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Abstract

Direct oral anticoagulants (DOACs) have largely replaced vitamin K antag-
onists, mostly warfarin, for the main indications for oral anticoagulation,
prevention and treatment of venous thromboembolism, and prevention of
embolic stroke in atrial fibrillation.While DOACs offer practical, fixed-dose
anticoagulation in many patients, specific restrictions or contraindications
may apply. DOACs are not sufficiently effective in high–thrombotic risk
conditions such as antiphospholipid syndrome and mechanical heart valves.
Patients with cancer-associated thrombosis may benefit from DOACs, but
the bleeding risk, particularly in those with gastrointestinal or urogeni-
tal tumors, must be carefully weighed. In patients with frailty, excess body
weight, and/or moderate-to-severe chronic kidney disease, DOACs must be
cautiously administered and may require laboratory monitoring. Reversal
agents have been developed and approved for life-threatening bleeding. In
addition, the clinical testing of potentially safer anticoagulants such as factor
XI(a) inhibitors is important to further optimize anticoagulant therapy in an
increasingly elderly and frail population worldwide.
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1. INTRODUCTION

Vitamin K antagonists (VKAs), mainly warfarin, were the mainstay of oral anticoagulant (OAC)
therapy over the past century until, in the first decade of the present century, a new class of OACs
was generated. They were initially labeled as new OACs, later renamed as nonvitamin K OACs,
and then, more recently, reflecting a pharmacodynamics (PD)-based definition, reclassified as di-
rect oral anticoagulants (DOACs). While the VKAs’ PD relies on the indirect inhibition of the
hepatic synthesis of mature vitamin K–dependent coagulation enzymes, particularly factors (F)II
(i.e., prothrombin), VII, IX, and X, DOACs directly target the active site of either FIIa, thrombin
(dabigatran), or activated factor X (FXa; rivaroxaban, apixaban, and edoxaban) to inhibit proco-
agulant enzymatic activity. Both VKAs and DOACs, through different mechanisms, inhibit (the
formation of ) thrombin and the clotting end product, fibrin.

Differences not only in the PD but also in the pharmacokinetics (PK) of DOACs (Table 1) led
to different ways of OACmanagement. Due to high PK- and PD-based intra- and interindividual
variability in drug response and the narrow therapeutic window, VKAs require strict monitoring
of the prothrombin clotting time [standardized as international normalized ratio (INR)] and con-
sequent dose adjustment, targeting an INR-based therapeutic range of 2–3 in most cases. Instead,
DOACs are given in fixed doses (Table 1), differently adjusted for age, body weight, and/or renal
function (Tables 1 and 2), without the need for routine drug monitoring.

Large Phase III randomized clinical trials (RCTs) have established the efficacy and safety of
DOACs versus VKAs for the prevention and treatment of venous thromboembolism (VTE), in-
cluding pulmonary embolism, and the prevention of cardioembolic stroke in nonvalvular atrial
fibrillation (AF), the latter representing the largest share of OAC use worldwide (about 65%)
(1). For many major indications, due to their favorable practical management and lack of moni-
toring requirements, DOACs have largely replaced VKAs, except for some high-thrombogenic
conditions such as end-stage renal failure and hemodialysis (HD), mechanical heart valves
(2), triple-positive antiphospholipid syndrome (APS) (3), and valvular AF (4) (see following
sections).

The most important adverse effect of all anticoagulants is major bleeding, which for VKAs and
DOACs varies between 1.6% and 3.4% per year, depending on the patient’s age, renal function,
and other comorbidities and comedication (5, 6). An advantage of DOACs over VKAs is a lower
risk of intracranial bleeding (0.1% versus 0.3% annually, respectively) (7).

When considering VKAs and DOACs, some off-target effects may be important: VKAs in-
crease vascular calcification through inhibition of vitamin K–dependent proteins in the vascular
tissue, although the long-term clinical consequences remain unknown (8).The impact of the small
DOAC molecules with high tissue-penetrating properties is yet unknown. DOACs may interfere
with FXa- or thrombin-mediated protease-activated receptor (PAR) signaling in various tissues,
including the vasculature, which might slow the progression of atherosclerosis, given preclinical
data showing the protective effects of dabigatran and rivaroxaban in mouse models of atheroscle-
rosis (9). However, in other experimental settings, dabigatran and rivaroxaban have differential
cellular protective properties, in part because dabigatran-inhibited thrombin can still activate
PAR-1 (10). Postmarketing surveillance of DOACs, as for VKA-associated calcification, may help
clarify the additional clinical readouts of on- and off-target effects that may require decades to
become evident (11–13).

In this review, we consider current indications for DOACs, with a major focus on their chal-
lenging management in specific, more uncertain, or complex conditions. We consider drug-drug
interactions (DDIs) and indications for the drug’s monitoring or measuring, and finally, we discuss
new developments in OACs.
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Table 2 Approval of DOACs across stages of CKD

GFR
(mL/min)

CKD
stage

Dabigatran Apixaban Edoxaban Rivaroxaban

EMA
labeling

FDA
labeling

EMA
labeling

FDA
labeling

EMA
labeling

EMA
labeling

FDA
labeling

FDA
labeling

50Õ59 3a

3a/3b

4

5

30Õ44/
45Õ49

15Õ29

<15

HD

5 mg bd
Reduced dose

of 2.5 mg bd
when 2 out of
3 criteria are
met:

Creatinine 
≥1.5 mg/dL 
(133 µmol/L)

