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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Patients with aneurysmal subarachnoid hemorrhage (aSAH) have demonstrated
Aneurysmal subarachnoid hemorrhage increased blood coagulation which is thought to contribute to delayed cerebral ischemia (DCI) and to a worse
Outcome

outcome. Therefore, we sought to determine whether this increased blood coagulation, detectable with rotational
thromboelastometry (ROTEM), was associated with DCI and neurological outcome.

Methods: We conducted a prospective observational study of 60 consecutive adult aSAH patients. ROTEM's
EXTEM and FIBTEM assays and D-dimer were analyzed at admission and post-bleed days (PBDs) 2-3, 4-5, 7-8,
and 11-12. ROTEM's clot formation time (CFT) represents the stabilization of the clot, and the maximum clot
firmness (MCF) the maximum clot strength. Glasgow Outcome Scale extended (GOSe) at three months deter-
mined the neurological outcome.

Results: DCI incidence was 41.7%. EXTEM-CFT was significantly shorter in patients with unfavorable neuro-
logical outcome (GOSe 1-4) on PBDs 4-5 and 7-8, p < 0.05, respectively. FIBTEM-MCF was significantly higher
in patients with unfavorable neurological outcomes on PBD 4-5 (p < 0.05), PBD 7-8 (p < 0.05), and PBD 11-12
(p < 0.05). EXTEM-CFT decreased, and FIBTEM-MCF rose during the study period in all patients. Patients with
unfavorable neurological outcome had a higher D-dimer at all studied time points, p < 0.05. No difference was
found in the ROTEM parameters or D-dimer when assessing patients with and without DCI.

Conclusions: Patients were in a state of increased blood coagulation after aSAH, with those with unfavorable
neurological outcome being more coagulable than those with favorable outcome. However, increased blood
coagulation was not associated with DCIL.
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approximately 30% of patients after aneurysmal subarachnoid hemor-
rhage (aSAH) [1]. The pathophysiology of DCI is incompletely under-
stood, but it appears to be multifactorial, with processes including
cerebral vasospasm, blood-brain barrier disruption, cerebral micro-
thrombi, oxidative stress, and inflammation [1-3].

Previous studies have found that aSAH patients have increased blood
coagulation after aSAH, and elevated levels of coagulation biomarkers
have been linked with worse outcomes [4]. The initial activation of
blood coagulation and fibrinolysis is caused by the contact of blood to
the extravascular matrix during an aneurysm rupture [5]. This activated
blood coagulation is reflected by increased thrombin-antithrombin
complex and D-dimer levels [6,7]. Hypercoagulability after aSAH is
mainly thought to be platelet mediated, initiated at ictus by the endo-
thelial injury, and followed by platelet activation [4,8]. A greater con-
sumption of platelets in patients with symptomatic vasospasm has been
found in a previous study [9], while another reported that patients with
DCI had an increase in their platelet count [10].

Thromboelastography (TEG) and rotational thromboelastometry
(ROTEM) are point-of-care tests used to measure blood clot formation,
clot strength, and clot dissipation. Studies using TEG have shown a
platelet-mediated hypercoagulable state in aSAH patients, reflected in
the elevation of the maximum amplitude (MA) parameter [4,8]. Studies
using ROTEM have found that maximum clot firmness (MCF, analogous
to MA in TEG) was higher in patients with aSAH compared with healthy
controls [6] or patients with unruptured aneurysms undergoing surgical
clipping [11]. Furthermore, there was also weak evidence that these
blood coagulation changes might have had an association with DCI [4].

This study aimed to investigate the blood coagulation of aSAH pa-
tients using ROTEM's EXTEM and FIBTEM assays along with fibrinogen
and D-dimer. We also sought to assess whether changes in blood coag-
ulation were associated with the incidence of DCI or poor neurological
outcome.

2. Methods
2.1. Study design

Sixty consecutive aSAH patients were enrolled in this single-center
prospective observational study from July 2019 to December 2021.
The inclusion criteria were aSAH diagnosed by head computed tomog-
raphy (CT) or digital subtraction angiography, age > 18 years, admis-
sion to intensive care unit (ICU) within 24 h from the onset of aSAH
symptoms and expected treatment time of at least 120 h in the Tampere
University Hospital. As patients with aSAH seek medical care with
substantial variation in the time interval between the primary ictus and
hospital admission, we included only patients who were admitted within
24 h after aSAH to ensure that each patients' pathophysiological stage of
the disease process is comparable to others in the cohort.

