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Abstract

Background and Purpose—Contrast medium extravasation (CE) in intracerebral hemorrhage

(ICH) is a marker of ongoing bleeding and a predictor of hematoma expansion. The aims of the

study were to establish an ICH model in which CE can be quantified, characterized in ICH during

warfarin and dabigatran anticoagulation, and to evaluate effects of prothrombin complex

concentrates on CE in warfarin-associated ICH.

Methods—CD 1-mice were pretreated orally with warfarin, dabigatran, or vehicle. Prothrombin

complex concentrates were administered in a subgroup of warfarin-treated mice. ICH was induced

by stereotactic injection of collagenase VIIs into the right striatum. Contrast agent (350 µL Isovue

370 mg/mL) was injected intravenously after ICH induction (2–3.5 hours). Thirty minutes later,

mice were euthanized, and CE was measured by quantifying the iodine content in the hematoma

using dual-energy computed tomography.

Results—The optimal time point for contrast injection was found to be 3 hours after ICH

induction, allowing detection of both an increase and a decrease of CE using dual-energy

computed tomography. CE was higher in the warfarin group compared with the controls

(P=0.002). There was no significant difference in CE between dabigatran-treated mice and

controls. CE was higher in the sham-treated warfarin group than in the prothrombin complex

concentrates–treated warfarin group (P<0.001).

Conclusions—Dual-energy computed tomography allows quantifying CE, as a marker of

ongoing bleeding, in a model of anticoagulation-associated ICH. Dabigatran induces less CE in

ICH than warfarin and consequently reduces risks of hematoma expansion. This constitutes a
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potential safety advantage of dabigatran over warfarin. Nevertheless, in case of warfarin

anticoagulation, prothrombin complex concentrates reduce this side effect.
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Oral anticoagulation therapy plays an important role in the prevention of thrombotic and

thromboembolic events. In patients with atrial fibrillation, vitamin K antagonists, such as

warfarin, reduce the incidence of stroke by >60%.1 Although they are highly effective in this

way, vitamin K antagonists are associated with increased rates of intracerebral hemorrhage

(ICH), a severe complication with a short-term mortality rate of >50%.2,3 Recently new

anticoagulants, such as the direct thrombin inhibitor, dabigatran, and the factor X inhibitors,

rivaroxaban and apixaban, have been introduced into the market.4 In comparison with

warfarin, these drugs show a similar effectiveness in reducing embolic events, but provide a

better safety profile because they reduce the rate of intracerebral bleeding complications.5–8

Observational studies on ICH evolution while on warfarin anticoagulation revealed

prolonged bleeding, enlarged hematoma volumes, and poorer functional outcomes compared

with nonanticoagulant ICH.2,3,9,10 Although these data were not derived from randomized

trials, the rapid reversal of anticoagulation, using concentrated coagulation factors

(prothrombin complex concentrates [PCC]), is proclaimed as a treatment option to prevent

massive hematoma expansion in cases of warfarin-ICH.2,3,11 Even less is known about the

pathophysiology and potential therapeutic strategies in ICH associated with the

administration of the new anticoagulants.

Recently, an animal model of anticoagulation-associated ICH has been developed.12 This

model showed that warfarin anticoagulation increased hematoma volumes by 2- to 3-fold

compared with nonanticoagulated controls.12 Furthermore, the rapid reversal of

anticoagulation using hemostatic drugs (PCC, recombinant factor VII) revealed reduced ICH

volumes as compared with mice whose anticoagulation was not reversed.13,14 Interestingly,

dabigatran anticoagulation (in the therapeutic range) did not enlarge hematoma volume in

experimental ICH as compared with nonanticoagulated controls.15 But increased ICH

volumes were found in case of very high dabigatran concentrations.16

In humans, hematoma expansion occurs in the early phase of ICH and is associated with

poor functional outcomes and high mortality rates.17–19 Several studies reported spot sign on

computed tomography (CT) angiography and contrast extravasation (CE) in contrast-

enhanced CT-images of patients with acute ICH as an aid to predict hematoma growth and

poor neurological outcomes.20–26 More recently, CE, as evidence of ongoing bleeding, was

shown to be a more sensitive predictor of ICH enlargement compared with the spot sign,

which may also represent pseudoaneuryms.25,27

The aim of the present study was (1) to establish an experimental ICH model in which CE

can be visualized and quantifed by dual-energy CT (DECT), (2) to characterize CE in ICH

occurring during warfarin and dabigatran anticoagulation, and (3) to verify potential positive
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effects of concentrated coagulation factors (PCC) on ameliorating an exacerbated hematoma

expansion in warfarin-associated ICH.