Age ≥80 years
Body weight

<60 kg

5 mg bd
Reduced dose

of 2.5 mg bd
when 2 out of
3 criteria are
met:

Creatinine 
≥1.5 mg/dL 
(133 µmol/L)

Age ≥80 years
Body weight

<60 kg

5 mg bd

2.5 mg bd Use with
caution

Consider
reduced dose
(110 mg bd) 

Consider
reduced dose 
(75 mg bd)
when
combined
with
dronedarone
or systemic
ketoconazole

75 mg bd
Avoid the use

of any P-gp
inhibitor

CI

CI

60 mg od150 mg bd 150 mg bd

30 mg od

60 mg od

30 mg od

20 mg od 20 mg od

NR

15 mg od 15 mg od

NRNR NR NR

Table showing FDA and EMA approval for the different DOACs across stages of CKD. Dark green indicates that the recommended dose is the full dose,
light green indicates that the recommended dose is either the full or reduced dose, yellow indicates that the recommended dose is the reduced dose, orange
indicates that use is not recommended, and red indicates that use is contraindicated. CKD stage 3a is defined by a GFR >45 and ≤60 mL/min; however, for
the EMA and FDA labeling, an upper range of 49 mL/min is used. Abbreviations: bd, twice daily; CI, contraindicated; CKD, chronic kidney disease; DOAC,
direct oral anticoagulant; EMA, European Medicines Agency; FDA,US Food and Drug Administration; GFR, glomerular filtration rate; HD, hemodialysis;
NR, not recommended; od; once daily.

2. CANCER AND THROMBOSIS

Since early 2000, low–molecular weight heparins (LMWHs) have been used as the preferred
anticoagulant therapy for cancer-associated thrombosis (CAT), mostly VTE, based on their supe-
rior protection against recurrent VTE and similar bleeding risk as compared to VKAs. However,
a more recent series of RCTs comparing different DOACs with LMWHs in CAT showed that
DOACs are equally effective as LMWHs in preventing recurrent VTE, and at comparable bleed-
ing risks, at least in patients with tumors outside of the gastrointestinal (GI) and urogenital tracts
(14, 15). Since DOACs have the obvious advantage of oral over parenteral administration, cer-
tainly in the case of prolonged treatment (typically≥3–6months or longer based on type and stage
of malignant disease and its treatment), they are becoming the preferred agents over LMWHs.
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However, important caveats remain, including bleeding risk–enhancing factors, DDIs (see
Section 4.3), and drug absorption. Recommendations for the use of anticoagulant drugs in
patients with CAT are given in the recent European Society for Medical Oncology Clinical
Practice Guideline (16).

2.1. Managing Bleeding Risk–Enhancing Factors

Bleeding risk estimation is pivotal in all patients on anticoagulants but even more so in those
with cancer (17–19). Risk factors for bleeding may be related to the patient (e.g., old age, extreme
body weight, frailty, and severely impaired renal function; see following sections); location of the
tumor; comedications, including chemotherapies; and platelet count. Risk should be assessed on
an individual basis involving the patient and other stakeholders, and it should be done repeatedly
as risk-enhancing factors may vary over time.

General measures include confirming the indication for anticoagulation and addressing poten-
tially modifiable risk factors for bleeding, including hypertension, renal failure, and polypharmacy,
for example, avoiding interacting medications such as nonsteroidal anti-inflammatory drugs and
antiplatelet therapy (see Section 4.3 and Table 1) (20) as well as preventing GI bleeding by im-
plementing gastroprotection (21, 22). The localization of the tumor matters, and GI or urogenital
tract tumors are more likely to bleed in patients on DOACs compared to those on LMWHs, re-
sulting in increased rates of major bleeding for rivaroxaban and edoxaban—less so for apixaban,
although for apixaban there was a higher incidence of clinically relevant nonmajor bleeding (23–
25). Since GI tract bleeding is also a major side effect of DOAC use in patients without cancer,
the level of tissue penetration and relatively high local concentrations in GI and urinary tract tis-
sues may contribute to a relatively high bleeding risk with such drugs. Primary brain tumors, in
contrast to brain metastases, are associated with a higher risk of intracranial bleeding, aggravated
by any anticoagulant (23, 26). Organ-specific bleeding may vary over time. For instance, while
upon presentation a GI tumor may be likely to bleed on anticoagulants, antitumor treatment may
diminish this risk, eventually allowing oral anticoagulation with DOACs.

When starting a DOAC in a patient with CAT, the choice of a specific drug should be person-
alized by considering absorption (e.g., history of resection of GI tract segments, malabsorption
after surgery, or chemotherapy) (27), elimination (renal and liver clearance differ among DOACs),
DDIs (20, 28–30), dosing frequency (once or twice daily), and body weight (31). In a personalized
strategy, laboratory monitoring can be helpful to assess the DOAC plasma anti-Xa or anti-IIa level
to avoid excess drug exposure (see Section 6).

In general, the risk of GI bleeding may be reduced by proton pump inhibitors (PPIs), and this
is certainly the case in patients with thrombocytopenia, which is an important risk factor in cancer
that is related either to cancer treatment or to the malignant disease itself (32). A recent European
Hematology Association–European Society of Cardiology guideline gives specific recommenda-
tions on the management of antithrombotic therapy in thrombocytopenic patients with a clear
indication, including those with CAT (33).