The exclusion criteria were known pregnancy, any long-term anti-
coagulant or antithrombotic medication (except aspirin <150 mg/day),
known active cancer, cirrhotic liver disease, or end-stage renal disease
requiring renal replacement therapy.

The local ethics committee of Pirkanmaa approved the study design
(approval no. R18110), and the study was registered in the ClinicalT
rials.gov database (ClinicalTrials.gov, NCT03985176). The study was
conducted in accordance with the amended Declaration of Helsinki. All
the patients or their next of kin provided written informed consent.
During the Covid-19 pandemic, we also began utilizing electronic con-
sent from next of kin from November 2020 onwards if written consent
could not be acquired due to distance or visiting restrictions. A short
study recruitment ban was in force during the beginning of the Covid-19
pandemic.

Patients were treated per a standardized in-house protocol based on
international multidisciplinary guidelines [12]. According to the in-
house protocol, tinzaparin 4500 IU once a day is started on the day of
the intravascular treatment of the aneurysm or the first postoperative
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day after craniotomy. Patients treated with stent-assisted coiling in our
hospital receive aspirin 100 mg and an adenosine diphosphate (ADP)
receptor inhibitor (ticagrelor). Additionally, abciximab, a glycoprotein
IIb/IlIa inhibitor, is used temporarily after stent placement until an ADP
receptor inhibitor is initiated.

The same patient cohort is used in an observational study of the use
of electroencephalogram (EEG) to predict DCI after aSAH (ClinicalT
rials.gov, NCT03985176). According to the study protocol, patients
were monitored with continuous EEG, commenced after aneurysm
occlusion.

Study data were collected and managed using REDCap (Research
Electronic Data Capture) electronic data capture tools hosted at Tam-
pere University.

This manuscript was prepared in accordance with the STrengthening
the Reporting of OBservational studies in Epidemiology (STROBE)
guidelines [13].

2.2. Blood sampling

Blood samples (ROTEM's assays EXTEM and FIBTEM, fibrinogen, and
D-dimer) were obtained from patients at ICU admission and on post-
bleed days (PBD) 2-3, 4-5, 7-8, and 11-12. We attempted to acquire
the study-related blood samples even if a patient was discharged to
another hospital or home before the end of the 14-day study period. An
average of the biomarker level was used for each time point, if
applicable.

Routine blood samples (e.g., platelet counts) were obtained daily
during the ICU stay and according to clinical needs during the neuro-
surgical ward stay. The blood samples were obtained from a heparin-
naive arterial line at the ICU, whereas venipuncture was used at the
wards.

D-dimer was analyzed from a plasma sample using a particle-
enhanced immunoturbidimetric assay (Roche Diagnostics, Cobas
8000-series c702 analyzer). Fibrinogen was analyzed from a plasma
sample using STA-Liquid Fib (Stago) reagents on a Stagon STA-R Max
analyzer.

2.3. Thromboelastometry

ROTEM assays were performed within four hours of sampling in the
central laboratory using a ROTEM delta analysis system (TEM In-
novations GmbH, Munich, Germany). Standard assays of EXTEM and
FIBTEM were analyzed using single-use reagents. EXTEM measures
blood coagulation activated by the extrinsic pathway; in FIBTEM,
platelets are inhibited by cytochalasin D blocking the function of the
glycoprotein Iib/Illa receptor, and the formation of fibrin-based clots is
measured. The following EXTEM parameters were measured: clotting
time (CT, represents the interval to the initiation of clot formation), clot
formation time (CFT, defined as the time between 2 mm amplitude and
20 mm amplitude and represents the stabilization of the clot), and MCF
(the maximum vertical amplitude of the trace representing the
maximum clot strength). The measured FIBTEM parameters were CT
and MCF.

2.4. Assessment of DCI

DCI was assessed daily by the investigators at 48 h to 14 days post-
aSAH using the criteria presented by Vergouwen et al. [14] DCI was
defined as neurological deterioration and a reduction in the Glasgow
Coma Scale (GCS) score by >2 points and sustaining for longer than 1 h
(within a 4-h window), a new focal neurological deficit lasting longer
than 1 h, or a new ischemic lesion on neuroimaging data that is not
related to the primary aSAH or neurosurgery. The exclusion criteria for
DCI were based on a previous study that focused on the interrater
agreement in the diagnosis of DCI [15]. These exclusion criteria were
acute hydrocephalus, rebleeding, intracranial pressure repeatedly >20
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mmHg within a 4-h window, acute metabolic abnormality, new infec-
tion, a seizure confirmed on EEG, association with sedative medication
and causality related to a neurosurgical procedure within 24 h. Sup-
plementary Table 1 shows the detailed exclusion criteria for metabolic
abnormalities and the specific criteria for DCI-related infarctions on
neuroradiological imaging. All neuroimaging of patients in this study
was done based on clinical need. The neuroradiological imaging of pa-
tients was reviewed by a radiologist using these criteria to determine
whether new infarctions are considered DCl-related. Investigators
thoroughly evaluated the patient history and made a consensus decision
in case of any doubt.