Material and Methods

Animals

All experiments were performed in accordance with the guide from the National Institutes of

Health for the care and use of laboratory animals. Throughout this study, male CD1-mice

aged 12 to 16 weeks were used. Mice were randomly and blindly assigned to 3 treatment

groups: warfarin (W), dabigatran (D), and vehicle (tap water; C). The first set of animals

(coagulation study; n=12) was used to measure coagulation parameters after W, D, and

vehicle pretreatment, and after reversal of warfarin anticoagulation using PCC. A second set

of animals (DECT study; n=44) was used to create a DECT-model of collagenase-induced

ICH, in which CE can be visualized and quantified. A third set of animals (ICH-contrast

injection study [ICH-CI]; n=45) was used to determine CE as the primary end point, as well

as hematoma volume and neurological outcome as secondary end points in mice pretreated

with W, D, or vehicle. In a fourth set of animals (PCC study; n=10), the effects of PCC or

saline treatment on CE in warfarin-anticoagulated ICH mice were assessed.

Anticoagulation Therapy

Warfarin was administered according to a previously established protocol via drinking

water.12,13 A 5-mg Coumadin tablet (crystalline warfarin sodium, Bristol Myers Squibb,

NY) was dissolved in 375 mL tap water. Assuming a body weight of 40 g and daily water

consumption of 15 mL per 100 g, each mouse received ≈0.1 mg (2.5 mg/kg) warfarin within

a 30-hour feeding period.

Dabigatran was administered according to a recently established protocol.15 A 150 mg

dabigatran tablet (150 mg, Pradaxa, Boehringer Ingelheim, Germany) was dissolved in 7.5

mL tap water, resulting in a dose of 20 mg/mL. Mice were orally fed by a gastric tube

containing 0.15 mL of the respective solution (3× with 8-hour intervals). Assuming a body

weight of 40 g, each mouse received ≈3 mg (75 mg/kg) of dabigatran.

Control mice were given 0.15 mL tap water by the same application modus in a similar

manner (3× in 8-hour intervals).

Measurement of Coagulation Parameters

Coagulation parameters were measured in control animals (n=3) as well as in anticoagulated

mice (at the end of the 30-hour warfarin feeding period [n=3] or 30 minutes after the last

gavage of dabigatran [n=3]). In addition, coagulation parameters were determined in

warfarin-treated mice 15 minutes after injecting PCC into the tail vein (n=3).

Blood was drawn through a cardiac puncture with a 3-mL syringe and a 19-gauge needle

under deep anesthesia and was immediately transferred to plastic tubes containing 0.1 mL

3.2% citrate, resulting in a volume ratio of 9:1. International normalized ratio (INR) values,

prothrombin time (PT), partial thromboplastin time, and diluted thrombin time (dTT) were

quantifed on a coagulation analyzer (Trinity Biotech, Berkeley Heights, NJ).12,13,15
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ICH Induction

Animals were anesthetized with isoflurane (1.5%–2%) in a 70% N2O- and 30% O2-mixture

and placed in a stereotaxic frame. After opening the scalp, a small borehole was drilled, and

a 32-gauge 0.5-µL injection needle (Hamilton 7000 series, Hamilton, Reno, NV) was slowly

lowered into the right striatum (stereotaxic coordinates: 0 mm anterior, 2 mm lateral, 3.5

mm below the surface). Then, 0.5 µL of saline containing 0.2 U of collagenase VIIs (Sigma-

Aldrich, St. Louis, MO) was injected during a 5-minute period. The needle was left in place

for 10 minutes before it was slowly withdrawn during 5 minutes. Afterward, the borehole

was sealed with bone wax, and the scalp was sutured. To preserve the body temperature, a

heat lamp was used.12,13,15

Outcome Assessment

Neurological deficits were rated in a blinded fashion 2 or 3 hours after ICH induction using

a 5-point scale (0, no apparent deficit; 1, slight deficit without circling motion; 2, circling to

the right with gaining some distance; 3, heavy circling to the right without gaining distance

or no movement at all; 4, deceased).12,13,15

CT Imaging and Contrast Medium Injection

To determine the appearance of the CT-images of our experimental ICH model, we imaged

the brains of 2 sets of 4 animals. In the first set, the images were acquired 2.5 hours after

ICH induction, without administration of contrast medium. In the second set, the animals

received contrast medium 2 hours after ICH induction, and CT-images were acquired after

30-minute circulation time (ie, CT was performed 2.5 hours after ICH induction). We

measured the Hounsfield (HU) attenuation differences between ipsilateral (within the

subsequently histologically proven ICH area) and contralateral sites.

