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Introduction

Delayed cerebral ischemia after aneurysmal subarachnoid hemorrhage 
Aneurysmal subarachnoid hemorrhage (SAH) is a life-threatening disease. Patients who 
survive the initial hemorrhage are at risk to develop complications, especially within the first 
two weeks. The most feared complication after SAH used to be rebleeding of the aneurysm, 
which is related to a high risk of morbidity and mortality.1 However, now that aneurysms are 
mostly treated soon after the hemorrhage, fewer patients have rebleeding. One of the most 
feared complications nowadays is delayed cerebral ischemia (DCI) which occurs in about 30% 
of patients surviving the ictus of the hemorrhage.1,2 DCI is sometimes reversible, but may also 
progress to cerebral infarction, which is associated with an increased risk of severe disability 
and death.1,3 

The pathogenesis of DCI remains unknown. Clinical signs of DCI are often attributed to the 
presence of vasospasm, which can be observed on angiography, or indirectly by increased 
blood flow velocities on transcranial Doppler examination. However, evidence is accumulating 
that DCI cannot only be explained by vasospasm demonstrated by angiography. In the last 
decades many clinical trials were performed in search of a drug to prevent and treat DCI. 
Despite profound research efforts, it is disappointing that only little progress has been made. 
However, most of these studies focused on the prevention and treatment of angiographically 
demonstrated vasospasm, which might actually not be the (main) cause of DCI. 

The basis of the concept vasospasm 
In 1866, the first microscopical observations of the cerebral cortex were published, including 
the observation that cerebral blood vessels constrict after electrical stimulation.4 Hereafter, 
this observation of vasoconstriction has been described several times, not only after electrical 
stimulation, but also after mechanical stimulation and after application of drugs such as 
adrenalin.5-7 In 1942 it was observed that cerebral blood flow was impaired in brain areas 
with arterial vasoconstriction.7 The first link with aneurysmal SAH was made in 1949.8 In 
an autopsy study, cerebral infarctions were observed in 3 out of 10 SAH patients. For the first 
time it was speculated that arterial spasm was a cause for cerebral infarction after SAH.8 Two 
years later, in 1951, the relation between vasospasm and DCI was taken for granted after the 
presence of vasospasm had been demonstrated in a small group of SAH patients.9 Later several 
studies indeed showed an association between the presence of angiographic vasospasm and 
DCI.3,10,11 It was hypothesized that arteries with vasospasm result in blood stasis followed 
by ischemia and cerebral infarction. The Hagen-Poiseuille equation, which shows that the 
total volume flowing through a tube varies based on the fourth power of a vessel’s radius, was 
considered to support this hypothesis. Although several studies found an association between 
angiographically demonstrated vasospasm and DCI, a causal relation has never been proven. 

Doubts about vasospasm as the only explanation for delayed cerebral ischemia 
In the last 25 years evidence is accumulating that DCI cannot be fully attributed to 
angiographically demonstrated vasospasm. In 1984 a randomized controlled trial was 
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published in which the effect of the antifibrinolytic agent tranexamic acid on the incidence of 
rebleeding and outcome after aneurysmal SAH had been investigated. The results of this study 
indeed showed a clinically significant reduced incidence of rebleeding after SAH, however 
no beneficial effect on outcome was observed as a result of an increased incidence of DCI.12 
Later, a similar study was performed but now in patients who were treated with the calcium 
antagonist nimodipine, which has a beneficial effect on the occurrence of DCI.13 This study 
also showed a reduced rebleeding rate, but again no effect on outcome was observed as a result 
of impeded recovery from DCI. Thus, although both studies showed an important reduction 
in the incidence of rebleeding after SAH, the results were disappointing since outcome did 
not improve. From a pathophysiological point of view the results were interesting, since for 
the first time it was shown that the incidence of and recovery from DCI can be influenced by 
drugs that impair fibrinolytic activity. This observation implied that the fibrinolytic system 
plays an important role in the pathogenesis of DCI. 

In the 1980’s, several studies investigated the effect of the dihydropyridine calcium antagonist 
nimodipine on the prevention of DCI. The results of these studies showed that nimodipine 
has a beneficial effect on DCI and poor outcome.14 The working mechanism of nimodipine 
was first considered to result from relaxation of the muscular vessel wall, hereby preventing 
and diminishing vasospasm, and subsequently decreasing the incidence of DCI. However, 
a systematic review showed that nimodipine reduces the incidence of DCI without a clear 
effect on vasospasm.15 Later, it was observed that nimodipine increases fibrinolytic activity in 
patients with aneurysmal SAH.16 Nimodipine still is the only effective drug for the prevention 
of DCI after SAH.
 
Presently, endothelin receptor antagonists are investigated extensively as a potential new drug 
to prevent DCI. Endothelin is a peptide secreted by the vascular endothelium with strong 
vasoconstrictive properties. Recently, a large double-blind, placebo-controlled phase II study 
investigating the effect of the endothelin receptor antagonist clazosentan in patients with 
aneurysmal SAH for the first time showed a 65% relative risk reduction (95% confidence 
interval 47%-78%) of angiographically demonstrated vasospasm in the group of patients 
treated with the highest dose of clazosentan (15 mg/h), however without an effect on the 
clinically more important predefined combined morbidity and mortality endpoint.17 These 
results add to an accumulating body of clinical data that cast doubt on the causal relation 
between angiographically demonstrated vasospasm and DCI. Therefore, it was suggested that 
the pathogenesis of DCI should be reconsidered, and that angiographically demonstrated 
vasospasm might be an epiphenomenon.18,19

Although nowadays many clinicians assume that vasospasm is the cause of DCI, it is a fact 
that not all patients with vasospasm develop clinical signs of DCI and, conversely, that not 
all patients with DCI have vasospasm. Therefore, alternative explanations of DCI have been 
sought, such as microvascular spasm, cortical spreading ischemia, and microthrombosis.20-23 
Since evidence from clinical and autopsy studies is accumulating that microthrombosis is 
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involved in the pathogenesis of DCI, in this thesis the role of microthrombosis is further 
investigated.

Aim and outlines of this thesis
The aim of the present thesis is to gain better insight into the pathogenesis and treatment 
options of DCI. A better understanding of the pathogenesis of DCI will increase the chance of 
success in the search for drugs to prevent and treat this complication.

Part 1. Pathogenesis of delayed cerebral ischemia
The first part of this thesis focuses on the pathogenesis of DCI. In Chapter 2 a study is described 
which shows that DCI cannot only be explained by vasospasm, but that microthrombosis plays 
an important role. The purpose of Chapter 3 was to investigate whether a genetic predisposition 
for impaired fibrinolytic activity, namely the 4G-allele in the plasminogen activator inhibitor 
(PAI)-1 gene, is associated with an increased incidence of DCI. Chapter 4 describes a study 
in which was investigated whether increased cortisol levels early after SAH are associated 
with the occurrence of DCI. Cortisol is a glucocorticoid hormone which is secreted during 
stress. Physiological reactions of increased cortisol secretion include an increase of glucose 
levels, blood pressure, and endothelium dysfunction.24 Since in patients with aneurysmal 
SAH hyperglycemia, hypertension, and endothelium dysfunction are associated with DCI, 
the stress response might play a role in the development of DCI.11,25,26 In Chapter 5 a study 
is presented with serial measurements of von Willebrand factor and ADAMTS13 in patients 
with and without DCI after aneurysmal SAH. ADAMTS13 is a protease that cleaves ultralarge 
von Willebrand factor multimers thereby decreasing thrombotic potential. In patients 
with thrombotic thrombocytopenic purpera (TTP) an ADAMTS13 deficiency results in 
microthrombotic complications. Since microthrombosis might play an important role in the 
pathogenesis of DCI, the presence of an ADAMTS13 deficiency was investigated in patients 
with DCI.

Part 2. Treatment options for delayed cerebral ischemia
The second part of this thesis focuses on nimodipine (chapter 5 and 6) and statin treatment 
(chapter 7 and 8). Previously it was observed that nimodipine increases fibrinolytic activity 
in patients with aneurysmal SAH.16 In Chapter 6 the results of a systematic review of the 
literature is described in which it was studied whether all calcium antagonists increase 
fibrinolytic activity. The purpose of Chapter 7 was to investigate the effect of nimodipine in 
patients with traumatic SAH by a systematic review of the literature and search for previously 
unpublished data. Despite several randomized controlled trials, there was still much debate 
whether nimodipine improves outcome in this group of patients, mostly because the results 
of the largest and most recent study, which was funded by a pharmaceutical company, were 
only partly presented. In Chapter 8 the biological effects of treatment with simvastatin in 
patients with aneurysmal SAH are studied. Previously, two randomized, placebo-controlled 
phase II studies showed impressive clinical effects of statin treatment on the incidence of 
radiologically demonstrated vasospasm, DCI, and outcome in patients with aneurysmal 
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SAH. This was remarkable since these studies were not designed and not powered to find 
clinical effects. To confirm these results, the effects of simvastatin are presently investigated 
in a large phase III study. In case this phase III study will show a beneficial effect, it will 
remain unknown whether this effect will be cholesterol-dependent or result from previously 
reported pleiotropic effects. Therefore we conducted an exploratory study investigating 
the acute effects of simvastatin on cholesterol and parameters of coagulation, fibrinolysis, 
inflammation, and endothelium function in patients with aneurysmal SAH. In Chapter 9 
the focus is broadened by investigating possible pleiotropic effects of statins in patients with a 
history cerebrovascular disease. In this chapter the results of a systematic review are reported 
on the incidence of hemorrhagic stroke in patients with a history of cerebrovascular disease 
treated with statins. 

The thesis concludes with a general discussion (Chapter 10), an English summary, and a 
Dutch summary.
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Abstract
Patients with aneurysmal subarachnoid hemorrhage (SAH) who experience delayed cerebral 
ischemia (DCI) have an increased risk of poor outcome. Delayed cerebral ischemia is considered 
to be caused by vasospasm. However, not all patients with DCI have vasospasm. Inversely, 
not all patients with vasospasm develop clinical symptoms and signs of DCI. In the past, 
treatments aiming at vasospasm were not successful in preventing ischemia. The purpose of 
this review is to give an overview of clinical data showing that DCI cannot always be attributed 
to vasospasm, and to present an in-depth analysis of clinical and autopsy studies on the role 
of microthrombosis in the pathogenesis of DCI. Clinical studies show that DCI is associated 
with an activation of the coagulation cascade within a few days after SAH, preceding the 
time window during which vasospasm occurs. Furthermore, impaired fibrinolytic activity, 
and inflammatory and endothelium-related processes, lead to the formation of microthrombi, 
which ultimately result in DCI. The presence of microthrombi is confirmed by autopsy studies. 
Insight in the pathophysiology of DCI is crucial for the development of effective therapies 
against this complication. Because multiple pathways are involved, future research should 
focus on drugs with pleiotropic effects.

In this paper, the term ‘vasospasm’ is reserved for the radiologic finding of narrowed cerebral 
arteries, as documented with angiography, or increased blood flow velocities, as measured 
by transcranial Doppler examination. The term ‘delayed cerebral ischemia’ is used for the 
clinical symptoms and signs of ischemia.
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Microthrombosis after SAH

Introduction
During aneurysmal subarachnoid hemorrhage (SAH), intracranial pressure increases, which 
results in a sharp decrease in cerebral perfusion pressure. This may lead to global (acute) 
cerebral ischemia and loss of consciousness. From day 4 to day 10 after SAH, patients are at 
increased risk of developing delayed cerebral ischemia (DCI), which may present as headache, 
confusion, focal neurologic deficits, and/or a deterioration of the level of consciousness.1,2 
Delayed cerebral ischemia is sometimes reversible, but may also progress to infarction, which 
is associated with increased mortality and severe disability.3 

The cause of DCI, also known as delayed ischemic neurologic deficit, is unknown. In the past 
decades, DCI and cerebral infarction after SAH have been associated with the presence of 
vasospasm in several studies.3-5 In fact, many clinicians use the term vasospasm to describe 
clinical signs and symptoms of DCI. Radiologic vasospasm should be distinguished from 
symptomatic vasospasm. Radiologic vasospasm is the narrowing of one or more of the major 
cerebral arteries observed at conventional, magnetic resonance, or computed tomographic 
angiography. Increased blood flow velocities on transcranial Doppler (TCD) examination are 
also indicative of vasospasm. Conventional angiography is still the gold standard to detect 
vasospasm, which is present in up to 70% of patients after SAH.6,7 Symptomatic vasospasm is 
defined as clinical features of DCI combined with radiologic vasospasm in the same region, 
and occurs in a much lower percentage of patients (approximately 22%).8 

To date, nimodipine is the only drug that reduces the incidence of DCI and decreases the risk 
of poor outcome after SAH.9 Nimodipine, being a calcium antagonist, was first considered 
to decrease the incidence of DCI by preventing and diminishing vasospasm as a result of 
relaxation of the muscular vessel wall. However, a systematic review showed that nimodipine 
reduces the incidence of DCI without a clear effect on vasospasm.10 A later study showed that 
nimodipine increases fibrinolytic activity in patients with SAH, and thereby may decrease 
the incidence of DCI.11 After it was observed that nimodipine reduces the incidence of DCI 
and decreases the risk of poor outcome after SAH without a clear effect on vasospasm, it 
is increasingly recognized that DCI cannot be fully explained by the development of 
vasospasm. 

As a result, several additional hypotheses besides macrovascular vasospasm have been 
postulated to explain the occurrence of DCI. Some data suggest that DCI might be caused 
by constriction of cerebral microcirculation. This hypothesis of small artery spasm was 
mainly investigated in animal models that showed conflicting results.12-14 Studies that showed 
microcirculatory spasm after SAH in humans were not able to show a direct relation to the 
pathogenesis of DCI.15 Thus, although small-artery spasm may occur after SAH, future 
studies are needed to elucidate its role in the pathophysiology of DCI. Another hypothesis 
is that of cortical spreading ischemia, which might be related to the microvascular spasm 
hypothesis.16,17 This hypothesis is based on the association between DCI after SAH and 

vergouwen.indb   21 16-4-2009   10:53:02



22

Chapter 2

repeated spreading depolarizations with prolonged electrocorticographic depression periods. 
The presence and absence of a delayed cluster of spreading depolarizations have high positive 
and negative predictive values (86% and 100%, respectively) for DCI. In SAH, spreading 
depolarizations might result from the breakdown products of erythrocytes in the subarachnoid 
space.18 These local toxic effects of hemolysis products evoke spreading depolarizations, which 
induce transient but longlasting microvascular spasm and in turn cause cortical spreading 
ischemia.19,20 The beneficial effect of nimodipine in patients with SAH can also be explained 
by the observation that nimodipine transforms cortical spreading ischemia back to cortical 
spreading hyperemia.16 Interestingly, cortical spreading depression is also assumed to be 
the pathophysiological correlate of the migraine aura. In a recent case-control study, it was 
suggested that migraine in women is a risk factor for DCI.21 

In recent years, several studies showed that besides vasospasm microthrombosis might also 
play a role in the development of DCI. In this review, we will first present recent clinical 
evidence that DCI cannot always be attributed to vasospasm. Thereafter, we will present 
an in-depth analysis of clinical and autopsy studies on the role of microthrombosis in the 
pathogenesis of DCI. Data from experimental studies have not been included in the review. 
An insight into the mechanisms involved in DCI is crucial for the development of new and 
effective therapies against this much-dreaded complication. 

Clinical evidence against vasospasm as the only 
explanation for delayed cerebral ischemia 
Since the incidence of angiographic vasospasm is up to 70% and that of DCI around 30%, it is 
evident that not all patients with vasospasm develop clinical signs of ischemia.2,6,7 The positive 
predictive value of angiography and TCD combined to predict cerebral infarction is 67%.3 
The location of angiographic vasospasm correlates with the location of cerebral infarction in 
25% to 81% cases.3,22,23 Although vasospasm remains one of the main predictors of cerebral 
infarction in patients with SAH, in one-fifth to one-third of patients with cerebral infarction, 
clinical or radiologic variables do not predict the location of infarction.3,23 Furthermore, the 
temporal relation between angiographic vasospasm and symptoms of DCI is often poor, as 
symptoms often occur several days after peak vasospasm. In patients experiencing DCI, 
positron emission tomographic cerebral perfusion patterns do not correlate with increased 
blood flow velocities at TCD.24 Finally, patients with SAH may also develop ischemia and 
cortical band-like infarctions without any evidence of vasospasm.3,23,25-27 

When treatment is considered, evidence is also accumulating that DCI cannot be fully 
attributed to vasospasm. Patients experiencing delayed ischemia are often treated with triple 
H (hemodilution, hypervolemia, hypertension) therapy. The rationale for this treatment is that 
triple H reduces the clinical signs and symptoms of cerebral ischemia by a beneficial effect on 
vasospasm. A systematic review investigating the effect of the triple H therapy indeed showed 
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a significant reduction of angiographic vasospasm, but without a reduction of DCI.28 Modern 
treatment strategies often suggest endovascular treatment of vasospasm as a treatment option. 
A nonrandomized study investigating the effect of balloon angioplasty on the evolution of 
vasospasm-related cerebral infarction showed a significantly lower incidence of infarctions 
in the distribution of vessels undergoing angioplasty.29 However, a recent large randomized 
trial investigating the effect of prophylactic endovascular treatment showed a nonsignificant 
reduction of DCI without a beneficial effect on outcome.30 Thus, although transluminal 
angioplasty and intraarterial drug administration reduce vasospasm, improvement in clinical 
outcome is less obvious.31 Some patients show direct clinical improvement after angioplasty, 
but this effect is often not sustained. This can result from a subsequent reduction in vessel 
caliber, but might theoretically also result from other pathophysiological pathways leading to 
DCI. 

As endothelin has been suggested to play a role in the pathophysiology of vasospasm, it was 
hypothesized that drug-induced antagonism of endothelin receptors might decrease the 
incidence of vasospasm. The drug TAK-044 was investigated in a double-blind, randomized 
trial, which showed no effect on the occurrence of DCI, the incidence of cerebral infarction 
on computed tomographic scan, or on clinical outcome.32 The lack of clinical efficacy was 
attributed to unselective inhibition of both the ETA and ETB receptors, which respectively 
mediate the vasoconstrictive and vasodilative effects of endothelin-1. Thereafter, it was 
suggested that the ETA receptor antagonist clazosentan could decrease vasospasm after SAH. 
Indeed, in a phase IIa randomized, controlled trial, clazosentan reduced the frequency and 
severity of vasospasm.33 Clazosentan might also reduce vasospasm-associated impairment 
of cerebral perfusion.34 However, no statistically significant reduction in the incidence of 
cerebral infarction was observed.33 A phase III study is presently being conducted. 

Finally, studies investigating the effect of the antifibrinolytic agent tranexamic acid showed a 
significantly decreased incidence of rebleeds after SAH. However, there was no effect on the 
overall outcome as a result of an increased incidence of DCI, and impeded recovery from DCI, 
if this occurred.35-37 As tranexamic acid does not influence the rate of cerebral vasospasm, 
direct hemostatic effects are a more plausible explanation for the increased incidence of DCI.38 
Therefore, it seems that the incidence and recovery from DCI can be influenced by drugs 
without a clear effect on vasospasm. Other trials showed that intracisternal thrombolysis with 
thrombolytic drugs decreases the incidence of DCI and improves outcome after SAH.39-41 The 
beneficial effect of intracisternal thrombolysis is less likely to be intravascular and probably 
results from lower degrees of vasospasm in recombinant tissue plasminogen activator (tPA)-
treated patients.42-44 It could be possible that this effect is directly exerted on the blood vessel 
tone or related to increased subarachnoid blood clearance.45,46 Since an autopsy study showed 
that intravascular microclot burden is associated with the volume of subarachnoid blood, it 
could be that increased subarachnoid blood clearance as a result of intracisternal thrombolysis 
leads to a lower microclot burden and therefore a lower incidence of DCI.47 
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In summary, clinical deterioration after SAH cannot always be attributed to radiologic 
vasospasm. Therapies aiming at radiologic vasospasm, such as endothelin receptor antagonists, 
were not successful, as no clear effect on DCI was observed. In contrast, drugs not aiming at 
vasospasm, such as antifibrinolytic agents, influenced the incidence of DCI. Apparently, other 
factors besides vasospasm also play an important role. 

Supporting evidence from serological and cerebrospinal 
fluid examinations
In the following paragraphs we will present the results of various laboratory investigations in 
SAH patients, supporting the evidence that DCI cannot be fully attributed to vasospasm and 
that microthrombosis might be an additional explanation. A schematic overview of several 
processes involved in the pathogenesis of DCI is presented in Figure 1. 

Figure 1. Schematic overview of pathways leading to delayed cerebral ischemia after aneurysmal subarachnoid 
hemorrhage. PAF, platelet-activating factor; PAI-1, plasminogen activator inhibitor-1; vWF, von Willebrand factor.
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Activation of the coagulation cascade 
In general, after vessel injury, platelet adhesion to the endothelium is one of the earliest steps 
in the coagulation pathway. Platelets are activated by several factors, such as collagen, von 
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Willebrand factor (vWF), and thrombin. On activation of platelets, exocytosis of platelet 
granules results in the release of a wide array of procoagulant substances, which ultimately 
results in the formation of a stable hemostatic clot of both platelets and fibrin complexes.

