the ESC Working Group on Thrombosis–Task Force on Antico-
agulants in Heart Disease. Thromb Haemost. 2013;110:1087–1107. doi: 
10.1160/TH13-06-0443

	23.	 Thijssen HH, Hamulyák K, Willigers H. 4-Hydroxycoumarin oral antico-
agulants: pharmacokinetics-response relationship. Thromb Haemost. 
1988;60:35–38.

	24.	 Weinstock DM, Chang P, Aronson DL, Kessler CM. Comparison of plasma 
prothrombin and factor VII and urine prothrombin F1 concentrations in 
patients on long-term warfarin therapy and those in the initial phase. Am 
J Hematol. 1998;57:193–199.

	25.	 van Leeuwen Y, Rosendaal FR, Cannegieter SC. Prediction of hemorrhagic 
and thrombotic events in patients with mechanical heart valve prostheses 

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 28, 2021



Aimo et al� Direct Oral Anticoagulants for Mechanical Valves

STATE OF THE ART

Circulation. 2018;138:1356–1365. DOI: 10.1161/CIRCULATIONAHA.118.035612� September 25, 2018 1365

treated with oral anticoagulants. J Thromb Haemost. 2008;6:451–456. 
doi: 10.1111/j.1538-7836.2007.02874.x

	26.	 Butchart EG, Payne N, Li HH, Buchan K, Mandana K, Grunkemeier GL. 
Better anticoagulation control improves survival after valve replacement. J 
Thorac Cardiovasc Surg. 2002;123:715–723.

	27.	 Butchart EG, Ionescu A, Payne N, Giddings J, Grunkemeier GL, Fraser AG. 
A new scoring system to determine thromboembolic risk after heart valve 
replacement. Circulation. 2003;108(suppl 1):II68–II74.

	28.	 Greiten LE, McKellar SH, Rysavy J, Schaff HV. Effectiveness of rivaroxa-
ban for thromboprophylaxis of prosthetic heart valves in a porcine het-
erotopic valve model. Eur J Cardiothorac Surg. 2014;45:914–919. doi: 
10.1093/ejcts/ezt545

	29.	 Sarah S. The pharmacology and therapeutic use of dabigatran etexilate. J 
Clin Pharmacol. 2013;53:1–13. doi: 10.1177/0091270011432169

	30.	 Maegdefessel L, Linde T, Krapiec F, Hamilton K, Steinseifer U, van 
Ryn J, Raaz U, Buerke M, Werdan K, Schlitt A. In vitro comparison 
of dabigatran, unfractionated heparin, and low-molecular-weight 
heparin in preventing thrombus formation on mechanical heart 
valves. Thromb Res. 2010;126:e196–e200. doi: 10.1016/j.thromres. 
2010.06.011

	31.	 Schomburg JL, Medina EM, Lahti MT, Bianco RW. Dabigatran versus war-
farin after mechanical mitral valve replacement in the swine model. J In-
vest Surg. 2012;25:150–155. doi: 10.3109/08941939.2011.616256

	32.	 McKellar SH, Abel S, Camp CL, Suri RM, Ereth MH, Schaff HV. Effec-
tiveness of dabigatran etexilate for thromboprophylaxis of mechani-
cal heart valves. J Thorac Cardiovasc Surg. 2011;141:1410–1416. doi: 
10.1016/j.jtcvs.2011.02.011

	33.	 Siller-Matula JM, Plasenzotti R, Spiel A, Quehenberger P, Jilma B. Inter-
species differences in coagulation profile. Thromb Haemost. 2008;100: 
397–404.

	34.	 Olsen AK, Hansen AK, Jespersen J, Marckmann P, Bladbjerg EM. The pig 
as a model in blood coagulation and fibrinolysis research. Scand J Lab 
Animal Sci. 1999;26:214–224.