2.2. Duration of Anticoagulation and Recurrent Thromboembolism

The evidence for optimal duration of anticoagulant therapy in CAT beyond the first three to
six months is weak and depends on the individual risk of recurrent thrombosis versus bleeding
assessment (34–36). Factors that influence recurrence risk include type of cancer, presence of
distant metastasis, and residual thrombotic obstruction (30). In the setting of highest thrombosis
risk, anticoagulant therapy is usually continued, whereas for DOACs the question is whether
dose reduction, while reducing the risk of major bleeding, is sufficiently effective. Recurrent
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thromboembolism while on anticoagulant therapy is common in CAT, posing new challenges
to its management (35, 37, 38). While obvious explanations for anticoagulant failure such as
poor drug compliance or major DDIs should be ruled out, dose escalation is a next step in
anticoagulant management, and this usually implies switching to parenteral LMWHs (39). For
LMWHs, dose increases of 20–25% are considered in progressive or recurrent thrombotic
disease during anticoagulation, eventually guided by anti-Xa monitoring. Upon stabilization
of thrombosis management, resuming OACs can be considered again on an individual basis,
especially considering factors such as quality of life.

3. SPECIAL POPULATIONS

3.1. Extremes of Body Weight

Although body composition may affect the PK of several drugs, including DOACs, these are pre-
scribed at fixed doses over a wide range of body weights. High-degree obesity, that is, body mass
index (BMI) >35 kg/m2, might be associated with low drug exposure and decreased efficacy for
fixed-dose drugs (40–44). Analysis from the DOAC Phase III RCTs showed no difference in clini-
cal outcomes in both VTE and AF in obese versus nonobese patient subgroups, although subjects
with a high degree of obesity were largely underrepresented (45). Current guidelines [European
Heart Rhythm Association/International Society on Thrombosis and Haemostasis (ISTH) and
European Society of Cardiology (ESC) consensus document (44)] recommendVKAs overDOACs
in patients with severe obesity, that is, BMI >40 kg/m2 or a weight >120 kg, because VKA moni-
toring by INR may ensure the proper drug dosage within the therapeutic range (44, 46). A recent
meta-analysis that included morbidly obese nonvalvular AF patients showed no significant differ-
ence in stroke or systemic embolism betweenDOACs andVKAs, butDOACswere associated with
a lower risk of major bleeding (47–49). Also, in morbidly obese patients with VTE, no differences
were found in efficacy and safety between warfarin and DOACs. Altogether, DOACs, particularly
apixaban and rivaroxaban, seem safe and effective in patients with a BMI up to 40 kg/m2, with the
limitation of a lack of high-quality evidence. Above 40 kg/m2, VKAs may be preferable; alterna-
tively, direct FXa inhibitors with monitoring of anti-FXa activity may be helpful in identifying the
best individualized OAC treatment (44).

Patients undergoing bariatric surgery are of special pharmacological concern.A drug’s bioavail-
ability depends on coadministration of food (mainly for rivaroxaban), stomach pH (mainly
dabigatran), intestine transit time, surface, and site of absorption, which may all be variably mod-
ified by bariatric surgery. RCTs comparing DOACs with VKAs in patients after bariatric surgery
are lacking. A small retrospective study in 41 patients who underwent gastric bypass surgery
showed a trend toward subtherapeutic levels of rivaroxaban, but not of apixaban (48).Consistently,
for dabigatran, a case series after gastric bypass surgery showed lower-than-expected dabigatran
levels (50). VKAs are likely safe and effective following bariatric surgery due to the possibility of
INR monitoring and adjusting therapy. For DOACs, measuring peak and trough drug levels has
been recommended, at least initially, to test the feasibility of using these drugs (44).

On the other side of the body size spectrum, dabigatran and apixaban show relatively high
drug concentrations in patients with low body weight (<60 kg) (40, 42). A positive correlation
between drug level and bleeding was found for dabigatran (40, 51). In the landmark trials, only
2% [Randomized Evaluation of Long Term Anticoagulant Therapy (RE-LY) for dabigatran] and
11% [Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation
(ARISTOTLE) for apixaban] of patients had a low body weight (e.g.,<60 kg), and subgroup (52)
and post hoc (53) analyses showed similar efficacy in DOACs as compared to warfarin. Reduced-
dose apixaban was associated with less bleeding even in patients with a body weight <50 kg. In
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RivaroxabanOnceDaily Oral Direct Factor Xa Inhibition Compared with Vitamin KAntagonism
for Prevention of Stroke and Embolism Trial in Atrial Fibrillation (ROCKET-AF), only 4.6% of
the population was <70 kg, and subgroup analysis revealed no differences in study outcomes in
patients above or below this threshold (54). Observational data in AF patients with low body
weight (<50 kg) show similar or better efficacy and safety for DOACs as compared to warfarin
(55). Thus, in addition to the approved and recommended reduced dose for dabigatran, apixaban,
and edoxaban, DOAC monitoring or switching to VKAs could be advised in low-weight patients
(<60 kg).

3.2. Advanced Age and Frailty

Aging and frailty are independent risk factors for bleeding; thus, although antithrombotic therapy
in elderly patients yields net clinical benefit when indicated, systematic bleeding risk assessment
is recommended by several guidelines to enhance safety (46, 56). Scores that have been developed
to predict the benefits and risks of antithrombotic therapies, that is, CHA2DS2-VASc (57), HAS-
BLED (58), ABC (59), PRECISE-DAPT (60), and the ARC-HBR criteria (61) all incorporate age
as a risk factor. Thus, advanced age alone should not be a reason to avoid OACs (56). However,
general preventive measures against bleeding are advisable, such as PPIs to prevent GI bleeding,
optimal blood pressure control, and tailoring drug dosing to age, body weight, and renal function
according to approved indications and current guidelines (56) (Table 1). In an AF observational
cohort of over 15,000 patients aged ≥90 years old, warfarin was associated with a favorable ben-
efit/risk ratio when compared to antiplatelet or no antithrombotic therapy but with a higher risk
of intracranial hemorrhage (ICH) compared to DOACs (62). In meta-analyses of randomized or
observational studies of AF patients aged ≥75 years old, VKAs appear to be less effective than
DOACs in preventing thromboembolism, with higher rates of ICH, higher or comparable rates
of major bleeding, and lower or comparable rates of GI bleeding (63, 64).

