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Intracerebral haemorrhage associated with antithrombotic 
treatment:   translational insights from experimental studies
Arne Lauer, Waltraud Pfeilschifter, Chris B Schaff er, Eng H Lo, Christian Foerch

Little is known about the pathophysiology of intracerebral haemorrhage that occurs during anticoagulant treatment. 
In observational studies, investigators have reported larger haematoma volumes and worse functional outcome in 
these patients than in those with intracerebral haemorrhage and a normal coagulation status. The need to prevent 
extensive haematoma enlargement by rapid reversal of the anticoagulation seems intuitive, although no evidence is 
available from randomised clinical trials. New oral anticoagulants, such as the direct thrombin inhibitor dabigatran 
and the factor Xa inhibitor rivaroxaban, have been approved recently; however, intracerebral haemorrhage during 
dabigatran or rivaroxaban anticoagulation has not been characterised, and whether anticoagulation reversal can be 
benefi cial in this scenario is unknown. In a translational approach, new experimental models have been developed to 
study anticoagulation-associated intracerebral haemorrhage in more detail and to test treatment strategies. Vitamin k 
antagonists enlarge haematoma volumes and worsen functional outcome in animal models. Rapid reversal of 
anticoagulation in the experimental setting prevents prolonged haematoma expansion and improves outcome. The 
new oral anticoagulants increase intracerbral haemorrhage volumes less than does warfarin. Haemostatic approaches 
that have been used for vitamin k-associated intracerebral haemorrhage also seem to be eff ective in intracerebral 
haemorrhage associated with the new anticoagulants. These experimental studies are valuable for fi lling gaps in 
knowledge, but the results need careful translation into routine clinical practice.

Introduction 
The long-term use of oral anticoagulants and 
antithrombotic drugs for the prevention of thrombotic 
and thromboembolic vascular events is increasing.1 

Intracerebral bleeding is the most feared complication 
of these treatments. At symptom onset, about 20% of all 
patients with acute intracerebral haemorrhage are 
receiving anticoagulant treatment, and up to 30% take 
platelet inhibitors;2,3 by contrast, only about 6% of a 
population with similar characteristics and without 
intracerebral haemorrhage were on anticoagulants and 
roughly 23% took platelet inhibitors, which suggests 
that symptomatic intracerebral haemorrhage is more 
common in patients using these drugs.4 Since these 
drugs interfere with haemostasis, the assumption that 
such medications are associated with larger haematoma 
volumes and, subsequently, a worse functional outcome 
seems intuitive.5–7 Consequently, the rapid reversal of 
anticoagulation with concentrated coagulation factors 
or recombinant factor VIIa and the transfusion of 
platelets are potential treatment options to promote 
haemostasis and to reduce haematoma growth.8,9 In the 
past few years, several clinical case series and 
observational studies have addressed the 
pathophysiology of and treatment strategies in 
anticoagulation-associated intracerebral haemorrhage.3 

All these studies were non-randomised and each only 
included a few patients, which precluded adequate 
control for confounding factors.10 However, such 
confounders seem to be crucial, since patients taking 
anticoagulants are unlikely to be identical in terms of 
clinical variables, such as concomitant diseases. 
Furthermore, large-scale randomised trials can rarely be 
performed because only a small proportion of patients 
qualify for study inclusion.11 Thus, many questions 

remain unanswered, and clear clinical data with strong 
supportive evidence are unlikely to be available soon. 

This area of research could benefi t from being 
addressed in a translational “from-bedside-to-bench-to-
bedside” approach, since a standardised and randomised 
experimental setting might overcome some of the 
limitations associated with non-randomised clinical 
trials.12 This Review provides an overview of experimental 
studies in anticoagulation-associated intracerebral haem-
orrhage, and discusses their fi ndings in the context of 
specifi c clinical questions. 

Pretreatment with standard oral anticoagulants 
(vitamin K antagonists)
Eff ect on haematoma volume and outcome
Vitamin K antagonists decrease the concentration in 
plasma of the coagulation factors II, VII, IX, and X. 
Warfarin and phenprocoumon are the most commonly 
used drugs, with half-lives in plasma of 30–45 h and 
156–172 h, respectively.13 The coagulation status in 
patients given vitamin K antagonists is monitored by use 
of the prothrombin time, a global coagulation test that 
measures time to clot after addition of a thromboplastin 
reagent to citrated plasma. To adjust for inter-laboratory 
variation, the international normalised ratio (INR) is 
computed from the sample prothrombin time, a control 
prothrombin time, and the international sensitivity index 
(a measure of the sensitivity of the thromboplastin 
reagent to reductions in the concentration of the 
vitamin K-dependent clotting proteins).14

The risk of symptomatic intracerebral haemorrhage 
during treatment with vitamin K antagonists is thought 
to be higher than 0·5% per year in patients with atrial 
fi brillation.15 Evidence suggests that patients with 
intracerebral haemorrhage taking vitamin K antagonists 
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present with a larger haematoma size than do 
anticoagulation-naive patients,16–18 although some studies 
have suggested otherwise.19 At hospital admission, most 
patients with anticoagulation-associated intracerebral 
haemorrhage have INR values within the therapeutic 
range.20 Whether a correlation exists between 
anticoagulation intensity (assessed in terms of INR 
values) and haematoma size is a subject of debate,8,20 

although raised INR values have been associated with a 
higher 30-day mortality rate.21 Other clinical data support 
the assumption that intracerebral haemorrhage in 
anticoagulated patients is characterised by a higher rate of 
delayed haematoma expansion and by a worse clinical 
outcome.19,17 Some studies in patients with anticoagulant-
associated intracerebral haemorrhage suggest a cerebellar 
predilection, which—because of the crucial location and 
further haematoma expansion—leads to high mortality 
rates.22,23 By use of brain imaging, researchers have 
detected fl uid (non-coagulated) blood within the 
haematoma, an expression of insuffi  cient coagulation, 
and clot formation in the absence of vitamin K-dependent 
coagulation factors (fi gure 1).24 In non-anticoagulant 
intracerebral haemorrhage, thrombin production within 
the haematoma during clot formation induces apoptosis 
and disruption of the blood–brain barrier.25 Warfarin-
associated intracerebral haemorrhage shows smaller 
relative early perihaematomal oedema than does 
intracerebral haemorrhage occurring under normal 
coagulation, perhaps because of the lower concentration 
of thrombin in the haematoma.26 