2.5. Clinical and outcome measures

The clinical severity of aSAH was reviewed using the World Feder-
ation Neurosurgical Score (WFNS) [16] at hospital admission. This was
further dichotomized as non-severe [1-3] and severe [4,5]. The severity
of bleeding was evaluated from the primary head CT using the Fisher
scale [17] and dichotomized as severe [3,4] and non-severe [1,2]. The
location of the ruptured aneurysm was dichotomized into anterior and
posterior circulation.

Neurological outcome was assessed at three months using the Glas-
gow Outcome Scale extended (GOSe) [18] and was further dichoto-
mized as favorable [5-8] and unfavorable [1-4].

Major and minor bleeding events were recorded; major bleeding was
defined as a decrease in hemoglobin of >20 g/1 or transfusion of >2
units of packed red blood cells, and minor bleeding as any other bleeding
episode. Patients underwent a bilateral ultrasound of the lower ex-
tremities once on days 3-7 to assess an asymptomatic deep vein
thrombosis (DVT). DVT was defined as a thrombosis in the deep veins of
the lower extremities; a superficial venous thrombosis occurs in the
more superficial veins of the lower extremities. A CT pulmonary angi-
ography to detect pulmonary embolism (PE) was performed on clinical
discretion. Venous thromboembolism (VTE) was defined as any venous
thromboembolism or PE.

2.6. Statistical methods

The power calculation was based on previous results [11] stating that
at 72 h, the mean FIBTEM-MCF (mm) was 25.7 mm (standard deviation
[SD] 1.7) in patients who developed DCI and 20.3 mm (SD 5.1) who did
not. The mean FIBTEM-MCF in the whole aSAH group was 23.0 mm (SD
4.8). The known incidence of DCI is 30% [1]. Based on these findings, it
was calculated that at least 60 patients would be needed to achieve 80%
power to detect a clinically meaningful increase (from 20.3 mm to 25.7
mm SD 4.8 mm) in MCF with a p-level of 0.05.

Associations of categorical variables with DCI and neurological
outcome were evaluated with Chi-square (X?) test. Due to the non-
normal distribution of most biomarkers, the descriptive data of
biomarker levels are presented as median with interquartile range
(IQR), and age is presented as mean with SD. Maximum clot elasticity
(MCE) was calculated for EXTEM-MCF and FIBTEM-MCF as described by
Solomon et al. by using the following formula: MCE = (100 x MCF)
/(100-MCF). The contribution of platelets to the clot elasticity was
calculated as platelet MCE = EXTEM MCE - FIBTEM MCE [19]. The
Mann-Whitney U test was used to evaluate the associations of biomarker
levels and neurological outcome (GOSe) at admission, PBD 2-3, PBD
4-5, PBD 7-8, and PBD 11-12. Based on the findings in these time-series
analyses, the maximal D-dimer level during follow-up was selected to a
multivariable logistic regression model to identify whether it was an
independent predictor of unfavorable neurological outcome. Other
factors for multivariable analysis (age, WENS, Fisher) were chosen based
on statistical significance in univariate logistic regression performed to
analyze plausible risk factors for unfavorable neurological outcome.

The temporal association of biomarkers to DCI was calculated using
Cox's proportional hazard model. The temporal resolution of biomarkers
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Fig. 1. A total of 148 consecutive patients admitted to the ICU at Tampere
University Hospital were screened from July 2019 to December 2021, 88 pa-
tients were excluded.
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Table 1

Demographics and baseline characteristics of the study population.