When using VKAs in elderly patients on polypharmacy, DDIs need to be considered (see
Section 4.3). For some DOACs, age-related adjusted doses are recommended (Table 1). Age is
an independent predictor of increased dabigatran plasma concentrations based on the RE-LY PK
study. Therefore, dabigatran at a reduced dose (110 mg) is indicated in patients ≥80 years old.
Apixaban doses should be halved in the presence of two or more of the following factors: age
≥80 years old, body weight ≤60 kg, or serum creatinine ≥1.5 ml/dL. Edoxaban and rivaroxaban
do not need adjustment for age.

Frailty is associated with weight loss and is more common in the chronic kidney disease (CKD)
population (65). To ensure safe DOAC dosing, these factors should be considered. Elderly frail
patients are more likely to fall (66). Although falling increases the risk for both intracranial and
extracranial bleeding, risk of falling per se is not a contraindication to OACs.However,modifiable
risk factors should be assessed, and individualized treatment should be implemented to minimize
bleeding due to falls. A study estimated that a patient would have to fall 295 times to tip the
benefit/risk balance toward subdural hemorrhage outweighing the benefit of VKAs (67). Given
the lower risk of ICH with DOACs compared to VKAs, the number needed to fall would be even
higher.

3.3. Chronic Kidney Disease

AF and VTE are more common in CKD and end-stage renal disease (ESRD) than in the general
population. CKD is associated with an approximate 1.5-fold increase in VTE (68) and a two- to
threefold increase in AF (69, 70).Moreover,AF andCKD synergistically increase thromboembolic
risk. In aDanish nationwide study, patients with concurrent AF andCKD experienced higher rates
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of stroke, systemic thromboembolism, and death than did those with AF alone (71). Paradoxically,
the risk of major bleeding, including ICH, is also significantly increased by CKD (71). As a result,
the risk/benefit ratio of OACs in AF patients with (severe) CKD remains uncertain. Studies on
warfarin in CKD and ESRD have produced conflicting results (71, 72). A large systematic review
and meta-analysis of 13 observational studies, including more than 48,000 patients with AF and
CKD, showed reduced ischemic stroke andmortality without an effect on bleeding in patients with
non-ESRD treated with warfarin (73). However, in patients with ESRD, there was no protective
effect of warfarin on stroke and mortality, and major bleeding increased (73). A poor time within
therapeutic range, often observed in HD patients on VKAs, might in part explain the diminished
efficacy and safety of VKAs (74). Some DOACs could be beneficial in these patients, taking into
account the degree of renal excretion (52, 54, 75, 76) (Table 2). Evidence on the use of DOACs
for different stages of CKD is limited and consists of post hoc analyses of Phase III trials for
CKD stage 3 (77–80), data from observational studies for CKD stage 3 (81) and stage 4 (82, 83)
and for HD patients (84), and a few RCTs comparing apixaban with VKAs in HD patients (85,
86). Nonetheless, the use of DOACs is approved by the US Food and Drug Administration and
European Medicines Agency in most CKD patients (Table 2).

3.4. Antiphospholipid Syndrome

APS is characterized by (venous or arterial) thrombosis and/or pregnancy complications in the
presence of persistent antiphospholipid antibodies. The most commonly used laboratory tests de-
termine the presence of lupus anticoagulants, anticardiolipin antibodies (IgG/IgM), and anti-B2
glycoprotein I antibodies (IgG/IgM). Deep vein thrombosis and ischemic stroke are the most
common thrombotic manifestations of APS, but all vascular beds can be involved. After the first
thrombotic event, the risk of recurrence is high (10–29% per year) (87), and long-term antithrom-
botic treatment is required.The ESC and ISTH guideline recommends against the use of DOACs
in APS patients (88) based on the results of the Trial of Rivaroxaban in AntiPhospholipid Syn-
drome (TRAPS) study in which rivaroxaban was associated with an increased risk of recurrent
thrombotic events, compared to warfarin, in triple-positive (high-risk) APS patients, particularly
those with previous arterial thrombosis (89). The thrombotic risk in DOAC- versus VKA-treated
patients is unknown for venous thrombosis in non-triple-positive APS patients. As a result, the
ISTH guideline considers continuation of DOACs in a low-risk APS patient who is stable on
DOAC treatment a justifiable option (90).