In addition to symptomatic intracerebral haemorrhage, 
cerebral microbleeds are also of interest in this context. 
There is a positive correlation between increasing rates 
of cerebral microbleeds and higher CHA2DS2VASc 
scores (these scores assess clinical attributes for 
prediction of embolic events in patients with atrial 
fi brillation), which suggests that they occur more 
frequently in patients with atrial fi brillation who are 
taking oral anticoagulants.27 Clinical data suggest that 
the occurrence of cerebral microbleeds in people 
receiving anticoagulation treatment increases the risk of 
anticoagulation-associated (symptomatic) intracerebral 
haemorrhage.28–30 

An animal model of anticoagulation-associated 
intracerebral haemorrhage has been developed to 
enable study of the pathophysiology of the disease 
(fi gure 2). Mice were given warfarin dissolved in their 
drinking water, leading to a warfarin uptake of about 
2 mg/kg per 24 h (table 1). After a 24-h feeding period, 
mean INR values ±  SD increased from 0·8 ± 0·1 
(controls) to 3·5 ± 0·9, whereas a 30-h feeding period 
led to supratherapeutic mean INR values of 7·2 ± 3·4.31 
After warfarin withdrawal, INR values remained stable 
for 6 h and decreased to normal values within 18 h. A 
detailed analysis showed that the activities of all four 
vitamin K-dependent coagulation factors were reduced, 
mimicking full warfarin anticoagulation.34 Intracerebral 

haemorrhage was induced by collagenase injection, and 
haematoma volume was determined 24 h later with a 
quantitative photometric haemoglobin assay.31,39 
Eff ective anticoagulation (mean INR 3·5 ± 0·9) 
increased haematoma volume by 2·5-fold, and 
supratherapeutic anticoagulation (mean INR 7·2 ± 3·4) 
by 3·1-fold (table 2). Anticoagulation also led to higher 
clot density in the haematoma than in controls, and 
non-coagulated blood was still reported in the 
haematoma 24 h after induction of intracerebral 
haemorrhage (fi gure 2). Although the total blood 
volume in the tissue (assessed by haemoglobin content 
measurement) increased in parallel with increasing 
INR values, the size of the haematoma (assessed by 
planimetry on brain slices) did not change consistently.31 
Because clinical studies estimated the amount of blood 

Figure 1: Representative CT scans of intracerebral haemorrhage
(A) This patient presented without medical history of anticoagulants. (B) This patient had raised international 
normalised ratio values and a positive history of vitamin K antagonist treatment at presentation. A fl uid blood 
level is seen as a result of non-coagulated blood within the haematoma. (B) Reproduced from reference 24, by 
permission of the American Heart Association.
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Figure 2: Collagenase-induced intracerebral haemorrhage in a murine model
(A) Schematic experimental study protocol. After a defi ned period of anticoagulation, intracerebral haemorrhage is 
induced by stereotactic administration of collagenase into the right striatum. After the follow-up period, functional 
outcome and haematoma volume are measured. (B) Similar study design, but with reversal of anticoagulation after 
intracerebral haemorrhage induction to assess the eff ects of haemostatic agents. (C) Representative brain sections 
obtained 24 h after intracerebral haemorrhage induction in anticoagulation-naive (control) and warfarin-treated 
(warfarin) animals. Note larger haematoma size, higher clot density, and spots of non-coagulated blood in the 
warfarin-treated animal.

Anticoagulation

Anticoagulation

A C

Anticoagulation reversal

Intracerebral haemorrhage
induction

Intracerebral haemorrhage
induction

Outcome + 
haematoma volume

Outcome + 
haematoma volume

Control Warfarin

B



396 www.thelancet.com/neurology   Vol 12   April 2013

Review

that entered the brain by haematoma size measurements 
on brain imaging, this diff erent approach could explain 
discrepant results for the eff ect of anticoagulants on 
bleeding volume. Additionally, strongly anticoagulated 
mice showed a higher rate between 2 and 24 h of 
haematoma enlargement than controls (controls –1·4%; 
anticoagulated to an INR of 3·5: +22·9%; to an INR of 
7·2: +62·2%). Functional outcome was worse in 
anticoagulated animals than in control mice, and 
mortality rate increased in parallel with INR values.31

Illanes and colleagues32 refi ned this model using a 
diff erent mouse strain and a lower warfarin 
concentration in the drinking water (0·4 mg/kg per 
24 h), which led to less variation in therapeutic INR 
values after 72 h of pretreatment. Furthermore, the 
authors reported that INR measurements done with a 
point-of-care device were as valid as routine laboratory 
testing, making possible the repeated assessment of the 
coagulation status in anticoagulated mice. Regarding the 

eff ects of warfarin anticoagulation on haematoma 
volume and functional outcome after intracerebral 
haemorrhage induction, the data were comparable to 
those obtained by Foerch and colleagues.31 
Anticoagulation with INR values between 4 and 6 led to 
a more than twofold increase in haematoma volume (as 
established 48 h after intracerebral haemorrhage 
induction by T2* MRI imaging) and an increased 
mortality rate. However, discrepant results were reported 
for haematoma expansion. In the study by Illanes and 
colleagues,32 maximum haematoma size was reached by 
6 h after intracerebral haemorrhage induction in the 
anticoagulation group, but at 24 h in the control group.32 
By contrast, Foerch and colleagues31 reported prolonged 
haematoma expansion in warfarin-treated animals, with 
a substantial increase in bleeding volume between 2 and 
24 h. Diff erences in the method of intracerebral 
haemorrhage volume assessment might have 
contributed to these confl icting results.31

 Animal, strain Anticoagulant Dose Haemostatic agent Coagulation test and eff ect relative to 
controls*

Vitamin K antagonists: anticoagulation

Foerch et al (2008)31 Mice, CD-1 Warfarin Dose 1: 2 mg/kg per 
24 h; dose 2: 2 mg/
kg/24 h for 30 h 

None PT. Dose 1: 4·4-fold increase; dose 2: 9-fold 
increase

Illanes et al (2010)32 Mice, C57BL/6 Warfarin 0·4 mg/kg/24 h for 72 h None PT. 6·6-fold increase

