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Abstract

The last decade has seen the evaluation of several new oral antico-

agulants that directly target thrombin or activated factor X (FXa). All

demonstrate a rapid onset ofaction, a low potential for food and drug in-

teractions, and a predictable anticoagulant eifect that obviates the need

for routine coagulation monitoring. Those agents at the most advanced

stages of clinical development are a direct thrombin inhibitor, dabiga—

tran, and direct FXa inhibitors, rivaroxaban and apixaban. Dabigatran

and rivaroxaban are approved in more than 70 countries for prevention

ofvenous thromboembolism in patients undergoing elective hip or knee

arthroplasty, and apixaban is being considered for approval by regula-

tory agencies for this indication. Dabigatran was shown in a large phase

III trial to be more elfective and safer than warfarin for the prevention

of stroke or systemic embolism in patients with atrial fibrillation and

has recently been approved for this indication. Edoxaban, an oral FXa

inhibitor, is also being evaluated in phase III clinical trials. This review

summarizes the pharmacology, clinical trial results, and fiiture role of

the new oral anticoagulants in clinical practice.
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VKA: vitamin K

antagonist
FII21: activated
factor II

FXa: activated
factor X

DTI: direct thrombin
inhibitor

VTE: venous
thromboembolism

AF: atrial fibrillation

42

INTRODUCTION

Unfractionated heparin and warfarin have

been available for more than 50 years but have

important limitations. Several new parenteral

anticoagulants, including low-molecular-

weight heparins and the synthetic pentasac-

charide fondaparinux, have been introduced as

replacements for unfractionated heparin, but

the development of new oral agents to replace

warfarin and other vitamin K antagonists
(VKAs) has been much slower. Efforts to find

a replacement for VKAs have focused on the

development of nonpeptidic, orally available,

small molecules that directly inhibit one of

two key serine proteases in the coagulation

cascade, thrombin [activated factor II (FIIa)]

and activated factor X (FXa). Dabigatran

etexilate, a direct thrombin inhibitor (DTI),

and rivaroxaban, a selective FXa inhibitor,

are approved in more than 70 countries for

the prevention of venous thromboembolism

(VTE) in patients undergoing hip or knee

arthroplasty. In addition, the recently reported

RE-LY and RE-COVER trials comparing

dabigatran with warfarin for stroke prevention

in atrial fibrillation (AF) and for the treat-

ment and secondary prevention of VTE (1,

2), respectively, and the EINSTEIN trials

comparing rivaroxaban with warfarin for the

treatment and secondary prevention of VTE

(3, 4), demonstrate the potential of the new oral

anticoagulants to replace VKAs for long-term
treatment. Two other oral factor Xa inhibitors,

apixaban and edoxaban, are in advanced stages

of clinical development but neither has yet

been approved for use.
In this article, we review the limitations of

the VKAs that prompted the development of

new oral agents, summarize the pharmacolog-

ical characteristics of the new oral anticoagu-

lants, critically review the results of phase III
randomized controlled trials that have evalu-

ated their effectiveness, and evaluate the oppor-

tunities for new oral anticoagulants in dilferent
clinical indications.
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LINIITATIONS OF VITAMIN K

ANTAGONISTS

VKAs, such as warfarin, are the only orally ac-

tive anticoagulants that are licensed for long-

term use, but they have important limitations.
VKAs have a slow onset of action, a narrow

therapeutic window, and an unpredictable an-

ticoagulant effect resulting from multiple food

and drug interactions and genetic polymor-

phisms that affect drug metabolism (CYP2 C9)
and vitamin K turnover (VKORC1). Because

VKAs have a slow onset of action, patients who

require an immediate anticoagulant elfect re-

quire bridging therapy with a rapidly acting

agent (e.g., heparin). Because VKAs interact

with food and drugs, patients must take dietary

precautions, and prescribers must take special

care when modifying concomitant drug ther-

apy. Because of their unpredictable anticoagu-

lant elfects, VKAs require routine coagulation

monitoring and dose adjustment to maintain
the international normalized ratio (INR) within

the target range (5).

The need for bridging anticoagulation, di-

etary and drug restrictions, and routine coag-

ulation monitoring is inconvenient for patients

and costly for the health care system, and so it
has contributed to the underuse ofVKAs. Even

when VKAs are appropriately used for stroke

prevention in patients with AF, the INR is fre-

quently outside of the therapeutic range, lead-

ing to ineffective anticoagulation or increased

bleeding risk (6). Poor anticoagulant control

in patients with AF receiving VKA therapy for

stroke prevention (where “poor” control is de-

fined as <60% ofthe time in a target INR range

of 2-3) doubles the frequencies of stroke, ma-

jor bleeding, and death compared with those

achieving good control (>75 % of the time with

an INR of 2-3) (7). An effective and safe re-

placement for VKAs with a more rapid onset of

action, a low potential for food and drug inter-

actions, and a predictable anticoagulant effect

that obviates the need for routine coagulation

monitoring is urgently required.
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FEATURES OF NOVEL ORAL

ANTICOAGULANTS

The new oral anticoagulants in the most ad-

vanced stages of development inhibit either

thrombin or FXa (Figure 1).

Thrombin plays a central role in blood coag-

ulation and thrombus (clot) formation by con-

verting fibrinogen to fibrin and amplifying its

own generation by feedback activation of fac-
tors V, VIII, and XI. Thrombin also is the most

potent platelet agonist. DTIs directly neutral-

ize thrombin by occupying the catalytic bind-

ing site, fibrinogen binding site, or both. DTIs

also inhibit both fluid-phase and fibrin-bound

thrombin. Clinical results with parenteral DTIs

(e.g., hirudin, bivalirudin, argatroban) and a

previously developed oral DTI (ximelagatran)

validate thrombin as a target for new oral

anticoagulants (8, 9).

FXa, which is located at the junction of the

intrinsic and extrinsic pathways, is another tar-

get for new oral anticoagulants. FXa binds to

FVa on the surface ofactivated platelets to form

the prothrombinase complex, which converts

prothrombin to thrombin. Inhibitors ofFXa at-

tenuate thrombin generation, thereby prevent-

ing the conversion of fibrinogen to fibrin. Oral

FXa inhibitors bind directly to the active site of
FXa and block the interaction with its substrate.

In contrast to indirect FXa inhibitors, such as

fondaparinux, direct FXa inhibitors inactivate

free FXa and FXa incorporated within the pro-

thrombinase complex equally well. Clinical re-

sults with the parenteral agent, fondaparinux,

validate FXa as a target for new oral anticoag-

ulants (10, 11).

Advantages of the new oral anticoagulants

over VKAs include a rapid onset of action, no

Steps in coagulation Coagulation pathway Drugs
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X IX
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Figure 1

New oral anticoagulants and their targets in the coagulation pathway.

significant food interactions, low potential for

drug interactions, and a predictable anticoag-
ulant effect that obviates the need for routine

coagulation monitoring (Table 1). Because of

their rapid onset of action, the new oral anti-

coagulants have the potential to be used both

in acute and chronic settings. The pharmaco-

logical characteristics of the new oral anticoag-
ulants that are most advanced in clinical devel-

opment are compared in Table 2.

DIRECT THROMBIN

INHIBITORS

Ximelagatran, the prodrug of melagatran, was

the first orally available small—molecule re-

versible DTI to undergo clinical evaluation.

Although ximelagatran proved to be an effec-

tive oral anticoagulant, prolonged therapy with

ximelagatran resulted in idiosyncratic hepatic

Table 1 Advantages of new oral anticoagulants compared with vitamin K antagonists

Advantage

Rapid onset of action

Predictable anticoagulant elfect

Specific coagulation enzyme target

Low potential for food interactions

Low potential for drug interactions

Clinical implications

No need for bridging

No need for routine coagulation monitoring

Low risk of olf—target adverse elfects

No dietary precautions

Few drug restrictions
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26881
Rectangle



Annu.Rev.Med.2011.62:41-57.Downloadedfromwww.annualreviews.orgbyMr.JeffreyDillardon11/20/15.Forpersonaluseonly.