	35.	 Pliszczak-Król A, Rząsa A, Gemra M, Król J, Łuczak G, Zyzak A, Zalews-
ki D, Iwaszko-Simonik A, Graczyk S. Age-related changes of platelet 
and plasma coagulation parameters in young pigs. J Vet Diagn Invest. 
2016;28:561–567. doi: 10.1177/1040638716658928

	36.	 Hylek EM. Dabigatran and mechanical heart valves–not as easy as we 
hoped. N Engl J Med. 2013;369:1264–1266. doi: 10.1056/NEJMe1310399

	37.	 Eikelboom JW, Brueckmann M, Van de Werf F. Dabigatran in patients 
with mechanical heart valves. N Engl J Med. 2014;370:383–384. doi: 
10.1056/NEJMc1315004

	38.	 Stratta P, Battista M, Guglielmetti G. Dabigatran in patients with mechanical 
heart valves. N Engl J Med. 2014;370:381. doi: 10.1056/NEJMc1315004

	39.	 Speirs A, Deakin A. Dabigatran in patients with mechanical heart valves. N 
Engl J Med. 2014;370:382. doi: 10.1056/NEJMc1315004

	40.	 Gasparovic H, Petricevic M, Biocina B. Dabigatran in patients with 
mechanical heart valves. N Engl J Med. 2014;370:383. doi: 10.1056/ 
NEJMc1315004

	41.	 Chin PK, Wright DF, Begg EJ. Dabigatran in patients with mechani-
cal heart valves. N Engl J Med. 2014;370:382–383. doi: 10.1056/ 
NEJMc1315004

	42.	 Zhu S, Diamond SL. Contact activation of blood coagulation on a de-
fined kaolin/collagen surface in a microfluidic assay. Thromb Res. 
2014;134:1335–1343. doi: 10.1016/j.thromres.2014.09.030

	43.	 Wiegner R, Chakraborty S, Huber-Lang M. Complement-coagulation  
crosstalk on cellular and artificial surfaces. Immunobiology. 2016;221: 
1073–1079. doi: 10.1016/j.imbio.2016.06.005

	44.	 Turbill P, Beugeling T, Poot AA. Proteins involved in the Vroman effect 
during exposure of human blood plasma to glass and polyethylene. Bio-
materials. 1996;17:1279–1287.

	45.	 Jaffer IH, Stafford AR, Fredenburgh JC, Whitlock RP, Chan NC, Weitz JI. 
Dabigatran is less effective than warfarin at attenuating mechanical heart 
valve-induced thrombin generation. J Am Heart Assoc. 2015;4:e002322. 
doi: 10.1161/JAHA.115.002322

	46.	 Bäck J, Sanchez J, Elgue G, Ekdahl KN, Nilsson B. Activated human plate-
lets induce factor XIIa-mediated contact activation. Biochem Biophys Res 
Commun. 2010;391:11–17. doi: 10.1016/j.bbrc.2009.10.123

	47.	 Mackman N, Tilley RE, Key NS. Role of the extrinsic pathway of blood 
coagulation in hemostasis and thrombosis. Arterioscler Thromb Vasc Biol. 
2007;27:1687–1693. doi: 10.1161/ATVBAHA.107.141911

	48.	 Sparkenbaugh EM, Chantrathammachart P, Wang S, Jonas W, Kirchhofer D, 
Gailani D, Gruber A, Kasthuri R, Key NS, Mackman N, Pawlinski R. Excess 
of heme induces tissue factor-dependent activation of coagulation in mice. 
Haematologica. 2015;100:308–314. doi: 10.3324/haematol.2014.114728

	49.	 Noble S, Asgar A, Cartier R, Virmani R, Bonan R. Anatomo-pathological 
analysis after CoreValve Revalving system implantation. EuroIntervention. 
2009;5:78–85.

	50.	 Wolberg AS, Aleman MM, Leiderman K, Machlus KR. Procoagulant activ-
ity in hemostasis and thrombosis: Virchow’s triad revisited. Anesth Analg. 
2012;114:275–285. doi: 10.1213/ANE.0b013e31823a088c

	51.	 Connolly SJ, Ezekowitz MD, Yusuf S, Eikelboom J, Oldgren J, Parekh A, 
Pogue J, Reilly PA, Themeles E, Varrone J, Wang S, Alings M, Xavier D, 
Zhu J, Diaz R, Lewis BS, Darius H, Diener HC, Joyner CD, Wallentin L; RE-
LY Steering Committee and Investigators. Dabigatran versus warfarin in 
patients with atrial fibrillation. N Engl J Med. 2009;361:1139–1151. doi: 
10.1056/NEJMoa0905561