Lauer et al (2011)33 Mice, CD-1 Warfarin 2 mg/kg/24 h for 30 h None PT. 4·9-fold increase

Vitamin K antagonists: anticoagulation reversal 

Foerch et al (2009)34 Mice, CD-1 Warfarin 2 mg/kg per 24 h PCC 100 U/kg PT. 4·0-fold decrease

Illanes et al (2011)35 Mice, C57BL/6 Warfarin 0·4 mg/kg/24 h for 72 h FFP 200 μL; PCC 
100 U/kg; rFVIIa 
3·5 mg/kg; rFVIIa 
10 mg/kg; and TA 
400 mg/kg 

PT. FFP: 2·6-fold decrease; PCC: 5·1-fold 
decrease; rFVIIa 3·5 mg/kg: 1·5-fold decrease; 
rFVIIa 10 mg/kg: 1·7-fold decrease; 
TA: 1·15-fold decrease

Schlunk et al (2012)36 Mice, CD-1 Warfarin 2 mg/kg per 24 h PCC 100 U/kg; rFVIIa 
1 mg/kg

PT. PCC: 3·1-fold decrease; rFVIIa: 4·7-fold 
decrease

New oral anticoagulants: anticoagulation

Lauer et al (2011)33 Mice, CD-1 Dabigatran Dose 1: 37·5 mg/kg p.o.; 
dose 2: 75·0 mg/kg p.o.; 
dose 3: 112·5 mg/kg p.o.

None aPTT and dTT. Dose 1: aPTT 2·6-fold increase, 
dTT 6·6-fold increase; dose 2: aPTT 3·1-fold 
increase, dTT 7·3-fold increase; dose 3: aPTT 
4·8-fold increase; dTT: 9·2-fold increase

Zhou et al (2011)37 Mice, C57BL/6 Dabigatran Dose 1: 2·25 mg/kg i.p.; 
dose 2: 4·5 mg/kg i.p.; 
dose 3: 9 mg/kg i.p.

None ECT and TVBT. Dose 1: ECT n.d., TVBT 1·5-fold 
increase; dose 2: ECT ≥7·5-fold increase, TVBT 
20-fold increase; dose 3: ECT ≥7·5-fold 
increase; TVBT ≥20-fold increase

Zhou et al (2013)38 Mice, C57BL/6 Rivaroxaban Dose 1: 10 mg/kg p.o.; 
dose 2: 30 mg/kg p.o.

None PT. Dose 1: 2·6-fold increase; dose 2:3·5-fold 
increase
 

New oral anticoagulants: anticoagulation reversal 

Zhou et al (2011)37 Mice, C57BL/6 Dabigatran 9 mg/kg i.p. Dose 1: PCC 25 U/kg; 
dose 2: PCC 50 U/kg; 
dose 3: PCC 100 U/kg

TVBT. Dose 1: no change; dose 2: no change; 
dose 3: decrease

Zhou et al (2013)38 Mice, C57BL/6 Rivaroxaban 30 mg/kg p.o. PCC 100 U/kg; 
rFVIIa 1 mg/kg; and 
FFP 200 μL per mouse

PT. PCC: no change; rFVIIa: decrease; FFP: no 
change

PT=prothrombin time. PCC=prothrombin complex concentrate. FFP=fresh frozen plasma. rFVIIa=recombinant factor VIIa. TA=tranexamic acid. p.o.=per os. aPTT=activated 
partial thromboplastin time. dTT=diluted thrombin time. i.p.=intraperitoneal. ECT=ecarin clotting time. TVBT=tail vein bleeding time. n.d.=not determined. *Controls were 
either non-anticoagulated (sham-treated) animals or anticoagulated animals that received sham treatment for anticoagulation reversal.

Table 1: Eff ects on coagulation parameters of experimental anticoagulation and anticoagulation reversal
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Some studies off er very detailed insights into the 
molecular diff erences between anticoagulation-associated 
intracerebral haemorrhage and intracerebral haemorrhage 
occurring under normal coagulation. The direct injection 
of heparinised (anticoagulated) autologous blood and the 
injection of autologous blood in combination with the 
thrombin inhibitor argatroban both led to reduced 
formation of perihaematomal oedema compared with 

untreated autologous blood injections in a rat and a 
porcine model of intracerebral haemorrhage, probably 
because of reduced thrombin-mediated blood–brain 
barrier damage.42,43 However, haemoglobin breakdown 
products are known to play a part in secondary brain injury 
after intracerebral haemorrhage.5 Raised concentrations of 
haem and iron resulting from increased haematoma 
volumes in anticoagulation-associated intracerebral 

 Experimental model Animal, 
strain

Anticoagulant Dose Haemostatic 
agent

Eff ect on 
haemorrhage 
volumes relative to 
controls*

Vitamin K antagonists: anticoagulation

Foerch et al,31 
(2008)

Collagenase injection Mice, CD-1 Warfarin Dose 1: 2 mg/kg per 24 h; 
dose 2: 2 mg/kg/24 h for 30 h

None Dose 1: increase; 
dose 2: large increase

Illanes et al,32 (2010) Collagenase injection Mice, C57BL/6 Warfarin 0·4 mg/kg/24 h for 72 h None Increase

Lauer et al,33 (2011) Laser-induced 
haemorrhage

Mice, CD-1 Warfarin 2 mg/kg/24 h for 30 h None Increase

Vitamin K antagonists: reversal of anticoagulation

Foerch et al,34(2009) Collagenase  injection Mice, CD-1 Warfarin 2 mg/kg per 24 h PCC 100 U/kg Decrease

Illanes et al,35 (2011) Collagenase  injection Mice, C57BL/6 Warfarin 0·4 mg/kg/24 h for 72 h FFP 200 μL; 
PCC 100 U/kg; 
rFVIIa 3·5mg/kg; 
rFVIIa 10 mg/kg; 
TA 400 mg/kg  

FFP: large decrease; 
PCC: large decrease; 
rFVIIa (both doses): 
decrease; TA: decrease

Schlunk et al,36 
(2012) 

Collagenase  injection Mice, CD-1 Warfarin 2 mg/kg per 24 h PCC 100 U/kg; 
rFVIIa 1 mg/kg 

PCC: decrease; 
rFVIIa: decrease

New oral anticoagulants: anticoagulation

Lauer et al,33 (2011) Collagenase injection Mice, CD-1 Dabigatran Dose 1: 37·5 mg/kg p.o.; 
dose 2: 112·5 mg/kg p.o.