Journal of the Neurological Sciences 458 (2024) 122943

TOTAL DCI NO DCI Neurological outcome
GOSe 1-4 GOSe 5-8
Characteristic n=60 n = 25 (41.7%) n = 35 (58.3%) p-value n=28 n=32 p-value
Age, y 59 + 14 58 + 16 60 + 13 64 + 13 55 + 14 (31-82)
range (31-82) (31-78) (32-82) (32-81)
Female 47 (78.3) 18 (72.0) 29 (82.9) 24 (85.7) 23 (71.9)
Hypertension 21 (35.0) 9 (36.0) 12 (34.3) 9(32.1) 12 (37.5)
Diabetes 5(8.3) 1 (4.0) 4(11.49) 3(10.7) 2(6.3)
Low-dose aspirin 4(6.7) 2 (8.0) 2(5.7) 2(7.1) 2 (6.3)
Smoking
Yes 20 (33.3) 8 (32.0) 12 (34.3) 9(32.1) 11 (34.9)
No 22 (36.7) 9 (36.0) 13 (37.1) 8 (28.6) 14 (43.8)
Unknown 18 (30.0) 8 (32.0) 10 (28.6) 11 (39.3) 7 (21.9)
VTE
DVT 7 (11.7) 2(8.0) 5(14.9) 5(17.9) 2(6.3)
Superficial 3(5.0) 2 (8.0) 1(2.9 1(3.6) 2(6.3)
PE 2(3.3) 1 (4.0) 1(2.9) 2(7.1) 0(0)
Fisher scale
3 31 (51.7) 11 (44.0) 20 (57.1) 0.46 10 (35.7) 21 (65.6) 0.04
4 29 (48.3) 14 (56.0) 15 (42.9) 18 (64.3) 11 (34.4)
WENS scale
1-3 33 (55.0) 12 (48.0) 21 (60.0) 0.51 10 (35.7) 23 (71.9) 0.01
4-5 27 (45.0) 13 (52.0) 14 (40.0) 18 (64.3) 9 (28.1)
Aneurysm location
Anterior 44 (73.3) 21 (84.0) 23 (65.7) 0.20 23 (82.1) 21 (65.6)
Posterior 16 (26.7) 4 (16.0) 12 (34.3) 5(17.9) 11 (34.4)
Treatment modality
Endovascular 38 (63.3) 20 (80.0) 18 (51.4) 16 (57.1) 22 (68.8) 0.25
Stent-assisted coiling 8 (13.3) 2 (8.0) 6(17.1) 3(10.7) 5 (15.6)
Surgical 13 (21.7) 3(12.0) 10 (28.6) 8 (28.6) 5 (15.6)
No treatment 1+ (1.7) 0(0) 1(2.9 1(3.6) 0(0)
Neurological outcome at 90 days
GOSe 1-4 28 (46.7) 13 (52.0) 15 (42.9) 0.66
GOSe 5-8 32 (53.3) 12 (48.0) 20 (57.1)
DCI
No 15 (53.6) 20 (62.5) 0.66
Yes 13 (46.4) 12 (37.5)
DCI diagnosis
GCS decline 18 (72.0)
Focal deficit 3(12.0)
GCS decline and focal deficit 4 (16.0)

Data are presented as mean + SD or counts (%).

Abbreviations: DCI, delayed cerebral ischemia; GOSe, Glasgow Outcome Scale extended; SD, standard deviation; DVT, deep vein thrombosis; PE, pulmonary embolus;

WENS, World Federation Neurosurgical score.

" one patient had a thrombosed aneurysm that was not treated because of the patient's poor neurological status.

in this regression model was one day. Missing daily values were imputed
by replacement with the previous existing value. The event column was

defined as positive on the day of the first instance of a DCI event. After

model fitting, the temporal association of biomarkers to the first DCI

event was evaluated by extracting hazard ratios (HR) from the fitted

model for each biomarker.

Table 2

3. Results

All statistical analyses were performed using R version 4.2.1 (The R
Foundation, Vienna, Austria) or Python version 3.10.6.

A total of 148 patients were evaluated, and after excluding 88

Laboratory test results in 60 patients with aneurysmal subarachnoid hemorrhage.

Biomarker Reference intervals Admission (n = 60) PBD 2-3 (n = 60) PBD 4-5 (n = 60) PBD 7-8 (n = 57) PBD 11-12 (n = 51)
EXTEM

CT s 38-79 57.0 (53.0-61.3) 57.0 (53.0-61.0) 57.0 (54.8-64.3) 59.0 (54.0-64.0) 58.0 (51.3-62.0)
CFT s 34-159 111.5 (96.8-128.5) 105.0 (89.9-127.0) 84.5 (75.8-99.3) 78.0 (66.0-87.0) 74.5 (61.0-82.8)
MCF mm 50-72 63.0 (60.0-65.0) 63.3 (60.9-66.0) 66.0 (63.0-70.0) 69.0 (65.0-73.0) 70.5 (68.0-74.0)
FIBTEM