Several studies in patients with aneurysmal SAH show that levels of serological coagulation 
markers correlate with the development of DCI and cerebral infarction.48-52 Increased 
platelet activation and aggregation are suggested by increased levels of β-thromboglobulin, 
thromboxane B2, soluble platelet selectin (sP-selectin), and platelet-activating factor.48,49,53,54 
Interestingly, increased procoagulant activity is already present within a few days after 
SAH, that is, in a time period before vasospasm develops. Levels of PAF start to increase 
within 4 days after SAH.49 Increased levels of vWF within 72 h after SAH correlate with the 
occurrence of DCI and poor outcome after SAH.52 Furthermore, in the acute phase after SAH, 
concentrations of tissue factor in the cerebrospinal fluid (CSF) are elevated.55 Tissue factor is 
the primary initiator of coagulation that activates thrombin, which in turn converts fibrinogen 
to fibrin. Elevated concentrations of tissue factor in CSF within 4 days after SAH predict the 
occurrence of cerebral infarction and outcome after SAH.55 Increased levels of fibrinopeptide 
A, an alternative marker of thrombin generation, within 2 days after SAH, are also associated 
with cerebral infarction after SAH.56 To prevent massive coagulation activation, activated 
thrombin is limited by its natural inhibitor antithrombin-III, resulting in the formation of 
thrombin–antithrombin complexes. The levels of CSF thrombin–antithrombin complexes in 
the acute phase are associated with cerebral infarction after SAH.55 However, the plasma 
levels of thrombin–antithrombin complex in the acute phase are not related to the occurrence 
of DCI and infarction.57 

The above-mentioned studies show that the coagulation cascade is already activated within a 
few days after SAH, preceding the time window during which vasospasm occurs. Although 
this early activation of the coagulation pathway may result from acute ischemia during the 
ictus of the hemorrhage, there is evidence from several studies that it is an early predictor of 
the occurrence of DCI and infarction after SAH. 

Finally, evidence of coagulation activation is provided by the detection of micro-emboli 
with TCD examination.58 In the first study that described the presence of micro-emboli in 
SAH patients, micro-emboli were observed in only 4% of patients during routine vasospasm 
monitoring.58 The possibility that microemboli play a role in the pathophysiology of DCI was 
highlighted by the presence of low-density areas on computed tomographic scans from 82% of 
11 SAH patients with micro-emboli compared with low-density areas in 24% of 123 patients 
without micro-emboli. Later, in a well-performed prospective study in which SAH patients 
were systematically monitored with TCD ultrasonography, micro-embolic signals were 
present in up to 70% patients, with a trend toward an increased incidence of micro-emboli in 
patients with symptomatic vasospasm.59 In contrast, the incidence of micro-embolic signals 
was lower in vessels with radiologic vasospasm compared with those without vasospasm, 
although not significantly different, which suggests that micro-emboli are probably not a 
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direct result of vasospasm. As the incidence of micro-emboli was similar in vessels with and 
without proximal aneurysm, it is also unlikely that micro-emboli are generated within the 
aneurysmal sac. A trend was observed toward an increased incidence of emboli in patients 
with coiled aneurysms compared with clipped aneurysms; however, because of the small 
number of patients available for subgroup analyses, no preliminary conclusion can be drawn. 
In the absence of possible cardiac and carotid artery sources of emboli, it was concluded that 
micro-emboli in SAH patients are probably generated in large intracranial vessels as a result 
of a generalized hyperaggregable condition. 

The micro-emboli studies are of special interest as they give a possible explanation for the 
observation that not all patients with vasospasm have neurologic deterioration. Probably, 
vasospasm is at higher risk to become symptomatic when the coagulation system is 
simultaneously strongly activated. Furthermore, the micro-emboli studies give an explanation 
why patients can experience DCI in the absence of vasospasm, as the coagulation cascade can 
also be activated in the absence of vasospasm. However, because not all patients with micro-
emboli have symptoms of DCI, the relation of micro-emboli and DCI is not bidirectional. 
An inconsistent relation between micro-emboli and cerebral infarction was also observed in 
patients undergoing carotid endarterectomy or carotid stent placement.60,61 Thus, vasospasm 
and micro-emboli should not be considered as two separate entities in the pathogenesis of 
DCI, but rather as complimentary entities. 

Impairment of the fibrinolytic cascade
As described before, clinical trials investigating the effect of antifibrinolytic drugs illustrate 
that the incidence of DCI can be influenced by drugs without any effect on radiologic 
vasospasm. Other studies support the observation that the fibrinolytic system is involved in 
the pathogenesis of DCI. 

The natural ‘antagonist’ of thrombin generation is obviously fibrinolysis, resulting in the 
degradation of fibrin by the enzyme plasminogen. The activity of plasminogen is regulated by 
an activator, tPA, balanced by an inhibitor of this activator, plasminogen activator inhibitor-1 
(PAI-1). Patients with DCI after SAH have significantly higher levels of PAI-1 antigen in the 
CSF compared with patients without DCI, suggesting that overactive inhibition of fibrinolysis 
is associated with DCI.62 In another study, nimodipine was associated with increased tPA 
activity and decreased PAI levels after SAH, whereas patients not receiving nimodipine did 
not show any change in the tPA/PAI balance.11 Interestingly, discontinuation of nimodipine 
resulted in normalization of both tPA and PAI-1 toward baseline levels. The results of this 
study imply that nimodipine, like other dihydropyridine calcium antagonists, increases 
fibrinolytic activity and, thereby, possibly decreases the incidence of DCI after SAH.11,63 As 
a systematic review showed that nimodipine reduces the incidence of DCI without a clear 
effect on vasospasm, the study on the relation between nimodipine and fibrinolytic activity 
in SAH patients provides an alternative explanation for the beneficial effect of nimodipine.10 
A genetic study showed that PAI-1 polymorphism is also involved in the occurrence of DCI 
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after SAH.64 Patients with the 4G allele, who have impaired fibrinolytic activity, compared 
with patients homozygous for the 5G allele, are at increased risk to develop DCI. A trend was 
noted toward increased poor outcome in patients with the 4G allele. A study investigating the 
level of plasmin/alpha-2-antiplasmin complex, another indicator of fibrinolytic activity, in the 
acute phase of SAH, found no association with the occurrence of DCI.57

Elevated levels of fibrin degradation products in the CSF, and of D-dimer, are also associated 
with the occurrence of delayed ischemia, cerebral infarction, and poor outcome after 
SAH.50,65,66 Although increased CSF concentrations of fibrin degradation products suggest 
locally increased fibrinolytic activity, it can also reflect a damaged blood–CSF barrier as a 
result of ischemia.62,65 

Activation of inflammation
Besides the coagulation and fibrinolytic cascade, inflammatory processes are likely to be 
involved in the development of DCI after SAH. As discussed previously, patients with DCI 
after SAH also have increased concentrations of sP-selectin, an adhesion molecule involved 
in leukocyte adherence to the endothelium. During an inflammatory reaction, stimuli, such 
as thrombin, lead to the mobilization of P-selectin from the endothelium. Cytokines such 
as tumor necrosis factor-α stimulate the expression of P-selectin. Adhesion molecules bind 
to leukocytes, which results in slower leukocyte rolling and subsequent leukocyte adhesion. 
Consequently, leukocytes can penetrate the vessel wall. Several proinflammatory cytokines, 
such as interleukin (IL)-1, IL-6, and IL-8, are associated with vasospasm and DCI after 
SAH.67,68 It is not completely understood how cytokines lead to ischemia. Interleukin-6 has 
vasoconstrictive properties in vitro.67 Cytokines may also indirectly lead to vasoconstriction, 
for example, by inducing endothelin synthesis or by stimulating the expression of adhesion 
molecules. More importantly, there is widespread evidence that inflammatory reactions 
induce coagulation and downregulate anticoagulatory pathways.69 Thus, inflammatory 
reactions in SAH patients may promote coagulation and the formation of microthrombi, and 
thereby lead to DCI. 

Endothelium related processes
Many parameters described above, such as vWF and P-selectin, are released by the endothelium 
or regulate processes within the endothelium. Another peptide released by the endothelium 
is endothelin, which is presently the peptide with the most potent vasoconstrictive properties. 
Endothelin-mediated vasoconstriction has been implicated in the pathophysiology of SAH-
related vasospasm. However, data on the relation between endothelin-1 concentrations and 
DCI are conflicting.70,71 Interestingly, a phase IIa study investigating the effect of the selective 
ETA receptor antagonist clazosentan found a significantly decreased incidence and severity 
of vasospasm, without clear effect on cerebral infarction.33 Obviously, therapies aiming at 
preventing DCI after SAH should not selectively focus on vasospasm, but also on other 
processes involved in the pathogenesis of DCI.
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Evidence from autopsy studies
Although pathology studies investigating SAH patients are rare, the available autopsy 
studies show that vasospasm is not the only cause of DCI. A landmark autopsy study from 
1964, investigating 159 SAH patients who died more than 24 h after hospital admission, 
showed that angiographic vasospasm was present only in 37% of 119 patients with cerebral 
infarction and in 12% of patients without infarction.72 Thus, a bidirectional relation between 
vasospasm and cerebral infarction is unlikely. Although pathologic changes are found in all 
layers of vasospastic vessels, ranging from concentric intimal thickening by subendothelial 
fibrosis to necrosis in the tunica media, pathologic findings are not restricted to the vessel 
wall alone.73 Microthrombi were detected for the first time in 1983 upon autopsy in a 
patient with cerebral infarction after SAH, and later confirmed in other studies.47,74-76 In an 
autopsy study investigating six SAH patients, including four patients who supposedly died 
from DCI, it was observed that patients who die from delayed ischemia have significantly 
more microthrombi in clinically ischemic regions and in areas showing cerebral infarction 
on computed tomographic scan, when compared with patients who die from rebleeding or 
acute hydrocephalus.75 Microthrombi mostly consisted of a combination of fibrin thrombi 
and aggregated platelets, eventually mixed with multinuclear leukocytes. No distinction was 
made between the presence of microthrombi in symptomatic and asymptomatic vasospastic 
vessels. However, because microclots are not only present in regions with clinical signs 
of delayed ischemia or infarction but are widespread in the brain, an additional factor is 
apparently necessary for the development of clinical signs of focal cerebral ischemia.47,75,76 
This is supported by a recent autopsy study that investigated 29 SAH patients and showed 
pathologic evidence of ischemia in 93% patients, but clinical signs of DCI were present in only 
48% of the studied patients.47 These data suggest that microclot formation and vasospasm 
are probably complementary mechanisms in the pathogenesis of DCI. Interestingly, not only 
vasospasm but also microclot burden is influenced by the volume of subarachnoid blood.47 
In a large autopsy study investigating microthrombosis in SAH patients, which showed 
that cortical ischemic lesions were present in 41 of the 53 patients studied, no significant 
association was observed between the presence of cortical ischemic lesions and angiographic 
vasospasm or location of the aneurysm.76 Interestingly, 80% patients with moderate/severe 
cortical ischemic lesions had fluctuating blood pressures, implying a profound disturbance of 
cerebral autoregulation, which particularly affects the cortical microcirculation. 

Studies investigating drugs to prevent delayed cerebral 
ischemia: future directions
As activation of several cascades leading to the formation of microthrombi might be involved 
in the pathogenesis of DCI, treatments that aim at coagulation or fibrinolysis presently 
attract much attention. One studied agent was aspirin, which might reduce the incidence 
of DCI by antagonizing increased platelet activity. However, a randomized, controlled trial 
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investigating the effect of aspirin was stopped prematurely, as an interim analysis showed that 
the probability of a beneficial effect was negligible.77 Explanations provided were that a dosage 
of 100 mg once daily might not be powerful enough, or that aspirin might not be the right 
antiplatelet drug for preventing DCI. Another explanation can be that the effect of aspirin is 
too selective by only inhibiting platelet function and not affecting vasospasm. Enoxaparin, a 
low-molecular-weight antithrombin III agonist, was studied in two randomized, controlled 
trials with contradictory results.78,79 A large, well-powered, randomized, controlled trial is 
needed to investigate whether enoxaparin is beneficial to prevent DCI. 

Other studies investigated the effect of intrathecal fibrinolysis. A systematic review found a 
significant 14% absolute risk reduction of delayed ischemia, and a significant 10% absolute 
risk reduction of poor outcome.41 However, of the nine included studies, only one study was 
randomized. Thus, a well-powered, randomized trial is also needed to investigate the effect 
of intrathecal fibrinolysis. Besides, if beneficial, it remains to be investigated whether this 
effect results only from a decreased incidence of vasospasm or from increased intravascular 
fibrinolytic activity as well. 

Presently, magnesium sulfate is under intensive investigation as a potential agent to reduce the 
incidence of DCI after SAH and improve outcome. Magnesium sulfate is a noncompetitive 
calcium channel antagonist, which probably does not reduce the incidence of vasospasm 
after SAH, but possibly reduces its duration.80,81 No effect has been shown on the fibrinolytic 
system or coagulation cascade. In patients with preeclampsia, magnesium sulphate decreases 
endothelin-1 levels.82 The pathophysiology of preeclampsia has much in common with that of 
DCI after SAH. Although magnesium sulfate has been shown to be beneficial in patients with 
preeclampsia by reducing neurologic complications and improving outcome, the mechanism 
of improvement by this treatment has not yet been elucidated in patients with preeclampsia. 

Currently, the role of statin treatment as an additional strategy to prevent DCI is also being 
investigated. The possible beneficial effect of statins attracted attention when two studies 
showed that patients who use statins during aneurysmal hemorrhage less often have 
vasospasm and cerebral infarctions than patients not using statins.83,84 However, in another 
study, the incidence of vasospasm, but not of DCI, was increased in patients using statins prior 
to SAH.85 Because of the interesting observation in two of these studies, the effect of statin 
treatment in SAH patients was investigated in two small randomized, placebo-controlled 
clinical trials. The results of these trials were impressive, as acute statin treatment decreased 
the incidence of not only vasospasm, but also of DCI and mortality.86-88 Statins may be an 
interesting treatment option in patients with SAH as statins possibly not only decrease 
the incidence of vasospasm, but also reduce plasma levels of vWF, indicating decreased 
endothelial activation.86,87 Furthermore, statins have been shown to enhance fibrinolysis 
and inhibit blood coagulation.89 However, a recent retrospective cohort study showed that 
after implementation of the routine use of statin treatment in SAH patients, the incidence 
of vasospasm, DCI, cerebral infarction, and poor outcome did not change.90 Therefore, more 
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randomized studies are needed to investigate the effect of acute statin treatment in patients 
with SAH, and whether statins exert cholesterol-dependent or independent effects in this 
group of patients.

We conclude that further insight into the pathogenesis of DCI is instrumental in optimizing 
future strategies to decrease DCI. Because multiple pathways are involved, future research 
to prevent and treat this much-dreaded complication should focus on drugs with strong 
pleiotropic effects that do not only affect vasospasm but also microthrombosis.

Conclusions
Although vasospasm is associated with clinical deterioration and poor outcome after SAH, 
several studies indicate that the development of DCI cannot be fully attributed to the 
occurrence of radiologic vasospasm. Previously, alternative hypotheses, such as microvascular 
spasm and cortical spreading ischemia, were postulated. This review shows that an additional 
cause of DCI after SAH might be microthrombosis, as a result of various other processes, 
such as activation of the coagulation cascade and impaired fibrinolytic activity. It remains 
to be investigated whether microthrombosis after SAH is associated with the occurrence 
of microvascular spasm and cortical spreading ischemia. It could be that they all are rather 
complementary than competing hypotheses. The possible relation between these hypotheses 
is illustrated by the observation that microthrombosis provokes cortical spreading 
depression.91 
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Abstract

Background and purpose
In several acute life-threatening diseases, the 4G-allele in the 4G/5G-promotor polymorphism 
in the plasminogen activator inhibitor-1 (PAI-1) gene is associated with higher PAI-1 levels 
and increased poor outcome, probably by promoting the formation of microthrombi. The aim 
of the present study was to investigate whether the PAI-1 4G/5G polymorphism is associated 
with the occurrence of delayed cerebral ischemia, rebleeding, and other events, and clinical 
outcome after aneurysmal subarachnoid hemorrhage.

Methods
DNA was collected and analyzed in 126 patients with aneurysmal subarachnoid hemorrhage 
admitted to the Academic Medical Center Amsterdam and University Medical Center Utrecht 
in the Netherlands. All episodes of deterioration were classified according to predefined 
criteria. Causes of poor outcome and functional outcome were assessed 3 months after the 
initial bleeding according to the 5-point Glasgow Outcome Scale (GOS).

Results
Delayed cerebral ischemia occurred more often in patients with the 4G genotype than in 
patients homozygous for the 5G allele (RR: 3.3; 95% CI: 1.1 to 10.0). No significant differences 
were found between the groups for rebleeding or other events. Patients with the 4G genotype 
tended to have a higher risk for poor outcome than patients with the 5G/5G genotype (RR 1.2; 
95% CI 0.7 to 2.2).

Conclusion
The 4G allele in the PAI-1 gene increases the risk for delayed cerebral ischemia after aneurysmal 
subarachnoid hemorrhage and probably also the risk for poor outcome. After early aneurysm 
occlusion, treatment aimed at enhancing fibrinolysis might be effective to prevent and treat 
cerebral ischemia in patients with aneurysmal subarachnoid hemorrhage.
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Introduction
Plasminogen activator inhibitor-1 (PAI-1) is the main inhibitor of tissue plasminogen activator 
(t-PA). It inhibits the conversion of plasminogen into fibrinolytically active plasmin. Plasma 
levels of PAI-1 are associated with the 4G/5G promoter polymorphism in the PAI-1-gene. 
The 4G allele is correlated with higher PAI-1 levels.1–3 Elevated PAI-1 levels are associated 
with poor outcome in several acute life-threatening diseases such as severe (head) trauma, 
meningococcal sepsis, meningitis, preeclampsia, malaria, and burns.1–6 These studies 
suggested that poor outcome is caused by elevated levels of PAI-1, which promote the 
formation of microthrombi. These microthrombi can lead to multiorgan failure. 

Patients with aneurysmal subarachnoid hemorrhage (SAH) are threatened by rebleeding and 
delayed cerebral ischemia (DCI). The fibrinolytic system appears to play an important role 
in these complications. Antifibrinolytic treatment reduces the occurrence of rebleeding but 
increases the risk of poor outcome from DCI.7–9 Treatment with nimodipine, which decreases 
the occurrence of DCI, increases fibrinolytic activity by decreasing PAI-1 levels in plasma.10 
This increased fibrinolytic activity may add to the beneficial effects of nimodipine in patients 
with SAH. 

The aim of the present study was to investigate whether the PAI-1 4G/5G polymorphism is 
associated with the occurrence of delayed cerebral ischemia, rebleeding, and other events, 
and clinical outcome after aneurysmal subarachnoid hemorrhage.

Patients and methods

Patients
Patients with signs and symptoms of aneurysmal SAH admitted to the Academic Medical Center 
Amsterdam and University Medical Center Utrecht were included if a computed tomography 
(CT) scan showed an aneurysmal bleeding pattern. Patients with a perimesencephalic 
bleeding pattern were included only when angiography showed the presence of an appropriate 
aneurysm. Patients without hemorrhage on CT, but with xanthochromia of cerebrospinal 
fluid confirmed by spectrophotometric analysis and presence of an aneurysm on angiography, 
were included as well. At both centers, patients were treated according to similar protocols, 
including nimodipine treatment.

Definition of events
The clinical condition on admission was scored on the Glasgow Coma Scale (GOS).11 An 
event was defined as the occurrence of focal neurological impairment or a decreased level of 
consciousness of at least 1 point as recorded on the Glasgow Coma Scale, lasting for >1 hour, 
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or both. Events were distinguished in definite or probable rebleeding and DCI, hydrocephalus, 
operative complications (other than ischemia), and other events as follows: (1) definite 
rebleeding defined as sudden clinical deterioration with increased hemorrhage on CT scan 
compared with previous CT imaging or found at autopsy; (2) probable rebleeding defined 
as sudden deterioration or death suspect for rebleeding in which no CT scan or autopsy 
was obtained; (3) definite DCI defined as gradual deterioration or death with infarction on 
CT scan compatible with clinical presentation or proven at autopsy; and (4) probable DCI 
defined as gradual deterioration suspect for infarction in which no CT scan or autopsy was 
obtained and other causes have been excluded by appropriate laboratory studies. In patients 
with deterioration directly after intervention, distinction was made between deterioration 
from ischemia or by other causes such as postoperative bleeding. Hydrocephalus was defined 
as an event with CT proven hydrocephalus. Other causes of clinical deterioration were also 
recorded (ie, pneumonia, meningitis).

Outcome
Functional outcome was assessed 3 months after the initial bleeding according to the 
5-point GOS.12 Death, persistent vegetative state, and severe disability were defined as poor 
outcome, moderate disability, and good recovery as favorable outcome. In patients with poor 
outcome, causes of poor outcome were recorded. In patients with impaired consciousness 
or focal neurological deficits existing from the outset without further clinical deterioration, 
poor outcome was classified as a consequence of the initial hemorrhage. Other causes of poor 
outcome were defined as rebleeding, delayed cerebral ischemia, deterioration after intervention 
not caused by ischemia (ie, postoperative bleeding, epidural hematoma), hydrocephalus, 
and other causes (ie, adult respiratory distress syndrome, meningitis). Investigators (MDIV, 
YBWEMR, and CJMF) were blinded for PAI-1 genotype during registration of events and 
determination of functional outcome.