Table 2 Comparison of the pharmacological characteristics of new oral direct thrombin and FXa inhibitors in late-stage

clinical development“

Parameter Edoxebau
Target Feetorxe
oralbioavauabuiry 50%
Dosing Fixed, once daily
Pro-drug No
Ha1f—Iife<h> 9-11

monitoring

Reneleleeranee 35%
Potential drug Rifampicin, quinidine, amiodarone, Potent inhibitors of Potent CYP3A4 Potent inhibitors of

interactions potent P-gp inhibitors CYP3A4 and P—gpb inhibitorsb CYP3A4 and P-gp

Involvement of CYP CYP3A4 CYP3A4
Approved in >70 countries“ Approved in >70 Phase 111

countries“
Clinical status

CYP3A4

Phase III

“The table does not include data for AZD0837, betrixaban, YMISO, and TAK-442, which remain in early stages of clinical development.
bCYP, cytochrome P-450 isoenzymes; P-gp, P-glycoprotein. Strong inhibitors of both CYP3A4 and P-gp include azole antifungals (e.g., ketoconazole,
itraconazole, voriconazole, posaconazole) and protease inhibitors, such as ritonavir. Potent CYP3A4 inhibitors include azole antifiingals, macrolide
antibiotics (e.g., clarithromycin), and protease inhibitors (e.g., atanazavir).
°Approved for the prevention of venous thromboembolism after hip and knee arthroplasty. Dabigatran is also approved in the U.S. and Canada for stroke
prevention in patients with AF. Phase III trials are ongoing in other clinical indications.

toxicity, and it was subsequently withdrawn

from the market in 2006. Ximelagatran did

however have many desirable properties, and

experience with the drug demonstrated that an

oral anticoagulant specifically targeting throm-

bin without routine monitoring could be as

effective as VKAs in the prevention and treat-

ment of VTE and stroke prevention in pa-

tients with AF, with no increase in bleeding.

Confirmation of the suitability of thrombin as

a target comes from subsequent studies with

dabigatran, which, unlike ximelagatran, is not

hepatotoxic.

Dabigatran Etexilate

Dabigatran etexilate is the prodrug of dabiga-

tran, which reversibly inhibits the active site of

thrombin. Oral bioavailability is ~6%. Follow-

ing oral administration, dabigatran etexilate is

rapidly converted to dabigatran by esterases in

the blood and liver with peak plasma concentra-
tions achieved 2-3 h after oral administration.

Dabigatran is not metabolized and does not

inhibit cytochrome P-450 (CYP) isoenzymes

Erikrron 0 Quinlan 0 Ei/zelboom

(12). About 80% of the drug is excreted un-

changed via the kidneys with the remainder

conjugated and excreted via the biliary system.

Dabigatran is contraindicated in patients with

severe renal impairment [creatinine clearance

(CLCR) <3 0 mL/min]. For patients undergoing

hip or knee arthroplasty who have moderate re-

nal impairment (CLCR 3 0-50 mL/min), a lower

dose (150 mg once daily) is recommended in

place ofthe usual dose of220 mg once daily (1 3).

The half-life of dabigatran is 12-14 h, which

permits once- or twice-daily dosing (12).

Dabigatran etexilate is a substrate for the ef-

flux transporter P-glycoprotein (P-gp) in the

intestine, and coadministration of a P-gp in-

hibitor increases blood levels of dabigatran by

decreasing efliux of the prodrug. Amiodarone

and verapamil are moderately potent inhibitors

ofP-gp and increase blood levels of dabigatran

by ~50%. Consequently, a lower dose of dabi-

gatran (150 mg once daily) is recommended for

VTE prevention in patients taking amiodarone

or verapamil. Quinidine is a strong P-gp in-

hibitor and should not be used in conjunction

with dabigatran (13).
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Based on promising results in phase II

trials, dabigatran was investigated in four large

phase III trials for prevention of VTE after

total hip arthroplasty [RE-NOVATE (14),
n = 3,494; RE-NOVATE II (15), n = 2,055]

and total knee arthroplasty [RE-MODEL (16),

n = 2076; RE-MOBILIZE (17), n = 2,615].
RE-NOVATE and RE-MODEL were

conducted mainly in Europe and used the

European approved dose of enoxaparin (40 mg

once daily with the first dose given in the

evening before surgery) as the comparator,

whereas RE-MOBILIZE was conducted pre-

dominantly in the United States and Canada

and used the North American—approved dose

of enoxaparin (30 mg twice daily starting 12

to 24 h after surgery) as the comparator. RE-

NOVATE II is the most recently completed

trial and involved patients from both Europe
and North America. In the first three trials,

two doses, 220 mg and 150 mg once daily,

were compared with enoxaparin. Both RE-
MODEL and RE-NOVATE demonstrated

noninferiority for the primary outcome,
)

Figure 2
Pooled estimates of the results of randomized

controlled trials comparing the elfects of new oral
anticoagulants versus enoxaparin on total venous
thromboembolism (VTE) and all—cause mortality,
and major bleeding among patients undergoing hip
or knee arthroplasty. The new anticoagulant
regimens evaluated in the trials were dabigatran
220 mg once daily (14-17), rivaroxaban 10 mg once
daily (18-21), and apixaban 2.5 mg twice daily
(22-24) and the comparator regimens were
enoxaparin 40 mg once daily or 30 mg twice daily.
Elfect estimates were calculated using the Mantel-
Haenszel method under a fixed—elfects model and

are presented as risk ratios and 95% CIs (log scale).
In panel a, “efficacy” refers to total VTE and
all—cause mortality. *Heterogeneity: p = 0.12,
I2 = 49%; overall elfect: p = 0.58. ’[Heterogeneity:
p = 0.0003, 12 = 84%; overall elfect: p < 0.00001.
iHeterogeneity: p = 0.0001, 12 = 89%; overall
effect: p < 0.00001. In panel 17, “bleeding risk”
refers to major bleeding as defined in the individual
trials. *Heterogeneity: p = 0.24, I2 = 28%; overall
effect: p = 0.66. ’[Heterogeneity: p = 0.70,
I2 = 0%; overall elfect: p = 0.07. iHeterogeneity:
p = 0.16, I2 = 45%; overall elfecr: p = 0.21.

which was a composite of symptomatic or

asymptomatic deep vein thrombosis (DVT),

nonfatal pulmonary embolus (PE) (hereafter

 

_ DVT: dee vein
called total V IE), and all-cause mortality, thmmbosisp
with p-values of 0.0003 and <0.0001, respec-

tively (Figure 2a). These data formed the

basis for approval of the drug by European

and Canadian regulators in 2008. The third
trial, RE-MOBILIZE, did not demonstrate

a Efficacy

Dabigatran Risk ratio (95% CI)
RE—MODEL -I,- 0.97 (0.82-1.13)

RE-MOBILIZE :-o- 1.23 (1.03-1.47)
RE-NOVATE —I4.— 0.90 (0.63-1.29)

RE-NOVATE II —I-l— 0.88 (0.63—1 .22)
Overall ':|' 1.03 (0.93—1.15)*

Rivaroxaban E
RECORD1 jlj I 0.30 (0.18—0.51)
RECORD2 —-Z : 0.21 (0.13-0.35)
RECORD3 —|— I 0.51 (0.39-0.65)
RECORD4 —I— I 0.69 (0.51 -0.92)

Overall -0- l 0.46 (0.39—0.54)’rI

Apixaban E
ADVANCE—1 —ll— 1 .02 (0.78—1 .32)
ADVANCE—2 —I— l 0.62 (0.51-0.74)

ADVANCE—3 —-— 0.36 (0.23—o.s6)
Overall —I— : 0.67 (0.58—0.77)=l=

Favors oral drug I Favors enoxaparin
0.1 1.0 10.0

Risk ratio (log scale)

b Bleeding risk
Dabigatran Risk ratio (95% CI)

RE—MODEL 1.14 (0.46-2.78)
RE-MOBILIZE 0.42 (0.15-1.19)

RE-NOVATE 1.29 (0.70-2.37)
RE-NOVATE II 1.54 (0.67—3.55)

Overall 1.09 (0.74—1.61)*

Rivaroxaban
RECORD1 3.02 (0.61 -14.95)
RECORD2 1 .00 (0.06—l 5.98)
RECORD3 1 .1 8 (0.40-3.52)
RECORD4 2.47 (0.78—7.86)

Overall 1.85 (0.94—3.63)'l'

Apixaban
ADVANCE—1 0.50 (0.24-1.02)
ADVANCE—2 0.65 (0.28—1.49)
ADVANCE—3 1.22 (0.65-2.26)

Overall 0.78 (0.52—1.16)$

0.1 1.0 10.0

Risk ratio (log scale)
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PE: pulmonary
embolus