	52.	 Mann KG, Brummel K, Butenas S. What is all that thrombin for? J Thromb 
Haemost. 2003;1:1504–1514.

	53.	 Mann KG, Whelihan MF, Butenas S, Orfeo T. Citrate anticoagulation and 
the dynamics of thrombin generation. J Thromb Haemost. 2007;5:2055–
2061. doi: 10.1111/j.1538-7836.2007.02710.x

	54.	 van Hagen IM, Roos-Hesselink JW, Ruys TP, Merz WM, Goland S, Ga-
briel H, Lelonek M, Trojnarska O, Al Mahmeed WA, Balint HO, Ashour Z, 
Baumgartner H, Boersma E, Johnson MR, Hall R; ROPAC Investigators and 
the EURObservational Research Programme (EORP) Team*. Pregnancy in 
women with a mechanical heart valve: data of the European Society of 
Cardiology Registry of Pregnancy and Cardiac Disease (ROPAC). Circula-
tion. 2015;132:132–142. doi: 10.1161/CIRCULATIONAHA.115.015242

	55.	 Bajkin BV, Popovic SL, Selakovic SD. Randomized, prospective trial com-
paring bridging therapy using low-molecular-weight heparin with mainte-
nance of oral anticoagulation during extraction of teeth. J Oral Maxillofac 
Surg. 2009;67:990–995. doi: 10.1016/j.joms.2008.12.027

	56.	 Caldeira D, David C, Santos AT, Costa J, Pinto FJ, Ferreira JJ. Efficacy 
and safety of low molecular weight heparin in patients with mechani-
cal heart valves: systematic review and meta-analysis. J Thromb Haemost. 
2014;12:650–659. doi: 10.1111/jth.12544

	57.	 D’Souza R, Silversides CK, McLintock C. Optimal anticoagulation for 
pregnant women with mechanical heart valves. Semin Thromb Hemost. 
2016;42:798–804. doi: 10.1055/s-0036-1593418

	58.	 Yau JW, Stafford AR, Liao P, Fredenburgh JC, Roberts R, Weitz JI. Mecha-
nism of catheter thrombosis: comparison of the antithrombotic activities 
of fondaparinux, enoxaparin, and heparin in vitro and in vivo. Blood. 
2011;118:6667–6674. doi: 10.1182/blood-2011-07-364141

	59.	 Kaeberich A, Raaz U, Vogt A, Maedgefessel L, Neuhart E, Krezel C, 
Drouget L, Hauroeder B, Buerke M, Werdan K, Schlitt A. In vitro com-
parison of the novel, dual-acting FIIa/FXa-inhibitor EP217609C101, un-
fractionated heparin, enoxaparin, and fondaparinux in preventing car-
diac catheter thrombosis. J Thromb Thrombolysis. 2014;37:118–130. doi: 
10.1007/s11239-013-0938-4

	60.	 Weitz JI, Fredenburgh JC. Factors XI and XII as targets for new anticoagu-
lants. Front Med (Lausanne). 2017;4:19. doi: 10.3389/fmed.2017.00019

	61.	 Turpie AG, Gent M, Laupacis A, Latour Y, Gunstensen J, Basile F, Klimek 
M, Hirsh J. A comparison of aspirin with placebo in patients treated with 
warfarin after heart-valve replacement. N Engl J Med. 1993;329:524–
529. doi: 10.1056/NEJM199308193290802

	62.	 Puskas JD, Gerdisch M, Nichols D, Fermin L, Rhenman B, Kapoor D, Co-
peland J, Quinn R, Hughes GC, Azar H, McGrath M, Wait M, Kong B, 
Martin T, Douville EC, Meyer S, Ye J, Jamieson WRE, Landvater L, Hagberg 
R, Trotter T, Armitage J, Askew J, Accola K, Levy P, Duncan D, Yanagawa 
B, Ely J, Graeve A; PROACT Investigators. Anticoagulation and antiplatelet 
strategies after On-X mechanical aortic valve replacement. J Am Coll Car-
diol. 2018;71:2717–2726. doi: 10.1016/j.jacc.2018.03.535

	63.	 Chaux A, Gray RJ, Stupka JC, Emken MR, Scotten LN, Siegel R. Anticoagu-
lant independent mechanical heart valves: viable now or still a distant holy 
grail. Ann Transl Med. 2016;4:525. doi: 10.21037/atm.2016.12.58

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 28, 2021