DNA Analysis
PAI-1 genotype was determined using DNA derived from fibroblasts (Amsterdam patients) 
and white blood cells (Utrecht patients). A 189-basepair product, including the polymorphic 
site of the PAI-1 gene, was generated by polymerase chain reaction amplification with the 
primers 5’-CAACCTCAGCCAGACAAGGT-3’ and 5’-CAGCCACGTGATTGTCTAGG-3’. 
After dNTP removal, a primer extension reaction with ddNTPs only was performed with the 
primer 5’-GAGAGTCTGGACACGTGGGG-3’. Single base extension products reflecting the 
4G or 5G genotype were purified and analyzed on a Biflex III MALDI TOF mass spectrometer 
(Bruker Daltonik) in linear mode.

Statistical Analysis
We used χ2 and Fisher exact test when appropriate with corresponding 95% confidence 
intervals (95% CI) to compare differences between groups.
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Results
The study group (n=126) consisted of patients admitted to the Academic Medical Center, 
Amsterdam, the Netherlands (n=36) and the University Medical Center Utrecht, the 
Netherlands (n=90). 

Table 1 shows the baseline characteristics and the distribution of the 4G and 5G alleles. Mean 
age was similar in the groups with 4G/4G, 4G/5G, and 5G/5G genotypes. There were slightly 
more women in the 4G/5G group and less patients with an initial Glasgow coma score of 15 
in the 5G/5G group. 

In the 4G/4G and 4G/5G group, more patients had delayed cerebral ischemia than in the 
5G/5G group (RR 3.3; 95% CI: 1.1 to 10.0) (Table 2). No statistically significant differences 
were found between the 3 groups for rebleeding or other events. More patients in the 4G/4G 
and 4G/5G groups had poor outcome (RR 1.2; 95% CI: 0.7 to 2.2).

Table 1. Baseline characteristics and 4G/5G polymorphism

Total 4G/4G 4G/5G 5G/5G

N of patients (%) 126 (100) 26 (21) 72 (57) 28 (22)

Mean age, y (SD) 53 (13) 55 (11) 54 (13) 51 (12)

N of women (%) 86 (68) 15 (58) 54 (75) 17 (61)

Median GCS score (range)  14 (3–15)*  14 (3–15)* 15 (3–15) 14 (3–15)

N of patients with initial GCS score of 15 (%) 59 (47%) 12 (46%) 37 (51%) 10 (36%)

*No initial GCS score available for 1 patient from the 4G/4G group because of sedation and intubation at admission.

Table 2. Distribution of complications and poor outcome

All patients
(n = 126)

4G/4G
(n = 26)

4G/5G
(n = 72)

5G/5G
(n = 28)

Relative risk of patients with 
the 4G allele (95% CI)*

Rebleeding (%) 15 (12) 5 (19) 6 (8) 4 (14) 0.8 (0.3–2.3)

Ischemia (%) 38 (30) 9 (35) 26 (36) 3 (11)   3.3 (1.1–10.0)†

Other events (%) 40 (32) 7 (27) 23 (32) 10 (36) 0.9 (0.5–1.5)

Poor outcome (%) 47 (37) 10 (38) 28 (39) 9 (32) 1.2 (0.7–2.2)

*Relative risks are expressed as compared with patients homozygous for the 5G allele. †Significant. P = 0.01 
(χ2 analysis)

Discussion
In the present study we demonstrate a significant association between the 4G allele in the PAI-1 
gene and the occurrence of delayed cerebral ischemia after aneurysmal SAH. The association 
of the 4G allele and DCI could not be explained by differences in baseline characteristics. 
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Patients with the 4G genotype tended to have a higher risk for poor outcome than patients 
with the 5G/5G genotype. The distribution of the PAI-1 4G/5G polymorphism in the present 
study was not different from that in other studies.1–3 

Several studies have shown that baseline PAI-1 levels are similar or just slightly higher in 
patients homozygous for the 4G allele than in patients homozygous for the 5G-allele.13,14 
Because bleeding in SAH lasts not more than a few seconds, it is not to be expected that 
the PAI-1 genotype has an effect on the extent of the initial hemorrhage, and hereby on the 
condition of the patient immediately after the hemorrhage. Nevertheless, there was a slight 
difference in the number of patients with impaired consciousness between the groups in favor 
of patients with the 4G allele. 

In acute disorders PAI-1 seems to act as an acute-phase reactant. Variation in PAI-1 levels 
between genotype groups is much more pronounced in the hours and days after the onset 
of an acute life-threatening disease compared with baseline concentrations. In these 
circumstances, concentrations in patients with the 4G/4G genotype are ≈ 2- to 4-times 
higher than in patients with the 5G/5G genotype.1,2 In acute life-threatening diseases, a 
genetic predisposition to produce high levels of PAI-1 is associated with poor outcome.1–4 
This is explained by elevation of PAI-1 levels after stressful events in patients with the 4G 
allele, resulting in impaired fibrinolysis. The formation of microthrombi by disseminated 
intravascular coagulation during the acute illness is no longer counteracted by the fibrinolytic 
system, finally leading to multiorgan failure. 

The exact mechanism of the development of delayed cerebral ischemia in SAH is still 
unknown. Vasospasm seems to play an important role, but not all patients with vasospasm 
have DCI. Probably the development of microthrombi in patients with vasospasm determines 
whether DCI will occur. PAI-1 levels may be decisive in the development and dissolution of 
microthrombi.

Because more patients in the 5G/5G group had a GCS of 14 or less on arrival, an increase in 
poor outcome in this group could be expected.15 However, in our study, patients with the 
4G allele had an increased risk of poor outcome compared with patients with the 5G/5G 
allele. This higher risk of poor outcome is likely a consequence of the higher risk of DCI in 
patients with the 4G allele because the frequency of other complications was not different. 
That the statistically significant effect on DCI did not result in a statistically significant effect 
in poor outcome can probably be explained by dilution, because DCI is only one of the many 
complications that causes poor outcome in patients with SAH. 

The effect on poor outcome may also be less obvious because the increase in PAI-levels is 
partially counteracted by the calcium-antagonist nimodipine, which all patients received. 
Nimodipine has been shown to reduce the risk of DCI; however, the exact mechanism by which 
nimodipine reduces the occurrence of DCI is not known.16 One of the actions of nimodipine 

vergouwen.indb   42 16-4-2009   10:53:04



43

PAI-1 genotype is associated with DCI

is to increase fibrinolytic activity by reducing PAI-1 levels in plasma.10 By decreasing PAI-1 
levels, nimodipine may antagonize an increase in poor outcome caused by DCI. This might 
especially be true in patients carrying the 4G allele in whom higher PAI-1 levels can develop 
in the first few days after the initial hemorrhage. 

Drugs that reduce fibrinolytic activity decrease the risk of rebleeding after SAH.7–9 Therefore, 
we expected to find a lower incidence of rebleeding in the 4G genotype group. This association 
was only found in the 4G/5G group and not in the 4G/4G group, which is probably because of 
the small number of rebleeds in this study. Another explanation might be that the inhibition 
of fibrinolysis around the aneurysm by PAI-1 is insufficient to reduce the risk of rebleeding.

This study shows that patients with the 4G allele in the PAI-1 gene have an increased risk for 
delayed cerebral ischemia after SAH. The results suggest that in these patients, after early 
occlusion of the aneurysm, treatment aimed at the enhancement of fibrinolysis might be 
effective to prevent and treat delayed cerebral ischemia.
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Abstract

Background and purpose
In patients with aneurysmal subarachnoid hemorrhage (SAH) hyperglycemia, hypertension, 
and endothelium dysfunction are associated with the occurrence of delayed cerebral ischemia 
(DCI). Since these are physiological reactions of increased cortisol secretion, the purpose of 
the present study was to investigate whether increased serum cortisol levels after SAH are 
associated with the occurrence of DCI. 

Methods
Blood samples were obtained at standard intervals after SAH. DCI was defined as the gradual 
onset of new focal neurological impairment and/or a decreased level of consciousness of at 
least 2 points as recorded on the Glasgow Coma Scale. 

Results
Thirty-one patients were included. Eleven patients (35%) developed DCI. Patients with DCI 
had a significantly higher median cortisol level two days after SAH than patients without 
DCI (1026 nmol/l [range 408-1280 nmol/l] vs. 716 nmol/l [range 50-1164 nmol/l] respectively, 
p=0.006). The logistic model revealed a significant (p=0.021) univariate association between 
the first cortisol assessment and DCI occurrence. An increase of 250 nmol/l in early cortisol 
level was associated with a 2.42 (95% CI 1.14–5.14) times increased odds on DCI occurrence. 
The association remained significant after adjusting (in separate models) for the known 
predictors of DCI occurrence (amount of blood on admission CT scan using the Hijdra score, 
loss of consciousness during ictus, and admission GCS).

Conclusions
Increased serum cortisol levels early after SAH are associated with DCI occurrence, and 
therefore can be a useful risk indicator in clinical practice. 
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Introduction
Cortisol is a glucocorticoid hormone which is secreted during a stress response. Physiological 
reactions of increased cortisol secretion include hyperglycemia, hypertension, and 
endothelium dysfunction.1 Since in patients with aneurysmal subarachnoid hemorrhage 
(SAH) hyperglycemia, hypertension, and endothelium dysfunction are associated with the 
occurrence of delayed cerebral ischemia (DCI), an increased stress response could play a 
pivotal role in the development of DCI.2-5 To our knowledge this has never been investigated 
before, and therefore the purpose of the present study was to investigate the prognostic value 
of increased serum cortisol levels after aneurysmal SAH on DCI occurrence. 

Methods 
We used data and serum samples from a single-center, prospective, randomized, double-
blind, placebo-controlled trial investigating the effect of simvastatin on endothelial function, 
coagulation, fibrinolysis, and inflammation in patients with SAH.6 This study was registered in 
the International Standard Randomised Controlled Trial registry (number ISRCTN45662651) 
and approved by the local Institutional Review Board. In short, consecutive patients with SAH 
in the last 72 hours presenting at the Academic Medical Center, Amsterdam, the Netherlands, 
were randomized to receive 80 mg simvastatin or placebo until day 14 after SAH. In the 
former study, use of simvastatin did not influence any parameters of endothelial function, 
coagulation, fibrinolysis, and inflammation, and no effect was observed on TCD vasospasm 
and clinical signs of DCI.6 Therefore, all patients of the former study, except one patient who 
had no aneurysm on angiography, were eligible for inclusion in the present study.  

DCI was defined as the gradual onset of new focal neurological impairment and/or a decreased 
level of consciousness of at least 2 points as recorded on the Glasgow Coma Scale (GCS), 
either with cerebral infarction on CT scan compatible with clinical presentation or proven at 
autopsy, or in case no CT scan or autopsy was obtained, suspect for infarction with exclusion 
of other causes by appropriate laboratory studies. 

On admission, the amount of cisternal and ventricular blood on admission CT scan was 
calculated using the Hijdra score.7 Blood samples were obtained at standard intervals: 2±1, 
4±1, 7±1, 10±1, 14±1, and 17±1 days after SAH, between 8:00 and 9.30 AM to avoid diurnal 
fluctuations of serum markers. During the first blood withdrawal at day 2, and the last at day 
17 after SAH, patients did not use study medication. In case of hospital discharge before day 
17, no further samples were obtained. 

Statistics
To investigate differences in baseline characteristics between patients with and without DCI 
we used the unpaired t-test, Mann-Whitney test, χ2 or Fisher’s exact test, where appropriate. 
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The possible difference in cortisol levels over time between the groups of patients with and 
without DCI was investigated with a linear mixed effects model, using the nlme package in 
the R statistical program.8 In this model, the parameters that describe the development of 
cortisol level over time (the intercept and slope) were allowed to differ per individual. 
 
Based on the results from the mixed model approach, we subsequently tested the prognostic 
value of early cortisol levels on DCI occurrence using a logistic model (SPSS 16.0). Subsequently, 
we extended this logistic model by adjusting (in separate models) for the known predictors 
of DCI occurrence (amount of blood on admission CT scan using the Hijdra score, loss of 
consciousness during ictus, and admission GCS). 

Table. Characteristics of patients with and without delayed cerebral ischemia

Total
(n=31)

No DCI
(n=20)

DCI
(n=11)

p-value

Mean age, year (SD) 53 (11) 52 (11) 55 (10) 0.52*

N of women (%) 19 (61) 13 (65) 6 (55) 0.71†

N of patients with history of hypertension (%) 6 (19) 4 (20) 2 (18) >0.99†

Median WFNS-score on admission (range) 2 (1-5) 2 (1-5) 3 (1-5) 0.27‡

Median GCS score on admission (range) 14 (5-15) 14 (5-15) 13 (5-15) 0.32‡

N of patients with initial GCS score of 15 (%) 9 (29) 6 (30) 3 (27) >0.99†

N of patients with focal neurological impairment (%) 9 (29) 5 (25) 4 (36) 0.68†

N of patients with loss of consciousness during ictus

- yes (%) 17 (55) 10 (50) 7 (64) 0.71†

- no (%) 12 (39) 8 (40) 4 (36)

- unknown (%) 2 (7) 2 (10) -

Mean blood pressure on admission (SD)

- systolic 161 (34) 156 (32) 171 (38) 0.28*

- diastolic 91 (18) 90 (14) 95 (25) 0.53*

Median Hijdra-score admission CT-scan (range) 23 (2-37) 23 (2-37) 28 (17-31) 0.06‡

Location of aneurysm

- anterior circulation (%) 27 (87) 17 (85) 10 (91) >0.99†

- posterior circulation (%) 4 (13) 3 (15) 1 (9)

Number of patients using simvastatin during hospitalisation (%) 15 (48) 9 (45) 6 (55) 0.61§

Legends: DCI = delayed cerebral ischemia; SD = standard deviation; GCS = Glasgow Coma Score; WFNS = World 
Federation of Neurological Surgeons; * = based on Student’s t-test; † = based on Fisher’s exact test; ‡ = based on 
Mann-Whitney U test; § = based on χ2
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Results
After written informed consent was obtained, 31 patients were included in this study. Baseline 
characteristics are listed in the Table. Twenty-four patients (77%) were coiled and 7 patients 
(23%) were clipped. Median day of aneurysm treatment after SAH was day one (range 0-30). 
Eleven patients (35%) developed DCI. Signs of DCI started at a median of 6 days (range 4-10 
days). No significant differences were observed in baseline characteristics between patients 
with and without DCI occurrence, although a clear trend was observed toward higher 
admission CT scan Hijdra-scores in the group of patients with DCI (p=0.06).  

For cortisol, there was a significant difference between the groups of patients with and without 
DCI. Patients who developed DCI had a significantly higher median cortisol level 2 days after 
SAH than patients who did not develop DCI (1026 nmol/l [range 408-1280 nmol/l] vs. 716 
nmol/l [range 50-1164 nmol/l] respectively, p=0.006). Over time the difference between the 
two groups decreased (p-value for difference in slope 0.04) (Figure). 

Since the linear mixed model showed that cortisol levels 2 days after SAH were higher in the 
DCI group, we also tested the prognostic value of first cortisol assessment on DCI occurrence. 

Figure. Cortisol level boxplots of patients with and without DCI.

Legends: On X-axis consecutive blood withdrawals 
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The logistic model revealed a significant (p=0.021) univariate association between the first 
cortisol assessment and DCI occurrence, with an odds ratio per unit cortisol of 1.004. This 
means that an increase of for instance 250 nmol/l in early cortisol level reflects a 2.42 (95% 
CI 1.14–5.14) times increased odds on DCI occurrence. The association remained significant 
after adjusting (in separate models) for the most important predictors of DCI occurrence 
(amount of cisternal and ventricular blood on admission CT scan, loss of consciousness 
during ictus, and admission GCS (p-values for cortisol in these multivariate logistic models 
0.05, 0.02 and 0.03, respectively).

Discussion
To our knowledge, this is the first study to show that increased cortisol levels early after SAH 
are of prognostic value for the occurrence of DCI. The association between cortisol and DCI 
remained significant after adjusting in separate models for other known predictors of DCI 
occurrence, namely the amount of cisternal and ventricular blood on admission CT scan, loss 
of consciousness during ictus, and a low Glasgow Coma Score on admission.  

Several previous studies investigated cortisol levels in SAH patients, but never in relation to 
the occurrence of DCI. Some studies showed that serum levels of cortisol were increased 
after SAH, especially early after the hemorrhage.9-12 Associations have been found with 
electrocardiographic abnormalities, and with poor outcome and mortality rates.10,12 
Another study investigated the relation between cortisol and the occurrence of angiographic 
vasospasm.11 In that study, increased mean cortisol levels were observed in patients with 
impaired levels of consciousness and in patients with vasospasm, especially before onset of 
spasm. However, data were difficult to interpret since a mean cortisol level was calculated 
from all available measurements.

How can an increased stress response, as reflected by increased cortisol levels, lead to 
DCI? Previous studies showed that aneurysmal SAH often results in ischemia of the 
hypothalamus.13-15 Hypothalamic stimulation results in a stress response, with increased 
cortisol levels mediated by the pituitary adrenocortical axis. In turn, an increased stress 
response results in endothelium dysfunction.16 Therefore, in aneurysmal SAH, an increased 
stress response might aggravate endothelium dysfunction and thereby promote the 
development of DCI. This hypothesis is supported by the results from an autopsy study 
which showed that almost all patients with hypothalamic lesions after SAH have widespread 
ischemic lesions in the cortex.15 

Our study has some limitations that need to be addressed. First, blood samples were derived 
from a study investigating the effects of simvastatin, and one could argue that our results 
represent an effect caused by the simvastatin treatment. However blood samples in this 
exploratory study were assessed at standard intervals, and simvastatin use did not show an 
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effect of simvastatin on serological parameters, nor on DCI or TCD vasospasm. Moreover, the 
study medication was started after the first blood withdrawal at day 2 after SAH. Although 
simvastatin has been associated with a reduction of DCI, a recent phase II study did not 
show a beneficial effect.17-19 Furthermore, a recent retrospective study showed that the rate 
of radiographic vasospasm, symptomatic vasospasm, delayed cerebral infarction, and clinical 
outcome did not change after implementation of statins in the routine treatment of SAH 
patients.20,21 Second, since we measured cortisol levels two days after admission, it could 
be that an even stronger association with DCI could be found when cortisol was measured 
directly after admission. Third, the sample size was too small for one multivariate model, 
which we solved by adjusting for three possible confounders separately. 

We conclude that increased serum cortisol levels early after SAH are associated with DCI 
occurrence. Since serum can easily be obtained and cortisol concentrations easily measured, 
elevated cortisol levels in the acute phase can be a useful risk indicator in clinical practice. 
Finally, our results suggest that the increased stress response as represented by elevated 
cortisol levels after aneurysmal SAH deserves further exploration as a possible treatment 
target to prevent DCI.
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Abstract

Background and purpose
The pathogenesis of delayed cerebral ischemia (DCI) after aneurysmal subarachnoid 
hemorrhage (SAH) has not yet been elucidated. Recent studies suggest that besides vasospasm 
microthrombosis plays an important role. Since in patients with thrombotic thrombocytopenic 
purpura an ADAMTS13 deficiency leads to higher concentrations of large von Willebrand 
Factor (vWF) multimers which results in microthrombosis, our purpose was to compare vWF 
and ADAMTS13 in patients with and without DCI after aneurysmal SAH.

Methods
Blood samples were obtained at standard intervals after SAH. DCI was defined as the gradual 
onset of new focal neurological impairment and/or a decreased level of consciousness of at 
least 2 points as recorded on the Glasgow Coma Scale. In plasma we measured vWF antigen, 
vWF propeptide, vWF ristocetin cofactor activity, and ADAMTS13 activity. 

Results
Thirty-one patients were included. Eleven patients (35%) developed DCI. No differences were 
observed in baseline characteristics between patients with and without DCI. Patients with 
DCI had a more profound increase of vWF antigen, vWF propeptide and vWF activity in the 
first few days after the hemorrhage, and a stronger decrease of ADAMTS13 activity (p-values 
for difference in polynomial time trend 0.020, 0.004, 0.188, and 0.0001, respectively). VWF 
antigen was strongly correlated to both vWF propeptide (r=0.765, p<0.001) and vWF activity 
(r=0.88, p<0.001). The decrease in ADAMTS13 activity was independent of the increase in 
vWF (r=-0.027, p=0.736). 

Conclusions
Our results suggest that microthrombosis plays an important role in the pathogenesis of DCI, 
as a result of endothelium dysfunction and decreased ADAMTS13 activity.
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Introduction
Delayed cerebral ischemia (DCI) is a common complication after aneurysmal subarachnoid 
hemorrhage (SAH), which occurs in approximately 30% of patients.1 Although DCI is 
common, the pathogenesis of DCI has not yet been elucidated. Clinical signs and symptoms 
of DCI are often attributed to vasospasm shown by angiography. However, DCI can occur 
in the absence of vasospasm, and, conversely, severe vasospasm can occur in the absence of 
symptoms of DCI. Therefore, several alternative explanations for DCI have been postulated, 
such as microthrombosis, microvascular spasm, and cortical spreading ischemia.2,3 

Von Willebrand factor (vWF) is a glycoprotein which induces platelet adhesion and 
aggregation at sites of vascular injury or under stress conditions. VWF is secreted as 
UltraLarge von Willebrand Factor (ULvWF) multimers from Weibel-Palade bodies in the 
vascular endothelium and from α-granules of platelets. Under normal circumstances ULvWF 
is cleaved by a protease called A Disintegrin And Metalloprotease with ThromboSpondin 
repeats-13 (ADAMTS13).4 Since large vWF multimers are more potent mediators of platelet 
thrombus formation than small vWF multimers, cleavage of ULvWF by ADAMTS13 results 
in lower-molecular weight vWF forms with reduced adhesive and aggregation potential. In 
contrast, an ADAMTS13 deficiency, such as in patients with thrombotic thrombocytopenic 
purpura (TTP), leads to higher concentrations of ULvWF, which results in microthrombosis 
followed by ischemic complications, such as cerebral infarction.5 

Since in patients with aneurysmal SAH microthrombosis might play a role in the pathogenesis 
of DCI, the purpose of the present study was to investigate whether a similar pathogenesis 
of microthrombi, as has been demonstrated in TTP, is also present in SAH. Therefore, we 
compared serial measurements of vWF and ADAMTS13 in patients with and without DCI 
after aneurysmal SAH.