4. COMBINATION WITH OTHER ANTITHROMBOTIC DRUGS
AND DRUG INTERACTION

4.1. Combination with Antiplatelet Drug(s)

A significant number (about 10%) of AF patients develop acute or chronic coronary syndromes
and need percutaneous coronary intervention (PCI) with stent implantation (91). Conversely, it is
estimated that AF develops in up to 20% of patients following acute coronary syndrome (ACS).
Thus, patients with AF undergoing PCI may require both OACs for AF and antiplatelet therapy
for their coronary disease, usually dual antiplatelet therapy (DAPT) with low-dose aspirin and a
P2Y12 inhibitor post-ACS or PCI. The combination of DAPT with an OAC, the so-called triple
therapy, substantially increases the risk of bleeding due to the combined blockade of primary and
secondary hemostasis. The What Is the Optimal Antiplatelet and Anticoagulant Therapy in Pa-
tients with Oral Anticoagulation and Coronary Stenting (WOEST) trial was the first small study
to compare the strategy of dropping one antiplatelet drug fromDAPT, in that case, aspirin, versus
the triple therapy with VKAs and DAPT and use safety, rather than efficacy, as the primary end
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point, and it found a significant reduction in mostly minor-to-moderate bleeding (92). All four
DOACs have been tested in dedicated but medium-sized RCTs, shown in Table 3, that mostly
compared a triple antithrombotic strategy that included a VKA with double therapy that included
a DOAC (93–96). These trials, and their meta-analyses (97, 98), support the use of a DOAC rather
than VKA in these patients. Furthermore, data from these RCTs suggest that the combination of
a DOAC and a single antiplatelet agent (clopidogrel has been the most studied) may be preferable
in terms of safety over triple therapy. This combination of an OAC with single antiplatelet ther-
apy is known as double antithrombotic therapy (DAT). DAT is associated with a large reduction
in minor-to-moderate bleeding compared with triple therapy. However, none of the RCTs was
powered to assess efficacy, that is, major adverse ischemic events, and available meta-analyses sug-
gest a potential increase in myocardial infarction and stent thrombosis, especially in the months
soon after PCI (97, 99) (Table 3). Therefore, most guidelines nowadays recommend triple ther-
apy for up to one to three months after the ACS or PCI in high–ischemic risk patients, whereas in
other patients, DAT (DOAC plus P2Y12 inhibitor or aspirin) should be the default strategy (100,
101). The P2Y12 inhibitor in these patients should be discontinued at one year (or at six months
in high–bleeding risk AF patients), whereas OACs should be maintained indefinitely (101). Im-
portant knowledge gaps in treating these patients include the safety and efficacy of combining
the more effective P2Y12 inhibitors prasugrel and ticagrelor with DOACs, a direct comparison of
P2Y12 inhibitor discontinuation versus aspirin discontinuation in a DAT strategy, and the option
of dropping OACs in the first month after PCI (i.e., DAPT followed by dual pathway inhibition).

4.2. Dual Pathway Inhibition

Atherothrombosis is the result of inflammatory processes involved in atherogenesis and the in-
terplay between thrombin and platelets. Thrombin plays a crucial role in both coagulation and
platelet activation, and therefore, adding OACs next to antiplatelet therapy could further modify
the risk in patients with atherothrombosis. The addition of a very low dose of a direct FXa in-
hibitor on top of aspirin, the so-called dual pathway inhibition (DPI), may also have the potential
to exert an anti-inflammatory, off-target effect through vessel wall cell PAR inhibition, although
the clinical evidence remains weak (102, 103). The Cardiovascular Outcomes for People Using
Anticoagulation Strategies (COMPASS) and Anti-Xa Therapy to Lower Cardiovascular Events
in Addition to Standard Therapy in Subjects with Acute Coronary Syndrome–Thrombolysis in
Myocardial Infarction 51 (ATLAS-ACS 2–TIMI 51) trials showed that very-low-dose rivaroxaban
(2.5 mg twice daily) on top of single (aspirin) or dual (aspirin and clopidogrel) antiplatelet therapy
reduced cardiovascular death, myocardial infarction, or stroke in patients with chronic or acute
coronary disease, respectively, at the price of more major (but not fatal) bleeding events. How-
ever, the net clinical benefit was in favor of the combined antiplatelet/anti-FXa treatment (104,
105). Current guidelines recommend that DPI should be considered for long-term secondary
prevention in stable patients with high ischemic risk and low bleeding risk (106).

4.3. Pharmacokinetic-Based Drug-Drug Interactions

The progressive aging of the population worldwide is leading to increases in comorbidities, in-
cluding cardiovascular disease, and associated polypharmacy (defined as five or more coprescribed
drugs) (107). Polypharmacy increases the potential for DDIs that can substantially modify the
response expected of each agent when given alone, reducing efficacy or safety. Importantly, car-
diovascular drugs are commonly involved in DDIs (107). In the ARISTOTLE and ROCKET-AF
trials recruiting nonvalvular AF patients with an indication for OACs, the median number of drugs
per patient at study entry was 6 [interquartile range (IQR) 5–9] and 5 (IQR 4–8), respectively
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(108, 109). Interestingly, the greater safety of apixaban versus warfarin in the ARISTOTLE trial
was blunted as a function of the number of coprescribed drugs (108).

VKAs, especially warfarin, are particularly exposed to DDIs due to multiple mechanisms
(Table 1): PK-related biotransformation changes due to the inhibition or induction of several
CYP450s (3A4, 2C9, 2C19), pharmacogenomics due to loss of function alleles (CYP2C9 and
vitamin K epoxide reductase), antibiotics affecting gut microbiota and thereby reducing the en-
dogenous daily vitamin K production, and drugs affecting the intestinal mobility. However, since
VKA dosing is monitored and adjusted with the INR, clinically relevant DDIs can usually be
identified and prevented and drug dosing adjusted accordingly.