CT s n/a 56.3 (53.9-60.0) 56.5 (52.9-61.6) 59.0 (53.0-62.0) 59.0 (54.0-63.0) 57.0 (54.0-62.0)
MCF mm 9-25 14.0 (10.4-16.5) 17.3 (14.0-21.0) 23.0 (17.0-26.0) 23.0 (20.0-28.0) 23.0 (19.0-29.0)
Platelet MCE mm 90.1-223.8 153.7 (132.2-165.3) 151.3 (134.7-164.4) 173.2 (152.7-199.1) 191.0 (160.8-231.5) 209.9 (188.6-248.1)
Platelet count 10%/1 150-360 233.3 (193.9-263.1) 200.8 (159.0-241.5) 222.3 (187.3-261.8) 289.3 (243.1-323.3) 361.0 (294.3-435.5)
D-dimer mg/1 < 0.5 1.5 (0.6-2.4) 1.2 (0.9-2.1) 1.3 (0.7-2.6) 1.2 (0.6-2.2) 1.0 (0.7-2.5)
Fibrinogen g/l 2.0-4.0 3.1(2.5-3.4) 3.8(3.3-4.3) 5.1 (4.1-5.8) 5.2 (4.5-6.2) 4.8 (4.0-6.4)

Data presented as median (IQR).

Abbreviations: IQR, Interquartile range; CT, clotting time; CFT, clot firmness time; MCF, maximum clot firmness; MCE, maximum clot elasticity; n/a, not applicable.
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Table 3

Cox regression analysis for temporal association of biomarkers to DCI.
Biomarker HR 95% CI p-value
EXTEM-CT 0.99 0.89-1.11 0.89
EXTEM-CFT 1.05 0.99-1.12 0.12
EXTEM-MCF 1.02 0.88-1.18 0.76
FIBTEM-CT 1.00 1.00-1.00 0.93
FIBTEM-MCF 0.96 0.83-1.11 0.57
D-dimer 1.18 0.92-1.51 0.20
Fibrinogen 1.68 0.73-3.86 0.22

Abbreviations: HR, hazard ratio; CI, confidence interval.

patients (Fig. 1), sixty aSAH patients were included in this study. Table 1
shows baseline patient characteristics. The mean age was 59 + 14 years,
and 78.3% of the patients were female. Most patients (63.3%) were
treated with endovascular coiling. All patients had severe bleeds on the
Fisher scale. Twenty-five (41.7%) patients developed DCI as defined by
the 2010 consensus criteria. The neurological outcome at three months
was favorable in 32 (53.3%) of patients, and 12 (20.0%) patients died.
VTE was found in 20.0% of patients, Table 1. The WFNS score, Fisher
scale score, and aneurysm location were not associated with fulfillment
of DCI criteria. Additionally, DCI was not associated with unfavorable
neurological outcome, whereas the WENS score and Fisher scale score
were, Table 1.

Out of the 60 patients, all patients had laboratory values from ICU
admission, PBD 2-3 and PBD 4-5. Three patients were missing labora-
tory values on PBD 7-8 (two patients were deceased and one was dis-
charged home). Nine patients were missing laboratory values on PBD
11-12 (three patients were deceased and six had been discharged
home).

In the whole cohort, the EXTEM-MCF was 63.0 mm (IQR 60.0-65.0
mm) at ICU admission, rising to its maximum of 70.5 mm (IQR
68.0-74.0 mm) on PBD 11-12. At admission, FIBTEM-MCF was 14.0
mm (IQR 10.8-16.5 mm), rising to its maximum of 23.0 mm (IQR
17.0-26.0 mm) on PBD 4-5 (Table 2). Platelet MCE was 153.7 mm (IQR
132.2-165.3 mm) at admission and reached its maximum of 209.9 mm
(IQR 188.6-248.1 mm) on PBD 11-12. The platelet count declined to
PBD 2-3, then reached values higher than admission from PBD 7-8
(Table 2).

None of the analyzed ROTEM parameters (i.e., EXTEM-MCF,
EXTEM-CT, EXTEM-CFT, FIBTEM- MCF, FIBTEM-CT, platelet MCE),
fibrinogen or D-dimer differed between the studied groups when
assessing the temporal association of biomarkers to DCI, Table 3.