Methods 
We used plasma samples from an exploratory single-center, prospective, randomized, double-
blind, placebo-controlled trial investigating the effects of simvastatin on endothelial function, 
coagulation, fibrinolysis, and inflammation in patients with aneurysmal subarachnoid 
hemorrhage.6 This study was registered in the International Standard Randomised Controlled 
Trial registry (ISRCTN45662651) and approved by the local Institutional Review Board. 
In this study, use of simvastatin did not influence any parameters of endothelial function 
(including von Willebrand factor antigen), coagulation, fibrinolysis, and inflammation, and 
no effect was observed on vasospasm as detected with transcranial Doppler (TCD) or clinical 
signs and symptoms of DCI.6 Therefore, all patients of the study, except one patient who had 
no aneurysm on angiography, were included in the present study.  
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Patients
Patients with signs and symptoms of aneurysmal SAH admitted to the Academic Medical 
Center, Amsterdam, The Netherlands, were included if a computed tomography (CT) scan 
showed an aneurysmal or perimesencephalic bleeding pattern, in combination with the presence 
of an appropriate aneurysm at angiography, and if written informed consent was obtained. 
Exclusion criteria were: 1) under 18 years of age; 2) if death appeared imminent; 3) patients 
using aspirin, warfarin, or statins; 4) more than 72 hours after SAH; 5) contra-indication for 
simvastatin (active liver disease, liver alanine aminotransferase or aspartate aminotransferase 
more than 3 times the normal upper limit, myopathy); 6) kidney insufficiency; 7) pregnancy 
or lactation. All patients received stand ard care including treatment with nimodi pine 360 mg 
a day orally (60 mg every 4 hours). Initiation of hypertension and hypervolemia therapy was 
at the discretion of the treating neurosurgeon, according to the Academic Medical Center 
Subarachnoid Hemorrhage Treatment-guideline to which all neurologists, neurosurgeons, 
and intensive care physicians adhere. 

At baseline, several baseline characteristics were recorded such as age, sex, Glasgow Coma 
Scale (GCS), presence of focal neurological deficits, loss of consciousness during ictus, 
warning leak, blood pressure at admission, smoking, history of hypertension, and location of 
aneurysm. 

DCI was defined as the gradual onset of new focal neurological impairment and/or a decreased 
level of consciousness of at least 2 points as recorded on the Glasgow Coma Scale, either with 
cerebral infarction on CT scan compatible with clinical presentation or proven at autopsy, or 
in case no CT scan or autopsy was obtained, suspect for infarction with exclusion of other 
causes by appropriate laboratory studies. Events were scored by one investigator (MDIV), and 
in case of uncertainty discussed with another investigator (YBWEMR). 

Ancillary investigations
The amount of blood on admission CT scan was calculated using the Hijdra score.7 Blood 
withdrawals were performed at six standardized moments during hospitalization: 2±1, 4±1, 
7±1, 10±1, 14±1, and 17±1 days after SAH, between 8 AM and 9.30 AM avoiding the effect 
of diurnal fluctuations in blood parameters. During the first blood withdrawal at day 2, and 
the last at day 17 after SAH, patients did not use study medication. All blood withdrawals 
were performed by the same investigator (MDIV). In case of hospital discharge before day 
17 after SAH, patients did not return to the hospital for the remaining blood withdrawals. 
After withdrawal, blood was directly processed and stored in a -80 degrees Celsius freezer, 
until laboratory analyses were performed. In citrate plasma we measured von Willebrand 
factor antigen (ELISA using antibodies from DAKO, Glostrup, Denmark), von Willebrand 
factor propeptide (ELISA from Sanquin, Amsterdam, the Netherlands), von Willebrand 
factor ristocetin cofactor activity (BC von Willebrand, Dade Behring, Marburg, Germany), 
and ADAMTS13 activity.8 Measurements of prothrombin fragment F1+2 (Dade Behring, 
Marburg, Germany) were performed by ELISA. Interleukin (IL)-6 and TNF-α were measured 
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by cytometric beads array (CBA) multiplex assay (BD Biosciences, San Jose, CA). The detection 
level for IL-6 and TNF-α was 2.5 pg/ml. 

Statistics and analyses
To investigate differences in baseline characteristics between patients with and without DCI 
we used the unpaired t-test, Mann-Whitney test, χ2, or Fisher’s exact test where appropriate. 

The possible differences in vWF antigen, vWF propeptide, vWF cofactor activity, and 
ADAMTS13 activity over time between the groups of patients with and without DCI were 
investigated with a linear random effects model, using the nlme package in the R statistical 
program.9 Since in the analyses of vWF antigen, vWF propeptide, and vWF cofactor activity 
levels first increased and than decreased over time, and in the analysis of ADAMTS13 
activity first decreased and than increased, a polynomial trend over time was assumed, 

Table. Characteristics of patients with and without delayed cerebral ischemia

Total
(n=31)

No DCI
(n=20)

DCI
(n=11)

p-value

Mean age, year (SD) 53 (11) 52 (11) 55 (10) 0.52*

N of women (%) 19 (61) 13 (65) 6 (55) 0.71±

N of patients with history of hypertension (%) 6 (19) 4 (20) 2 (18) >0.99±

N of patients smoking (%) 11 (36) 6 (30) 5 (46) 0.45±

Median WFNS-score (range) 2 (1-5) 2 (1-5) 3 (1-5) 0.27#

Median GCS score on admission (range) 14 (5-15) 14 (5-15) 13 (5-15) 0.32#

N of patients with initial GCS score of 15 (%) 9 (29) 6 (30) 3 (27) >0.99±

N of patients with focal neurological impairment (%) 9 (29) 5 (25) 4 (36) 0.68±

N of patients with loss of consciousness during ictus

- yes (%) 17 (55) 10 (50) 7 (64) 0.71±

- no (%) 12 (39) 8 (40) 4 (36)

- unknown (%) 2 (7) 2 (10) -

Mean blood pressure on admission (SD)

- systolic 161 (34) 156 (32) 171 (38) 0.28*

- diastolic 91 (18) 90 (14) 95 (25) 0.53*

Median Hijdra-score admission CT-scan (range) 23 (2-37) 23 (2-37) 28 (17-31) 0.06#

Location of aneurysm

- anterior circulation (%) 27 (87) 17 (85) 10 (91) >0.99±

- posterior circulation (%) 4 (13) 3 (15) 1 (9)

Number of patients using simvastatin during hospitalisation (%) 15 (48) 9 (45) 6 (55) 0.61§

Legends: DCI = delayed cerebral ischemia; SD = standard deviation; GCS = Glasgow Coma Score; WFNS = World 
Federation of Neurological Surgeons; * = based on Student’s t-test; # = based on Mann-Whitney U test; ± = based on 
Fisher’s exact test; § = based on χ2
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which was allowed to differ by treatment group. Furthermore, since ADAMTS13 activity 
might be influenced by IL-6, TNF- α, and thrombin, the associations of these parameters (for 
thrombin the related parameter prothrombin fragment 1+2 was used) with ADAMTS13 were 
investigated by calculation of correlation coefficients, using the measurements at all time 
points simultaneously. We used Pearson or Spearman’s correlation coefficients depending on 
the observed distribution of the markers. In the same way, the associations between vWF 
antigen and vWF cofactor activity, vWF antigen and vWF propeptide, and vWF antigen and 
ADAMTS13 activity were investigated.

Legends: On X-axis consecutive blood withdrawals. Symptoms of DCI started at a median of 6 days (range 4-10 
days). 

Figure 1. Boxplots showing plasma levels of patients with and without DCI: A) vWF antigen; B) vWF propeptide; C) 
vWF cofactor activity; D) ADAMTS13 activity.
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Results
After written informed consent was obtained, 31 patients were included in the present study. 
Baseline characteristics are listed in the Table. In twenty-four patients (77%) the aneurysms 
were coiled and in 7 patients (23%) clipped. Median day of aneurysm treatment after SAH was 
day one (range 0-30). 

Eleven patients (35%) developed DCI. Signs of DCI started at a median of 6 days (range 4-10 
days). No differences were observed in baseline characteristics between patients with and 
without DCI occurrence, although patients with DCI had, as expected, a higher Hijdra score 
on admission CT scan (p=0.06).  

In patients who developed DCI vWF antigen, vWF propeptide, and vWF activity showed a 
more profound increase in the first few days, however for vWF activity this difference was not 
significant (p-values for difference in polynomial time trend 0.020, 0.004 and 0.188 respectively) 
(Figure 1A-C). Patients with DCI showed a stronger decrease of ADAMTS13 in the first few 
days after SAH (p-value for difference in polynomial time trend 0.0001) (Figure 1D). 

Several correlations were investigated. No correlation was found between ADAMTS13 
and IL-6 (Spearman correlation coefficient r=-0.033, p=0.676), or between ADAMTS13 
and prothrombin fragment 1+2 (Spearman correlation coefficient r=-0.38, p=0.634). Since 
in all plasma samples TNF-α levels were below the detection level, no correlation between 
ADAMTS13 and TNF-α was calculated. VWF antigen was strongly correlated to both vWF 
propeptide (Spearman correlation coefficient r=0.765, p<0.001) and vWF activity (Pearson 
correlation coefficient r=0.88, p<0.001) (Figures 2A and 2B). No indication of correlation 
between vWF antigen and ADAMTS13 was found (r=-0.027, p=0.736) (Figure 2C).

Discussion
The results of our study show that patients with DCI after aneurysmal SAH have a significantly 
different development of vWF and ADAMTS13 over time compared to patients without DCI. 
Patients with DCI had a more profound increase of vWF antigen, vWF propeptide, and vWF 
activity in the first few days after the hemorrhage, although for vWF activity this difference 
was not significant. However, vWF antigen was strongly correlated to both vWF propeptide 
and vWF activity. Furthermore, the results of the present study show that patients with DCI 
had a stronger decrease of ADAMTS13. Interestingly, the decrease in ADAMTS13 activity 
could not be explained by an increase of vWF antigen, since there was no correlation between 
vWF antigen and ADAMTS13 activity. In addition, the decrease in ADAMTS13 activity could 
not be explained as a result of suppression by IL-6, TNF-α, or thrombin (investigated using 
the substitute parameter prothrombin fragment 1+2). 
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Figure 2A. Relation between vWF 
antigen and vWF propeptide

Figure 2B. Relation between vWF 
antigen and vWF ristocetin cofactor 
activity

Figure 2C. Relation between vWF 
antigen and ADAMTS13 activity
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ADAMTS13 has never been studied before in patients with aneurysmal SAH. However, some 
studies investigated ADAMTS13 in ischemic stroke.10,11 In a case-control study of 124 first-
ever ischemic stroke patients and 125 age- and sex-matched controls, vWF antigen and vWF 
activity were associated with the occurrence of acute ischemic stroke.10 This association was 
not affected by ADAMTS13 activity. Recently, it was observed mice with an ADAMTS13 
deficiency had approximately 20% larger infarcts after induction of cerebral ischemia.11 
Interestingly, infusion of recombinant human ADAMTS13 immediately before reperfusion 
two hours after occlusion significantly reduced infarct volume with approximately 30%.11 
These data support our current findings of a temporary dysbalance between vWF and 
ADAMTS13.

The results of the present study add to an accumulating body of evidence that DCI cannot be 
fully explained by vasospasm. This study shows that microthrombosis plays a more important 
role in the pathogenesis of DCI than is generally accepted.2 Since von Willebrand factor is a 
parameter of endothelium function and an important contributor of thrombus formation, the 
results of the present study suggest that endothelium dysfunction and the hemostatic system 
are involved in the development of DCI. The mechanism by which ADAMTS13 decreases 
in patients with DCI remains to be elucidated. A plausible explanation might be that an 
increased use of ADAMTS13 results from higher vWF antigen levels, however in our study no 
correlation was found between ADAMTS13 activity and vWF antigen. Previously it has been 
shown that thrombin and plasmin potentiate the proteolytic inactivation of ADAMTS13, and 
therefore another explanation might be that ADAMTS13 activity is suppressed by thrombin 
and plasmin present in the subarachnoid space after the hemorrhage.12 However, in our study 
no correlation was found between ADAMTS13 activity and prothrombin fragment 1+2, and 
therefore it is unlikely that the decrease of ADAMTS13 activity in DCI is caused by thrombin. 
ADAMTS13 activity might also be suppressed by IL-6, since IL-6 inhibits the cleavage of 
ULvWF by ADAMTS13 under flow conditions.13 In patients with aneurysmal SAH increased 
levels of IL-6 are associated with DCI.14 However, in our study no correlation was found 
between ADAMTS13 activity and IL-6. Finally, decreased ADAMTS13 activity might be 
caused by locally present neutralizing antibodies against ADAMTS13, however ADAMTS13 
antibodies have never been studied in patients with SAH. 

A possible limitation of our study is that only systemic levels of biomarkers were assessed 
instead of local levels from the cerebral circulation. Therefore, the results might not be a good 
representation of pathophysiological processes in the cerebral circulation. On the other hand, 
our results may also be interpreted as diluted values of locally increased levels, and therefore 
an underestimation of the local pathophysiological processes. Another limitation is that 
our study was not designed to measure vWF and ADAMTS13 levels at the days of clinically 
manifest DCI. Therefore, many blood samples were not taken on the day of first signs of DCI, 
and our data only indicate that vWF antigen level increases and ADAMTS13 decreases in the 
time period that DCI develops. 
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We conclude that patients with DCI after aneurysmal SAH show a more profound increase 
of vWF antigen and vWF propeptide levels, and a stronger decrease in ADAMTS13 activity 
within the first days after the hemorrhage compared to patients without DCI. Although the 
results of the present study do not prove a causal relationship between decreased ADAMTS13 
activity and the pathogenesis of DCI, our results suggest that microthrombosis plays an 
important role in the pathogenesis of DCI, as a result of endothelial dysfunction.
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Treatment options for delayed cerebral ischemia

A. Treatment with calcium antagonists
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Abstract
Calcium antagonists have been shown to be superior over other antihypertensive drugs to 
prevent stroke. Because this cannot be fully attributed to blood pressure lowering effects, 
other mechanisms seem to play a role. Previously we found in patients with subarachnoid 
hemorrhage that nimodipine enhances fibrinolytic activity. The purpose of this systematic 
review was to investigate the fibrinolytic effect of calcium antagonists in general, especially 
in patients with hypertension. We systematically studied the entire PUBMED and EMBASE 
database with the search terms ‘calcium antagonist’ combined with ‘fibrinolysis’, ‘(euglobulin) 
clot lysis time’ (ECLT), ‘tissue plasminogen activator’ (tPA), or ‘plasminogen activator inhibitor’ 
(PAI). Twenty-six prospective studies were identified and 22 manuscripts were included (802 
investigated individuals). The results show that calcium antagonists significantly increase 
fibrinolysis as shown by a reduction of the ECLT standardized mean differences (SMD) -0.58 
(95% confidence interval (CI) -1.05 to -0.11)) and an increase of tPA activity (SMD 0.73 (95% 
CI 0.25 to 1.21)). This increase of fibrinolysis is apparently caused by an increase of the tPA 
antigen level (SMD 0.16 (95% CI -0.05 to 0.37)) and a decrease of the plasminogen activator 
inhibitor-1 antigen antigen (SMD -0.36 (95% CI -0.74 to 0.02)). A sensitivity analysis showed 
that dihydropyridines, but not phenylalkylamines, exert a fibrinolytic effect. This fibrinolytic 
effect is not only seen in patients with subarachnoid hemorrhage but also in hypertensive 
patients. In conclusions, calcium antagonists increase fibrinolytic activity. This may add to 
the beneficial pharmacological effect of calcium antagonists to prevent ischemic events in 
patients with hypertension and subarachnoid hemorrhage.
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Introduction
In the treatment of hypertension, calcium antagonists have been shown to be superior 
over other antihypertensive drugs to prevent stroke.1-3 Because the superiority of calcium 
antagonists cannot be fully attributed to its blood pressure lowering effect, other yet 
unidentified mechanisms seem to play a role.2-4 

In the early eighties of last century, the dihydropyridine calcium antagonist nimodipine 
was introduced in patients with aneurysmal subarachnoid hemorrhage (SAH) to prevent 
cerebral ischemia. Cerebral ischemia is seen in 30% of the patients with SAH and is the 
second most important cause of poor outcome after SAH.5 To prevent cerebral ischemia 
after the hemorrhage, patients with SAH are treated with nimodipine. For many years, 
the beneficial effect of nimodipine was attributed to an effect on vasospasm, which was 
considered to be the cause of cerebral ischemia after SAH. However, from a meta-analysis 
investigating the effect of calcium antagonists in patients with SAH, it could be learned that 
despite a statistically significant effect on cerebral ischemia and poor outcome, there was no 
clear effect on angiographically demonstrable vasospasm.6 In a previous study, we showed 
that the calcium antagonist nimodipine increases fibrinolytic activity in patients with SAH 
and hypothesized that the beneficial effect of nimodipine on cerebral ischemia is caused by 
enhanced fibrinolysis.7 Because increased coagulation after SAH may lead to the formation of 
microthrombi and thus result in secondary cerebral ischemia and ischemic stroke, increased 
fibrinolytic activity after SAH may counteract the activation of the coagulation cascade.8-

10 Indeed, it has been shown that infusion with the thrombolytic agent urokinase into the 
cisterna magna reduces secondary ischemia after SAH.11 

To investigate whether the fibrinolytic effect of nimodipine in patients with SAH is a 
pharmacological property of calcium antagonists in general and whether the beneficial 
effect of calcium antagonists in patients with hypertension could be attributed to enhanced 
fibrinolysis, we decided to systematically study the available literature on the fibrinolytic 
activity of calcium antagonists. 

Materials and methods

Selection criteria
Types of studies, participants and intervention 
All clinical trials and prospective cohort studies investigating the effect of calcium antagonists 
on fibrinolytic activity in blood in human subjects were included, regardless of disease, risk 
factor, or health state. All types of calcium antagonists, administered in any dose, by any 
route, and for any duration, were included. Excluded were animal and ex vivo studies.
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Types of outcome measures 
Fibrinolysis was evaluated by studying the effects of calcium antagonists on different 
fibrinolytic parameters. The fibrinolytic variables during treatment were compared with their 
pretreatment values. The main investigated parameters were: (1) (euglobulin) clot lysis time 
(ECLT), a global indicator of the level of fibrinolytic activity and (2) tissue-type plasminogen 
activator activity (tPA ac), a measure of free tPA fibrinolytic activity. To investigate the 
mechanism by which the ECLT and tPA activity were influenced, the following other 
fibrinolytic parameters were investigated: (1) tissue-type plasminogen activator antigen (tPA 
ag), which promotes the conversion of plasminogen to plasmin; (2) plasminogen activator 
inhibitor-1 antigen (PAI-1 ag), which inhibits tPA and thereby the conversion of plasminogen 
into plasmin, and (3) plasminogen activator inhibitor-1 activity (PAI-1 ac), a measure of free 
PAI-1 inhibitory activity. 

Search strategy for identification of studies
The search strategy implied electronic searching of the entire PUBMED and EMBASE 
database up to 2006 (week 12) with the search terms ‘calcium antagonist’ combined with 
‘fibrinolysis’, ‘euglobulin clot lysis time’, ‘clot lysis time’, ‘tissue plasminogen activator’, or 
‘plasminogen activator inhibitor’. Studies from the Anglo-Saxon, German, and French 
literature were included. Studies from the literature in other languages were only included 
when abstracts were written in English, German, or French. If data on fibrinolytic parameters 
were insufficiently described, authors were contacted for additional information. Manuscripts 
giving no data on fibrinolytic values were excluded from the review when the contacted 
authors supplied no further information.

Methods of the review
One reviewer (MDIV) searched the literature. Manuscripts were combined when results from 
one study were repeatedly described. When it was unclear whether the degree of dispersity of 
given parameters were expressed in terms of standard deviations or standard errors and the 
authors did not respond to our questions, other tables in the same article or manuscripts from 
the same author on the same subject were checked for which type of measure of spread they 
had used previously. If other manuscripts were not available, we conservatively assumed the 
authors had used standard deviations. If only pretreatment values were available with paired 
delta scores, the measure of spread of the pretreatment values was also used for the values 
during treatment. In case no data on fibrinolytic values were reported but only figures were 
available, estimations were made from the figures after copying and enlarging the original 
figure. When fibrinolysis was measured in rest, during exercise and after exercise, we used 
the values measured in rest. In case these data were not available, we used the fibrinolytic 
values measured after exercise. When both free PAI-1 and total PAI-1 were measured, we 
only used total PAI-1 because in most manuscripts no correction was made for PAI-1 in the 
tPA/PAI-1 complex. In studies where fibrinolytic variables were measured both before and 
after 10 minutes venous occlusion, only data before venous occlusion were used because in 
most manuscripts no description was given that fibrinolysis was measured after 10 minutes 
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of venous occlusion. When fibrinolysis was measured at different time intervals during the 
treatment period, fibrinolytic values were used from the end of the treatment period.