DOACs can also be exposed to specific, clinically relevant DDIs (Table 1). The P-glycoprotein
(P-gp) efflux transporter has high affinity for the prodrug dabigatran etexilate, and this drug is
highly dependent on P-gp for its cell clearance (110, 111). It has been estimated that nearly 50% of
patients onOACs are prescribed drugs that interact with P-gp (112).Clinically relevant DDIs with
dabigatran occur with strong inhibitors or inducers of P-gp such as verapamil, digoxin, quinidine,
dronedarone, and amiodarone as they may significantly modify dabigatran’s area under the curve
(AUC), and regulatory recommendations reflect this drug disposition. Apixaban and rivaroxaban
have a mixed PK that involves many CYP450s, including CYP3A4, and different efflux trans-
porters, not only the P-gp. Thus, only drugs that combine strong inhibition or induction of both
CYP3A4 and P-gp can generate relevant DDIs. Edoxaban has a higher affinity for P-gp than do
the other two anti-FXa DOACs (110), and therefore DDIs and recommendations reflect this drug
disposition. Recent postmarketing data clearly show the clinical relevance and impact of DDIs for
DOACs (113) and have added new evidence for valproic acid, levetiracetam (CYP3A4 and P-gp
inducers), and bisoprolol (CYP3A4 inhibitor) as drugs that interact with DOACs and are associ-
ated with decreased efficacy and safety, respectively (114). Based on DDIs, azithromycin should
be preferred to clarithromycin, especially in elderly patients on DOACs (115).

Recent population PK derived from in silico models and simulations instructed by data from
RCT, PK, or large cohort studies appear to be able to identify the covariates significantly affecting
DOACs and to predict the changes in AUC. Relevant covariates for dabigatran’s changes in AUC,
even at a reduced dose (110 mg), are age, kidney function, and P-gp inhibition (116). For rivarox-
aban and edoxaban, relevant covariates significantly affecting the AUC are kidney function and
combined P-gp/CYP3A4 inhibition, but not age, for both full and reduced dosing; for apixaban,
the genotype of the ABCG2 transporter also seems relevant in affecting the AUC (116).

In conclusion, DDIs with other cardiovascular drugs are possible and likely specific for each
DOAC.Large postmarketing surveillance studies and drug modelling are adding new information
not only on the clinical impact of DDIs but also on the different impacts of DDIs as a function
of age, kidney function, and pharmacogenomics.Major features and regulatory recommendations
are summarized in Table 1.

5. VALVES

VKAs remain the reference treatment for patients with mechanical heart valves based on the nega-
tive outcome of one Phase II RCT on dabigatran versus warfarin, which was terminated for major
safety drawbacks with dabigatran (117). The harmful results of this trial hampered the devel-
opment of anti-Xa compounds in this setting. Furthermore, the Prospective Randomized On-X
Anticoagulation Clinical Trial Xa (PROACT Xa) trial that was designed to test the efficacy of
apixaban versus warfarin in patients with aortic mechanical valves replaced at least 3 months ago
(118) was also stopped in September 2022 by the Data and Safety Monitoring Board (119), but
details are currently unpublished.
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Large superiority RCTs comparing VKAs and DOACs soon after bioprosthetic valve replace-
ment are also missing; thus in AF patients, DOACs are recommended with a low degree of class
and level of evidence starting only 3months or longer after bioprosthetic valve implantation (120).

Transcatheter aortic valve implantation patients with no other indications for DOACs should
be treated with low-dose aspirin based on current evidence, while for patients with a clear
indication for OACs, there is no convincing evidence that DOACs are superior to VKAs (121).

6. MONITORING: HOW AND WHEN

DOACs are given in a fixed dose without the need for laboratory testing based on reduced intra-
and interindividual variability as compared to VKAs. Dose adjustments are made based on clini-
cal features rather than on plasma levels of coagulation biomarker (e.g., INR). Indeed, Phase III
landmark trials have shown that nonmonitored, fixed-dose regimes are safe and effective. How-
ever, patients on DOACs are still at risk of developing thrombotic recurrence or major bleeding.
In RE-LY, ischemic strokes and bleeding outcomes were correlated with dabigatran plasma con-
centration (40). Similarly, a correlation was found between edoxaban plasma concentration and
clinical outcome (122). For apixaban and rivaroxaban, data on plasma concentration in relation to
clinical outcomes have not been published. For all DOACs, however, there is high variability in
plasma levels between individuals, and as a result, some patients might be over- or underexposed.

Thus, it is plausible that tailoring DOAC therapy might improve its efficacy and safety. How-
ever, therapeutic ranges for DOACs have not yet been determined in prospective studies, and
currently, only expected on-therapy trough and peak ranges are known. Besides, DOAC mon-
itoring is challenging as DOACs have a short half-life, and in contrast to the INR in VKAs,
DOAC (activity) levels rapidly change over hours. Therefore, for interpretation, knowledge of
the exact times of drug intake and blood drawing is mandatory. Awaiting studies on the effect of
DOAC tailoring with respect to clinical outcomes and safety, there are patient populations for
whom laboratory monitoring should already be considered: patients with increased or decreased
estimated glomerular filtration rate, extremes of body weight, extremes of age, liver dysfunction,
frailty and suspected impaired GI absorption, and (multiple) DDIs. Those populations are un-
derrepresented in the large Phase III trials, and it is reasonable to assess DOAC levels in patients
with such conditions, at least once at the beginning of the treatment, since significant variations
in drug concentrations are plausible based on major PK changes. Off-range DOAC levels might
guide physicians to switch to a different DOAC or even different class of anticoagulant drugs.
DOAC dosage adjustments based on DOAC plasma levels are still off-label, but they might be
justifiable and useful in some cases.