ACS: acute coronary
syndrome

noninferiority for the primary outcome (2 5.3 %

for enoxaparin versus 31.1% for 220 mg, risk

difference +5.8%, 95% CI, 0.8—10.8; p = 0.02

and 33.7% for 150 mg, risk difference +8.4%,

95% CI, 3.4—13.3; p = 0.0009). However, both

treatments were similar for the secondary com-

posite outcome, major VTE (symptomatic or

asymptomatic proximal DVT, nonfatal or fa-

tal PE) plus VTE-related mortality (3 .4% with

220 mg, 3.0% with 150 mg, and 2.2% with

enoxaparin) and symptomatic DVT (0.8%,

0.7%, and 0.6%). There were no differences

in bleeding rates (Figure 2b), hepatic en-

zyme elevations, or acute coronary syndrome

(ACS) events between the two treatments. The
RE-NOVATE II trial showed that five weeks

of treatmentwith dabigatran 220 mg once daily

was as effective as enoxaparin 40 mg once daily

for prevention of total VTE events and all-

cause mortality (p < 0.0001 for noninferiority)

in patients undergoing hip arthroplasty with a

similar risk of bleeding (15). Treatment with

dabigatran was, however, superior to enoxa-

parin for the secondary composite outcome of

major VTE plus VTE-related mortality (2.2%

for dabigatran versus 4.2% for enoxaparin,

p = 0.029).

The long-term use of dabigatran for the

prevention of stroke in patients with AF, as

a replacement for VKAs, was investigated in

RE-LY, a prospective randomized multina-

tional phase III trial with blinded evaluation of

all outcomes (1). Two blinded doses of dabiga-

tran (110 mg or 150 mg twice daily) were com-

pared with open-label warfarin (targeted INR

2-3) in 18,113 patients with nonvalvularAF and

at least one other major risk factor for throm-

boembolism. The minimum follow-up was one
year.

After a median follow-up of two years, the

rate of stroke or systemic embolism (including

hemorrhagic stroke) was similar in the warfarin

group (1.69% per year) and the group that

received dabigatran 110 mg twice daily (1.53 %

peryear, p < 0.001 for noninferiority), and sig-

nificantly lower in the group given dabigatran

150 mg twice daily (1.11% per year, [1 < 0.001

for both noninferiority and superiority)

En’/arson 0 Quinlan 0 Ei/zelboom

(Figure 3). The major bleeding risk associated

with dabigatran 150 mg twice daily was compa-

rable to that observed with warfarin (3.1% per

year versus 3.4% per year, p = 0.31), whereas

dabigatran 110 mg twice daily was associated

with a significantly lower rate ofmajor bleeding

than warfarin (2.7% per year, p = 0.003) (1).

For both doses of dabigatran, the rates of

intracranial, life-threatening, minor, and total

bleeding were significantly lower than with

warfarin. Dabigatran 150 mg twice daily sig-

nificantly increased gastrointestinal bleeding

compared with warfarin, and both doses of

dabigatran were associated with higher rates of

myocardial infarction (MI) than warfarin [dabi-

gatran 110 mg twice daily: 0.72% (p = 0.07);

dabigatran 150 mg twice daily: 0.74%

(p = 0.048); warfarin 0.53 %]. The mechanism
of increased MI remains uncertain. The mor-

tality rate was 4.13 % per year in the warfarin

group compared with 3.75% per year with

110 mg ofdabigatran (p = 0.13) and 3.64% per

year with 150 mg of dabigatran (p = 0.051).

There was no signal for liver toxicity or other

adverse events with dabigatran except for an

increase in dyspepsia compared with warfarin.

In contrast to previous trials, in which the

vast majority of patients were on VKAs at the

time of trial entry, RE-LY included a balanced

representation ofwarfarin-naive (<2 months of

VKA) and warfarin-experienced patients. Con-

sistent benefits ofdabigatran were seen whether

patients were warfarin-naive or experienced.

Patients in the dabigatran groups who com-

pleted RE-LY were offered the possibility of

continuing in the open-label long-term safety
extension trial, RELY-ABLE. More than 6,000

patients have been enrolled for up to 28 months

of treatment, with results expected in 2011.

The use ofdabigatran for treatment and sec-

ondary prevention ofVTE, as a replacement for
VKAs, has been studied in RE-COVER, which

compared six months of dabigatran 150 mg

twice dailywith warfarin (dosed to achieve a tar-

get INR of 2-3) preceded by initial treatment

(5-10 days) with an approved parenteral anti-

coagulant for treatment of acute symptomatic

VTE (2). Rates of the primary efficacy outcome,
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I

Dabigatran (1 10 mg) l Relative risk (95% Cl)
Stroke or systemic embolism —I-l- 0.91 (0.74—1.11)

Major bleeding -I- E 0.80 (0.69—0.93)
Hemorrhagic stroke élj : 0.31 (0.i7—0.56)

Death -01- 0.91 (0.80—1.03)I

Dabigatran (150 mg) I

Stroke or systemic embolism —I— E 0.66 (0.53—0.82)
Major bleeding -If 0.93 (0.81—1.07)

Hemorrhagic stroke élj I 0.26 (0.14—0.49)

Death -I-l 0.88 (0.77—1.00)

Favors dabigatran E Favors warfarin0.1 1.0 10.0

Relative risk (log scale)

Figure 3

Results of the RE—LY trial for the primary outcome event of stroke or systemic embolism, major bleeding
and important safety endpoints (hemorrhagic stroke), and death (1). Point estimates and 95% CIs are shown.

recurrent symptomatic VTE and VTE-related

death, were 2.4% and 2.1% in the dabigatran

and warfarin groups, respectively (p < 0.001

for noninfeiioiity). Rates of major bleeding

were 1.6% and 1.9% in the dabigatran and war-

farin groups, respectively; rates of any bleed-

ing were 16.1% and 21.9%, respectively (p <

0.05). The results of additional phase III trials
in VTE treatment (RE-COVER II, 12 = 2,550)

and secondary prevention of VTE (two trials,
12 = 4,095) will be available in 2011 (Table 3).

A phase II dose-ranging trial assessing the

safety and efficacy of dabigatran in the preven-

tion ofischemic events in subjects with ACS has

been reported (26). Dabigatran was associated

with low rates of major bleeding, the primary

outcome of the study, but it is unclear whether

a phase III trial will be performed for this
indication.

AZD0837

AZD083 7 is the prodrug ofAR-H06763 7, with

oral bioavailability of 22 % to 55%. It has supe-

rior pharmacological properties compared with

its predecessor, ximelagatran, and appears to be

devoid of liver toxicity. Plasma levels of AR-

H067637 peak 0.7-1.5 h after oral administra-

tion, and the mean half-life is 9 h after single

oral doses (15-750 mg) ofAZD0837 in solution

(12). An extended-release formulation has been

developed, potentially enabling once-daily

dosing without significant peak-to-trough

variability.

Limited phase II trials evaluating AZD083 7

have been completed (12), exposing >900 pa-
tients to at least three months of treatment

(longest exposure ~16 months). ASSURE, a

phase III trial comparing AZD0837 (175 mg

once daily) to warfarin for the prevention of

stroke or systemic embolism in patients with

AF, was halted in 2008 because ofstability prob-

lems with the oral formulation. Although this

issue was subsequently resolved, it is unclear

whether there will be further development of
AZD0837.

ORAL FACTOR Xa INHIBITORS

Rivaroxaban

Rivaroxaban is an orally active FXa inhibitor

with oral bioavailability reported to be >80%

(12). Absorption is rapid with maximal antico-

agulant effects achieved 2-4 h after oral dos-

ing. Rivaroxaban has a dual mechanism of ex-

cretion; one third is cleared as unchanged drug

via the kidneys, one third is metabolized by the

liver via CYP3A4-dependent and -independent

pathways with the metabolites then excreted in
the feces, and one third is metabolized in the
liver with the inactive metabolites then elimi-

nated via the kidneys. Rivaroxaban has a half-

life of 5-9 h in young subjects, increasing to
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11-13 h in elderly subjects. In subjects with

moderate renal impairment, overall exposure

is 50% higher than that in controls (12). Ri-

varoxaban is generally administered once daily,

although the drug is given twice daily for the

initial treatment of patients with VTE and in

patients with ACS.
Intestinal excretion of rivaroxaban is me-

diated in part by P-gp, because potent P-gp

inhibitors increase drug levels (12). Concomi-

tant administration ofpotent inhibitors of both

P-gp and CYP3A4, such as ketoconazole and

ritonavir, is contraindicated because they sub-

stantially increase plasma drug levels (2 7).