Then, we tried to determine a suitable time point for contrast injection (CI; ie, a time point

when most of the hematoma has already developed but CE is still visible as a marker of

ongoing bleeding). To do so, animals in each of the treatment groups (W, D, C) were

reanesthetized after predefined intervals after ICH induction (2/2.5/3/3.5 hours; n=3 per

treatment group and time point). Then, 350 µL of contrast agent (Isovue 370 mg/mL, Bracco

Diagnostic Inc, Princeton, NJ) was slowly injected during 5 minutes into the left femoral

vein using a polyethylene-10 tube. Animals were placed in their cages and were euthanized

30 minutes after the injection of contrast medium to stop the rapid vascular clearance of

iopamidol.28 To prevent the decomposition of the brain tissue and the diffusion of the

contrast agent, the corpses were immediately frozen at −80°.

After determining the optimal time point for CI after induction of ICH, we repeated the

same procedures using 10 animals per treatment group in an experiment powered to analyze

the differences in the primary end point, CE, among the anticoagulation regimes (W, D, C).

A second time point, in which active bleeding (CE) was clearly present in anticoagulated

animals and controls, served as an internal positive control (n=5 per treatment group).
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DECT Scanning and Image Reconstruction

Frozen corpses were scanned on a dual-energy system (Siemens Definition Flash, Siemens

Healthcare, Forchheim, Germany). The tube voltage and tube current settings were

optimized independently for each X-ray source. Settings were chosen to split the overall

dose equally between the 2 imaging chains. CT examinations were performed using the

following protocol: Tube A, 80 kV; Tube B, 140 kV with tin (Sn) filter, 2200 mAs and 800

mAs, respectively, and a collimation of 32×0.6 mm.

The projection data acquired at 80 and 140 kV were reconstructed separately. Images were

reconstructed at 0.6 mm slice thickness, with 0.3 mm increments using a dual-energy D50

image kernel. A mixed energy image set was calculated using a weighted sum of the 80 kV

and the 140 kV images, in a 60% and 40% ratio, respectively, simulating a 120 kV image.

Semiquantitative and Computer-Aided Quantitative Measurement of CE

In the DECT study, CT-images were evaluated using a simple binary end point (ie, CE

visible, CE not visible).

In the ICH-CI study, CE was assessed on a 5-point score, visually respecting and comparing

the size and density of contrast enhancement (1: no CE, 2: probable CE, 3: visible CE, 4:

bright CE, 5: bright CE with filling the right striatum area).

Furthermore, in the ICH-CI study, CT-images were processed using dedicated software

(Syngo DE, Siemens Healthcare, Forchheim, Germany) to quantify CE. A 3-material

decomposition algorithm based on water, brain parenchyma, and iodine was performed.

From the original low and high kV data sets, a virtual noncontrast image and a functional

and quantitative iodine image were derived. In the functional images, the presence of iodine

is indicated by a special look-up table (orange color) and its intensity and attenuation value

correspond to the relative concentration of iodine. The software allows for quantitative

analysis of regions of interest (ROI). After selection on the iodine image, the software

calculated the concentration of iodine in mg/mL and the ROI size in mm2. Because all CT-

images were reconstructed at 0.6-mm slice thickness, we assessed the ROI volume for each

slice by multiplying the ROI volume by 0.6 mm and determined the contrast amount by

multiplying the ROI volume by the calculated iodine concentration. Afterward the values

(contrast amount of each slice) were added up to get the total iodine content of lCH.

ICH Volume Assessment by Quantitative Hemoglobin Determination

After DECT imaging, the corpses were defrosted by a heating lamp for 1 hour. Brains were

removed and placed in glass tubes containing 3 mL phosphate-buffered saline. Hematoma

volume was determined via photometric hemoglobin measurements according to a standard

protocol.12,13,15 Because the mice were not transcardially perfused before measuring

hemoglobin, we determined the background level by measuring the mean blood volume in

mouse brains under the same conditions, with the omission of ICH induction (20.1±2.6 µL).