CT, clotting time; CFT, clot firmness time; MCF, maximum clot
firmness

When analyzing differences between groups based on neurological
outcome, EXTEM-CFT on PBDs 4-5 and 7-8 were significantly shorter in
patients with unfavorable neurological outcome (unfavorable [GOSe
1-4], 78.0 s [IQR 68.0-96.0 s] vs. favorable 89.5 s [IQR 80.2-102.8 s], p
= 0.02 and 70.0 s [IQR 60.0-83.0 s] vs. 81.5 s [IQR 73.0-88.0 s],p =
0.02, respectively), Fig. 2A. FIBTEM-MCF was significantly higher in
patients with unfavorable neurological outcome on PBD 4-5 (25.0 mm
[IQR 20.0-27.0 mm] vs. 20.0 mm [IQR 17.0-25.0 mm], p = 0.04), PBD
7-8 (26.0 mm [IQR 21.0-29.0 mm] vs. 21.5 mm [IQR 19.8-26.0 mm], p
< 0.05) and PBD 11-12 (28.0 mm [IQR 20.0-33.0 mm] vs. 21.0 mm
[IQR 18.0-26.0 mm], p = 0.03), Fig. 2B. Platelet MCE did not differ
between patients with favorable and unfavorable outcome at any time.

D-dimer was statistically significantly different when comparing
patients with favorable and unfavorable neurological outcomes with
patients with unfavorable outcomes having higher D-dimer values at all
studied time points, p < 0.05 (Fig. 2C). A statistically significant dif-
ference was found in the platelet count on PBD 2-3 and PBD 4-5 (p =
0.04 and p = 0.02, respectively) when comparing neurological outcome,
with patients with unfavorable outcomes having platelet values lower
than those with favorable outcomes at all studied time points, Fig. 2D.

In multivariable analysis, independent risk factors for unfavorable
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neurological outcomes were maximum D-dimer OR 1.45 (95% CI
1.08-2.07) and Fisher scale OR 4.34 (95% CI 1.07-21.13), Table 4.

4. Discussion

In this prospective observational study of aSAH patients, neither the
studied ROTEM parameters nor D-dimer differed significantly between
patients with DCI and those without DCI. However, EXTEM-CFT was
related to unfavorable neurological outcomes on PBD 4-5 and PBD
11-12, FIBTEM-MCF on PBDs 4-5, 7-8, and 11-12, and D-dimer at all
studied time points. The results signify that increased blood coagulation
is associated with unfavorable neurological outcome in aSAH patients in
this cohort.

We found no statistically significant difference between groups at
any studied time points when assessing DCI and FIBTEM-MCF. There
was a trend for a slightly higher FIBTEM-MCF in the patients who
developed DCI, but without statistical significance. Our results are in
contrast with the previous ROTEM studies in which FIBTEM-MCF
measured early after aSAH ictus was significantly greater in patients
with DCI compared to patients without DCI [6,11]. Similar results were
found in a TEG study by Frontera et al., in which platelet activation
within 72 h of ictus (measured with MA) led to a higher likelihood of DCI
later during hospitalization [8]. However, Ramchand et al. found no
significant difference in the occurrence of DCI when comparing patients
with low and high MA [4]. Compared to the other ROTEM/TEG studies,
we used the 2010 consensus definition of DCI and prospectively assessed
the fulfillment of DCI criteria, and in case of any doubt, a consensus
decision was made. Ramchand et al. [4] used a vasospasm-based defi-
nition of DCI and Vahtera et al. [11] used the 2010 consensus definition
of DCI but analyzed their DCI data retrospectively. Frontera et al.
defined DCI as a clinical neurological deterioration but also required
evidence of vasospasm in imaging or an infarction due to vasospasm
detected in imaging [8]. Another possible explanation for different re-
sults could be differences in the follow-up periods' length. We continued
ROTEM measurements up to 12 PBDs covering the typical onset period
of DCI in our study, whereas Lauridsen et al. [6], Frontera et al. [8], and
Vahtera et al. [11] focused on the 72 h after ictus.