Based on promising results in phase II tri-

als, rivaroxaban was investigated in four large

phase III trials for prevention ofVTE after total

hip arthroplasty [RECORD1 (18), 12 = 4,541;

RECORD2 (19), 12 = 2,509] and total knee

arthroplasty [RECORD3 (20), n = 2,531;

RECORD4 (21), n = 3,148]. The RECORD1,

-2, and -3 trials used enoxaparin 40 mg once

daily as the comparator, whereas RECORD4

used enoxaparin 30 mg twice daily as the

comparator. RECORD1, -3, and -4 compared

equivalent durations of treatment with both

drugs; the RECORD2 trial compared a 31-

to 39-day course of rivaroxaban versus a 10-

to 14-day course of enoxaparin followed by

21 to 25 days of placebo. In all four trials,

the dose of rivaroxaban was 10 mg once daily,
started 6-8 h after wound closure. All four

trials demonstrated superiority for rivaroxaban

over enoxaparin for the primary outcome, a

composite of total VTE and all-cause mor-

tality (Figure 2a). There were no significant

differences in the rates of major bleeding

(Figure 211) or hepatic enzyme elevations
between the two treatments. In both the

RECORD2 and -3 trials, rivaroxaban signif-

icantly reduced the incidence of symptomatic

VTE compared with enoxaparin. Pooled

analyses of the RECORD trials revealed a

small but significant increase in major plus

clinically relevant nonmajor bleeding with

rivaroxaban (28). The phase III trial data

formed the basis for European and Canadian

approval in 2008. Approval by the US. Food

and Drug Administration (FDA) was deferred

pending long-term safety data.

The use of rivaroxaban for the secondary

prevention ofVTE, as a replacement for VKAs,
has been studied in EINSTEIN-EXT, which

compared rivaroxaban 20 mg once daily ver-

sus placebo in patients who had completed 6-

12 months of anticoagulant treatment for their

acute episode ofVTE (3). Rates of the primary

elficacy outcome after a median of six months

treatment, recurrent symptomatic VTE, were

1.3 % and 7.1% in the rivaroxaban and placebo

groups, respectively (risk reduction 82%, p <

0.0001). Rates ofmajor bleedingwere 0.7% and

0% in the rivaroxaban and placebo groups, re-

spectively, and the composite ofmajor and clin-

ically relevant nonmajor bleeding were 6.0%

and 1.2%, respectively (p < 0.001).

Phase II dose-ranging trials assessing the

safety and efficacy of rivaroxaban in the pre-

vention of ischemic events in subjects with

ACS (29) and patients with symptomatic DVT

(30) have been reported. A large phase III

trial (12 =

(20 mg once daily) versus warfarin for pre-

14,266) comparing rivaroxaban

vention of stroke or systemic embolism in pa-

tients with AF (31) completed enrollment in

May 2010, and the results are expected to be

presented in November 2010. A phase III trial

comparing rivaroxaban (15 mg twice daily for

3 weeks followed by 20 mg once daily for 3-

12 months) versus enoxaparin followed byVKA

for the treatment of acute symptomatic DVT

without symptoms of PE (EINSTEIN-DVT,

12 = 3,465) demonstrated that patients treated

with rivaroxaban had a similar rate of symp-

tomatic recurrent VTE (fatal or nonfatal, 2.1%

versus 3.0%, p < 0.0001 for non-inferiority)

and bleeding (defined as the composite of ma-

jor and clinically relevant nomnajor bleeding,

8.1% in both treatment groups, p = 0.77) as

those treated with standard therapy (4). Ongo-

ing phase III trials (Table 2) are investigating

rivaroxaban in PE treatment (12 = 4,000), pri-

mary prevention of VTE in acutely ill medi-

cal patients (n = 8,000), and the prevention

of recurrent ischemia in patients with ACS
(12 = 16,000).
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Apixaban

Apixaban is an orally active, reversible in-

hibitor of FXa. Absorption is rapid with maxi-

mal plasma concentrations achieved 1-3 h after

oral administration (12). Lower peak-to-trough
concentration ratios are observed with twice-

daily versus once-daily dosing regimens, result-

ing in a preference for twice-daily dosing. The

drug has a mean half-life of 8-15 h in healthy

young subjects.

Apixaban and its metabolites are excreted

by multiple elimination pathways, including re-

nal excretion (25%), hepatic metabolism via

CYP3A4-dependent mechanisms, and intesti-

nal excretion (~5 5 %). The multiple elimina-

tion pathways raise the possibility that patients

with hepatic or renal impairment can be treated

with apixaban. Concomitant treatmentwith po-
tent inhibitors ofCYP3A4 such as ketoconazole

is contraindicated in apixaban-treated patients
(12).

Based on promising results observed in a

phase II study in patients undergoing knee

arthroplasty, apixaban was investigated in three

large phase III trials for prevention of VTE

after total knee arthroplasty [ADVANCE-1
(22), n = 3,195; ADVANCE-2 (23), n =

3,057] and hip arthroplasty [ADVANCE-3,

12 = 5,407 (24)]. ADVANCE-1 used enoxa-

parin 30 mg twice daily as the comparator,

whereas ADVANCE-2 and -3 used enoxaparin

40 mg once daily as the comparator. In all three

trials, the dose of apixaban was 2.5 mg twice

daily, started in the morning of the day after

surgery. In ADVANCE-1, a 12-day course of

apixaban had efficacy similar to an equal du-

ration of treatment with enoxaparin with to-

tal VTE plus all-cause mortality rates of 9.0%

and 8.8%, respectively. Major bleeding rates

were 0.7% with apixaban and 1.4% with enoxa-

parin (p = 0.053). Despite similar efficacy,

apixaban did not meet the prespecified non-

inferiority goal because the event rates in the

control group were much lower than expected.

In ADVANCE-2, the same apixaban regimen

significantly reduced total VTE plus all-cause

mortality compared with enoxaparin (15.1%

Erikrron 0 Quinlan 0 Ei/zelboam

and 24.4%, respectively; p < 0.0001) and was

associated with a similar risk of bleeding (ma-

jor bleeding, 0.6% and 0.9%, respectively; p =

0.30). In ADVANCE-3, five weeks of treat-

ment with apixaban in patients undergoing hip

arthroplasty significantly reduced total VTE

and all-cause death compared with enoxaparin

(1.4% and 3.9%, respectively; p < 0.0001) and

was associated with a similar risk of bleeding

(major bleeding, 0.8% and 0.7%, respectively;

p = 0.54). In ADVANCE-2 and -3, major

VTE was significantly lower with apixaban ver-

sus enoxaparin. Taken together, the results of

these three trials suggest that apixaban offers a

favorable efficacy-safety balance in patients un-

dergoing hip or knee arthroplasty (Figure 2).

Phase II dose-ranging trials assessing the

safety and efficacy of apixaban in the prevention

ofischemic events in patients with ACS (3 2) and

patients with symptomatic DVT (3 3) have been

reported. A phase III trial comparing apixaban

(5 mg twice daily) to aspirin for the preven-

tion of stroke or systemic embolism in patients
with AF who have failed or are unsuitable for

VKA (AVERROES) was stopped early in May

2010 (5,600 patients enrolled) for efficacy af-

ter a predefined interim analysis revealed clear

evidence of a clinically important reduction in

stroke and systemic embolism (preliminary re-

sults showing a 3.6% rate per year on aspirin

and 1.8% per year on apixaban; relative risk

0.46, p < 0.001) and an acceptable safety pro-

file for apixaban (2 5). Preliminary safety results

showed a major bleeding rate of 1.2% per year

on aspirin and 1.4% per year on apixaban, rela-

tive risk 1.14, p = 0.56. The rate ofintracranial

bleedingwas 0.3 % peryear on aspirin and 0.4%

per year on apixaban. There was no evidence of

hepatic toxicity or other major adverse events.

A large phase III trial (12 = 18,183) compar-

ing apixaban (5 mg twice daily) versus vvarfarin

for prevention of stroke or systemic embolism

in patients with AF (3 4) completed enrollment

in 2010 and the results are expected in 2011.

Additional phase III trials are evaluating the

use of apixaban for VTE prevention in acutely

ill medical patients (n = 6,500), initial and
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long—terrn VTE treatment (12 > 5,000), and

prevention of recurrent ischemia ir1 patients

with ACS (n = 10,800).