In addition to the individualization of anticoagulant therapy, laboratory assessment of DOAC
plasma levels is desirable in several other clinical situations, such as in the case of an urgent surgery,
a major bleeding event, a (recurrent) thrombotic event, or suspected noncompliance. In some
circumstances (e.g., major life-threatening bleeding or urgent major surgery), plasma levels might
guide reversal strategies, timing of the operation/thrombolysis, and future anticoagulant therapy.

7. REVERSAL STRATEGIES

Despite improved safety of DOACs compared with VKAs, major bleedings are still the most
concerning adverse events, as for all anticoagulant drugs. General measures in all DOAC-related
major bleeding include stopping the DOAC, supportive care ensuring hemodynamic stability,
and local hemostasis (46). DOACs have a reversible mode of action and a short half-life—some
are given once, others twice daily (Table 1)—so a conservative approach might suffice, even
in cases of major (GI) bleeding. Notably, all DOAC RCTs showing improved safety with less
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major fatal bleeding were performed before the development of specific antidotes. Nonetheless,
once approved, millions of patients became exposed to DOACs, and specific antidotes became
needed for major, uncontrolled bleeding or for rapid reversal of hemostasis before urgent invasive
interventions.

Currently, there are two approved reversal agents (idarucizumab and andexanet alfa) and one
under advanced development (ciraparantag) (123). Idarucizumab is a humanized monoclonal
antibody that binds dabigatran with a higher affinity than thrombin and rapidly reverses its an-
ticoagulant properties by correcting the diluted thrombin time (dTT) and ecarin clotting time
(ECT). It exerts no procoagulant effects in healthy volunteers (124) and has been studied in
a single-arm multicenter trial that included 503 patients on dabigatran with uncontrolled, life-
threatening bleeding or needing urgent surgery, with a soft, biomarker-based primary end point
defined as the correction of ECT or dTT after bolus infusion (125). Idarucizumab resulted in a
rapid and complete reversal of the anticoagulant effect of dabigatran in 98% of patients, and the
effects remained for 24 h. Major limitations of this trial included the lack of clinical end point,
the single-arm and open label design, the short follow-up, and the small sample size. Notably,
90-day mortality was very high (nearly 20%). Andexanet is a modified recombinant inactive form
of FXa that binds and scavenges FXa inhibitors restoring FXa activity. Andexanet was developed to
reverse the anticoagulant properties of all FXa inhibitors, both direct and indirect, such as enoxa-
parin (126). Andexanet was also studied in a single-armmulticenter trial that included 352 patients
with life-threatening bleeding and had two major end points: the measure of anti-FXa activity and
the clinical/laboratory/imaging evaluation of hemostasis recovery (127). Andexanet resulted in a
71% (edoxaban), 75% (enoxaparin), 93% (apixaban), and 94% (rivaroxaban) reduction of the anti-
FXa activity (128). Because of faster inclusion, data on apixaban and rivaroxaban were published
in 2019, whereas data on edoxaban and enoxaparin were published only very recently. Based on
the design of the Phase III RCT, andexanet has been neither tested in nor approved for urgent
surgery, and special caution should be taken with the off-label use of andexanet during procedures
in which heparin (which is also inhibited by andexanet) is required (129). The administration of
andexanet might exert some procoagulant effects since at least in vitro it inhibits tissue factor path-
way inhibitor, the natural inhibitor of FXa (130). In healthy volunteers, andexanet administration
is associated with increased prothrombin fragments (F1+2), thrombin-antithrombin complexes,
and d-dimer levels (131); the clinical importance of this finding is uncertain.

Idarucizumab and andexanet were both approved based on small, single-arm, biomarker–end
point–based trials. None of the trials included a control arm such as with four-factor prothrombin
complex concentrate (PCC). Although we are awaiting results from the Andexanet Alfa in Acute
Intracranial Hemorrhage in Patients Receiving an Oral Factor Xa Inhibitor (ANNEXA-I) trial,
a RCT comparing andexanet with PCC in patients with intracranial bleeding while on a FXa
inhibitor, the results of two propensity score–matched comparisons of two independent data sets
were recently published and favored the use of andexanet (132, 133). The data revealed 57–64%
lower 30-day mortality in patients treated with andexanet compared to matched PCC-treated
patients (132).

Although indirect evidence based on the correction of coagulation tests ex vivo suggests a
better clinical outcome with these agents, direct evidence is lacking, especially for idarucizumab.
Also, long-term and reexposure effects to the same agents are currently unknown. Meanwhile,
additional reversal agents are under development and being tested in clinical studies (123). Fur-
thest in development is ciraparantag, a small synthetic molecule that acts as a universal reversing
agent. Via noncovalent hydrogen binding and charge-charge interactions, it blocks the binding of
heparins and DOACs to their target sites. Ciraparantag does not bind plasma proteins or other
drugs such as cardiac, antiepileptic, and diabetic drugs (134). According to the Phase I and II trials,
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ciraparantag appears to be safe and easy to administer and has been shown to be effective in revers-
ing the in vitro anticoagulant effects of enoxaparin, edoxaban, apixaban, and rivaroxaban (134).