None No change at either 
dose 

Lauer et al,33 (2011) Laser-induced 
haemorrhage

Mice, CD-1 Dabigatran 75 mg/kg p.o. None No change 

Zhou et al,37 (2011) Collagenase  injection Mice, C57BL/6 Dabigatran Dose 1: 2·25 mg/kg i.p.; 
dose 2: 4·5 mg/kg i.p.; 
dose 3: 9 mg/kg i.p.

None Dose 1: no change; 
dose 2: increase; 
dose 3: large increase

Zhou et al,38 (2013) Collagenase  injection Mice, C57BL/6 Rivaroxaban Dose 1: 10 mg/kg p.o.; 
dose 2: 30 mg/kg p.o.

None Dose 1: no change; 
dose 2: increase

New oral anticoagulants: reversal of anticoagulation

Zhou et al,37 (2011) Collagenase injection Mice, C57BL/6 Dabigatran Dose 1: 4·5 mg/kg i.p.; 
dose 2: 9 mg/kg i.p.

FFP 200 μL; 
PCC 100 U/kg; 
rFVIIa 8 mg/kg

Dose 1 and FFP: 
decrease; dose 1 and 
PCC: large decrease; 
dose 1 and rFVIIa: no 
change. Dose 2 and 
FFP: no change; dose 2 
and PCC: decrease; dose 
2 and rFVIIa: no change

Zhou et al,38 (2013) Collagenase injection Mice, C57BL/6 Rivaroxaban 30 mg/kg p.o. FFP 200 μL; 
PCC 100 U/kg; 
rFVIIa 8 mg/kg

Decrease

Antiplatelet drugs: antithrombotic treatment

Mihara et al,40 
(2005)

Collagenase injection Guineapigs Aspirin or 
FK419

Aspirin 1 mg/kg, 3 mg/kg, or 
3·2 mg/kg; 
FK419 0·03 mg/kg, 
0·06 mg/kg, or 0·12 mg/kg

None No change for all doses

Lauer et al,41 (2011) Collagenase injection Mice, CD-1 Aspirin, 
clopidogrel, and 
both combined

Aspirin 60 mg/kg; clopidogrel 
22·5 mg/kg; or aspirin 
60 mg/kg plus clopidrogrel 
22·5 mg/kg

None No change for all doses

PCC=prothrombin complex concentrate. FFP=fresh frozen plasma. rFVIIa=recombinant factor VIIa. TA=tranexamic acid. p.o.=per os. i.p.=intraperitoneal. *Controls were 
either non-anticoagulated (sham-treated) animals or anticoagulated animals that received sham treatment for anticoagulation reversal.

Table 2: Eff ects on haematoma volumes of experimental anticoagulation and anticoagulation reversal 
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haemorrhage might induce more severe secondary 
damage cascades than those in non-coagulopathic 
intracerebral haemorrhage.

In an experimental model that uses tightly focused 
femtosecond laser pulses to injure the endothelium of 
targeted cerebral arterioles and trigger microbleeds,44,45 
haemorrhage diameters increased by 1·7 times in mice 
given warfarin compared with non-anticoagulated 
controls (fi gure 3).33 However, expansion of these 
microhaemorrhages was only recorded during a short 
time window (roughly 1 min), and progress to large 
parenchymal bleeds was not reported.

In summary, strong experimental evidence suggests 
that eff ective anticoagulation with vitamin K antagonists 
leads to a pronounced enlargement of intracerebral 
haemorrhage volume, and that evidence is in line with 
several clinical studies. Animal data suggest that the 
method of haematoma volume measurement is crucial 
and is probably responsible for contradictory fi ndings 
between clinical studies. Furthermore, experimental 
studies support the assumption that anticoagulation-
associated intracerebral haemorrhage is characterised by 
poor functional outcome and prolonged haematoma 
expansion. Cerebral microbleeds do enlarge to some 
extent with vitamin K antagonist pretreatment, but have 
not been reported to expand into large parenchymal 
haemorrhages. 

Effi  cacy of rapid anticoagulation reversal
The prolonged haematoma expansion attributed to 
anticoagulation-associated intracerebral haemorrhage 
provides a pathophysiological rationale for rapid 
haemostatic treatment.19,47 Treatment options for 
anticoagulation reversal include vitamin K, fresh frozen 
plasma, prothrombin complex concentrate, and 
recombinant factor VIIa. No evidence from randomised 
trials is yet available on whether or not the rapid reversal 
of anticoagulation in patients with acute anticoagulation-
associated intracerebral haemorrhage improves 
functional outcome.24,48 Moreover, researchers have 
assessed the feasibility of a randomised trial on the 
effi  cacy of anticoagulation reversal in terms of clinical 
outcome, but the numbers needed to detect the assumed 
eff ect would be too high to allow such a trial to be 
undertaken.11 Observational studies based on few patients 
have focused on surrogate endpoints. The results suggest 
that prothrombin complex concentrate corrects increased 
INR values more rapidly than does fresh frozen plasma, 
whereas recombinant factor VIIa corrects INR values 
more reliably than does prothrombin complex 
concentrate.49–51 Furthermore, in patients with 
anticoagulation-associated intracerebral haemorrhage 
with elevated INR at hospital admission, the 
administration of prothrombin complex concentrate 
reduces INR values and haematoma volume and 