Edoxaban

Edoxaban is an orally active FXa inhibitor that

reaches peak plasma concentrations approxi-

mately 1-3 h after oral administration. Edox-
aban has a half-life of 9-11 h and has a dual

mechanism of elimination; approximately one

third is eliminated via the kidney, and the re-

mainder is excreted in the feces (3 5).

In phase II studies, edoxaban has been eval-

uated for VTE prevention in patients under-

going elective total hip arthroplasty (36) and

for stroke prevention in AF (3 7). The AF study

(37) showed that once-daily dosing was asso-

ciated with less bleeding than twice-daily dos-

ing. Phase III trials are comparing two doses of

edoxaban (30 or 60 mg once daily) to vvarfarin

for prevention of stroke or systemic embolism

in patients with AF (12 = 16,500), and for initial

and long-term treatment ofVTE (12 = 7,500).

Other Agents in Development

Other FXa inhibitors in earlier stages ofclinical

development include YM150, betrixaban, and
TAK-442. Phase II trials have evaluated vari-

ous doses ofthese agents in patients undergoing

hip or knee arthroplasty, in patients with AF at

risk of stroke or systemic embolism, and/or in

subjects with ACS.

CLINICAL INDICATIONS

AND DEVELOPMENT ISSUES

Potential target indications for the new oral an-

ticoagulants are discussed in more detail below.

Prophylaxis ofVenous
Thromboembolism

Current guidelines recommend that pa-

tients undergoing knee or hip arthroplasty

should receive thromboprophylaxis such as

low-molecular-weight heparins, VKAs, or a

pentasaccharide for at least 10 days after

surgery, and continuing up to 28-3 5 days

after hip arthroplasty (3 8). However, VKA ther-

apy is often discontinued following hospital dis-

charge because of the need for routine coagu-

lation monitoring and concerns about the risk

of bleeding, and parenteral agents are often

stopped because of the inconvenience of subcu-

taneous injections. Ir1 some countries, patients

remain hospitalized for only 3-4 days after hip

or knee arthroplasty (3 9), so that the longest pe-

riod of recommended prophylaxis in both hip

and knee arthroplasty patients occurs out-of-

hospital. Oral agents that are effective and safe

and do not require routine coagulation moni-

toring or parenteral administration could play

an important role in increasing uptake of pro-

phylaxis beyond hospital discharge.

On the basis of the results of the phase III

studies, dabigatran and rivaroxaban have been

approved for the prevention of VTE after hip

or knee arthroplasty in more than 70 countries.

Both drugs have the potential to streamline out-

of-hospital prophylaxis. Apixaban has been sub-

mitted for European regulatory approval for the

same indication in early 2010.

Stroke Prevention in Atrial Fibrillation

Long-term anticoagulation therapy with VKAs
such as vvarfarin is recommended for indi-

viduals with nonvalvular AF who are consid-

ered at moderate to high risk of stroke but

is grossly underutilized and often relatively

ineffective (40). The favorable results of the

RE-LY trial are likely to dramatically change

the approach to long-term anticoagulant ther-

apy for stroke prevention in patients with
AF. With fewer strokes and less intracranial

bleeding with the higher-dose 150-mg dabiga-

tran regimen compared with warfarin, and less

bleeding yet similar efficacy with the lower-

dose 110-mg regimen, the opportunity exists

to tailor anticoagulant treatment according to

the patient’s risk of stroke and bleeding (41). In

addition, the availability of simple, fixed-dose,

unmonitored therapy should increase the up-

take of anticoagulant therapy in patients with
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AF at risk for stroke. Several questions re-

main, however, concerning the use of dabi-

gatran in clinical practice if and when it is

approved for use (42). These include (a) the op-

timal dosing regimen to use in dilferent patient

groups according to risk profile, renal func-

tion, and concomitant medications; (17) the cost-

elfectiveness for dilferent risk groups; and (t)

which patients currently receiving VKA treat-

ment for stroke prevention should be switched

to dabigatran. The more efficacious 150-mg

dose is likely to be appropriate for patients at

high risk of stroke and the safer 110-mg dose

for those at high risk of bleeding or associated

drug interactions. Dabigatran was submitted

for FDA and European regulatory approval for

this indication ir1 early 2 010. Promising prelim-

inary results from the AVERROES trial sug-

gest that apixaban is also an elfective antico-

agulant for stroke prevention in patients with
AF. Phase III results for rivaroxaban are ex-

pected in late 2010 and, together with results

of a second phase III trial of apixaban expected

in 2011, should provide additional information

on the benefits of these agents in this clinical

setting.‘

Treatment ofVenous

Thromboembolism

Therapy for VTE is aimed at limiting or pre-

venting extension of the thrombus, as well as

preventing recurrence of VTE and (fatal) PE.

Current management strategies involve initial

treatment with heparins or pentasaccharide for

1Since this review went to press, the U.S. FDA and
Health Canada have approved dabigatran for reduction
in the risk of stroke in patients with non-valvular AF
(htipz//www.pradaxa.com/). In addition, the phase III
ROCKET—AF trial showed that in patients with non-valvular
AF, rivaroxaban was non—inferior to dose-adjusted warfarin
with regard to the primary endpoint of all—cause stroke
and non—central nervous system embolism. The rates of
the composite of major and non—major clinically relevant
bleeding were comparable in the rivaroxaban— and warfarin-
treatrnent arms, with less fatal bleeding and intracranial
haemorrhage observed among those treated with rivarox-
aban (http://www.thel1eart.org/arficle/1148785.410) (ac-
cessed December 9, 2010).

Erikrron 0 Quinlan 0 Ei/zelboom

at least five days followed by long—term oral

anticoagulation with VKAs (43). Previous stud-

ies involving the oral DTI ximelagatran showed

that the use of fixed dosing without coagula-
tion was elfective for six months’ treatment of

DVT with or without PE (44), with a low rate

of major bleeding events. Since the greatest
risk of recurrent DVT or PE occurs within the

first 5-10 days after diagnosis, and initial treat-

ment is currently well served by parenteral low-

molecular-weight heparin and fondaparinux,

several new oral anticoagulants were not started

until after at least five days of treatment with a

parenteral agent. Dabigatran was shown to be
as elfective as warfarin for six months’ treat-

ment ofDVT and PE after an initial 5-10 days’

treatment with a parenteral anticoagulant in all

patients (2). Treatment trials ofrivaroxaban and

apixaban compared higher anticoagulant doses

during the initial one week (apixaban) and three

weeks (rivaroxaban) with a parenteral agent af-

ter an acute VTE event, followed by longer-

duration anticoagulation with a lower dose of

the oral agent compared with a VKA for an

additional 6-12 months. These contrasting ap-

proaches will further define the optimal strategy

for the initial and long-terrn treatment of acute
VTE.

Most physicians have been reluctant to con-

tinue anticoagulant treatment beyond three or

six months after a first episode ofVTE because

of the inconvenience and bleeding risks associ-
ated with VKAs. Due to the absence of labo-

ratory monitoring requirements with the new

anticoagulants, there is an increased interest in

extension of secondary prophylaxis beyond the
first six months. Rivaroxaban reduced the risk of

recurrent symptomatic VTE by 80% compared

to placebo, with no increase in the rate ofmajor

bleeding but with a significant increase in clin-

ically relevant nonmajor bleeding, when con-

tinued for a further 6 months among patients

who already had completed 6-12 months of

anticoagulant treatment (3). Similarly designed

phase III trials are under way with dabigatran

and apixaban, and their results may further

refine the duration of secondary prophylaxis

following an acute VTE event.
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Acute Coronary Syndromes

The use of anticoagulants in patients post

ACS remains controversial. Oral anticoagula-

tion with VKAs has been shown to prevent re-
current ischemic events after ACS; however,

there is a clear risk of bleeding (45). For post-

ACS patients, aspirin plus warfarin at INR val-

ues of 2-3 doubles the risk of major bleeding

but is superior to aspirin alone in preventing

major cardiac events (all-cause death, nonfatal
MI, and nonfatal thrombo-embolic stroke) (45).

However, uncertainty remains about the safety

(bleeding risk) of combining oral anticoag-

ulation with dual antiplatelet therapy (e.g.,

aspirin plus clopidogrel) as used in contem-

porary clinical practice or in ACS patients,

particularly those with coexisting conditions,

such as AF or a mechanical valve prosthesis.