Main analysis and sensitivity analyses
The main analysis involved all studies and all patients included. Sensitivity analyses were 
performed for:
(A) Group of calcium antagonists. Distinction was made between different groups of calcium 
antagonists; dihydropyridines, benzothiazepines, and phenylalkylamines.
(B) Risk factors and diseases. Distinction was made between the different groups of patients 
(for example, patients suffering from hypertension, SAH, etc.).
(C) Health state. A dichotomy was made for healthy individuals and patients suffering from 
hypertension or other diseases (‘non-healthy individuals’).
(D) Methodology. The methodological quality of the included studies was assessed by two 
authors (MDIV and YBWEMR). Although several clinical trials were randomized, no 
placebo-controlled studies were performed. In the randomized trials, only the treatment arm 
was analysed in which patients were treated with a calcium antagonist. Hence, fibrinolytic 
parameters were compared with baseline values as was done in the prospective cohort 
studies. The methodological quality of both the randomized and prospective cohort studies 
was assessed by means of a scale that was originally developed by a workgroup from the Dutch 
Cochrane Center and others.12 We used a modification of this validated eight-point scale 
assessing (a) the definition of study groups (1 point for clearly describing the characteristics 
of the investigated groups (duration of the illness/risk factor before treatment started) and 
for having an inception cohort), (b) selection bias (1 point when selection bias can be ruled 
out), (c) exposure (1 point for clearly defining exposure), (d) outcome (1 point for clearly 
defining outcome and the criteria used for assessing outcome. Outcome has to be measured 
in a validated way), (e) masking (1 point for measuring outcome masked for exposure), (f) 
follow-up (1 point for adequate follow-up period), (g) selective loss-to-follow-up (1 point when 
all included patients were accounted for. In case it was unclear whether there were dropouts, 
no points were given, and (h) confounders/prognostic factors (1 point for mentioning which 
confounders are considered and how these confounders are taken into account in the design 
and analysis of the study. Or 1 point when all relevant prognostic factors are used in the 
analysis). For assessing the relation between the study quality and effects size, a dichotomy 
was made for ‘insufficient’ and ‘sufficient’ quality studies. Studies scoring 0 to 4 points were 
considered to be of ‘insufficient’ quality; studies scoring 5 to 8 points were considered to be of 
‘sufficient’ quality.

Statistical analysis
With the exception of two studies,13,14 none of the individual studies presented mean and 
standard deviation of intra-patient change scores (before and during treatment). Hence, 
most studies analyzed their observations as unpaired data. Therefore, we treated all data as if 
they had come from a parallel-group design. Effect size was expressed in standardized mean 
differences (SMD), which was defined as the difference between two means (pretreatment and 
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during treatment) divided by the pooled standard deviation. Means, standards deviations, and 
standard errors were derived by calculation or extraction from the available data. Standard 
errors of the mean were converted to standard deviations as follows: standard deviation =√n 
multiplied by the standard error. Individual weighted effect sizes were pooled with the generic 
inverse variance method. In this method, 1/variance of the effect estimate was used as weights. 
In all analyses, we used random effects models because most studies showed considerable 
heterogeneity. Statistical uncertainty was expressed in 95% confidence intervals (CIs). All 
data were analysed in Review Manager 4.2 as supplied by the Cochrane Collaboration.

Results
The search resulted in 26 studies investigating the effect of calcium antagonists on fibrinolytic 
parameters.7,13-37 Fifteen studies were randomized studies,13-15,17,19,20,22,24-26,30,33-35,37 and the 
remaining were longitudinal cohort studies.7,16,18,21,23,27-29,31,32,36 One longitudinal cohort 
study and three randomized trials were excluded afterwards because of insufficient data 
presented.19,22,36,37 

An overview of the 22 included studies is described in Table 1 (see page 90-93). The fibrinolytic 
effect of calcium antagonists was most often studied in patients with hypertension (15 studies, 
406 patients).13-15,17,18,20,21,26-29,31,33-35 Other investigations were performed in patients with 
angina pectoris (1 study, 301 patients),24 SAH (1 study, 27 patients),7 pre-eclampsia (1 study, 14 
patients),25 coronary artery disease (1 study, 11 patients),23 congestive heart failure (1 study, 10 
patients)32 and systemic sclerosis (1 study, 7 patients).30 In two studies the fibrinolytic effect of 
calcium antagonists was investigated in healthy individuals (26 healthy individuals).16,17

 
In 21 studies (501 patients), the following calcium antagonists from the dihydropyridine group 
were studied: isradipine (n=6),15,17,18,20,21,25 amlodipine (n=6),13,14,27,32-34 nifedipine (n=2),30,31 
cilnidipine (n=2),28,29 nimodipine (n=1),7 felodipine (n=1),16 manidipine (n=1),35 nitrendipine 
(n=1)26 and nisoldipine (n=1).23 In one study (301 patients) the effect of the phenylalkylamine 
verapamil was investigated.24 No studies were performed with calcium antagonists from the 
benzothiazepine group. The median treatment period was 5 weeks (range 2 – 52 weeks). 

Three papers partially described the same data set.15,17,18 We assumed that standard deviations 
were used in the manuscripts by Candela et al and Chi et al, and standard errors in manuscripts 
by Pahor et al, Gleerup and Winther, and Gleerup et al.14,15,17,30,31 Fibrinolytic values were 
estimated from figures in three manuscripts.20,30,33 In two studies, only pretreatment 
fibrinolytic values with delta scores were given with mean changes for individuals.13,14 Data 
from two studies were only partially used as data on some measured fibrinolytic values were 
incomplete.17,30 In one case, the original manuscript was written in Chinese and data from an 
abstract in English were used for the present analysis.31
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Figure 1. Euglobulin clot lysis time during treatment versus before treatment. Main analysis and sensitivity analysis 
for group of calcium antagonists (see appendix for abbreviations).

Main analysis 
The main analysis was an aggregated analysis across different types of calcium antagonists 
and different patient populations. Calcium antagonists significantly increased fibrinolysis as 
shown by a reduction of the ECLT (SMD -0.58 (95% CI -1.05 to -0.11)) and an increase of 
tPA activity (SMD 0.73 (95% CI 0.25 to 1.21)) (Figures 1 and 2). This increase in fibrinolysis 
seemed to result from an increase in tPA antigen level (SMD 0.16 (95% CI -0.05 to 0.37)) and a 
decrease in PAI-1 antigen (SMD -0.36 (95% CI -0.74 to 0.02)) (Figures 3 and 4). No differences 
were observed for PAI-1 activity (Figure 5).

Review: calcium antagonists and fibrinolysis
Comparison: 01 ECLT during treatment vs. ECLT before treatment                                                            
Outcome: 01 SMD (95% CI)                                                                                               

Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 dihydropyridine
Sengeløv 1989           14    207.00 (92.04)         14    202.00 (117.86)    18.87      0.05 [-0.70, 0.79]       
Gleerup 1991 (AJH)      10    291.00 (91.71)         10    355.00 (142.30)    15.55     -0.51 [-1.41, 0.38]       
Gleerup 1991 (JCPh)     12    132.00 (86.60)         12    138.00 (83.14)     17.51     -0.07 [-0.87, 0.73]       
Ranieri 1996: EH        12    187.00 (63.00)         12    239.00 (75.00)     16.84     -0.72 [-1.56, 0.11]       
Ranieri 1996: EH+DM2     12    246.00 (54.00)         12    343.00 (61.00)     14.60     -1.63 [-2.57, -0.68]      
Ranieri 1996: EH+S      12    238.00 (50.00)         12    284.00 (56.00)     16.63     -0.84 [-1.68, 0.00]       

Subtotal (95% CI)     72                                     72 100.00     -0.58 [-1.05, -0.11]
Test for heterogeneity: Chi² = 9.48, df = 5 (P = 0.09), I² = 47.2%
Test for overall effect: Z = 2.42 (P = 0.02)

 -4  -2  0  2  4
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Review: calcium antagonists and fibrinolysis
Comparison: 05 tPA-ac during treatment vs. tPA-ac before treatment                                                        
Outcome: 01 SMD (95% CI)                                                                                               

Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 dihydropyridine
Gleerup 1991 (AJH)      10      0.72 (1.10)          10      0.35 (0.47)      10.43      0.42 [-0.47, 1.31]       
Yin 1998                14      0.75 (0.20)          14      0.68 (0.21)      11.67      0.33 [-0.42, 1.08]       
Candela 2001             7      1.05 (0.76)             7      0.48 (0.38)       8.62      0.89 [-0.23, 2.01]       
Roos 2001               12      4.21 (1.09)          22      2.66 (0.89)      11.13      1.57 [0.76, 2.38]        
Fogari 2003             36      0.75 (0.28)          38      0.48 (0.18)      13.92      1.14 [0.65, 1.64]        
Fogari 2004             41      0.68 (0.20)          45      0.51 (0.22)      14.35      0.80 [0.36, 1.24]        
Mugellini 2004          39      0.78 (0.33)          39      0.51 (0.20)      14.10      0.98 [0.51, 1.45]        

Subtotal (95% CI)    159                               175  84.22      0.91 [0.65, 1.17]
Test for heterogeneity: Chi² = 7.23, df = 6 (P = 0.30), I² = 17.0%
Test for overall effect: Z = 6.87 (P < 0.00001)

02 phenlalkylamine
Held 1997              144      0.59 (0.35)       159      0.62 (0.32)      15.78     -0.09 [-0.32, 0.14]       

Subtotal (95% CI)    144                               159  15.78     -0.09 [-0.32, 0.14]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.78 (P = 0.44)

Total (95% CI)    303                               334 100.00      0.73 [0.25, 1.21]
Test for heterogeneity: Chi² = 44.58, df = 7 (P < 0.00001), I² = 84.3%
Test for overall effect: Z = 3.01 (P = 0.003)
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Figure 2. Tissue plasminogen activator activity during treatment versus before treatment. Main analysis and sensitivity 
analysis for group of calcium antagonists (see appendix for abbreviations).
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Review: calcium antagonists and fibrinolysis
Comparison: 02 PAI-1 ag during treatment vs. PAI-1 ag before treatment                                                    
Outcome: 01 SMD (95% CI)                                                                                               

Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 dihydropyridine
Ranieri 1996: EH        12      7.00 (3.00)           12      9.30 (3.00)       7.38     -0.74 [-1.57, 0.09]       
Ranieri 1996: EH+DM2     12     11.00 (2.00)          12     15.00 (3.00)       6.79     -1.51 [-2.44, -0.59]      
Ranieri 1996: EH+S      12     10.00 (2.00)          12     14.00 (3.00)       6.79     -1.51 [-2.44, -0.59]      
Fujinishi 1997          11     11.30 (5.30)          11      8.30 (2.80)       7.18      0.68 [-0.18, 1.55]       
Yin 1998                14     24.40 (12.08)        14     23.76 (12.53)      7.98      0.05 [-0.69, 0.79]       
Ahaneku 2000 (DECR)     16     14.10 (12.40)        16     13.40 (6.30)       8.30      0.07 [-0.62, 0.76]       
Ahaneku 2000 (PR)-1H     12     12.70 (8.80)          12     15.70 (9.70)       7.55     -0.31 [-1.12, 0.49]       
Ahaneku 2000 (PR)-1M     12     10.30 (7.10)          12     15.80 (12.90)      7.49     -0.51 [-1.33, 0.31]       
Ahaneku 2000 (PR)-2H       8     16.80 (15.20)          8     13.60 (7.00)       6.45      0.26 [-0.73, 1.24]       
Ahaneku 2000 (PR)-2M       8     11.00 (7.60)            8     13.20 (5.60)       6.44     -0.31 [-1.30, 0.68]       
De Luca 2000            25     31.82 (34.90)        27     32.89 (34.90)      9.30     -0.03 [-0.57, 0.51]       
Roos 2001               12     96.25 (33.30)        22    154.09 (38.83)      7.58     -1.53 [-2.33, -0.72]      
Pahor 2002              89     48.90 (21.70)        96     43.40 (22.53)     10.79      0.25 [-0.04, 0.54]       

Subtotal (95% CI)    243                                262 100.00     -0.36 [-0.74, 0.02]
Test for heterogeneity: Chi² = 43.15, df = 12 (P < 0.0001), I² = 72.2%
Test for overall effect: Z = 1.86 (P = 0.06)

Total (95% CI)    243                                262 100.00     -0.36 [-0.74, 0.02]
Test for heterogeneity: Chi² = 43.15, df = 12 (P < 0.0001), I² = 72.2%
Test for overall effect: Z = 1.86 (P = 0.06)
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Figure 3. Tissue plasminogen activator antigen during treatment versus before treatment. Main analysis and sensitivity 
analysis for group of calcium antagonists (see appendix for abbreviations).

Figure 4. Plasminogen activator inhibitor (PAI) antigen during treatment versus before treatment. Main analysis and 
sensitivity analysis for group of calcium antagonists (see appendix for abbreviations).

Review: calcium antagonists and fibrinolysis
Comparison: 04 tPA-ag during treatment vs. tPA-ag before treatment                                                        
Outcome: 01 SMD (95% CI)                                                                                               

Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 dihydropyridine
Gleerup 1991 (JCPh)     12      4.08 (1.73)          12      4.11 (1.45)       5.14     -0.02 [-0.82, 0.78]       
Fujinishi 1997          11      3.20 (1.20)          11      2.70 (0.60)       4.68      0.51 [-0.34, 1.36]       
Yin 1998                14     13.35 (5.82)         14     13.17 (6.17)       5.73      0.03 [-0.71, 0.77]       
Sakata 1999             23     10.70 (3.50)         24      9.80 (3.70)       7.93      0.25 [-0.33, 0.82]       
Ahaneku 2000 (DECR)     16      8.80 (3.40)          16      7.00 (3.10)       6.11      0.54 [-0.17, 1.25]       
Ahaneku 2000 (PR)-1H     12      8.30 (4.10)          12      7.50 (3.30)       5.11      0.21 [-0.60, 1.01]       
Ahaneku 2000 (PR)-1M     12      5.80 (2.80)          12      6.20 (2.70)       5.13     -0.14 [-0.94, 0.66]       
Ahaneku 2000 (PR)-2H       8      9.30 (2.70)            8      8.60 (3.20)       3.74      0.22 [-0.76, 1.21]       
Ahaneku 2000 (PR)-2M       8      8.30 (3.90)            8      5.10 (1.60)       3.32      1.01 [-0.05, 2.08]       
De Luca 2000            25      8.60 (3.31)          27      8.88 (3.31)       8.42     -0.08 [-0.63, 0.46]       
Roos 2001               12      6.15 (2.85)          22      6.21 (1.70)       6.15     -0.03 [-0.73, 0.68]       
Chi 2002                25      0.41 (0.05)          25      0.31 (0.14)       7.74      0.94 [0.35, 1.52]        
Pahor 2002              89     10.30 (2.83)         96     10.10 (2.94)      13.93      0.07 [-0.22, 0.36]       

Subtotal (95% CI)    267                               287  83.12      0.21 [0.03, 0.40]
Test for heterogeneity: Chi² = 13.15, df = 12 (P = 0.36), I² = 8.8%
Test for overall effect: Z = 2.26 (P = 0.02)

02 phenylalkylamine
Held 1997              284      6.89 (3.26)       301      7.79 (4.83)      16.88     -0.22 [-0.38, -0.05]      

Subtotal (95% CI)    284                               301  16.88     -0.22 [-0.38, -0.05]
Test for heterogeneity: not applicable
Test for overall effect: Z = 2.61 (P = 0.009)

Total (95% CI)    551                                588 100.00      0.16 [-0.05, 0.37]
Test for heterogeneity: Chi² = 25.27, df = 13 (P = 0.02), I² = 48.6%
Test for overall effect: Z = 1.46 (P = 0.14)

 -4  -2  0  2  4
 Favours control  Favours treatment

vergouwen.indb   76 16-4-2009   10:53:08



77

Fibrinolytic activity of calcium antagonists

Review: calcium antagonists and fibrinolysis
Comparison: 03 PAI-1 ac during treatment vs. PAI-1 ac before treatment                                                    
Outcome: 01 SMD (95% CI)                                                                                               

Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 dihydropyridine
Gleerup 1991 (AJH)      10      8.10 (11.07)         10     16.31 (9.17)       1.90     -0.77 [-1.69, 0.14]       
Gleerup 1995            10      3.50 (4.11)           10      5.10 (5.38)       2.04     -0.32 [-1.20, 0.56]       
Yin 1998                14     39.40 (8.70)          14     35.10 (8.80)       2.81      0.48 [-0.28, 1.23]       
Sakata 1999             23      9.00 (5.60)           24      6.90 (4.60)       4.77      0.40 [-0.17, 0.98]       
De Luca 2000            24     10.94 (9.79)          27     11.20 (9.79)       5.27     -0.03 [-0.58, 0.52]       
Turchetti 2002          10      2.92 (1.16)           10      3.14 (0.89)       2.06     -0.20 [-1.08, 0.68]       
Fogari 2003             36     24.80 (11.90)        38     24.00 (11.50)      7.66      0.07 [-0.39, 0.52]       
Fogari 2004             41     22.60 (11.20)        45     23.10 (11.30)      8.90     -0.04 [-0.47, 0.38]       
Mugellini 2004          39     15.60 (7.50)          39     15.10 (7.80)       8.08      0.06 [-0.38, 0.51]       

Subtotal (95% CI)    207                                217  43.49      0.03 [-0.16, 0.22]
Test for heterogeneity: Chi² = 7.00, df = 8 (P = 0.54), I² = 0%
Test for overall effect: Z = 0.29 (P = 0.77)

02 phenylalkylamine
Held 1997              262     14.33 (12.25)      284     14.74 (11.31)     56.51     -0.03 [-0.20, 0.13]       

Subtotal (95% CI)    262                                 284  56.51     -0.03 [-0.20, 0.13]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.41 (P = 0.68)

Total (95% CI)    469                                501 100.00     -0.01 [-0.13, 0.12]
Test for heterogeneity: Chi² = 7.23, df = 9 (P = 0.61), I² = 0%
Test for overall effect: Z = 0.11 (P = 0.91)
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Figure 5. Plasminogen activator inhibitor (PAI) activity during treatment versus before treatment. Main analysis and 
sensitivity analysis for group of calcium antagonists (see appendix for abbreviations).

Review: calcium antagonists and fibrinolysis (Version 02)
Comparison: 01 ECLT during treatment vs. ECLT before treatment                                                            
Outcome: 01 SMD (95% CI)                                                                                               

Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 hypertension
Gleerup 1991 (AJH)      10    291.00 (91.71)         10    355.00 (142.30)    15.55     -0.51 [-1.41, 0.38]       
Ranieri 1996: EH        12    187.00 (63.00)         12    239.00 (75.00)     16.84     -0.72 [-1.56, 0.11]       
Ranieri 1996: EH+DM2     12    246.00 (54.00)         12    343.00 (61.00)     14.60     -1.63 [-2.57, -0.68]      
Ranieri 1996: EH+S      12    238.00 (50.00)         12    284.00 (56.00)     16.63     -0.84 [-1.68, 0.00]       

Subtotal (95% CI)     46                                     46  63.62     -0.90 [-1.35, -0.45]
Test for heterogeneity: Chi² = 3.18, df = 3 (P = 0.36), I² = 5.7%
Test for overall effect: Z = 3.91 (P < 0.0001)

02 healthy
Sengeløv 1989           14    207.00(92.04)         14    202.00 (117.86)    18.87      0.05 [-0.70, 0.79]       
Gleerup 1991 (JCPh)     12    132.00(86.60)         12    138.00 (83.14)     17.51     -0.07 [-0.87, 0.73]       

Subtotal (95% CI)     26                                     26  36.38     -0.01 [-0.55, 0.54]
Test for heterogeneity: Chi² = 0.04, df = 1 (P = 0.84), I² = 0%
Test for overall effect: Z = 0.02 (P = 0.98)

Total (95% CI)     72                                    72 100.00     -0.58 [-1.05, -0.11]
Test for heterogeneity: Chi² = 9.48, df = 5 (P = 0.09), I² = 47.2%
Test for overall effect: Z = 2.42 (P = 0.02)
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Figure 6. Euglobulin clot lysis time during treatment versus before treatment. Sensitivity analysis for risk factors and 
diseases (see appendix for abbreviations).
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Sensitivity Analyses
(A) Group of calcium antagonists: 
Calcium antagonists from the dihydropyridine group significantly increased fibrinolysis as 
shown by a reduction of the ECLT (SMD -0.58 (95% CI -1.05 to -0.11)) and an increase in tPA 
ac (SMD 0.91 (95% CI 0.65 to 1.17)) (Figures 1 and 2). This increased fibrinolytic activity was 
apparently the result of an increase in tPA ag level (SMD 0.21 (95% CI 0.03 to 0.40)) and a 
decrease in PAI-1 ag (SMD -0.36 (95% CI -0.74 to 0.02)) (Figures 3 and 4). No differences could 
be demonstrated for PAI-1 ac (Figure 5). In one large-scale study investigating the effect of 
the phenylalkylamine verapamil, no significant effect was observed for tPA ac and PAI-1 ac 
(Figures 2 and 5). However, a significant reduction of tPA ag was found (SMD -0.22 (95% CI 
-0.38 to -0.05)) (Figure 3).