Figure 3: In-vivo femtosecond laser-induced microhaemorrhage formation
(A) In-vivo two-photon excited fl uorescence (2PEF) image frames showing rapid expansion of the microhaemorrhage after irradiation of a penetrating arteriole about 
100 μm beneath the cortical surface with a single, 800 nm wavelength, 100 fs duration, roughly 1 μJ energy laser pulse. Laser energy is only absorbed in the focal 
volume, leading to damage to and rupture of the vessel wall, but with no direct laser damage to surrounding tissue, thus producing a model of cortical 
microhaemorrhage. Fluorescently labelled blood plasma is red. The blood plasma and red blood cells (seen as dark shadows in the sea of fl uorescent plasma) are pushed 
into the brain parenchyma. Neurons and astrocytes are labelled green with Oregon green BAPTA. (B) In-vivo 2PEF image stacks of fl uorescently labelled blood plasma 
spanning a 20 μm depth centred at the microhaemorrhage origin in warfarin-treated animals and controls. Extravasated plasma is detected as diff use fl uorescence, in a 
halo surrounding the target vessel. The dark core immediately adjacent to the target vessel is fi lled with red blood cells. The warfarin-treated animal has a larger 
haematoma volume than the control. Image (A) reproduced from reference 46, by permission of OSA, the Optical Society.
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improves functional outcome.17,52 Diff erent types of 
prothrombin complex concentrate are available, 
containing variable amounts of either three or four 
vitamin K-dependent coagulation factors. The four-factor 
concentrates contain factor VIIa and seem to correct INR 
most reliably.53 However, administration of recombinant 
factor VIIa alone does not increase concentrations of 
factors II, IX, or X. In non-anticoagulated patients with 
intracerebral haemorrhage, recombinant factor VIIa 
treatment did not have a benefi cial eff ect on functional 
outcome, although it did reduce haematoma size.54 

Animal models of intracerebral haemorrhage have 
been used to assess whether the rapid reversal of 
anticoagulation can prevent haematoma growth and poor 
functional outcome (fi gure 2). In a fi rst approach, 
concentrated amounts of the vitamin K-dependent 
coagulation factors II, VII, IX, and X (prothrombin 
complex concentrate) were given to warfarin-treated mice 
45 min after intracerebral haemorrhage induction. This 
resulted in substantially increased plasma activity of these 
factors and in normalised INR values. Haematoma 
volumes at 24 h were reduced by roughly 58%, and 
mortality rates were lower than those of saline-treated 
animals.34 In a similar investigation, fresh frozen plasma 
given systemically 30 min after intracerebral haemorrhage 
induction was as eff ective as prothrombin complex 
concentrate in reducing haematoma volumes, despite a 
higher volume load and a less pronounced INR 
reduction.35 Reduction of INR was reported to be a good 
predictor of reduced haematoma size. In contrast to 
prothrombin complex concentrate reversing anti-
coagulation by replacement of coagulation factors, 
recombinant factor VIIa at the site of injury is thought to 
lead to localised enhancement of thrombin generation 
and to a more stable clot structure.55 In non-anticoagulated 
rats with intracerebral haemorrhage, recombinant factor 
VIIa has been shown to reduce haematoma volumes, 
compared with animals without a haemostatic treatment.56 
However, under eff ective anticoagulation, recombinant 
factor VIIa was far less powerful than prothrombin 
complex concentrate in reducing intracerebral 
haemorrhage volumes and INR values.35 Confl icting 
results have been reported from a study in which even 
though a lower dose was given (1 mg/kg vs 10 mg/kg), 
recombinant factor VIIa was just as eff ective as 
prothrombin complex concentrate in reducing 
haematoma growth and correcting INR values.36 The 
reason for this discrepancy is not clear. The timepoint of 
drug administration after intracerebral haemorrhage 
induction diff ers in these two studies, which could be a 
crucial variable. Additionally, the assessment of 
haematoma volume by photometric quantifi cation of 
haemoglobin content as done in the second study might 
have been more sensitive than MRI planimetry to the 
eff ects of recombinant factor VIIa.

In summary, clinical studies in anticoagulated people 
showed that prothrombin complex concentrate and 

recombinant factor VIIa are effi  cacious in rapid 
correction of INR. Randomised experimental studies 
suggest that the rapid reversal of anticoagulation in acute 
intracerebral haemorrhage could prevent extensive 
haematoma formation and improve functional outcome. 
In that respect, data for prothrombin complex concentrate 
are more consistent than for recombinant factor VIIa.

Pretreatment with newly approved oral 
anticoagulants
Eff ect on haematoma volume and outcome
New anticoagulants with a steady bioavailability through 
oral delivery have been developed to overcome many of 
the disadvantages associated with vitamin K antagonists, 
such as the numerous drug and food interactions and the 
interindividual variations in drug response that require 
continuous laboratory monitoring. For example, the 
direct thrombin inhibitor dabigatran reversibly binds to 
the active site of the thrombin molecule, thereby 
inhibiting clot growth, platelet activation, and, indirectly, 
thrombin generation by preventing feedback activation 
loops. Dabigatran has a half-life in plasma of 12–17 h and 
does not require frequent coagulation monitoring in 
patients with healthy kidney function.57 By contrast with 
vitamin K antagonists, it has a very predictable 
pharmacological profi le.58

The new anticoagulants dabigatran, rivaroxaban, and 
apixaban were at least as eff ective as warfarin in the 
prevention of ischaemic strokes in patients with atrial 
fi brillation and showed statistically signifi cantly lower 
rates of intracerebral haemorrhage.59–61 Rivaroxaban, a 
direct factor Xa inhibitor, reduced rates of stroke or 
systemic embolism (absolute risk 1·7% per year) and 
rates of intracranial haemorrhage (0·5% per year) 
compared with the warfarin group (2·2% and 0·7% per 
year, respectively).60 Treatment with apixaban, another 
direct factor Xa inhibitor, resulted in reduced rates of 
stroke (1·19% per year) and a further reduction of 
haemorrhagic strokes (0·24% per year) compared with 
the warfarin group of the study (1·51% and 0·47% per 
year).61 In the RE-LY trial, dabigatran was non-inferior 
(110 mg) or superior (150 mg) to warfarin for the 
prevention of stroke in patients with non-valvular atrial 
fi brillation.59,62 Surprisingly, both dabigatran dose groups 
showed statistically signifi cantly lower rates of intracranial 
haemorrhage than the warfarin group of the study. A 
subsequent analysis of intracranial haemorrhages in the 
RE-LY participants revealed notably lower rates of 
spontaneous intracerebral haemorrhage in patients 
assigned to dabigatran (150 mg 0·09% per year; 110 mg 
0·08% per year) than in patients given warfarin (0·36% 
per year), whereas mortality in intracerebral haemorrhage 
was not reported to diff er signifi cantly among treatment 
groups.63 In the ROCKET AF trial, patients treated with 
rivaroxaban showed reduced rates of intracranial 
haemorrhage, whereas overall major bleeding rates did 
not diff er from those in the warfarin group. Here and in 
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the RE-LY trial, bleeding from gastrointestinal sites was 
more frequent in the groups given the new 
anticoagulants.59,60 The high concentration of these drugs 
at the site of absorption could be hypothesised to cause 
the increased rates of bleeding, and could partly explain 
the diff erences depending on the site of bleeding.