There was no statistical difference in D-dimer levels at any time in
this study when assessing patients with and without DCI. This is in
accordance with Juvela et al. who found that DCI or permanent ischemic
lesions visible on imaging were not independently predicted with D-
dimer, even though they found significantly higher D-dimer levels in the
patients who had DCI than those who did not [5]. Ameriso et al. came to
a similar conclusion, with 49% of patients having an elevated D-dimer
baseline, but it did not predict DCI [20]. Ilveskero et al. [21] found that
D-dimer values positively correlated with the WENS but did not predict
the occurrence of cerebral infarcts. Fujii et al. [22] found that patients
with delayed neurological deficiencies (DIND, defined as both the clin-
ical appearance of neurological deterioration and the presence of a
definite ischemic area on imaging responsible for the deterioration) had
higher D-dimer values on PBD3 and PBD 14 than those without DIND
[22]. A systematic review of DCI after aSAH showed that patients with
DCI had a higher level of D-dimer 11 to 14 PBDs compared to patients
without DCI [23]. However, there was weak evidence for these associ-
ations in the review because of poor study quality and the small number
of studies, and no such finding was seen in this cohort.

The present study shows that patients are in a state of increased
blood coagulation after aSAH, with the patients with an unfavorable
neurological outcome being more coagulable than those with a favor-
able outcome. Previous studies have already shown that aSAH patients
are in a state of increased blood coagulation and fibrinolysis [4,6,7,24].
Our study also shows the increased blood coagulation in a higher
FIBTEM-MCF and shorter EXTEM-CFT. The increase in platelet contri-
bution to clot strength is also seen in the rise of platelet MCE during the
study period. The increases in fibrin formation and polymerization (as
seen in the rise of FIBTEM-MCF-levels) are essential contributors to clot
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Fig. 2. Biomarkers in patients with favorable (GOSe 5-8) and unfavorable (GOSe 1-4) neurological outcome; (A) EXTEM-CFT, (B) FIBTEM-MCF, (C) D-dimer, (D)
platelet count. Within each box, thick horizontal lines denote median values; lower and upper hinges correspond to the interquartile range (IQR). The upper whisker
extends from the hinge up to the largest value within 1.5*IQR. The lower whisker extends from the hinge down to the smallest value within 1.5*IQR. Outliers

not shown.

strength. This study found that patients with unfavorable neurological
outcomes had higher FIBTEM-MCF values on PBDs 4-5, 7-8, and 11-12.
Furthermore, the patients with an unfavorable outcome have stronger
clots (measured with FIBTEM-MCEF) formed in a shorter time (measured
by EXTEM-CFT) and the platelet contribution to clot formation is greater
(measured by platelet MCE). This finding is in line with the results of
Ramchand et al., who found that patients with a poor outcome (modified
Rankin scale, mRS > 3) had a significantly elevated MA (maximum
amplitude, analogous to the MCF in ROTEM) in the 10-day study period
and a higher G (representing clot strength) on day 10 [4]. A multivari-
able regression analysis also showed that a higher MA was an inde-
pendent predictor of poor outcome [4]. In theory, use of aspirin and
other anti-platelet drugs can affect these results. However, the number
of patients whose results were affected by these drugs was small and
results with these patients omitted did not differ from the results of the
patients included (data not shown). Previous studies did not find an
association between platelet MCE and DCI [6,11], or mortality [6].
Increased coagulation is also seen in critical illness [25,26], so whether
this observed state of increased coagulation is merely based on critical
illness or specific blood coagulation changes in aSAH patients requires
more investigation.

We also found that when assessing the neurological outcome of pa-
tients, there was a statistically significant difference in D-dimer at all
studied time points. A previous study found that a higher D-dimer on the

first postoperative day and at hospital discharge was associated with
poor neurological outcome at three months [5]. Ilveskero et al. found
that D-dimer was associated with poor outcome and thromboprophy-
lactic dose of enoxaparin was found not to be sufficient to down-regulate
D-dimer generation [21]. Higher D-dimer levels were also found in non-
surviving patients [6]. The D-dimer is, however, a non-specific marker
of thrombosis, with levels raised due to age, trauma, surgery, venous
thromboembolism (VTE), etc. We had a high incidence of VTE (20%) in
this cohort compared to previous literature, in which the incidence in a
doppler-screened cohort of aSAH patients was 4.5% [27]. Studies
regarding VTE in ROTEM and TEG have been conflicting, with some
showing no differences between normal controls and patients with VTE
[28] while a large systematic review in orthopedic trauma patients
showed that MA >65 mm is an independent predictor of developing VTE
[29]. ROTEM or D-dimer samples in patients with VTE or DCI were not
analyzed in more detail because of the small cohort size in this study.
The platelet count in patients with unfavorable neurological
outcome was lower than patients with favorable outcome with a sta-
tistically significant difference seen on PBDs 2-3 and 4-5. This is in line
with our previous retrospective study, in which aSAH patients with
unfavorable outcomes had lower platelet counts on PBD 1-6 than those
with favorable outcomes [30], whereas other studies have not found
associations between the platelet count and neurological outcome
[10,31]. The difference in results could be partly explained by our
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Table 4
Binary logistic regression for predicting an unfavorable neurological outcome.
Variable Univariate Multivariable
OR 95% CI p-value OR 95% CI p-value