8. NEW AVENUES IN ORAL ANTICOAGULATION

Although DOACs have markedly improved anticoagulant management by providing drugs that
are more user friendly and less variable in most patients with VTE and AF, a substantial risk of
major bleeding, between 2% and 3% per year in trials and up to 7% in real-life registries, poses
an ongoing concern, particularly for subjects with a high bleeding risk. Therefore, investigators
are exploring new, possibly safer strategies, including anticoagulants that target the upstream pro-
teins of the coagulation cascade. The interest in FXI, and to a lesser extent in FXII, comes from
observational and experimental studies showing that subjects with congenital deficiency do not
have an impairment in hemostasis (FXII) or a lack of unprovoked bleeding (FXI) (135). Thus,
targeting one of these factors has been hypothesized to inhibit coagulation, with less impact on
hemostasis and thus a lower bleeding potential as compared to inhibition of FXa or thrombin (136,
137). Preclinical studies confirmed the antithrombotic potential of blocking either FXII or FXI;
however, concerns about off-target consequences of FXIIa inhibition (on the prekallikrein/high-
molecular-weight kininogen inflammatory pathways), as well as the potential of escape intrinsic
pathway stimulation by thrombin feedback activation of FXI, make FXII(a) a less-attractive target
(138).

Various strategies and molecules have been tested for FXI(a) (139). The first Phase II, dose-
finding RCT used a small interfering RNA–silencing molecule for the FXI gene in the liver,
lowering plasma concentrations to levels comparable to those of severe congenital FXI defi-
ciency (140). This strategy proved to be safe in subjects undergoing elective knee replacement
surgery, a common model of testing the thrombosis-prevention potency of anticoagulant agents,
as compared with LMWHs. In addition, there were signs of similar efficacy to that of enoxaparin;
however, these data await confirmation in Phase III trials.

Next, other strategies, including a monoclonal antibody and two oral small-molecule com-
pounds, were tested against LMWHs in this surgical model in Phase II trials. For all strategies,
based on small numbers, the antithrombotic efficacy seemed at least comparable to that of enoxa-
parin, and the risk of postoperative bleeding—mostly minor bleeds—was lower than for LMWHs,
but again, Phase II trials are not powered to prove efficacy (141).

Following these promising studies, other Phase II studies were initiated to test different doses
of the oral compounds asundexian and milvexian as add-ons to antiplatelet drugs in different
conditions such as ACS and (prevention of ) ischemic stroke.

Three different doses of asundexian on top of DAPT in ACS did not significantly increase the
risk of bleeding and had a neutral impact on vascular events in dose-finding Phase II trials (142).

In patients with AF, two doses of asundexian were compared with apixaban for safety, for ex-
ample, in bleeding. While there was no clear effect on thrombotic end points in an exploratory
analysis, the rate of mostly minor bleeding complications was lower for asundexian than for
apixaban (143). In patients who suffered an acute ischemic stroke and were treated with initial
DAPT, the addition of increasing doses of asundexian showed a trend of fewer recurrent ischemic
events (144). Milvexian in patients with ischemic stroke on top of DAPT showed a trend of dose-
dependent increases in bleeding complications with possibly some signal of efficacy, but this was
only based on a very low number of events (145).

Overall, these Phase II trials were not powered for efficacy but rather for identifying the best
dosing for Phase III RCTs to test the hypothesis that these agents would have minimal impact on
physiological hemostasis and would cause less bleeding.
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Other ongoing studies are testing these agents in severe renal failure and CAT (139).Off-target
effects of FXI(a) inhibition cannot be ruled out; these include effects on fibrinolysis, interactions
with tissue factor pathway inhibitor (TFPI) (146), and perhaps also effects on the FXI protective
effect on the BMP-SMAD1/SMAD5 axis in the heart (147).

9. CONCLUSIONS AND PERSPECTIVES

Oral anticoagulation beyond warfarin, the starting point of this narrative review, has been over-
whelmingly fruitful in the development and large-scale clinical testing of the first generation of
DOACs for major indications, including AF and the prevention and treatment of VTE. Overall,
the practical benefits of fixed dosing, adjusted based on a limited number of criteria, has made
oral anticoagulation much easier than INR-tailored VKA dosing. A class advantage of DOACs is
a reduced risk of ICH, which in the long run is a clear benefit over VKAs. However, we identi-
fied several caveats that somewhat temper the initial optimism regarding DOACs and that justify
more attention. First, the use of DOACs in specific populations, where frailty, comorbidities,
and polypharmacy introduce considerable uncertainties regarding both the efficacy and safety of
DOACs and DDIs, should proceed with caution. Combined anticoagulant and antiplatelet agents,
often applied in patients with coronary artery disease and AF, pose substantial challenges in choos-
ing optimal drug combinations and duration of therapy.We also identified several situations where
laboratory monitoring of the DOAC plasma level may be warranted on top of regular assessment
of renal and liver function and compliance. This testing may be helpful in determining the suit-
ability of a given DOAC for an individual patient or in assessing the impact of specific DDIs;
switching to another DOAC or VKA is always an option. Second, DOACs are not yet suitable
for all patients with an indication for OACs—we briefly discussed indications such as mechanical
heart valves—and for certain indications such as triple-positive APS, the currently limited data do
not yet support the use of DOACs. In the latter situations where there is a high risk for throm-
bosis, a VKA is more effective than a DOAC, and while the reasons for DOACs’ lack of efficacy
remain unknown, it also implies that VKAs remain a highly relevant mode of oral anticoagulation
for the time being.

A new generation of mostly FXIa-targeted drugs is being tested in clinical trials; Phase II
studies in VTE prevention are promising, but data are highly uncertain in arterial indications,
including AF, ACS, and ischemic stroke. Whether improvements in safety, and maintaining ef-
ficacy, can be achieved by inhibiting upstream proteases such as FXIa remains to be proven in
Phase III studies.
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