Impaired renal function could also lead to drug 
accumulation and an increased risk for haemorrhagic 
complications.64 A major concern is the scarce information 
about the optimum management of intracerebral 
haemorrhage developing during treatment with the 
newly approved anticoagulants.65 Additionally, specifi c 
clinical data for the eff ect of pretreatment with these new 
drugs on intracerebral haemorrhage volume, haematoma 
expansion, and functional outcome are scarce. 

The experimental model of anticoagulation-associated 
intracerebral haemorrhage has been recently expanded 
to the new oral anticoagulants. Lauer and colleagues33 fed 
mice with three diff erent doses of dabigatran 
(37·5 mg/kg, 75 mg/kg, and 112·5 mg/kg) with a gastric 
tube in 8 h intervals. This approach led to a dose-
dependent prolongation of coagulation parameters 
(activated partial thromboplastin time) and to a 
pronounced prolongation of the thrombin time, which is 
particularly sensitive to dabigatran. Surprisingly, after 
induction of intracerebral haemorrhage by collagenase 
injection, haematoma volume in dabigatran-treated 
animals did not increase compared with non-
anticoagulated controls. Similarly, laser-induced cerebral 
microbleeds were not enlarged as a result of dabigatran 
pretreatment, suggesting that this fi nding is not only 
linked to the collagenase model.33 Other investigators 
made similar observations: increased bleeding volumes 
were not found in mice with intracerebral haemorrhage 
and plasma concentrations of dabigatran below values 
judged as roughly fi ve-times human therapeutic ranges.37 
However, use of a parenteral application regimen of 
dabigatran at high doses—thereby overcoming its low 
bioavailability—resulted in dabigatran plasma 
concentrations of up to roughly ten-times human 
therapeutic values (about 850–1200 ng/mL peak 
concentrations) and prolonged the ecarin clotting time 
for at least 4 h, beyond the measurable range of 16·5 min. 
These large doses triggered an increased haematoma 
volume and worsened functional outcome after 
intracerebral haemorrhage induction.

Results from experimental studies have provided 
insights into the diff erent pathophysiology of intracerebal 
haemorrhage occurring during warfarin or dabigatran 
anticoagulation. Whereas warfarin crudely aff ects 
coagulation by reducing the activity in plasma of factors II, 
VII, IX, and X, dabigatran directly interferes with factor 
IIa only,33 which might contribute to haemostasis in case 
of bleeding. It has been speculated that the high 
concentrations of tissue factor (factor III) that surround 
cerebral blood vessels lead to a tissue-specifi c coagulation 
activation via factor VIIa (which is not a target of direct 

thrombin inhibitors, but is reduced in warfarin 
anticoagulation).66 However, this assumption is questioned 
by the fact that rates of subdural haematomas were also 
signifi cantly reduced in the RE-LY study.63 Interestingly, 
treatment with the direct thrombin inhibitor lepirudin in 
what was judged to be a therapeutic range did lead to 
increased experimental intracerebral haemorrhage 
volumes.33 The most striking pharmacological diff erence 
between dabigatran and lepirudin is the mode of thrombin 
inhibition. By contrast with lepirudin, which binds 
bivalently to the active site and one of two exosites, 
dabigatran binds only to the active site of the thrombin 
molecule, leaving the two exosites of thrombin available 
for interaction with other molecules of the haemostatic 
system.57 Furthermore, by contrast with the bivalent 
bonding by lepirudin, thrombin inhibition by dabigatran 
is reversible, and can be overcome in situations with 
increased thrombin release, such as in vascular injury. 

Recently, the fi rst data for a murine model of intracerebral 
haemorrhage under rivaroxaban anticoagulation were 
published. Rivaroxaban pre treatment (10 mg/kg and 
30 mg/kg) statistically signifi cantly prolonged the 
prothrombin time for several hours. No diff erences in 
intracerebral haemorrhage volumes between rivaroxaban-
treated mice and controls were found for what might be 
judged standard doses of collagenase and rivaroxaban. 
However, after the size of the intracerebral bleedings was 
increased by injection of higher collagenase concentrations, 
the animals treated with the highest dose of rivaroxaban 
showed a statistically signifi cant enlargement of 
haematomas and worse functional outcome.38 

Together, these experimental studies suggest that the 
inhibition of only one coagulation factor (ie, with 
therapeutic dabigatran and rivaroxaban doses) might allow 
for feedback mechanisms within the clotting cascade to 
prevent haematoma enlargement, by contrast with 
anticoagulation by vitamin K antagonists. Results of in-
vitro studies support this assumption, where defi ciencies 
of the coagulation factors II, VII, and X led to delayed clot 
initiation, slowed clot propagation, and reduced clot 
strength.67 However, restoration of factor II to only a small 
proportion of normal concentrations resulted in clot 
initiation values similar to those in control plasma.

In summary, clinical studies provide strong evidence 
that intracerebral haemorrhage incidence rates are lower 
with long-term treatment with the new anticoagulants 
than with warfarin treatment. Very few clinical data are 
available that characterise intracerebral haemorrhage 
developing under the new anticoagulants. Mortality rates 
in patients with dabigatran-associated intracerebral 
haemorrhage were reported to be similar to those in 
patients with warfarin-associated intracerebral 
haemorrhage. Conversely, experimental studies con-
sistently suggest that dabigatran and rivaroxaban at 
therapeutic doses might have a less detrimental eff ect on 
functional outcome and lead to less expansion of 
haematoma than warfarin. The specifi c and reversible 
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inhibition of only one coagulation factor by the new 
anticoagulants, compared with the broad eff ect of vitamin 
K antagonists on the coagulation cascade, is probably 
responsible for these diff erences. Very high plasma 
concentrations of dabigatran and rivaroxaban might 
nevertheless be associated with large intracerebal 
haemorrhage volumes. Contrary to what has been shown 
for warfarin, cerebral microbleeds triggered during 
dabigatran treatment do not seem to enlarge. 