Several of the new anticoagulants are un-

dergoing evaluation in this clinical setting.

Phase III results for rivaroxaban and apixa-

ban versus placebo are expected in 2011 or

2012 and should help to clarify the benefits of

oral anticoagulation in post-ACS patients who

routinely receive concomitant dual antiplatelet

therapy}

CONCLUSIONS AND FUTURE

DIRECTIONS

The new oral anticoagulants under evaluation

for the prevention and management of venous

and arterial thromboembolism have important

advantages over VKAs, including a rapid on-

set of action, predictable anticoagulant effects

that obviate the need for routine coagulation

monitoring, and a low propensity for drug in-

teractions. The superior pharmacological prop-
erties and convenience of the new oral antico-

agulants compared with existing anticoagulants

ZSince this review went to press, the phase III APPRAISE—
2 trial of apixaban in high-risk patients with recent
ACS was stopped early because of increased bleeding
that would not be offset by reductions in ischemic
events (http://www.theheart.org/arficle/1 1 5463 3 .do, ac-
cessed December 9, 2010).

have translated into improvements in efficacy

and safety in initial randomized trials.

Dabigatran, rivaroxaban, and apixaban are

the agents most advanced in development. Both

dabigatran and rivaroxaban have been approved

in more than 70 countries for prevention of

VTE in patients undergoing hip and knee

arthroplasty, with apixaban likely to be the next

agent approved for clinical use. Several other

new oral anticoagulants will also likely reach

the market over the next few years and thereby

improve the management of thromboembolic
disorders.

Dabigatran, which was found superior to

warfarin with a lower bleeding risk in the

RE-LY trial, so far offers the greatest promise

and opportunity for the replacement of VKAs.
Phase III results for rivaroxaban are also

promising and provide additional information

of the benefits of this agent in this clinical

setting. Given the growing burden of AF and
valvular heart disease and the lack of resources

and infrastmcture to monitorVKAs in substan-

tial numbers ofpatients, the arrival of these new

agents is anticipated with optimism.

The withdrawal oforal ximelagatran in 2006

due to hepatic toxicity has heightened aware-

ness about potential side effects of these new

agents, particularly hepatotoxicity, cardiovas-

cular adverse events, and associated drug inter-

actions. None of the new oral anticoagulants

in advanced stages of development has demon-

strated evidence of liver toxicity, but long-term

data are still required. Recognition that bleed-

ing is associated with adverse outcomes in pa-
tients with cardiovascular disease and concern

about the lack of antidotes have focused atten-

tion on the risk of bleeding with all of the new

oral anticoagulants. In particular, the potential

bleeding risks incurred by combining some of

the specific platelet aggregation inhibitors with

the new oral anticoagulants will require further
evaluation.

Although speculation still remains that the

drug target (e.g., inhibition of thrombin ver-

sus inhibition of FXa) is a critical element

in differentiating the efficacy and safety pro-

file of an anticoagulant, the pharmacokinetic
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characteristics, dosing strategies and side effects

profiles may be more clinically relevant. Key
characteristics include their renal elimination,

which is ofparticular importance in elderly pa-

tients and in those with renal dysfunction; their

frequency of administration, which could affect

drug adherence; and selection of the optimal

dose of an anticoagulant drug. Uncertainties

about the relative importance of these factors

will persist without head-to-head comparisons,

which are unlikely owing to the commercial na-

ture ofthe dilferent treatments in development.

SUNIMARY POINTS

1.
Recent efforts to find a replacement for vitamin K antagonists (VKAS) have focused on

the development of nonpeptidic, orally available, small molecules that directly inhibit

thrombin and activated factor X (FXa).

. The new agents are direct—acting, reversible, small molecules with predictable pharma-

codynarnic profiles allowing once— or tvvice—daily fixed dosing regimens without the need

for routine monitoring of their respective anticoagulant eflfects.

. The direct thrombin inhibitor dabigatran and the selective FXa inhibitor rivaroxaban are

most advanced in clinical development and are approved in more than 70 countries for the

prevention ofvenous thromboembolism in patients undergoing hip or knee arthroplasty.

. The recently reported RE—LY trial compared dabigatran to warfarin for stroke prevention

in atrial fibrillation. The RE—LY results demonstrated the potential of the new oral

anticoagulants to replace VKAS for long—terrn treatment.

. It is likely that several of the new orally available anticoagulants, targeting direct inhibi-

tion of thrombin and the direct inhibition of factor Xa, will replace VKAS for long—terrn

thrombosis management.

FUTURE ISSUES

1.
The pharmacological properties ofthe new oral drugs, especially metabolism and route of

elimination, might be important in determining the fiiture preferred usage ofparticular

drugs in diflferent patient groups (e.g., patients with impaired liver or renal function,

adolescents, the elderly).

. Studies will be needed to examine the potential role of the novel oral anticoagulants in

other clinical settings (e.g., prosthetic heart valves, cerebrovascular disease, and periph-

eral artery disease).

DISCLOSURE STATEMENT

B.I.E. has received fees as a consultant or speaker forAstellas, Bayer, Boehringer Ingelheim, Daiichi

Sankyo, and Takeda. D.].Q. has received fees as a consultant for Boehringer Ingelheim. B.I.E.

received funding from The University ofGothenburg to perform the literature search and finalize

this review. ].W.E. has served on advisory boards and/or received honoraria from companies that

develop and market new anticoagulants, including AstraZeneca, Bayer, Boehringer Ingelheim,

Bristol-Myers Squibb, Daiichi Sankyo, Eisai, GlaxoSmithKline, and Sanofi-Aventis. The authors

have no conflicts of interest that are directly relevant to the content of this review.

Erikrron 0 Quinlan 0 Ei/zelboam

26881
Rectangle



Annu.Rev.Med.2011.62:41-57.Downloadedfromwww.annualreviews.orgbyMr.JeffreyDillardon11/20/15.Forpersonaluseonly.

ACKNOWLEDGMENTS

J.W.E. is the recipient of the Tier II Canada Research Chair in Cardiovascular Medicine from the

Canadian Institutes for Health Research. This work has been sponsored by Sahlgrenska University

Hospital and The University of Gothenburg, Sweden.

LITERATURE CITED

1.

10.

11.

12.

13.

14.

15.

16.

Connolly SJ, Ezekowitz MD, Yusuf S, et al. 2009. Dabigatran versus warfarin in patients with
atrial fibrillation. N. Engl. Med. 36l:ll39—5l

. Schulman S, Kearon C, Kakkar AK, et al. 2009. Dabigatran versus warfarin in the treatment of
acute venous thromboembolism. N. Engl. Med. 36l:2342—52

. Biiller HR. 2009. Once-daily oral rivaroxaban versus placebo in the long-term prevention of recurrent
symptomatic venous thromboembolism. The Einstein-Extension Study. Blood (ASH Annu. Meet. Abstr.)
114(22):LBA-2 (Abstr.)

Biiller HR. 2010. EINSTEIN DVT: oral rivaroxahan versus standard therapy in the initial treatment of

symptomatic deep vein thrombosis and long-term prevention of recurrent venous thronzhoemholism. Presented
at Annu. Congr. Eur. Soc. Cardiol., Stockholm, Aug. 30-Sep. 3. Available at http://wvvw.escardio.
org/congresses/esc-2010/congress-reports/Pages/708-4-EINSTEIN-DVT.aspx. Accessed Sep. 1,
2010

. Ansell J, Hirsh J, Hylek E, et al. 2008. Pharmacology and management of the vitamin K antagonists:
American College of Chest Physicians evidence-based clinical practice guidelines (8th ed.). Chest
l33:l60S—l98

. Bungard TJ, Ghali WA, Teo KK, et al. 2000. Why do patients with atrial fibrillation not receive warfarin?
Arch. Intern. Med. 160:41-46

. White HD, Gruber M, Feyzi J, et al. 2007. Comparison of outcomes among patients randomized to
warfarin therapy according to anticoagulant control: results fi‘om SPORTIF III and V. Arch. Intern. Med.
167:2 39-45

. Direct Thrombin Inhibitor Trialists’ Collaborative Group. 2002. Direct thrombin inhibitors in acute
coronary syndromes: principal results ofa meta-analysis based on individual patients’ data. Lancet 3 59:294-
3 02