(B) Risk factors and diseases: 
A significant fibrinolytic effect was seen in patients with hypertension as measured by ECLT 
(SMD -0.90 (95% CI -1.35 to -0.45)), tPA ac (SMD 0.91 (95% CI 0.66 to 1.17)), and tPA ag (SMD 

Review: calcium antagonists and fibrinolysis (Version 02)
Comparison: 05 tPA-ac during treatment vs. tPA-ac before treatment                                                        
Outcome: 01 SMD (95% CI)                                                                                               

Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 hypertension
Gleerup 1991 (AJH)      10      0.72 (1.10)          10      0.35 (0.47)      10.43      0.42 [-0.47, 1.31]       
Fogari 2003             36      0.75 (0.28)          38      0.48 (0.18)      13.92      1.14 [0.65, 1.64]        
Fogari 2004             41      0.68 (0.20)          45      0.51(0.22)      14.35      0.80 [0.36, 1.24]        
Mugellini 2004          39      0.78 (0.33)          39      0.51(0.20)      14.10      0.98 [0.51, 1.45]        

Subtotal (95% CI)    126                               132  52.80      0.91 [0.66, 1.17]
Test for heterogeneity: Chi² = 2.34, df = 3 (P = 0.50), I² = 0%
Test for overall effect: Z = 6.95 (P < 0.00001)

02 subarachnoid hemorrhage
Roos 2001               12      4.21 (1.09)          22      2.66 (0.89)      11.13      1.57 [0.76, 2.38]        

Subtotal (95% CI)     12                                  22  11.13      1.57 [0.76, 2.38]
Test for heterogeneity: not applicable
Test for overall effect: Z = 3.81 (P = 0.0001)

03 pre-eclampsia
Yin 1998                14      0.75 (0.20)          14      0.68 (0.21)      11.67      0.33 [-0.42, 1.08]       

Subtotal (95% CI)     14                                  14  11.67      0.33 [-0.42, 1.08]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.87 (P = 0.38)

04 systemic sclerosis
Candela 2001             7      1.05 (0.76)           7      0.48 (0.38)       8.62      0.89 [-0.23, 2.01]       

Subtotal (95% CI)      7                                   7   8.62      0.89 [-0.23, 2.01]
Test for heterogeneity: not applicable
Test for overall effect: Z = 1.56 (P = 0.12)

05 angina pectoris
Held 1997              144      0.59 (0.35)         159      0.62 (0.32)      15.78     -0.09 [-0.32, 0.14]       

Subtotal (95% CI)    144                                 159  15.78     -0.09 [-0.32, 0.14]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.78 (P = 0.44)

Total (95% CI)    303                                 334 100.00      0.73 [0.25, 1.21]
Test for heterogeneity: Chi² = 44.58, df = 7 (P < 0.00001), I² = 84.3%
Test for overall effect: Z = 3.01 (P = 0.003)
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Figure 7. Tissue plasminogen activator activity during treatment versus before treatment. Sensitivity analysis for risk 
factors and diseases (see appendix for abbreviations).
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0.27 (95% CI 0.02 to 0.53)) (Figures 6, 7 and 8). A trend was found for PAI-1 ag (SMD -0.37 (95% 
CI -0.77 to 0.02)) (Figure 9). No effect was observed for PAI-1 ac (Figure 10). A strong fibrinolytic 
effect was also demonstrated in patients with aneurysmal SAH as measured by tPA ac (SMD 
1.57 (95% CI 0.76 to 2.38)) and PAI-1 ag (SMD -1.53 (95% CI -2.33 to -0.72)) (Figures 7 and 9). In 
patients with angina pectoris no fibrinolytic effect could be demonstrated as measured by tPA 
ac and PAI-1 ac (Figures 7 and 10). However, a significant reduction in tPA ag was seen (SMD 
-0.22 (95% CI -0.38 to -0.05)) (Figure 8). No effect was observed in the studies investigating 
the fibrinolytic activity of calcium antagonists in patients with pre-eclampsia, coronary artery 
disease, congestive heart failure, and systemic sclerosis (Figures 6–10).

Review: calcium antagonists and fibrinolysis (Version 02)
Comparison: 04 tPA-ag during treatment vs. tPA-ag before treatment                                                        
Outcome: 01 SMD (95% CI)                                                                                               
Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 hypertension
Sakata 1999             23     10.70 (3.50)         24      9.80 (3.70)       7.93      0.25 [-0.33, 0.82]       
Ahaneku 2000 (DECR)     16      8.80 (3.40)          16      7.00 (3.10)       6.11      0.54 [-0.17, 1.25]       
Ahaneku 2000 (PR)-1H     12      8.30 (4.10)          12      7.50 (3.30)       5.11      0.21 [-0.60, 1.01]       
Ahaneku 2000 (PR)-1M     12      5.80 (2.80)          12      6.20 (2.70)       5.13     -0.14 [-0.94, 0.66]       
Ahaneku 2000 (PR)-2H       8      9.30 (2.70)            8      8.60 (3.20)       3.74      0.22 [-0.76, 1.21]       
Ahaneku 2000 (PR)-2M       8      8.30 (3.90)            8      5.10 (1.60)       3.32      1.01 [-0.05, 2.08]       
De Luca 2000            25      8.60 (3.31)          27      8.88 (3.31)       8.42     -0.08 [-0.63, 0.46]       
Chi 2002                25      0.41 (0.05)          25      0.31 (0.14)       7.74      0.94 [0.35, 1.52]        
Pahor 2002              89     10.30(2.83)          96     10.10 (2.94)      13.93      0.07 [-0.22, 0.36]       

Subtotal (95% CI)    218                                228  61.42      0.27 [0.02, 0.53]
Test for heterogeneity: Chi² = 11.71, df = 8 (P = 0.16), I² = 31.7%
Test for overall effect: Z = 2.12 (P = 0.03)

02 subarachnoid hemorrhage
Roos 2001               12      6.15 (2.85)          22      6.21 (1.70)       6.15     -0.03 [-0.73, 0.68]       

Subtotal (95% CI)     12                                  22   6.15     -0.03 [-0.73, 0.68]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.08 (P = 0.94)

03 pre-eclampsia
Yin 1998                14     13.35 (5.82)         14     13.17 (6.17)       5.73      0.03 [-0.71, 0.77]       

Subtotal (95% CI)     14                                  14   5.73      0.03 [-0.71, 0.77]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.08 (P = 0.94)

04 coronary artery disease
Fujinishi 1997          11      3.20 (1.20)          11      2.70 (0.60)       4.68      0.51 [-0.34, 1.36]       

Subtotal (95% CI)     11                                  11   4.68      0.51 [-0.34, 1.36]
Test for heterogeneity: not applicable
Test for overall effect: Z = 1.17 (P = 0.24)

05 angina pectoris
Held 1997              284      6.89 (3.26)        301      7.79 (4.83)      16.88     -0.22 [-0.38, -0.05]      

Subtotal (95% CI)    284                                301  16.88     -0.22 [-0.38, -0.05]
Test for heterogeneity: not applicable
Test for overall effect: Z = 2.61 (P = 0.009)

06 healthy individuals
Gleerup 1991 (JCPh)     12      4.08 (1.73)          12      4.11 (1.45)       5.14     -0.02 [-0.82, 0.78]       

Subtotal (95% CI)     12                                  12   5.14     -0.02 [-0.82, 0.78]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.04 (P = 0.96)

Total (95% CI)    551                               588 100.00      0.16 [-0.05, 0.37]
Test for heterogeneity: Chi² = 25.27, df = 13 (P = 0.02), I² = 48.6%
Test for overall effect: Z = 1.46 (P = 0.14)
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Figure 8. Tissue plasminogen activator antigen during treatment versus before treatment. Sensitivity analysis for risk 
factors and diseases (see appendix for abbreviations).
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(C) Health state: 
In two studies, the effect of calcium antagonists in healthy individuals (n = 26) was 
investigated.16,17 In this group, no effect on fibrinolysis was observed, as measured by ECLT 
and tPA ag (Figures 6 and 8). In the group of non-healthy individuals, a significant reduction 
in ECLT was found (SMD -0.90 (95% CI -1.35 to -0.45)), but there was no increase in tPA ag 
(Figures 6 and 11). Comparisons between healthy and non-healthy individuals could not be 
made for the fibrinolytic parameters tPA activity, PAI-1 activity, and PAI-1 antigen as no such 
measurements were performed in healthy individuals.

(D) Methodology: 
The methodological quality of the included studies was sufficient in 16 studies,7,13-16,24-30,32-35  
and insufficient in six studies.17,18,20,21,23,31 The median score was 5 (range 1 to 7). In studies 
with sufficient methodological quality, a significant increase of fibrinolytic activity was 
observed as measured by tPA activity (SMD 0.77 (95% CI 0.25 to 1.29)), but no effect could be 
demonstrated in terms of ECLT, PAI-ag, PAI-ac, and tPA ag (figures available on request). In 

Review: calcium antagonists and fibrinolysis (Version 02)
Comparison: 02 PAI-1 ag during treatment vs. PAI-1 ag before treatment                                                    
Outcome: 01 SMD (95% CI)                                                                                               

Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 hypertension
Ranieri 1996: EH        12      7.00 (3.00)            12      9.30 (3.00)       7.38     -0.74 [-1.57, 0.09]       
Ranieri 1996: EH+DM2     12     11.00 (2.00)           12     15.00 (3.00)       6.79     -1.51 [-2.44, -0.59]      
Ranieri 1996: EH+S      12     10.00 (2.00)           12     14.00 (3.00)       6.79     -1.51 [-2.44, -0.59]      
Ahaneku 2000 (DECR)     16     14.10 (12.40)         16     13.40 (6.30)       8.30      0.07 [-0.62, 0.76]       
Ahaneku 2000 (PR)-1H     12     12.70 (8.80)           12     15.70 (9.70)       7.55     -0.31 [-1.12, 0.49]       
Ahaneku 2000 (PR)-1M     12     10.30 (7.10)           12     15.80 (12.90)      7.49     -0.51 [-1.33, 0.31]       
Ahaneku 2000 (PR)-2H      8     16.80 (15.20)            8     13.60 (7.00)       6.45      0.26 [-0.73, 1.24]       
Ahaneku 2000 (PR)-2M      8     11.00 (7.60)              8     13.20 (5.60)       6.44     -0.31 [-1.30, 0.68]       
De Luca 2000            25     31.82 (34.90)         27     32.89 (34.90)      9.30     -0.03 [-0.57, 0.51]       
Pahor 2002              89     48.90 (21.70)         96     43.40 (22.53)     10.79      0.25 [-0.04, 0.54]       

Subtotal (95% CI)    206                                 215  77.27     -0.37 [-0.77, 0.02]
Test for heterogeneity: Chi² = 27.89, df = 9 (P = 0.0010), I² = 67.7%
Test for overall effect: Z = 1.85 (P = 0.06)

02 subarachnoid hemorrhage
Roos 2001               12     96.25 (33.30)         22    154.09 (38.83)      7.58     -1.53 [-2.33, -0.72]      

Subtotal (95% CI)     12                                    22   7.58     -1.53 [-2.33, -0.72]
Test for heterogeneity: not applicable
Test for overall effect: Z = 3.73 (P = 0.0002)

03 pre-eclampsia
Yin 1998                14     24.40 (12.08)         14     23.76 (12.53)      7.98      0.05 [-0.69, 0.79]       

Subtotal (95% CI)     14                                    14   7.98      0.05 [-0.69, 0.79]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.13 (P = 0.89)

04 coronary artery disease
Fujinishi 1997          11     11.30 (5.30)          11      8.30 (2.80)       7.18      0.68 [-0.18, 1.55]       

Subtotal (95% CI)     11                                   11   7.18      0.68 [-0.18, 1.55]
Test for heterogeneity: not applicable
Test for overall effect: Z = 1.54 (P = 0.12)

Total (95% CI)    243                         262 100.00     -0.36 [-0.74, 0.02]
Test for heterogeneity: Chi² = 43.15, df = 12 (P < 0.0001), I² = 72.2%
Test for overall effect: Z = 1.86 (P = 0.06)
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Figure 9. Plasminogen activator inhibitor (PAI) antigen during treatment versus before treatment. Sensitivity analysis 
for risk factors and diseases (see appendix for abbreviations).
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studies with insufficient methodological quality, an increase of fibrinolytic activity was only 
reflected in ECLT (SMD -0.72 (95% CI -1.21 to -0.24)) (figures available on request).

Discussion
The reason to perform this systematic review was to investigate the effect of calcium antagonists 
on endogenous fibrinolysis. Our results show that calcium antagonists significantly increase 
endogenous fibrinolytic activity, as measured by ECLT and tPA activity. Further analysis shows 
that this increase in fibrinolysis is associated with an increase in tPA antigen and a decrease in 
PAI-1 antigen. In a sensitivity analysis, dihydropyridines, but not phenylalkylamines, increase 
fibrinolytic activity. Another sensitivity analysis showed a significant fibrinolytic effect in 
patients with hypertension and SAH. 

The magnitude of fibrinolytic activity of calcium antagonists that was observed in this 
systematic review is only modest compared with the fibrinolytic activity exerted by well-

Review: calcium antagonists and fibrinolysis (Version 02)
Comparison: 03 PAI-1 ac during treatment vs. PAI-1 ac before treatment                                                    
Outcome: 01 SMD (95% CI)                                                                                               

Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 hypertension
Gleerup 1991 (AJH)      10      8.10 (11.07)         10       16.31 (9.17)       1.90     -0.77 [-1.69, 0.14]       
Gleerup 1995            10      3.50 (4.11)           10        5.10 (5.38)       2.04     -0.32 [-1.20, 0.56]       
Sakata 1999             23      9.00 (5.60)           24        6.90 (4.60)       4.77      0.40 [-0.17, 0.98]       
De Luca 2000            24     10.94 (9.79)          27       11.20 (9.79)       5.27     -0.03 [-0.58, 0.52]       
Fogari 2003             36     24.80 (11.90)        38       24.00 (11.50)      7.66      0.07 [-0.39, 0.52]       
Fogari 2004             41     22.60 (11.20)        45       23.10 (11.30)      8.90     -0.04 [-0.47, 0.38]       
Mugellini 2004          39     15.60 (7.50)          39       15.10 (7.80)       8.08      0.06 [-0.38, 0.51]       

Subtotal (95% CI)    183                                193  38.61      0.01 [-0.19, 0.21]
Test for heterogeneity: Chi² = 5.33, df = 6 (P = 0.50), I² = 0%
Test for overall effect: Z = 0.08 (P = 0.94)

02 pre-eclampsia
Yin 1998                14     39.40(8.70)         14          35.10(8.80)       2.81      0.48 [-0.28, 1.23]       

Subtotal (95% CI)     14                                 14   2.81      0.48 [-0.28, 1.23]
Test for heterogeneity: not applicable
Test for overall effect: Z = 1.24 (P = 0.21)

03 congestive heart failure
Turchetti 2002          10      2.92(1.16)         10           3.14(0.89)       2.06     -0.20 [-1.08, 0.68]       

Subtotal (95% CI)     10                                10   2.06     -0.20 [-1.08, 0.68]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.45 (P = 0.65)

04 angina pectoris
Held 1997              262     14.33(12.25)        284     14.74(11.31)     56.51     -0.03 [-0.20, 0.13]       

Subtotal (95% CI)    262                                  284  56.51     -0.03 [-0.20, 0.13]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.41 (P = 0.68)

Total (95% CI)    469                                  501 100.00     -0.01 [-0.13, 0.12]
Test for heterogeneity: Chi² = 7.23, df = 9 (P = 0.61), I² = 0%
Test for overall effect: Z = 0.11 (P = 0.91)
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Figure 10. Plasminogen activator inhibitor (PAI) activity during treatment versus before treatment. Sensitivity analysis 
for risk factors and diseases (see appendix for abbreviations).
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known fibrinolytics such as urokinase and recombinant tissue plasminogen activator (rtPA). 
Our results show that dihydropyridine calcium antagonists are not fibrinolytic in healthy 
individuals. Probably, the magnitude of fibrinolytic activity of dihydropyridines is limited 
to an improvement of impaired fibrinolysis as is present in patients with hypertension 
and aneurysmal SAH. By improving the impaired fibrinolytic system, treatment with 
dihydropyridine calcium antagonists may lead to a decreased incidence of ischemic stroke. 
The results imply that calcium antagonists may be superior to antihypertensive drugs without 
fibrinolytic properties in other groups of patients with impaired fibrinolysis, such as in 
smokers and in patients with obesity or insulin resistance.38-41 

The enhancement of fibrinolytic activity by calcium antagonists may theoretically also increase 
the risk of bleeding. Indeed, an increased incidence in systemic hemorrhagic events as a side 
effect of calcium channel blockers has been reported previously.42-44 In a study reporting on 
patients who underwent systemic thrombolysis for myocardial infarction receiving calcium 
antagonists, an increased incidence of intracerebral hemorrhage was observed.42 A randomized 
placebo-controlled trial, investigating a possible neuroprotective effect of nimodipine in 
patients undergoing cardiac valve replacement, was preliminarily stopped after an interim 
analysis because of the occurrence of major surgical bleeding and increased mortality in the 
group treated with nimodipine.43 In a prospective cohort study, a significantly higher risk 

Figure 11. Tissue plasminogen activator antigen during treatment versus before treatment. Sensitivity analysis for 
health state.

Review: calcium antagonists and fibrinolysis (Version 03)
Comparison: 04 tPA-ag during treatment vs. tPA-ag before treatment                                                        
Outcome: 01 SMD (95% CI)                                                                                               

Study  during treatment  before treatment  SMD (random)  Weight  SMD (random)
or sub-category N Mean (SD) N Mean (SD)  95% CI  %  95% CI

01 non healthy individuals
Fujinishi 1997          11      3.20 (1.20)           11      2.70 (0.60)       4.68      0.51 [-0.34, 1.36]       
Held 1997              284      6.89 (3.26)        301      7.79 (4.83)      16.88     -0.22 [-0.38, -0.05]      
Yin 1998                14     13.35 (5.82)          14     13.17 (6.17)       5.73      0.03 [-0.71, 0.77]       
Sakata 1999             23     10.70 (3.50)          24      9.80 (3.70)       7.93      0.25 [-0.33, 0.82]       
Ahaneku 2000 (DECR)     16      8.80 (3.40)           16      7.00 (3.10)       6.11      0.54 [-0.17, 1.25]       
Ahaneku 2000 (PR)-1H     12      8.30 (4.10)           12      7.50 (3.30)       5.11      0.21 [-0.60, 1.01]       
Ahaneku 2000 (PR)-1M     12      5.80 (2.80)           12      6.20 (2.70)       5.13     -0.14 [-0.94, 0.66]       
Ahaneku 2000 (PR)-2H      8      9.30 (2.70)             8      8.60 (3.20)       3.74      0.22 [-0.76, 1.21]       
Ahaneku 2000 (PR)-2M      8      8.30 (3.90)             8      5.10 (1.60)       3.32      1.01 [-0.05, 2.08]       
De Luca 2000            25      8.60 (3.31)          27      8.88 (3.31)       8.42     -0.08 [-0.63, 0.46]       
Roos 2001               12      6.15 (2.85)          22      6.21 (1.70)       6.15     -0.03 [-0.73, 0.68]       
Chi 2002                25      0.41 (0.05)          25      0.31 (0.14)       7.74      0.94 [0.35, 1.52]        
Pahor 2002              89     10.30 (2.83)         96     10.10 (2.94)      13.93      0.07 [-0.22, 0.36]       

Subtotal (95% CI)    539                                576  94.86      0.17 [-0.05, 0.40]
Test for heterogeneity: Chi² = 25.27, df = 12 (P = 0.01), I² = 52.5%
Test for overall effect: Z = 1.52 (P = 0.13)

02 healthy individuals
Gleerup 1991 (JCPh)     12      4.08(1.73)          12      4.11(1.45)       5.14     -0.02 [-0.82, 0.78]       

Subtotal (95% CI)     12                                 12   5.14     -0.02 [-0.82, 0.78]
Test for heterogeneity: not applicable
Test for overall effect: Z = 0.04 (P = 0.96)

Total (95% CI)    551                               588 100.00      0.16 [-0.05, 0.37]
Test for heterogeneity: Chi² = 25.27, df = 13 (P = 0.02), I² = 48.6%
Test for overall effect: Z = 1.46 (P = 0.14)
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of gastrointestinal hemorrhage was found in patients treated with a calcium antagonist, 
irrespective of the type of calcium antagonist.44 In other randomized placebo-controlled trials, 
the results were inconclusive: in some trials, an increased incidence of bleeding events was 
reported, whereas in others no significant relation could be demonstrated.45-48 The results of 
the present analysis may also implicate that patients with SAH treated with nimodipine may 
have an increased incidence of rebleeding. In contrast, however, a Cochrane analysis studying 
the effect of calcium antagonists in SAH showed a tendency towards a reduced incidence 
of rebleeding.49 The authors suggested that this might be a confounding effect as a result 
of protection against ischemia, which allows earlier intervention to secure the aneurysm by 
clipping or coiling, and consequently eliminate the risk of rebleeding. In 1998, a review on the 
effect of antihypertensive drug treatment on fibrinolytic activity included only two studies 
investigating the effect of calcium antagonists and was therefore inconclusive.50 

It is unknown why in some of the above-described studies, an increased incidence of 
hemorrhagic events was observed, while in other studies this effect was not seen. Because 
none of the manuscripts that was included in the present systematic review made notice 
of an increased incidence of systemic hemorrhages, it was not possible to investigate the 
relation between tPA and PAI-1 levels in plasma to the risk of hemorrhage. It could be that 
calcium antagonists only lead to hemorrhagic complications when they interact with other 
medications. As described previously, in one study, an increased incidence of hemorrhage was 
observed in patients with myocardial infarction receiving systemic thrombolysis and calcium 
antagonists. In another study, an increased rebleeding incidence was observed in patients 
receiving cardiac valve replacement and nimodipine therapy. As patients with cardiac valve 
replacement are mostly heparinized, the results of these latter two studies suggest that calcium 
antagonists only lead to hemorrhagic complications when combined with anticoagulation or 
fibrinolytic therapy. Indeed, in an animal model, increased bleeding was observed in rabbits 
receiving the combination of rtPA and the calcium antagonist diltiazem daily for 3 days, 
compared with rabbits receiving rtPA or diltiazem alone.51 Future studies have to elucidate 
whether anticoagulation or fibrinolytics are contra-indicated in patients receiving calcium 
antagonists and whether calcium antagonists are contra-indicated in patients with a bleeding 
tendency, such as in patients with hepatic dysfunction. 