Age (years) 1.06 1.01-1.10 0.02 1.04 0.99-1.10 0.16
Sex 0.43 0.10-1.51 0.20
DCI

No 1

Yes 1.44 0.52-4.11 0.48
Fisher scale

Severe (3) 1 1

Severe (4) 3.44 1.21-10.30 0.02 4.34 1.07-21.13 0.049
WENS scale

Non-severe (1-3) 1 1

Severe (4, 5) 4.60 1.59-14.31 0.006 2.57 0.66-10.38 0.17
Aneurysm location

Anterior circulation 1

Posterior circulation 0.42 0.12-1.34 0.15
Treatment modality™

Endovascular 1

Stent-assisted coiling 0.83 0.15-3.87 0.81

Surgical 2.20 0.62-8.49 0.23
Maximum D-dimer 1.50 1.17-2.00 0.003 1.45 1.08-2.07 0.02
FIBTEM MCF maximum 1.10 1.02-1.22 0.04
EXTEM CFT minimum 0.96 0.92-1.00 0.05
Platelet MCE maximum 1.01 1.00-1.02 0.02

Abbreviations: DCI, delayed cerebral ischemia; WFNS, World Federation Neurosurgical Score; OR, odds ratio; CI, confidence interval; MCF, maximum clot firmness;

CFT, clot firmness time; MCE, maximum clot elasticity.
" 1 patient with no treatment omitted from analysis.

cohort only having severe bleeds, whereas Rzeplinski et al. had a sub-
stantial amount of non-severe bleeds in their cohort.

To the best of our knowledge, this is the first study to assess ROTEM
parameters beyond the first few days after aSAH and to assess the pa-
tients prospectively for signs of DCI using the 2010 consensus criteria.
The incidence of DCI in this cohort (41.7%) is high compared to the
previous literature in which the incidence has most commonly been
reported as 30% [1,2]. Further research is required to ascertain if the
higher incidence of DCI relates to its consensus criteria use or their lack
of specificity. This study found no association between DCI and poor
outcomes, unlike earlier studies, which could be due to unspecific DCI
criteria, given that DCI is usually considered a risk factor for poor
outcome post-aSAH [32,33].

This study has limitations. The study was a single center study and
thus the generalizability may be hindered, however, the single center
design allowed for only study group members to perform the daily DCI
assessments. In this study the definition of DCI is based on the consensus
definition of DCI by Vergouwen et al. [14] that relies heavily on the
changes in the clinical presentation of the patient — while this may lead
to increased incidence of DCI, these criteria have been defined by an
international panel of aSAH research experts as a more meaningful
definition for DCI than angiographic vasospasm alone. In addition, GCS
decline can be caused by many factors in aSAH patients, including the
prolonged effects of medication and possibly some degree of sleep
deprivation related to frequent neurological status checks. The 2010
consensus definition does not require vasospasm seen on imaging to
diagnose DCI - it does, however, suggest using serial imaging combined
with clinical monitoring. The imaging was performed only when clini-
cally needed in our study. Unfortunately, we are also lacking smoking
history in 30% of our patients, even though an effort was made to
inquire about smoking habits from the patients' relatives. The use of
tranexamic acid (TXA) in these patients is also not recorded; most pa-
tients coming from further away in the catchment area have probably
received at least a single dose of TXA; however, there is no clear
guideline in place to guide TXA administration besides the international
guidelines. D-dimer levels during follow-up and a higher Fisher Scale
grading were shown as the only independent risk factors for an unfa-
vorable neurological outcome in multivariable logistic regression, but

these results need to be interpreted with caution due to multicollinearity
of variables in the model. We could not assess the effect of the treatment
modality on the laboratory values, but the sample size was not calcu-
lated to make any conclusions from possible findings in this relation

anyway.
5. Summary/Conclusions

A state of increased blood coagulation is seen in patients after aSAH,
with patients with an unfavorable neurological outcome being more
coagulable than those with a favorable outcome. However, DCI was not
associated with the observed increase in blood coagulation. Further
studies are needed to clarify the role of blood coagulation in the
development of DCI and its effect on neurological outcome in aSAH
patients.
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