This background value was subtracted from each total quantified hematoma volume.
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PCC Study

Forty-five minutes after ICH induction in warfarin-anticoagulated mice, either PCC (100

U/kg; Beriplex, CSL Behring, Marburg, Germany) or an equal amount of saline (140 µL)

was injected into the tail vein (n=5 per group; W-PCC and W-S group).3,14 As described

above, 350 µL of contrast agent was injected intravenously 3 hours after ICH induction.

Thirty minutes later, mice were euthanized and scanned with DECT. CE was evaluated both

semiquantitatively (visually) and quantitatively through computer-aided CE measurement.

Hematoma volumes were measured by quantifying the hemoglobin content.

Statistical Analysis

SPSS version 21.0 was used for statistical analysis. Data are expressed as mean and standard

error of mean (mean±SEM) or as median and interquartile range depending on scale levels

and data distribution. Parametric data (quantitative CE measurements, hematoma volumes)

were analyzed for between-group differences using a 1-way ANOVA with post hoc

Bonferroni testing. Nonparametric data (semiquantitative CE measurements, functional

outcomes) were analyzed for between-group differences using the Kruskall–Wallis test with

post hoc testing (Mann–Whitney U test). A P≤0.05 was considered as statistically

significant.

Results

Ex Vivo Measurement of Coagulation Parameters (Coagulation Study)

In nonanticoagulated (C) mice, INR values were 0.9±0.0, corresponding to a PT of 11.3±0.2

s. Warfarin anticoagulation increased INR values (5.4±2.3) and the PT (49.4±19.0 s). Partial

thromboplastin time was 24.3±1.1 s in controls, but increased to 71.4±4.8 s in the D group.

Similarly, dTT was normal in controls (31.0±1.9 s), but largely elevated in D mice

(182.4±25.3 s). Fifteen minutes after PCC injection, the increased INR- and PT-values in W

mice were normalized (INR=0.8±0.1, PT=9.4±0.2; Figure 1).

Determining the Time Point for CI (DECT Study)

Brain hemorrhage was not visible on native CT-images performed 2.5 hours after ICH

induction. In contrast-enhanced CT-images, however, we identified hyperdense signals (CE)

in the right striatum (Figure 2). The HU attenuation difference between the ICH area and the

contralateral brain parenchyma was low on native CT-images (−4≈+2HU), whereas a much

higher difference was found in contrast-enhanced CT-images (+27≈+54 HU).

In the DECT study, we tried to identify a suitable time point for CI that subsequently

allowed comparison of CE among different anticoagulation regimes. Visually, CE

continuously decreased over time. In mice that received CI 2 hours after ICH induction, CE

was apparent in 100% of all mice (W, D, C). In contrast, in mice that received CI 3.5 hours

after ICH induction CE was apparent in only 33% of W and D mice, and in none of the C

mice (Figure 3). We chose 3 hours as a suitable time point for CI when we performed the

ICH-CI study, with the assumption that both an increase and a decrease of CE should be

detectable, if present. Furthermore, we chose the 2-hour time point as an internal positive

control, because at this time CE was visible in all 3 groups.
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Semiquantitative and Computer-Aided Quantitative Measurement of CE (ICH-CI Study)

In mice that received CI 3 hours after ICH induction (ICH-CI3), the median visual

evaluation score of CE was 4.5 (3.0–5.0) in the group pretreated with warfarin, 1.5 (1.0–2.8)

in the dabigatran group, and 1.5 (1.0–2.0) in controls (P=0.004; post hoc W versus D,

P=0.007; W versus C, P=0.002; D versus C, P=ns; Figure 4A). For the internal control

group (ICH-CI2), the median evaluation score of CE was 4.5 (3.3–5.0) in the W group, 3.0

(2.5–4.0) in the D group, and 4.0 (3.5–5.0) in C mice (P=ns; Figure 4B).

According to computer-aided quantitative iodine measurements, CE in W mice with CI 3

hours after ICH induction (ICH-CI3) was ≈2.5 fold higher than that in mice in groups D and

C (W=15.7±0.8 µg; D=6.2±l.l µg; C=6.1±1.0 µg; P=0.001; post hoc W versus C, P=0.002;

D versus C, P=ns; W versus D, P=0.002; Figure 4C). In the internal control group (ICH-

CI2), mean CE was 21.1±5.0 µg in the W group, 15.1+2.7 µg in the D group, and 19.1+6.0

µg in C group (P=ns; Figure 4D).