Presently, not much is known on the mechanism by which calcium antagonists increase 
fibrinolytic activity. Compared with healthy individuals, hypertensive patients have impaired 
fibrinolytic activity because of impaired function of the endothelium.52-54 Because PAI-1 
is mainly produced by the endothelium and tPA is released by the vascular endothelium, 
endothelial dysfunction results in changes in serum levels of tPA and PAI-1 antigen. Because 
endothelial dysfunction is not only associated with hypertension but also with thrombosis, the 
fibrinolytic effect of dihydropyridine calcium antagonists is probably exerted by direct effects on 
the endothelium.55 By lowering blood pressure, endothelial function improves. However, it is not 
likely that the blood pressure lowering effect of antihypertensive agents per se is responsible for 
the pro-fibrinolytic effect. Another explanation for the fibrinolytic effect of calcium antagonists 

vergouwen.indb   83 16-4-2009   10:53:09



84

Chapter 6

may be an increased secretion of tPA from the endothelium as it has previously been shown that 
the major determinant of tPA availability in the vascular bed of an organ is the capacity of the 
endothelium to increase tPA release when required.56 It is unknown whether the L-type calcium 
channel, which is blocked by calcium antagonists causing vasorelaxation and a decreased blood 
pressure, is involved in the fibrinolytic effect of calcium antagonists. In case the fibrinolytic 
effect of calcium channel blockers results from a direct effect on the endothelium, the L-type 
calcium channels are not involved as the macrovascular endothelium does not express L-type 
calcium channels. However, as PAI-1 is not only expressed in platelets, hepatocytes, and 
monocytes but also in smooth muscle cells, the role of the L-type calcium channel cannot be 
excluded. Apart from effects on the endothelium, other factors probably play a role as well. One 
of these factors may be activation of platelets which results in secretion of large amounts of 
PAI-1, a calcium-dependant process.57,58 Presumably, if calcium influx is inhibited, the secretion 
of PAI-1 will decrease and as a consequence fibrinolytic activity may increase. Other sources of 
PAI-1 include the liver and adipose tissue, so these sites may also be involved in the fibrinolytic 
effect of calcium antagonists.

Calcium antagonists are often considered to be one separate group. However, because of 
differences in pharmacological properties, a distinction can be made between dihydropyridines, 
phenylalkylamines, and benzothiazepines. Dihydropyridines and phenylalkylamines for 
example differ in selectivity for the alpha-1 subunits of the L-type calcium channel.59 Such 
differences in pharmacodynamics probably result in different effects of dihydropyridines and 
phenylalkylamines on fibrinolytic function. Indeed, in a meta-analysis, it was shown that only 
dihydropyridine calcium antagonists and not non-dihydropyridine calcium channel blockers 
are superior to other antihypertensive drugs.1 

We do realize that this systematic review has some limitations. Four studies, demonstrating 
no significant differences in fibrinolytic activity, could not be included as the measured values 
were not available.19,22,36,37 Similarly, fibrinolytic values from other studies could only partially 
be used.17,30 Not surprisingly, considerable heterogeneity was observed among studies as a 
result of (a) various patient populations, (b) different types of calcium antagonists, and (c) 
multiple techniques and a variable specificity of several ELISA tests to study the fibrinolytic 
parameters.60 However, homogeneity was observed in our main sensitivity analyses for type 
of calcium antagonist and in patients suffering from hypertension. In these groups with 
homogeneity among studies, a significant fibrinolytic effect of calcium antagonists was 
observed. Although in several analyses, the effects of PAI-1 activity and PAI-1 antigen seem 
not to be concordant, these differences can be explained by the fact that the antigen assay 
measures both active PAI-1 as the inactive form of PAI-1 in the tPA/PAI-1 complex. 

In agreement with the results of our previous study in which we showed that nimodipine 
increases fibrinolytic activity in patients with SAH, this systematic review shows that 
an increased fibrinolytic activity is also present in other calcium antagonists from the 
dihydropyridine group and in patients with other disorders such as hypertension. This 
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fibrinolytic effect may add to the beneficial pharmacological effect of calcium antagonists to 
prevent ischemic events in patients with hypertension and SAH.

Appendix
The abbreviations used are: 
ac = activity 
ag = antigen
AJH = American Journal of Hypertension 
CI = confidence interval
DECR = Drugs under Experimental and Clinical Research 
DM = diabetes mellitus
ECLT = euglobulin clot lysis time
EH = essential hypertension
JCPh = Journal of Cardiovascular Pharmacology
NYHA = New York Heart Association
PAI-1 = plasminogen activator inhibitor-1
PR-1H = Pharmacological Research 2000;41:75-79. High baseline lipid values
PR-1M = Pharmacological Research 2000;41:75-79. Medium baseline lipid values
PR-2H = Pharmacological Research 2000;41:81-84. High baseline lipid values
PR-2M = Pharmacological Research 2000;41:81-84. Medium baseline lipid values
S = smoking
SAH = subarachnoid hemorrhage
SMD = standardized mean difference
SR = slow release
tPA = tissue plasminogen activator 
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Table 1. Characteristics of included studies

Study ID Methods Participants Interventions Outcomes Notes

Ahaneku, (2000)27 prospective, single-center cohort study 24 patients with untreated mild to moderate 
essential hypertension having ‘medium’ (n=12) 
and ‘high’ (n=12) baseline total lipid values

amlodipine 5-10 mg a day. Fibrinolysis measured 
before treatment and after 3 months of treatment

total PAI-1 ag free PAI-1 ag 
tPA ag tPA/PAI-1 complex

Ahaneku, (2000)28 prospective, single-center cohort study 16 patients with untreated mild to moderate 
essential hypertension having ‘medium’ (n=8) 
and ‘high’ (n=8) baseline total lipid values

cilnidipine 5-10 mg a day. Fibrinolysis measured before 
treatment and after 3 months of treatment

total PAI-1 ag free PAI-1 ag 
tPA ag tPA/PAI-1 complex

Ahaneku, (2000)29 prospective, single-center cohort study 16 patients with mild to moderate essential 
hypertension

cilnidipine 5-10 mg a day. Fibrinolysis measured before 
treatment and after 3 months of treatment                   

total PAI-1 ag free PAI-1 ag 
tPA ag tPA/PAI-1 complex

Candela, (2001)30 open, randomized, controlled study 20 patients with systemic sclerosis 7 patients assigned to nifedipine 20 mg twice daily 
(vs. iloprost). Fibrinolysis measured at baseline and 
after 6 and 12 months of treatment

PAI-1 ag
PAI-1 ac
tPA ag
tPA ac

no fibrinolytic values given for 
PAI-1 ag, PAI-1 ac, tPA ag.  TPA 
ac estimated from figure

Chi, (2002)31 prospective study 99 patients with essential hypertension. Twenty 
healthy subjects served as controls.

25 patients assigned to nifedipine SR. Fibrinolysis 
measured at baseline and after 2 weeks of treatment

tPA ag article in Chinese, abstract in 
English

De Luca, (2000)13 randomized, single-center, double-blind, 
parallel group study with a 2-week placebo 
run-in period

52 obese patients with mild to moderate 
essential hypertension, impaired glucose 
tolerance and hyper-triglyceridaemia. 

27 patients assigned to amlodipine 5-10 mg once a 
day (vs. rilmenidine).  Fibrinolysis measured at end of 
placebo run-in period and after 4 months of treatment      

PAI-1 ag
PAI-1 ac
tPA ag

Fogari, (2003)33 randomized crossover study with a 6-week 
single blind placebo run-in period. Three 
crossover periods of 6 weeks each separated 
by a 2-week placebo wash-out period (3x3 
latin square)

38 patients with mild to moderate essential 
hypertension and type 2 diabetes mellitus. 

patients randomly assigned to amlodipine 5 mg once 
a day (vs. benezapril, or combination). Fibrinolysis 
measured at end of placebo run-in period and after 
each 6-week  treatment period

PAI-1 ac
tPA ac

fibrinolytic values estimated 
from figure

Fogari, (2004)34 randomized, crossover study with a 
4-week washout period. Three crossover 
periods of 12 weeks each separated by a 
4-week placebo washout period (3x3 latin 
square)

45 patients with mild to moderate essential 
hypertension,  hypercholesterolemia and insulin 
resistance

amlodipine 5 mg once a day (vs. atorvastatin or 
combination). Fibrinolysis measured at end of placebo 
wash-out period and after each 12-week treatment 
period

PAI-1 ac
tPA ac

Fujinishi, (1997)23 prospective cohort study 11 normotensive patients with angiographically 
proven light coronary artery disease

nisoldipine 10 mg a day.  Fibrinolysis measured before 
treatment and after 2 weeks of treatment

PAI-1 ag
tPA ag

Gleerup, (1989)15 randomized, placebo-controlled double-blind 
crossover study with 2 week drug-free run-in 
period. Two crossover periods of 2 weeks 
separated by a wash-out 
period of 2 weeks

10 patients with mild hypertension isradipine 2.5 - 5 mg twice daily (vs. timolol).  
Fibrinolysis measured at baseline and after each 
2-week treatment period

ECLT

Gleerup, (1991)17 randomized, parallel group study with 2 
week placebo run-in period

24 healthy volunteers and 20 patients with mild 
hypertension 

12 healthy individuals randomly assigned to 
isradipine 2.5 mg twice daily (vs. propranolol) and 10 
hypertensives assigned to isradipine 2.5 - 5 mg twice 
daily (vs. propranolol). Fibrinolysis measured during 
placebo period and after 2 weeks of treatment

healthy individuals:
ECLT tPA ag 
PAI ag
hypertensives:
ECLT
PAI (ac?)
tPA ac

no fibrinolytic values given for 
PAI ag and PAI ac

Gleerup, (1991)18 cohort study with 2-week placebo run-in 
period

12 patients with mild hypertension 10 treated with isradipine 2.5 mg twice daily.  
Fibrinolysis measured at end of placebo period and 
after 2 weeks and 12 months of treatment

ECLT
PAI ac
tPA ac
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Table 1. Characteristics of included studies

Study ID Methods Participants Interventions Outcomes Notes

Ahaneku, (2000)27 prospective, single-center cohort study 24 patients with untreated mild to moderate 
essential hypertension having ‘medium’ (n=12) 
and ‘high’ (n=12) baseline total lipid values

amlodipine 5-10 mg a day. Fibrinolysis measured 
before treatment and after 3 months of treatment

total PAI-1 ag free PAI-1 ag 
tPA ag tPA/PAI-1 complex

Ahaneku, (2000)28 prospective, single-center cohort study 16 patients with untreated mild to moderate 
essential hypertension having ‘medium’ (n=8) 
and ‘high’ (n=8) baseline total lipid values

cilnidipine 5-10 mg a day. Fibrinolysis measured before 
treatment and after 3 months of treatment

total PAI-1 ag free PAI-1 ag 
tPA ag tPA/PAI-1 complex

Ahaneku, (2000)29 prospective, single-center cohort study 16 patients with mild to moderate essential 
hypertension

cilnidipine 5-10 mg a day. Fibrinolysis measured before 
treatment and after 3 months of treatment                   

total PAI-1 ag free PAI-1 ag 
tPA ag tPA/PAI-1 complex

Candela, (2001)30 open, randomized, controlled study 20 patients with systemic sclerosis 7 patients assigned to nifedipine 20 mg twice daily 
(vs. iloprost). Fibrinolysis measured at baseline and 
after 6 and 12 months of treatment

PAI-1 ag
PAI-1 ac
tPA ag
tPA ac

no fibrinolytic values given for 
PAI-1 ag, PAI-1 ac, tPA ag.  TPA 
ac estimated from figure

Chi, (2002)31 prospective study 99 patients with essential hypertension. Twenty 
healthy subjects served as controls.

25 patients assigned to nifedipine SR. Fibrinolysis 
measured at baseline and after 2 weeks of treatment

tPA ag article in Chinese, abstract in 
English

De Luca, (2000)13 randomized, single-center, double-blind, 
parallel group study with a 2-week placebo 
run-in period

52 obese patients with mild to moderate 
essential hypertension, impaired glucose 
tolerance and hyper-triglyceridaemia. 

27 patients assigned to amlodipine 5-10 mg once a 
day (vs. rilmenidine).  Fibrinolysis measured at end of 
placebo run-in period and after 4 months of treatment      

PAI-1 ag
PAI-1 ac
tPA ag

Fogari, (2003)33 randomized crossover study with a 6-week 
single blind placebo run-in period. Three 
crossover periods of 6 weeks each separated 
by a 2-week placebo wash-out period (3x3 
latin square)

38 patients with mild to moderate essential 
hypertension and type 2 diabetes mellitus. 

patients randomly assigned to amlodipine 5 mg once 
a day (vs. benezapril, or combination). Fibrinolysis 
measured at end of placebo run-in period and after 
each 6-week  treatment period

PAI-1 ac
tPA ac

fibrinolytic values estimated 
from figure

Fogari, (2004)34 randomized, crossover study with a 
4-week washout period. Three crossover 
periods of 12 weeks each separated by a 
4-week placebo washout period (3x3 latin 
square)

45 patients with mild to moderate essential 
hypertension,  hypercholesterolemia and insulin 
resistance

amlodipine 5 mg once a day (vs. atorvastatin or 
combination). Fibrinolysis measured at end of placebo 
wash-out period and after each 12-week treatment 
period

PAI-1 ac
tPA ac

Fujinishi, (1997)23 prospective cohort study 11 normotensive patients with angiographically 
proven light coronary artery disease

nisoldipine 10 mg a day.  Fibrinolysis measured before 
treatment and after 2 weeks of treatment

PAI-1 ag
tPA ag

Gleerup, (1989)15 randomized, placebo-controlled double-blind 
crossover study with 2 week drug-free run-in 
period. Two crossover periods of 2 weeks 
separated by a wash-out 
period of 2 weeks

10 patients with mild hypertension isradipine 2.5 - 5 mg twice daily (vs. timolol).  
Fibrinolysis measured at baseline and after each 
2-week treatment period

ECLT

Gleerup, (1991)17 randomized, parallel group study with 2 
week placebo run-in period

24 healthy volunteers and 20 patients with mild 
hypertension 

12 healthy individuals randomly assigned to 
isradipine 2.5 mg twice daily (vs. propranolol) and 10 
hypertensives assigned to isradipine 2.5 - 5 mg twice 
daily (vs. propranolol). Fibrinolysis measured during 
placebo period and after 2 weeks of treatment

healthy individuals:
ECLT tPA ag 
PAI ag
hypertensives:
ECLT
PAI (ac?)
tPA ac

no fibrinolytic values given for 
PAI ag and PAI ac

Gleerup, (1991)18 cohort study with 2-week placebo run-in 
period

12 patients with mild hypertension 10 treated with isradipine 2.5 mg twice daily.  
Fibrinolysis measured at end of placebo period and 
after 2 weeks and 12 months of treatment

ECLT
PAI ac
tPA ac
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Table 1. (Continued) Characteristics of included studies

Study ID Methods Participants Interventions Outcomes Notes

Gleerup, (1995)20 randomized double-blind crossover study 
with 2 week placebo run-in period. Two 
crossover periods of 6 months

10 male patients with untreated mild 
hypertension

isradipine 2.5 mg twice daily (vs. atenolol). Fibrinolysis 
measured after 2 weeks of placebo run-in and after 
each 6 month treatment period

PAI ac fibrinolytic values estimated 
from figure 

Held, (1997)24 randomized double-blind single-center 
trial

809 patients with angina pectoris. Fibrinolytic 
function studied in 631 patients

verapamil 240-480 mg a day (vs. metoprolol). 
Fibrinolysis measured in 301 patients treated with 
verapamil at baseline and after 1 month of treatment

PAI-1 ac
tPA ag
tPA ac

data received from authors on 
request

Mugellini, (2004)35 randomized, double-blind, double-dummy, 
parallel group study with a 4-week placebo 
run-in period. Monotherapy during 8 weeks 
succeeded by combination therapy during 8 
weeks

80 patients with mild to moderate essential 
hypertension and type 2 non-insulin dependant 
diabetes mellitus 

39 patients treated with manidipine. Patients 
randomized to monotherapy with delapril or 
irbesartan. Thereafter manidipine 10 mg once daily 
was added to delapril; hydrochlorothiazide was added 
to irbesartan. Fibrinolysis  measured at end of run-in 
period, after 4 weeks of monotherapy and at end of 
combination therapy treatment

PAI-1 ac
tPA ac

fibrinolytic activity of delapril 
monotherapy compared with 
combination therapy with 
delapril and manidipine 

Pahor, (2002)14 randomized, double-blind, controlled, 
crossover study with a 2-8 week 
antihypertensive medication washout period 
and 4-week placebo run-in period. Two 
crossover periods of 4 weeks separated by a 
4-week placebo wash-out period

96 patients with hypertension and diabetes 
mellitus type 2

amlodipine; randomized to fixed dose of 5 or 10 mg 
a day 
(vs. fosinopril). Fibrinolysis measured after end 
of placebo period, after 4 weeks of randomized 
treatment, after placebo washout and after crossover 
treatment

PAI-1 ag
tPA ag

Ranieri, (1996)21 prospective with single-blind 4-week placebo 
wash-out period

36 patients:
12 with essential hypertension (EH); 12 with EH 
and smoking (EH + S); 12 with EH and type 2 
diabetes mellitus (EH + DM2)

isradipine (sustained release) 5 mg once daily. 
Fibrinolysis measured after placebo period and after 6 
and 18 weeks of treatment 

ECLT
PAI-1 ag

Roos, (2001)7 prospective multi-center parallel group study 41 consecutively admitted patients with 
angiographically proven aneurysmal 
subarachnoid hemorrhage 

27 patients treated with nimodipine 60 mg six-daily 
(vs. no treatment with nimodipine) during 3 weeks 
after SAH. Fibrinolysis measured at different intervals 
after SAH: day 1-3, day 4-7, week 2, week 3, week 4, 
later than 4 weeks. 

PAI-1 ag
tPA ag
PA ac

missing data received from 
authors on request

Sakata, (1999)26 randomized parallel group study 46 male patients with mild essential 
hypertension. Twenty male normotensive 
controls

24 hypertensives assigned to nitrendipine 5-10 mg a 
day
(vs. enalapril). Fibrinolysis measured before treatment 
and after 3 months of treatment

tPA ag
PAI-1 ac

Sengeløv, (1989)16 prospective with 2 week placebo run-in 
period

14 healthy male volunteers felodipine 5 mg twice daily. Fibrinolysis measured 
after placebo period and after 2 weeks of treatment

ECLT

Turchetti, (2002)32 prospective parallel group study with 1 week 
wash-out before start study (except for 
diuretics and digitalis)

34 patients with congestive heart failure (NYHA 
class II and III) divided into 3 groups 

10 patients assigned to amlodipine 5 mg increasing 
to 10 mg a day (vs. ramipril or carvedilole). Fibrinolysis 
measured before treatment and after 3 weeks of 
treatment

PAI-1 ac

Yin, (1998)25 randomized, single-center, parallel group 
study

30 preeclamptic women. 19 normal pregnant 
controls

14 preeclamptic women randomly assigned to 
isradipine 5-10 mg once daily (vs. methyldopa). 
Fibrinolysis measured before treatment and after 
1 and 2 weeks of treatment

PAI-1 ag
PAI-1 ac
tPA ag
tPA ac

data received from authors on 
request
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Table 1. (Continued) Characteristics of included studies

Study ID Methods Participants Interventions Outcomes Notes

Gleerup, (1995)20 randomized double-blind crossover study 
with 2 week placebo run-in period. Two 
crossover periods of 6 months

10 male patients with untreated mild 
hypertension

isradipine 2.5 mg twice daily (vs. atenolol). Fibrinolysis 
measured after 2 weeks of placebo run-in and after 
each 6 month treatment period

PAI ac fibrinolytic values estimated 
from figure 

Held, (1997)24 randomized double-blind single-center 
trial

809 patients with angina pectoris. Fibrinolytic 
function studied in 631 patients

verapamil 240-480 mg a day (vs. metoprolol). 
Fibrinolysis measured in 301 patients treated with 
verapamil at baseline and after 1 month of treatment

PAI-1 ac
tPA ag
tPA ac

data received from authors on 
request

Mugellini, (2004)35 randomized, double-blind, double-dummy, 
parallel group study with a 4-week placebo 
run-in period. Monotherapy during 8 weeks 
succeeded by combination therapy during 8 
weeks

80 patients with mild to moderate essential 
hypertension and type 2 non-insulin dependant 
diabetes mellitus 

39 patients treated with manidipine. Patients 
randomized to monotherapy with delapril or 
irbesartan. Thereafter manidipine 10 mg once daily 
was added to delapril; hydrochlorothiazide was added 
to irbesartan. Fibrinolysis  measured at end of run-in 
period, after 4 weeks of monotherapy and at end of 
combination therapy treatment

PAI-1 ac
tPA ac

fibrinolytic activity of delapril 
monotherapy compared with 
combination therapy with 
delapril and manidipine 

Pahor, (2002)14 randomized, double-blind, controlled, 
crossover study with a 2-8 week 
antihypertensive medication washout period 
and 4-week placebo run-in period. Two 
crossover periods of 4 weeks separated by a 
4-week placebo wash-out period

96 patients with hypertension and diabetes 
mellitus type 2

amlodipine; randomized to fixed dose of 5 or 10 mg 
a day 
(vs. fosinopril). Fibrinolysis measured after end 
of placebo period, after 4 weeks of randomized 
treatment, after placebo washout and after crossover 
treatment

PAI-1 ag
tPA ag

Ranieri, (1996)21 prospective with single-blind 4-week placebo 
wash-out period

36 patients:
12 with essential hypertension (EH); 12 with EH 
and smoking (EH + S); 12 with EH and type 2 
diabetes mellitus (EH + DM2)

isradipine (sustained release) 5 mg once daily. 
Fibrinolysis measured after placebo period and after 6 
and 18 weeks of treatment 

ECLT
PAI-1 ag

Roos, (2001)7 prospective multi-center parallel group study 41 consecutively admitted patients with 
angiographically proven aneurysmal 
subarachnoid hemorrhage 

27 patients treated with nimodipine 60 mg six-daily 
(vs. no treatment with nimodipine) during 3 weeks 
after SAH. Fibrinolysis measured at different intervals 
after SAH: day 1-3, day 4-7, week 2, week 3, week 4, 
later than 4 weeks. 