Eff ectiveness of rapid anticoagulation reversal
No specifi c antidotes have been established for the new 
oral anticoagulants. For direct thrombin inhibitors, 
activated charcoal can adsorb dabigatran in vitro and can 
be considered early (about 1–2 h) after ingestion of the 
drug to prevent its absorption. Additionally, haemodialysis 
and haemofi ltration could lead to more rapid clearance of 
dabigatran.68 Protamine sulphate and vitamin K are not 
expected to counteract the anticoagulant eff ects of 
dabigatran in the case of an acute bleeding event.69 Use of 
prothrombin complex concentrate infusion to increase 
the activity of procoagulant factors did not reduce 
prolonged activated partial thromboplastin time, 
thrombin time, or ecarin clotting time in patients given 
dabigatran.70 However, in the event of acute bleeding, 
administration of prothrombin complex concentrate and, 
hence, of large amounts of thrombin, might overcome 
direct thrombin inhibition. In healthy people, 
prothrombin complex concentrate could immediately 
reverse prolonged prothrombin time after anticoagulation 
with the factor Xa inhibitor rivaroxaban.70 However, 
reversed clotting times in factor Xa-inhibited patients do 
not guarantee suffi  cient haemostasis. To answer the 
question of whether haemostasis can be suffi  ciently 
restored, clinical data are warranted.71 A dabigatran-
directed neutralising antibody is under development.72

Several systemic haemostatic drugs (eg, desmopressin, 
aprotinin, tranexamic acid, and aminocaproic acid) did 
not reverse prolonged surface bleeding in an animal 
model after treatment with a direct thrombin inhibitor.73 

However, other agents are more promising: in an in-vitro 
thrombelastographic model, the administration of 
recombinant factor VIIa and activated prothrombin 
complex concentrate statistically signifi cantly shortened 
the thrombin inhibitor-induced prolongation of clot 
initiation.74 In vivo, the administration of recombinant 
factor VIIa reduced prolonged bleeding time and blood 
loss in a template tail-bleeding model in rats given high 
doses of the thrombin inhibitor melagatran. Gavage of 
activated prothrombin complex concentrate was even 
more eff ective. Notably, although they partly restored 
suffi  cient haemostasis, activated prothrombin complex 
concentrates could not shorten the prolonged activated 
partial thromboplastin time.75

In the murine model of intracerebral haemorrhage 
during high-dose dabigatran treatment, both fresh frozen 
plasma and prothrombin complex concentrate reduced 

haematoma expansion.37 However, at an even higher 
tested dose of dabigatran, only prothrombin complex 
concentrate was eff ective. Additionally, prothrombin 
complex concentrate was also the only haemostatic drug 
to improve functional outcome. Administration of the 
coagulation factors II, VII, IX, and X (ie, prothrombin 
complex concentrate treatment) might improve thrombin 
generation by enhancing feedback loops within the 
coagulation cascade that overcome thrombin inhibition. 
In this model, recombinant factor VIIa did not reduce 
haematoma size. However, it could shorten the 
prothrombin time and reduce intracerebral haemorrhage 
volume in animals given rivaroxaban. Prothrombin 
complex concentrate and fresh frozen plasma prevented 
haematoma expansion at least as eff ectively as did 
recombinant factor VII, but did not signifi cantly aff ect the 
prolonged prothrombin time.38 Prothrombin complex 
concentrate was given in increasing doses and a dose-
dependent eff ect was recorded. 

In summary, administration of procoagulant factors 
does have diff erent eff ects on clotting times after direct 
thrombin inhibition and factor Xa inhibition in the clinical 
setting. Clotting times may remain prolonged after 
dabigatran anticoagulation, whereas the eff ects of 
rivaroxaban anticoagulation can be immediately and 
completely reversed. Standard coagulation tests might not 
be able to predict success of haemostatic treatment in 
thrombin inhibitor-induced anticoagulation. In the 
murine model, both fresh frozen plasma and prothrombin 
complex concentrate reduced haematoma size in 
intracerebral haemorrhage during supratherapeutic 
dabigatran and rivaroxaban anticoagulation. Although 
ineff ective in dabigatran-treated anticoagulated animals, 
recombinant factor VII was able to reduce haematoma 
enlargement after anticoagulation with rivaroxaban. 
These fi ndings suggest a potential benefi t of reversal 
strategies and should be investigated further.

Pretreatment with antiplatelet agent
Eff ect on haematoma volume and outcome
Platelets have a central role in the haemostatic system. 
They adhere to the site of injury, aggregate, and provide a 
procoagulant surface for the rapid formation of a 
haemostatic plug.76 Thus, one can logically assume that an 
intracerebral haemorrhage during antiplatelet treatment 
will be associated with prolonged haematoma expansion 
and larger haematoma volumes. Several observational 
studies have associated the previous use of antiplatelet 
drugs with raised mortality rates,77,78 worse functional 
outcome,2 increased early haematoma growth,79 and an 
increased need for craniotomy.80 Furthermore, the 
combined treatment of aspirin and clopidogrel caused 
enlarged haematoma volumes and a higher mortality rate 
than aspirin single therapy in patients with spontan-
eous intracerebral haemorrhage.81 By contrast, other 
investigators could not show that the previous use of 
antiplatelet drugs was associated with increased rates of 
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haematoma expansion or worse outcome, particularly 
after adjustment for confounding factors.82–85 

Small studies in which the eff ect of platelet infusion 
after onset of intracerebral haemorrhage was investigated 
in patients with a history of antiplatelet drug use did not 
show a statistically signifi cant benefi t after spontaneous 
intracerebral haemorrhage, although platelet activity 
increased after platelet transfusion.86–88 A larger, 
randomised clinical trial investigating this subject is 
underway.89