There was a trend toward increased hematoma volumes at 3.5 hours after ICH induction in

the W group compared with controls (W: 18.9±2.6 µL; D: 15.0+1.9 µL; C: 12.1+1.6 µL;

P=0.080; post hoc W versus C, P=0.079; D versus C, P=0.968; W versus D, P=0.574;

Figure 5A). Considering functional outcome determined 3.5 hours after ICH induction, mice

in the W group showed a trend toward worse median neuroscore than mice in both the D and

control group (W: 3.0 [3.0–4.0]; D: 2.0 [1.0–3.3]; C: 2.0 [1.0–3.3]; P=0.063; post hoc W

versus C, P=0.045; D versus C, P=0.814; W versus D, P=0.041; Figure 5C). Hematoma

volume and functional outcome of the internal control group (ICH-CI2) are displayed in

Figure 5B and 5D.

PCC Study

We observed the effects of PCC therapy on CE, hematoma volume, and functional outcome

by either injecting PCC or saline in mice in group W. The median score of visual CE

evaluation was 3.0 (2.3–3.0) in W-S group and 2.0 (1.5–2.5) in W-PCC group (P=ns).

However, there was a significant difference in computer-aided quantitative CE measurement

between W-S and W-PCC mice (W-S: 8.2±0.5 µg; W-PCC: 2.4±0.3 µg; P<0.001; Figure 6A

and 6B). In addition, W-S mice had a 3-fold larger hematoma volume than the W-PCC

group (W-S: 18.1+4.1 µL; W-PCC: 6.3±2.0 µL; P=0.031; Figure 6C). Considering the

neurological outcome of W-S and W-PCC mice, there was no significant difference (W-S:

2.0 [1.0–3.5]; W-PCC: 1.0 [1.0–2.0]; P=ns; Figure 6D).

Discussion

We combined a mouse model of collagenase-induced ICH with advanced CT imaging

technology. This allowed us to directly visualize and quantify CE, an indicator of ongoing

bleeding, in anticoagulated mice and controls. Our study provides novel insights into the

pathophysiology of anticoagulation-associated ICH. In contrast to ICH under warfarin

anticoagulation that under a new anticoagulant, dabigatran, had less CE, suggesting an

earlier termination of active bleeding. By showing that PCC treatment rapidly reverses

warfarin anticoagulation as measured by reduced CE and hematoma expansion, we
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demonstrate a potential use of our model in testing future therapeutic strategies in

anticoagulation-associated ICH.

Noncontrast CT is routinely used as a standard diagnostic method to identify ICH in patients

with symptoms suspicious for acute stroke.29 More recently, clinical studies investigated the

use of contrast-enhanced CT scanning in the acute phase of ICH. Both the spot sign and CE

were reported to be associated with hematoma expansion, which is itself related to

neurological deterioration and poor functional outcome.12,24,25 In a translational approach,

we hypothesized that contrast medium injection would help us to depict active bleeding and,

consequently, CE in an experimental model of ICH.

Seo et al28 have shown that very small volumes of blood that were surgically introduced in

rat brains were visible through noncontrast CT, although major cerebral vessels and carotid

arteries were only visible after injection of contrast agent. In our study, we were not able to

depict ICH in noncontrast CT scans of mouse brains, because mice have a poor intrinsic x-

ray attenuation contrast in the brain. However, after injecting the contrast agent, ICH was

visualized because of a significant difference of HU attenuation between the bleeding area

and the (healthy) brain parenchyma. The amount of contrast medium (Isovue, ≈130 mg for a

40 g mouse) that was injected might be considered as high. An ex vivo study described renal

failure after injecting high dose of Isovue (1600 mg/kg) because of blood cell aggregation

and decrease of blood flow.28,30 However, in other studies, Isovue injections of ≈105 mg in

C57 mice (20–23 g) were well tolerated.31,32 In our experiments, all animals tolerated the

given dose and survived after injection. Because we performed the CT scan on euthanized

mice, we were not concerned about the radiation dose. Because the spatial resolution of the

(human) CT scanner was limited and digital noise would impair the 3-material dual energy

decomposition, we decided to maximize the dose that would give the highest possible

signal-to-noise ratio. It remains unclear whether this DECT-model can be used with

reasonable radiation exposure; however, a high resolution-small animal CT system may be

an effective alternative.