. Testa L, Andreotti F, Biondi Zoccai GG, et al. 2007. Ximelagatran/melagatran against conventional
anticoagulation: a meta-analysis based on 22,639 patients. Int. Cardiol. 122:117—24
Turpie AG, Bauer KA, Eriksson BI, et al. 2002. Fondaparinux versus enoxaparin for the prevention of
venous thromboembolism in major orthopedic surgery: a meta-analysis of 4 randomized double-blind
studies. Arch. Intern. Med. 162:1833-40

The Fifth Organization to Assess Strategies inAcute Ischemic Syndromes Investigators. 2006. Comparison

of fondaparinux and enoxaparin in acute coronary syndromes. N. Engl. }'Med. 3 54: 1464-76
Eriksson BI, Quinlan DJ, Weitz H. 2009. Comparative pharmacodynamics and pharmacokinetics
of oral direct thrombin and factor Xa inhibitors in development. Clin. Pharmaeokinet. 48:l—22
European Medicines Agency. 2009. Pradaxa. Summary of product characteristics. http://www.
ema.europa.eu/docs/en_GB/document_library/EPAR_—_Product_Information/human/000829/
WC50004l059.pdf

Eriksson BI, Dahl OE, Rosencher N, et al. 2007. Dabigatran etexilate versus enoxaparin for prevention
ofvenous thromboembolism after total hip replacement: a randomised, double-blind, noninferiority trial.
Lancet 3 70:949-56

Huo M, Eriksson B, Dahl O, et al. 2010. Oral dabigatran versus enoxaparin for thromboprophylaxis after

primary total hip arthroplasty: The RE—NOVATE II randomised trial. Haematologica 93(Suppl. 2): Abstr.
# I 568

Eriksson BI, Dahl OE, Rosencher N, et al. 2007. Oral dabigatran etexilate versus subcutaneous enoxa-
parin for the prevention of venous thromboembolism after total knee replacement: the RE-MODEL
randomized trial. Thromh. Haenzost. 5:2178-85

H/ww.annualreviews.org 0 New Oral Anticoagulants

1. Landmark phase IH
megatrial that showed
dabigatran to he more
effective and safer than
warfinin for the

prevention of stroke or
systemic embolism in
patients with atrial
fibrillation.

2. Phase III trial

demonstrating that
dabigatran is
noninferior to warfarin
in the treannent of
acute venous

thromboembolism.

12. A comprehensive
summary of the
pharmacodynamic and
pharmacokinetic
characteristics of the

new oral anticoagulants
mentioned in this
article.

55

26881
Rectangle



Annu.Rev.Med.2011.62:41-57.Downloadedfromwww.annualreviews.orgbyMr.JeffreyDillardon11/20/15.Forpersonaluseonly.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

RE—MOBILIZE Writing Committee, Ginsberg JS, Davidson BL, Comp PC, et al. 2009. Oral throm-
bin inhibitor dabigatran etexilate versus North American enoxaparin regimen for prevention of venous
thromboembolism after knee arthroplasty surgery. Artlzroplasty 24:1-9
Eriksson BI, Borris LC, Friedman R], et al. 2008. Rivaroxaban versus enoxaparin for thromboprophylaxis

after hip arthroplasty. N. Engl. Med. 358:2 765-75
Kakkar AK, Brenner B, Dahl OE, et al. 2008. Extended duration rivaroxaban versus short-term enoxaparin
for the prevention of venous thromboembolism after total hip arthroplasty: a double-blind, randomised
controlled trial. Lancet 3 72 :3 1-3 9

Lassen MR, Ageno W, Borris LC, et al. 2008. Rivaroxaban versus enoxaparin for thromboprophylaxis

after total knee arthroplasty. N. Engl. Med. 358:2776-86
Turpie AG, Lassen MR, Davidson BL, et al. 2009. Rivaroxaban versus enoxaparin for thromboprophylaxis
after total knee arthroplasty (RECORD4): a randomised trial. Lancet 373:1673-80
Lassen MR, Raskob GE, Gallus A, et al. 2009. Apixaban or enoxaparin for thromboprophylaxis after knee

replacement. N. Engl. Med. 361:594-604
Lassen MR, Raskob GE, Gallus A, et al. 2010. Apixaban versus enoxaparin for thromboprophylaxis after
knee replacement (ADVANCE-2): a randomised double-blind trial. Lancet 3 75 :807—15
Lassen MR, Raskob GE, Gallus A, et al. 2010. Randomized double-blind comparison of apixaban and
enoxaparin for thromboprophylaxis after hip replacement: the ADVANCE-3 trial. Patbopbysiol. Haenzost.
Tbronzb. 37(Suppl. 1):OC356 (Abstr.)
Connolly S, Eikelboom J, Flaker G et al. 2010. AVERROES: apixaban versus acetylsalicylic acid to
prevent strokes. Presented at Annu. Congr., Eur. Soc. Cardiol., Stockholm, Aug. 28—Sep. 1. Available at
http://www.escardio.org/congresses/esc-201 0/congress-reports/Pages/708-3-AVERROES.aspx.
Accessed Sep. 1, 2010
Oldgren J, Budaj A, Granger CB, et al. 2009. Randomised dabigatran etexilate dose finding study in
patients with acute coronary syndromes post index event with additional risk factors for cardiovascular
complications also receiving aspirin and clopidogrel (RE-DEEM). Circulation 120(21):165 (Abstr.)
European Medicines Agency. 2010. Xarelto. Summary of product characteristics. http://www.
ema.europa.eu/docs/en_GB/document_Iibrary/EPAR_-_Product_InformaIion/human/000944/
WC500057l08.pdf
Huisman MV, Quinlan D], Dahl OE, et al. 2010. Enoxaparin versus dabigatran or rivaroxaban for throm-
boprophylaxis after hip or knee arthroplasty: results of separate pooled analyses of phase III multicenter
randomized trials. Circ. Cardiovasc. Qua]. Outcomes. In press
Mega JL, Braunwald E, Mohanavelu S, et al. 2009. Rivaroxaban versus placebo in patients with acute
coronary syndromes (ATLAS ACS-TIMI 46): a randomised, double-blind, phase II trial. Lancet 374:2 9-
3 8

Biiller HR, Lensing AW, Prins MH, et al. 2008. A dose-ranging study evaluating once-daily oral admin-
istration of the factor Xa inhibitor rivaroxaban in the treatment of patients with acute symptomatic deep
vein thrombosis: the Einstein-DVT Dose-Ranging Study. Blood 112:2242-47
ROCKET AF study investigators. 2010. Rivaroxaban—once daily, oral, direct factor Xa inhibition com-
pared with vitamin K antagonism for prevention ofstroke and embolism trial in atrial fibrillation: rationale
and design of the ROCKET AF study. Am. Heart]. 159:340—47
APPRAISE steering committee and investigators, Alexander JH, Becker RC, Bhatt DL, et al. 2009.
Apixaban, an oral, direct, selective factor Xa inhibitor, in combination with antiplatelet therapy after
acute coronary syndrome: results of the Apixaban for Prevention of Acute Ischemic and Safety Events
(APPRAISE) trial. Circulation 119:2877—85

Bfiller HR, Deitchman D, Prins M, et al. 2008. Efificacy and safety of the oral direct factor Xa inhibitor
apixaban for symptomatic deep vein thrombosis. The Botticelli DVT dose-ranging study. Tbronzb.
Haemost. 6:13 13-18

Lopes RD, Alexander]H, Al-Khatib SM, et al. 2010. Apixaban for reduction in stroke and other throm-
boembolic events in atrial fibrillation (ARISTOTLE) trial: design and rationale. Am. Heart. 159:33 1-39
Ogata K, Mendell-Harary], Tachibana M, et al. 2010. Clinical safety, tolerability, pharmacokinetics, and
pharmacodynamics of the novel factor Xa inhibitor edoxaban in healthy volunteers. Clin. Pbarmacol.
50: 743-5 3

Eriksson 0 Quinlan 0 Eikelboom

26881
Rectangle

26881
Rectangle



Annu.Rev.Med.2011.62:41-57.Downloadedfromwww.annualreviews.orgbyMr.JeffreyDillardon11/20/15.Forpersonaluseonly.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

Raskob G, Cohen AT, Eriksson BI, et al. 2010. Oral direct factor Xa inhibition with edoxaban for thrombo-

prophylaxis after elective total hip replacement. A randomised double-blind dose—response study. Tbromb.
Haemoyt. 104:642—49