The question of whether antiplatelet pretreatment 
increases haematoma volume and worsens functional 
outcome has been addressed in the mouse model of 
collagenase-induced intracerebral haemorrhage.41 Oral 
pretreatment with antiplatelet drugs (aspirin or 
clopidogrel) in drinking water reduced platelet activity 
below rates comparable to those recorded in patients with 
long-term platelet inhibition.90 Although collected 
bleeding volumes after cutting the distal tip of the animal’s 
tail increased in antiplatelet-treated mice, larger 
intracerebral haematoma volumes and a worsened 
functional outcome were not reported, even in the group 
receiving a combined treatment of aspirin and 
clopidogrel.41 This fi nding is consistent with comparable 
experiments done in guinea pigs using low to high aspirin 
doses and the glycoprotein IIb/III antagonist FK419.40 
Interestingly, in both intracerebral haemorrhage models, 
antiplatelet pretreatment de facto aff ected haemostasis, in 
terms of ear-bleeding time or tail-bleeding volumes. This 
fi nding suggests tissue-specifi c and disease-specifi c 
reactions, and roles for platelets after vascular injury. 
Platelets provide a necessary surface for the promotion 
and regulation of thrombin release.91 Brain pericytes 
lining intracerebral blood vessels can also provide the 
surface and express procoagulant proteins for interaction 
with the prothrombinase complex. In the presence of 
normal concentrations of prothrombin, they contribute 
substantially to thrombin production.92 In acute 
intracerebral haemorrhage, such mechanisms could help 
to compensate for impaired platelet function caused by 
antiplatelet treatment. 

In summary, experimental evidence supports those 
clinical studies that did not show a detrimental eff ect of 
antiplatelet pretreatment on intracerebral haemorrhage 
volume. Therefore, transfusion of platelets seems 
unlikely to aff ect haematoma volume and functional 
outcome. 

Conclusions
Many confounding factors make it diffi  cult to assess the 
true eff ects of anticoagulant and antithrombotic 
pretreatment on intracerebral haemorrhage in the clinical 
setting.11 However, the experimental setting allows for 
testing with a randomised design. Our Review discusses 
the results of preclinical research on anticoagulation-
associated intracerebral haemorrhage in the context of 
specifi c clinical questions. Table 1 summarises the change 

in coagulation parameters achieved with diff erent 
anticoagulant and antiplatelet treatments (and the eff ects 
of eff orts to reverse anticoagulation) in experimental 
animals, whereas table 2 draws attention to the eff ects of 
these manipulations on haematoma volume in 
experimental intracerebral haemorrhage.

The translation of experimental fi ndings into human 
beings should be done with caution. The animal models 
have several important shortcomings. On the one hand, 
the collagenase model causes easily reproducible 
intracerebral haemorrhage formation in the basal ganglia, 
which closely mimics deep intracerebral haematoma 
formation in human beings. On the other hand, 
collagenase injection is associated with chaotic and 
widespread destruction of vascular tissue, whereas 
primary intracerebral haemorrhage in human beings 
typically originates from a distinct lesion of a small 
perforating artery deep in the brain.93 Furthermore, 
collagenase is a metalloproteinase that itself has side-
eff ects, such as an infl ammatory reaction that can interfere 
with haemostasis.94 The replication of experiments with 
the new microhaemorrhage model, which uses laser-
induced rupture of targeted cerebral arterioles,44,45 could be 
one way to avoid model-dependent biases in animal 
research. The murine and the human haemostatic system 
are reportedly comparable in many ways, but some 
molecular diff erences exist.95 Additionally, intracerebral 
bleeds occur predominantly in elderly patients with 
comorbidities such as arterial hypertension and diabetes,84 
but most of the aforementioned studies were done in 
young and healthy mice. Although all these factors limit 
the validity of translational research with regard to specifi c 
clinical questions, we believe that important insights into 
the pathophysiology of anticoagulation-associated 
intracerebral haemorrhage and into potential treatment 
strategies can be derived successfully from these models.

In the future, further refi nement and adjustment of the 
experimental models of anticoagulation-associated 
intracerebral haemorrhage will be necessary to improve 
their translational utility. A big step forward would be to 
use animal models in which intracerebral haemorrhage 
occurs spontaneously, with no need to induce bleeding 
with the highly artifi cial collagenase injection or by laser 
rupture of a vessel. For example, stroke-prone 
spontaneous hypertensive rats develop intracerebral 
haemorrhage after being fed a salt-enriched diet.96 These 
animals can be put on long-term anticoagulation to study 
the risk for, behaviour of, and outcome after intracerebral 
haemorrhage. Use of the existing intracerebral 
haemorrhage models in aged animals, or animal models 
of typical comorbidities found in human beings, such as 
diabetes or hypertension, would also represent important 
progress. More experimental studies of apixaban, 
dabigatran, and rivaroxaban are needed to identify 
similarities and diff erences in intracerebral haemorrhage 
pathophysiology in the three anticoagulation treatments. 
Still, bleeding behaviour in the scenario of intracerebral 
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haemorrhage is still largely unknown for these drugs, as 
is their response to haemostatic treatment.97 In fact, no 
head-to-head comparison has been done between 
thrombin inhibitors and factor Xa inhibitors, so an 
experimental study could be a fi rst step forward. In the 
clinical setting, observational studies and registries are 
needed to assess the eff ects of the new anticoagulants on 
haemorrhage volume, haematoma expansion, mortality, 
and functional outcome. These studies are also needed 
for haemostatic approaches, which have mainly been 
merely transferred from reversal of the eff ects of 
vitamin K antagonists on coagulation to treating 
complications of new oral anticoagulants. For example, 
the administration of prothrombin complex concentrate 
is supposed to compensate for the systemic defi cit of the 
vitamin K-dependent coagulation factors. From a 
pharmacological perspective, the strategy to increase 
factors II, VII, IX, and X by prothrombin complex 
concentrate or factor VII by factor VIIa does not seem to 
be entirely congruent with the selective inhibition of 
coagulation factors IIa or Xa by the new anticoagulants. 
Such treatment would not eliminate the active compound 
from the system. However, once eliminated, it might 
leave the system in a potentially harmful hypercoagulative 
state. Furthermore, haemostatic approaches and intensive 
blood pressure control have both shown promising 
results in patients with intracerebral haemorrhage; 
however, interaction between the two might occur in 
combined treatment.98 This fi nding might also apply to 
anticoagulant-associated intracerebral haemorrhage, 
since rheology is known to aff ect haemostasis.99

Despite all major limitations that should be taken into 
account regarding the translation of experimental 
fi ndings into clinical routine, the clear trends reported 
here show that experimental research could help to fi ll 
knowledge gaps in areas in which the pathophysiology 
needs to be explored, and in situations when randomised 
clinical trials are diffi  cult.
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