By using 2 different voltages, DECT gets 2 simultaneous scans that can be used to derive

virtual unenhanced and contrast-enhanced images. Additionally, because x-ray attenuation is

energy-, material- or tissue dependent, the difference of material-specific attenuation can

give more information about the chemical composition of the detected material. This

allowed us to derive quantitative iodine images.

To develop our model, we first monitored the level of anticoagulation after warfarin,

dabigatran, and vehicle pretreatment. The partial thromboplastin time and dTT values in 75

mg/kg dabigatran-pretreated animals were prolonged up to ≈3-fold and 5.8-fold of baseline,

respectively. Administrating warfarin (2.5 mg/kg) for 30 hours via drinking water resulted in

mean INR values of 5.4±2.3.12,15 In the next step, we characterized the kinetics of

collagenase-induced ICH more in detail to identify a time point when most of the hematoma

has already developed, but active bleeding is still present in a reasonable number of animals.

Although CE (ie, active bleeding) was present in all animals in all treatment groups if

contrast medium was injected 2 hours after ICH induction, only 2 out of 9 animals had CE if
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contrast medium was injected 3.5 hours after ICH induction. Thus, 3 hours seemed to be a

time point where both an increase and a decrease in CE should be detectable.

In the subsequent study, powered to detect differences in CE between treatment groups, both

the semiquantitative evaluation score and the iodine concentration derived from DECT

imaging were significantly higher in warfarin-treated mice compared with controls and

dabigatran-treated mice. This implies that, at the time point of CI, the bleeding was

substantially active only in the warfarin-treated group and had presumably stopped in the

control and dabigatran groups. These results provide an explanation for recently published

data showing that dabigatran pretreatment does not enlarge hematoma volume in

experimental ICH compared with controls, whereas warfarin pretreatment increases

hematoma volume significantly (2–3-fold).12,15 Indeed, we found that during a very short

observation window (a few hours after ICH induction), warfarin-treated mice showed a

tendency toward increased hematoma volumes as compared with control mice and

dabigatran-treated mice, whereas no such trend between control and dabigatran-treated mice

was detected. Our results are also in agreement with a study demonstrating that hematoma

expansion (assessed via repetitive MRI imaging) in warfarin-associated experimental ICH

occurs mostly during the first 3 hours after ICH induction.33

The pathophysiological mechanisms by which dabigatran fails to enlarge hematoma volume,

as happens with treatment with vitamin-K–based anticoagulants, are not yet fully

understood. Previous studies have shown that a decrease of coagulation factor VII and X (as

in warfarin therapy) delays clot-initiation time, resulting in an increased hematoma volume.

In contrast, even reduced activity of factor II (as in dabigatran therapy) provides sufficient

hemostasis comparable with control plasma.15,34 Another explanation might be that

dabigatran interacts selectively and reversibly with the active site of the thrombin molecule

and, as a result, does not interfere with the critical interaction between thrombin and

thrombocytes.35,36

A potential treatment strategy for warfarin-associated ICH is the prevention of excessive

hematoma expansion by reversing the decreased coagulation status as soon as possible.2,3

Clinical and experimental studies suggest that PCC rapidly reverses warfarin anticoagulation

and also reduces the hematoma volume.2,13,37,38 However, clinical data from randomized

trials are still missing. Our results confirm that INR values in anticoagulated mice were

normalized within 15 minutes after PCC injection. Furthermore, hematoma volumes in

sham-treated warfarin mice were 3-fold larger than the PCC-treated warfarin mice. CE was

significantly higher in the sham-treated group compared with the PCC group, indicating that

the active bleeding was rapidly terminated in the PCC group. In the future, it might be

interesting to use this newly developed DECT model to investigate the duration of ICH in

anticoagulated mice. This could lead to an expansion of the time window of hemostatic

therapy and the ability to examine the effect of PCC at later time points. In addition, the time

course of hematoma development and expansion, the dynamics of bleeding, and the effect of

other hemostatic agents could be explored.39

Some limitations of the present study should be considered. First, imaging by DECT was

initiated in ex vivo frozen corpses. Freezing the brain tissue may cause morphological
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changes, such as fractures, cellular shrinkage, and loss of staining.40,41 These effects could