Weitz JI, Connolly S], Patel 1, et al. 2010. Randomised, parallel-group, multicentre, multinational phase
2 study comparing edoxaban, an oral factor Xa inhibitor, with warfarin for stroke prevention in patients
with atrial fibrillation. T/Jromlz. Haemost. 104:633—4l

Geerts WH, Bergqvist D, Pineo GF, et al. 2008. Prevention ofvenous thromboembolism: Amer-
ican College of Chest Physicians Evidence-Based Clinical Practice Guidelines (8th ed.). Chest
1 33 :3 81-453S

Friedman R], Gallus AS, Cushner FD, et al. 2008. Physician compliance with guidelines for deep-vein
thrombosis prevention in total hip and knee arthroplasty. Curr. Med. Res. Opin. 24:87-97
Singer DE, Albers GW, DalenJE, et al. 2008. Antithrombotic therapy in atrial fibrillation: Amer-
ican College of Chest Physicians Evidence-Based Clinical Practice Guidelines (8th ed.). Cbest
l33:546S-92S

Eikelboom JW, Weitz]l. 2010. New anticoagulants. Cirtulation 12 1:152 3-32
Hankey G], EikelboomJW. 2010. Antithrombotic drugs for patients with ischaemic stroke and transient
ischaemic attack to prevent recurrent major vascular events. Lamet Neural. 9:273-84
Kearon C, Kahn SR, Agnelli G, et al. 2008. Antithrombotic therapy for venous thromboembolic dis-
ease: American College of Chest Physicians Evidence-Based Clinical Practice Guidelines (8th ed.). Chest
133:454S—545S

FiessingerJN, Huisman MV, Davidson BL, et al. 2005. Ximelagatran versus low-molecular-weight hep-
arin and warfarin for the treatment of deep vein thrombosis: a randomized trial. ]AMA 293:681-89
Andreotti F, Testa L, Biondi-Zoccai GG, et al. 2006. Aspirin plus warfarin compared to aspirin alone after
acute coronary syndromes: an updated and comprehensive meta-analysis of 25 307 patients. Eur. Heart
2 7:5 19-26

w1v712.annualrez)iewr.0rg 0 New 0mlAntitoagulantr

38. ACCP guidelines
outlining
recommendation for

prophylaxis ofVTE in
patients undergoing hip
or knee arthroplasty.

40. ACCP guidelines
outlining
recommendations for

anticoagulant therapy of
patients with AF.

57

26881
Rectangle



Annu.Rev.Med.2011.62:41-57.Downloadedfromwww.annua1reviews.orgbyMr.JeffreyDillardon11/20/15.Forpersonaluseonly.

Contents

Role of Postmarketing Surveillance in Contemporary Medicine

_7anet Woodcock, Rachel E. Belarman, and Gerald Dal Pan ............................ .. 1

Genome—Wide Association Studies: Results from the First Few Years

and Potential Implications for Clinical Medicine

_7oel N. Hirsc/Jlaorn and Zofia KZ. Gajdos ................................................ ..11

Imaging ofAtherosclerosis

D.R._7. Owen, A.C. Lindsay, R.P. C/Joud/Jury, and Z.A. Fayad ......................... ..25

Novel Oral Factor Xa and Thrombin Inhibitors in the Management
of Thromboembolism

Bengt I. Eri/esson, Daniel Quinlan, andfo/an W Ei/eellioom ......................... ..41

The Fabry Cardiomyopathy: Models for the Cardiologist

Frank Weidemann, Markus Niemann, David G. Warnoc/e, Georg Ertl,

and Christoph Wanner ................................................................... ..59

Kawasaki Disease: Novel Insights into Etiology

and Genetic Susceptibility

Anne H. Rowley ............................................................................. . .69

State of the Art in Therapeutic Hypothermia

_7os/ma W Lampe and Lance B. Becker ................................................... ..79

Therapeutic Potential of Lung Epithelial Progenitor Cells Derived

from Embryonic and Induced Pluripotent Stem Cells

Rick A. Wetsel, Dac/Jun Wang, and Daniel G. Calame ................................. ..95

Therapeutics Development for Cystic Fibrosis: A Successful Model

for a Multisystem Genetic Disease
Melissa A. Aslaloc/e and Eric R. Olson ................................................... .. 107

Early Events in Sexual Transmission of HIV and SIV

and Opportunities for Interventions

As/Jley T. Haase ........................................................................... .. 127

HIV Infection, Inflammation, Immunosenescence, and Aging
Steven G. Dee/es ............................... .,.,,,. .................................... .. 141

E
Annual Review of

Medicine

Volume 62, 2011

26881
Rectangle



Annu.Rev.Med.2011.62:41-57.Downloadedfromwww.annua1reviews.orgbyMrJeffreyDillardon11/20/15Forpersonaluseonly

vi

The Increasing Burden of HIV—Associated Malignancies

in Resource—Lin1ited Regions

Corey Casper .............................................................................. .. 157

Biliary Atresia: Will Blocking Inflammation Tame the Disease?

Kazuhi/eo Bessho andforge A. Bezerra .................................................. .. 171

Advances in Palliative Medicine and End—of—Life Care

_7anet L. Ahrahm ......................................................................... .. 187

Clostridium diflicile and Methicillin—Resistant Staphylococcus aureus:

Emerging Concepts in Vaccine Development

David C. Kaslow andjohn W Shiver .................................................. .. 201

Antiestrogens and Their Therapeutic Applications in Breast Cancer
and Other Diseases

Simak Ali, La/ei Bnluwela, and R. Charles Coomhes ................................... .. 217

Mechanisms of Endocrine Resistance in Breast Cancer

C. Kent Oshorne and Rachel Schifi ...................................................... .. 233

Multiple Myeloma

_7acoh Lauhach, Paul Richardson, and Kenneth Anderson .............................. .. 249

Muscle Wasting in Cancer Cachexia: Clinical Implications, Diagnosis,

and Emerging Treatment Strategies

Shontelle Dodson, Wc/eie E. Baracos, Aminah fatoi, I/Villiam Evans,

David Cella, _7ames T. Dalton, and Mitchell S. Steiner ............................. .. 265

Pharmacogenetics of Endocrine Therapy for Breast Cancer

Michaela Higgins and Vered Stearns ................................................. .. 281

Therapeutic Approaches for Women Predisposed to Breast Cancer
Katherine L. Nathanson and Susan M. Dontchek . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 295

New Approaches to the Treatment of Osteoporosis

Barhara C. Silva andfohn P. Bilezi/eian ............................................... .. 307

Regulation of Bone Mass by Serotonin: Molecular Biology

and Therapeutic Implications

Gerard Karsenty and Wjay K Yadav ................................................... .. 323

Alpha—1—Antitrypsin Deficiency: Importance of Proteasomal

and Autophagic Degradative Pathways in Disposal of Liver

Disease—Associated Protein Aggregates
David H. Perlmutter ..................................................................... . . 333

Hepcidin and Disorders of Iron Metabolism
Tomas Ganz and Elizaheta Nemeth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 347

Contents

26881
Rectangle



Annu.Rev.Med.2011.62:41-57.Downloadedfromwww.annua1reviews.orgbyMrJeffreyDillardon11/20/15Forpersonaluseonly

Interactions Between Gut Microbiota and Host Metabolism

Predisposing to Obesity and Diabetes

Giovanni Musso, Roberto Gamliino, and Maurizio Cassader .......................... .. 361

The Brain—Gut Axis in Abdominal Pain Syndromes

Emeran A. Mayer and Kirsten Tillise/J .................................................. .. 381

Cognitive Therapy: Current Status and Future Directions

Aaron T. Beck and David}.A. Dozois .................................................. .. 397

Toward Fulfilling the Promise of Molecular Medicine

in Fragile X Syndrome

Dilja D. Kraeger and Mark F. Bear .................................................... .. 41 1

Stress— and Allostasis—Induced Brain Plasticity

Brace S. MeEwen and Peter] Gianaros . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 431

Update on Sleep and Its Disorders
Allan 1. Pack and Grace W Pien ........................................................ .. 447

A Brain—Based Endophenotype for Major Depressive Disorder

Bradley S. Peterson and Myrna M. Weissman . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 461

Indexes

Cumulative Index of Contributing Authors, Volumes 58-62 ......................... .. 475

Cumulative Index of Chapter Titles, Volumes 58-62 ................................. .. 479

Errata

An online log of corrections to Annual Review ofMedicine articles may be found at

http://med.annualreviews.org/errata.shtml

Content; vii

26881
Rectangle