influence the morphology of contrast enhancement in ICH. However, after somatic death,

autolytic processes, which depend on the postmortem interval, influence the ultrastructure of

brain tissue. These changes affect diffusion properties, which in our study could alter the

distribution of the contrast agent.42 Therefore, we decided to fix the tissue directly after

death of the animals. Second, we quantified CE by measuring the size of the ROI and the

iodine concentration from reconstructed slices with 0.6-mm thickness. Consequently, the

calculated values could possibly be higher or lower than the actual values (partial volume

effect), resulting in a loss or gain of apparent iodine concentration. However, because this

effect would be apparent in each group, it should not influence relative differences between

the groups. Third, hematoma expansion in the collagenase-induced ICH-mouse model may

have a different timeline compared with hematoma expansion in humans. It has been

reported that in humans, secondary bleeding into the hematoma, which leads to subsequent

hematoma enlargement, is especially common in warfarin-induced ICH and worsens

functional outcome and mortality.2,24,29 However, in this study, we were only able to

visualize and quantify early hematoma expansion through measuring CE.

In conclusion, we provide an experimental ICH model combined with DECT imaging

technology that allows the detection and quantification of CE in anticoagulated and non-

anticoagulated mice. Furthermore, we applied a therapeutic paradigm to our model and

proved that the rapid reversal of anticoagulation by means of PCC administration is effective

in reducing hematoma expansion in warfarin-associated ICH. Future insights into the

pathophysiology of hematoma expansion in ICH occurring during an altered coagulation

status may be derived from this model.
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Figure 1.
Coagulation study: coagulation parameters in groups treated with different anticoagulants.

A, International normalized ratio (INR; mean±SEM). B, Prothrombin time (PT), partial

thromboplastin time (PTT), diluted thrombin time (dTT). C indicates controls; D,

dabigatran; W, warfarin; and W-PCC, warfarin with subsequent anticoagulation reversal

using prothrombin complex concentrates.

Won et al. Page 13

Stroke. Author manuscript; available in PMC 2014 April 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Representative brain computed tomography (CT) images 2.5 hours after intracerebral

hemorrhage (ICH) induction. A, Coronal contrast-naive CT-image. B, Coronal CT-image

with contrast injection 2 hours after ICH induction (ie, 30 minutes before CT scanning). The

contrast extravasation in the right striatum area (arrow) is clearly visible.
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Figure 3.
Dual-energy computed tomography study: evaluation of contrast extravasation (CE) 30

minutes after contrast injection (CI) at different time points after intracerebral hemorrhage

(ICH) induction: 2, 2.5, 3, and 3.5 hours. Presence of CE decreased with increasing time

intervals from ICH induction to contrast injection. C indicates controls; D, dabigatran; and

W, warfarin.
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Figure 4.
ICH-contrast injection study: semiquantitative and quantitative assessment of contrast

extravasation (CE) 30 minutes after contrast injection (CI) at 3 hours (primary end point)

and 2 hours (internal control) after intracerebral hemorrhage (ICH) induction. A and B,

Semiquantitative evaluation of CE on a 5-point score (mean±SEM). C and D, Computer-

aided quantitative iodine measurement derived from dual-energy computed tomography

imaging. C indicates controls; D, dabigatran; and W, warfarin.
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Figure 5.
ICH-contrast injection study: hematoma volume and functional outcome 30 minutes after

contrast injection (CI) at 3 hours (primary end point) and 2 hours (internal control) after

intracerebral hemorrhage (ICH) induction. A and B, Hematoma volume determined via

photometric Hb-measurement (mean±SEM). C and D, Functional outcome assessed on an

ordinal scale. C indicates controls; D, dabigatran; and W, warfarin.
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Figure 6.
Prothrombin complex concentrates (PCC) study: evaluation of contrast extravasation (CE),

hematoma volume, and functional outcome 30 minutes after contrast injection (CI) at 3

hours after intracerebral hemorrhage (ICH) induction in warfarin-anticoagulated animals.

Mice were randomized to either saline- (W-S) or PCC treatment (W-PCC) 45 minutes after

ICH induction. A, Semiquantitative evaluation of CE on a 5-point score (mean±SEM). B,

Computer-aided quantitative iodine measurement derived from dual-energy computed

tomography imaging. C, Hematoma volume determined via photometric Hb-measurement.

D, Functional outcome assessed on an ordinal scale. W indicates warfarin.
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