PAI-1 ag
tPA ag
PA ac

missing data received from 
authors on request

Sakata, (1999)26 randomized parallel group study 46 male patients with mild essential 
hypertension. Twenty male normotensive 
controls

24 hypertensives assigned to nitrendipine 5-10 mg a 
day
(vs. enalapril). Fibrinolysis measured before treatment 
and after 3 months of treatment

tPA ag
PAI-1 ac

Sengeløv, (1989)16 prospective with 2 week placebo run-in 
period

14 healthy male volunteers felodipine 5 mg twice daily. Fibrinolysis measured 
after placebo period and after 2 weeks of treatment

ECLT

Turchetti, (2002)32 prospective parallel group study with 1 week 
wash-out before start study (except for 
diuretics and digitalis)

34 patients with congestive heart failure (NYHA 
class II and III) divided into 3 groups 

10 patients assigned to amlodipine 5 mg increasing 
to 10 mg a day (vs. ramipril or carvedilole). Fibrinolysis 
measured before treatment and after 3 weeks of 
treatment

PAI-1 ac

Yin, (1998)25 randomized, single-center, parallel group 
study

30 preeclamptic women. 19 normal pregnant 
controls

14 preeclamptic women randomly assigned to 
isradipine 5-10 mg once daily (vs. methyldopa). 
Fibrinolysis measured before treatment and after 
1 and 2 weeks of treatment

PAI-1 ag
PAI-1 ac
tPA ag
tPA ac

data received from authors on 
request
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Abstract

Background and purpose
Despite several randomised controlled trials, there is still much debate whether nimodipine 
improves outcome in patients with traumatic subarachnoid haemorrhage. A 2003 Cochrane 
review reported improved outcome with nimodipine in these patients; however, because 
the results of Head Injury Trial (HIT) 4 were only partly presented there is still discussion 
whether patients with traumatic subarachnoid haemorrhage should be treated with this drug. 
Here, we present data from all head-injury trials, including previously unpublished results 
from HIT 4.

Methods 
We systematically searched PubMed and EMBASE databases using the following combinations 
of variables: “nimodipine” or “calcium antagonist” with “traumatic subarachnoid haemorrhage”, 
“head injury”, “head trauma”, “brain injury”, or “brain trauma”. Bayer AG and all principal 
investigators or corresponding authors of the identified studies were contacted for additional 
information.

Results
Five manuscripts were identified, describing the results of four trials. We obtained additional 
data from HIT 1, 2, and 4. In total, 1074 patients with traumatic subarachnoid haemorrhage 
were included. The occurrence of poor outcome was similar in patients treated with nimodipine 
(39%) and those treated with placebo (40%); odds ratio was 0.88 (95% CI 0.51–1.54). Mortality 
rates did not differ between nimodipine (26%) and placebo (27%) treated patients (odds ratio 
0.95; 95% CI 0.71–1.26).

Conclusion
Our results do not lend support to the finding of a beneficial effect of nimodipine on outcome 
in patients with traumatic subarachnoid haemorrhage as reported in an earlier Cochrane 
review.
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Introduction
In patients with aneurysmal subarachnoid hemorrhage, nimodipine has been shown to be 
effective in the prevention of ischaemic complications after hemorrhage resulting in improved 
outcome.1 Since nimodipine is believed to have neuroprotective properties, the drug was 
suggested to be of potential benefit in patients with traumatic head injury.

The first report on nimodipine treatment in patients with severe head injury dates from 1984.2 
The first randomised controlled trials investigating the effect of nimodipine in head injury the 
Head Injury Trials (HIT) 1 and 2 were published in the early 1990s.3,4 In the overall analysis 
of these studies, no reduction in poor outcome was shown. However, in a subgroup analysis 
of HIT 2, a possible beneficial effect was noted in patients with traumatic subarachnoid 
haemorrhage. Because of these findings, HIT 3 was initiated in which only head-injury patients 
with traumatic subarachnoid haemorrhage were included.5 The HIT 3 study showed a small 
but significant beneficial effect in nimodipine-treated patients. To confirm this favourable 
effect in a much larger group of patients, HIT 4 was started. Unexpectedly, HIT 4 showed a 
significant increase in poor outcome in nimodipine-treated patients. Possibly because of this 
disappointing result, the results of HIT 4 have never been published in detail, but some of the 
results were presented at a conference.

In 2003, a Cochrane review on the effects of calcium antagonists on outcome in patients with 
head injury was published, which concluded that there is no beneficial effect of nimodipine 
on outcome in head-injury patients.6 However, in the subgroup of patients with traumatic 
subarachnoid haemorrhage nimodipine was shown to improve outcome. 

Because the results of HIT 4 were only partly presented, there is still much debate as to whether 
patients with traumatic subarachnoid haemorrhage should be treated with nimodipine. Here 
we present for the first time the data of all head-injury trials, including previously unpublished 
results from the HIT 4 trial.

Methods

Search strategy and selection criteria of studies
We systematically searched the electronic PubMed and EMBASE databases up to 2006 (week 
10) for the following combinations of variables: “nimodipine” or “calcium antagonist” with 
“traumatic subarachnoid hemorrhage”, “head injury”, “head trauma”, “brain injury”, or “brain 
trauma”. Randomised controlled studies from the English, German, and French published 
work were included. Animal studies were excluded. Bayer AG and all principal investigators 
or corresponding authors of the identified studies were contacted for additional information. 
All randomised controlled trials investigating the effect of the calcium antagonist nimodipine 
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in patients with head injury were included, irrespective of dose, route of administration, and 
duration of treatment. 

The Glasgow outcome scale was measured 6 months after head injury.7 Primary outcome was 
a poor outcome, defined as death, vegetative state, or severe disability. Favourable outcome 
was defined as moderate disability and good recovery. Secondary outcome was mortality.

Methodological quality
One of the investigators (MDIV) assessed the methodological quality of the studies by 
means of the Jadad scale.8 This scale is a validated 5 point scale in which the following items 
are assessed: randomisation (0–2 points), double-blinding (0–2 points), and withdrawals 
and drop-outs after randomisation (0–1 point). Higher values on the Jadad scale represent 
higher quality studies. All trials scoring 1 or 2 points for randomisation were included in the 
analysis.

Statistical analysis
Data were analysed according to the intention-to-treat principle and processed in Review 
Manager 4.2 as supplied by the Cochrane Collaboration. Odds ratios for poor outcome were 
calculated with a random-effects model because of possible heterogeneity between studies. 
Mortality odds ratios were calculated with a χ2 analysis because only crude mortality rates 
were available. Statistical uncertainty was expressed by 95% CIs.

Role of the funding source
There was no external funding source or sponsor involved in the study design, data collection, 
data analysis, data interpretation, or writing of the report. The corresponding author had full 
access to all the data in the study and had responsibility for the final decision to submit for 
publication.

Results
By searching the electronic databases of PubMed and EMBASE five manuscripts were 
identified, describing the results of four trials.3–5,9,10 The principal investigators of HIT 1 and 
2 were contacted for additional data on outcome and access was granted to both original 
datasets. For HIT 3, only published data were available. Bayer AG was contacted for the data 
of HIT 4, but they advised us to contact the principal investigator of HIT 4. The principal 
investigator of HIT 4 granted us permission to analyse and publish the results of HIT 4, which 
were described in a table of the pooled outcome scores of all patients of all four HITs. Finally, 
the corresponding author of the study by Pillai and co-workers was contacted for additional 
data.10 However, the original data were unavailable.
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In HIT 1, 352 patients with head injury were included.3 The presence of traumatic subarachnoid 
hemorrhage was not registered during the study, but was assessed afterwards by a panel of four 
observers.9 CT scans could be retrieved for 257 patients, of whom traumatic subarachnoid 
hemorrhage was present in 71 (36 placebo patients, 35 nimodipine patients).

In HIT 2, 852 patients with head injury were enrolled.4 The presence of traumatic subarachnoid 
hemorrhage was assessed by the investigators and afterwards reassessed by a review committee. 
Although the participating investigators identified traumatic subarachnoid hemorrhage in 149 
placebo patients and in 119 nimodipine patients, the review committee identified traumatic 
subarachnoid hemorrhage in 145 placebo patients and in 123 nimodipine patients.

In HIT 3 only head-injury patients with traumatic subarachnoid hemorrhage were enrolled.5 
In total 123 patients were randomised. A review committee could not confirm the presence 
of traumatic subarachnoid hemorrhage in 26 patients. However, these cases were included for 
the intention-to-treat analysis. Of these 123 patients, two patients were lost to follow-up at
6 months.

In HIT 4, 592 patients were enrolled, of whom 577 were valid for the intention-to-treat 
analysis (287 placebo patients, 290 nimodipine patients; unpublished data). Why 15 patients 
were excluded for the intention-to-treat analysis is not known. A CT scan review committee 
identified traumatic subarachnoid hemorrhage in 525 patients (259 placebo patients, 266 
nimodipine patients). The HIT 4 data, which were released earlier at a conference where data 
of the CT scan review committee were shown, were used for the Cochrane review. For the 
present systematic review we used the data of the HIT 4 intention-to-treat analysis, thus 
including 577 patients instead of 525 patients.

In the study by Pillai and co-workers, 97 patients with severe diffuse head injury were enrolled, 
of whom 39 had traumatic subarachnoid hemorrhage on CT scan.10 Of these 39 patients, 
follow-up was missing in two. Therefore Glasgow outcome scores at 6 months were available 
for 37 patients (18 placebo patients, 19 nimodipine patients).

In total, 1074 head-injury patients with traumatic subarachnoid hemorrhage were included 
for this systematic review. In the primary analysis, the effect of nimodipine on the incidence 

Table 1. Glasgow Outcome Scale of head injury patients with traumatic subarachnoid hemorrhage. Data are 
number (%).

Glasgow 
Outcome Scale

HIT-1 (n=71) HIT-2 (n=268) HIT-3 (n=121) HIT-4 (n=577) Pillai et al. (n=37)

placebo nimodipine placebo nimodipine placebo nimodipine placebo nimodipine placebo nimodipine

Poor outcome 25 (69) 26 (74) 83 (56) 53 (45) 28 (46) 15 (25) 75 (26) 98 (34) 11 (61) 13 (68)

Favourable 
outcome

11 (31) 9 (26) 66 (44) 66 (55) 33 (54) 45 (75) 212 (74) 192 (66) 7 (39) 6 (32)

Total 36 35 149 119 61 60 287 290 18 19
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of poor outcome was studied. For this analysis all five studies supplied data on the incidence 
of poor outcome as well as unpublished data of HIT 4.4,5,9,10 Table 1 and the figure show 
the dichotomised Glasgow outcome scores. The occurrence of poor outcome was similar 
in nimodipine and placebo-treated patients (39% in the nimodipine group and 40% in the 
placebo group: odds ratio 0.88 (95% CI 0.51–1.54)). 

Figure. Comparison of nimodipine versus placebo for the odds of poor outcome defined as death, vegetative state, or 
dependency on the Glasgow outcome scale at 6 months after head injury.

Review: nimodipine for traumatic subarachnoid hemorrhage
Comparison: 01 nimodipine vs. placebo                                                                                     
Outcome: 01 poor outcome                                                                                               

Study Treatment  Control  OR (random)  Weight  OR (random)
or sub-category n/N  n/N  95% CI  %  95% CI

 HIT1                      26/35              25/36         15.11      1.27 [0.45, 3.59]
 HIT2                      53/119            83/149        25.77      0.64 [0.39, 1.04]
 HIT3                      15/60              28/61         19.80      0.39 [0.18, 0.85]
 HIT4                      98/290            75/287        28.30      1.44 [1.01, 2.06]
 Pillai                    13/19              11/18         11.02      1.38 [0.36, 5.34]

Total (95% CI) 523                551 100.00      0.88 [0.51, 1.54]
Total events: 205 (Treatment), 222 (Control)
Test for heterogeneity: Chi² = 13.35, df = 4 (P = 0.010), I² = 70.0%
Test for overall effect: Z = 0.44 (P = 0.66)

 0.1  0.2  0.5  1  2  5  10
 Favours treatment  Favours placebo

In the secondary analysis, we studied the effect of nimodipine on the incidence of mortality. 
No data on mortality were available in the study of Pillai and coworkers.10 Pooled mortality 
rates of all four HIT studies including all patients valid for intention-to-treat analysis are listed 
in table 2. Thus, for the secondary analysis, data for 1037 patients were available. The mortality 
rates were similar in nimodipine and placebo-treated patients (26% in the nimodipine group 
and 27% in the placebo group: odds ratio 0.95 (95% CI 0.71–1.26)).

Table 2. Pooled mortality rates of all patients of all four HIT 
studies valid for intention to treat analysis. Data are number (%).

Outcome Placebo Nimodipine

Survival 390 (73.2) 374 (74.2)

Death 143 (26.8) 130 (25.8)

Total 533 504

The methodological quality of the included studies was assessed with the use of the Jadad 
scale (table 3). The CT scans of HIT 1 were assessed afterwards by a panel of observers who 
were unaware of drug allocation and outcome (G Teasdale, personal communication). The 
Jadad score for HIT 4 was based on limited data. The median score was 3 (range 2–5). As all 
trials scored 1 or 2 points for randomisation, no studies were excluded for this systematic 
review.
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Discussion
The occurrence of poor outcome and mortality rates did not differ between patients treated with 
nimodipine and those treated with placebo. Our results contrast with those of the Cochrane 
review published in 2003, which showed that nimodipine significantly reduced poor outcome 
and mortality in patients with traumatic subarachnoid hemorrhage. The present analysis differs 
in three aspects from the Cochrane analysis. First, we restudied the original data of HIT 1 so 
that mortality rates of HIT 1 could be included in the present analysis. Second, we managed 
to obtain additional data from the HIT 4 study and included these data in the analysis of all 
patients with traumatic subarachnoid hemorrhage. Interestingly, in the Cochrane review, the 
HIT 4 data were only included in the overall analysis of patients with traumatic head injury 
and not in the subgroup analysis of patients with traumatic subarachnoid hemorrhage. This 
is remarkable since HIT 4 only included patients with traumatic subarachnoid hemorrhage. 
Therefore, the Cochrane review was based on less than half of the patients of our review. We 
also included the results of an additional study.

By contrast with patients with traumatic subarachnoid hemorrhage, nimodipine has been 
proven to improve outcome in patients with aneurysmal subarachnoid haemorrhage.1 
Several factors can explain the difference in effect of nimodipine on outcome in patients with 
aneurysmal compared with traumatic subarachnoid hemorrhage. Aneurysmal and traumatic 
subarachnoid hemorrhages are different entities. In patients with aneurysmal subarachnoid 
hemorrhage, delayed cerebral ischemia can occur in the weeks after the hemorrhage. 
Patients who have delayed cerebral ischemia have an increased risk of poor outcome. This 
delayed cerebral ischeemia is less common in traumatic subarachnoid hemorrhage than 
in aneurysmal subarachnoid hemorrhage.11,12 Nimodipine is probably only eff ective for 
delayed cerebral ischemia and might therefore be effective only in patients with aneurysmal 
subarachnoid hemorrhage. For a long time, the beneficial effects of nimodipine in subarachnoid 
hemorrhage have been attributed to a beneficial effect on vasospasm. However, nimodipine 
exerts a fibrinolytic effect in patients with aneurysmal subarachnoid hemorrhage, an effect 
which was also observed in other calcium antagonists from the dihydropyridine group.13 
Therefore, nimodipine exerts a beneficial profibrinolytic effect in patients with aneurysmal 

Table 3. Methodological quality of the included studies using the Jadad-scale. 

Study Randomisation
(0-2 points)

Double-blinding
(0-2 points)

Withdrawals / drop-
outs (1 point)

Total
(0-5 points)

HIT 1 2 2 1 5

HIT 2 2 2 0 4

HIT 3 1 2 0 3

HIT 4* 1 1 0 2

Pillai 2 1 0 3

* Based on limited data
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subarachnoid hemorrhage and this could be the mechanism by which the incidence of 
delayed cerebral ischemia is decreased. In patients with traumatic subarachnoid hemorrhage 
the profibrinolytic effect might not be beneficial, but even deleterious by inducing cerebral 
and systemic hemorrhages.

The Jadad scale was used to assess the methodological quality of the included papers. The 
Jadad score of HIT 4 was based on a limited number of data. With the available data of HIT 4, 
the Jadad score was 2. Therefore the largest study in this systematic review probably had the 
lowest quality score. Often, lower quality trials tend to have more positive results, but this was 
not found in this analysis.

In this systematic review including 1074 patients with traumatic subarachnoid hemorrhage, 
we could not confirm the beneficial effects of nimodipine shown in a previous review, which 
included 460 patients with this condition.
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Abstract

Background and purpose
Recently, two randomized controlled phase II studies showed that acute initiation of statin 
treatment directly after aneurysmal subarachnoid hemorrhage (SAH) decreases the incidence 
of radiological vasospasm and clinical signs of delayed cerebral ischemia (DCI), and even 
reduces mortality. It was hypothesized that the observed clinical effects resulted from 
pleiotropic effects of statins. The purpose of the current study was to investigate the biological 
effects of acute statin treatment in patients with aneurysmal SAH. 

Methods
We performed an exploratory single-center, prospective, randomized, double-blind, placebo-
controlled trial. Patients were randomi zed to simvastatin 80 mg or placebo once daily. 
Primary outcome was the effect of simvastatin on laboratory parameters of endothelial 
function, fibrinolysis, coagulation, inflammation, and cholesterol. Secondary outcomes were 
the occurrence of transcranial Doppler vasospasm, clinical signs of DCI, and outcome on the 
Glasgow Outcome Scale (GOS) 3 and 6 months after SAH. 

Results
Thirty-two patients were included. There were no statistically significant differences in clinical 
baseline characteristics. Concerning primary outcome, there were significant differences by 
treatment group for total cholesterol and LDL cholesterol (p<0.0001), but not for parameters 
of coagulation, fibrinolysis, endothelium function, and inflammation. Concerning secondary 
outcomes, no differences were observed in the incidence of TCD vasospasm, clinical signs of 
DCI, and poor outcome.

Conclusions
Both the primary and secondary outcome results of this study do not support a beneficial 
effect of simvastatin in patients with SAH. Before implementation of statin treatment in every 
day practice, the results of phase III clinical trials should be awaited. (ISRCTN45662651)

vergouwen.indb   108 16-4-2009   10:53:11



109

Biological effects of simvastatin in SAH

Introduction
Patients surviving aneurysmal subarachnoid hemorrhage (SAH) are at risk of delayed cerebral 
ischemia (DCI). Presently, the only drug that decreases the incidence of DCI is the calcium 
channel blocker nimodipine.1 Because the risk reduction of nimodipine is modest, intense 
efforts are made worldwide to find new treatments for this complication. 

Recently, two randomized controlled phase II studies showed that acute initiation of statin 
treatment directly after aneurysmal SAH decreases the incidence of radiological vasospasm 
and clinical signs of DCI, and even reduces mortality in patients already treated with 
nimodipine.2-4 The results were remarkable since the trials were not powered to detect 
differences in clinical outcome. Since DCI is associated with increased morbidity and 
mortality after SAH and the observed risk reductions as a result of acute statin treatment 
were large, many neurocritical care units decided not to await the results from phase III trials 
and to implement statin treatment in their SAH management protocol.5,6 However, several 
other studies found no effect of statin treatment in patients with SAH.6-9 Therefore, there is 
considerable doubt on the effects of statin treatment in this group of patients. Moreover, the 
mechanism by which statins can decrease DCI in SAH patients also remains to be elucidated. 
Clearly, additional studies are needed to investigate the effect of acute statin treatment on 
DCI and outcome in patients with SAH. 

The purpose of the current study was to investigate the biological effects of acute statin treatment 
in patients with aneurysmal SAH. If biological effects are found which may explain the previously 
observed beneficial effects of treatment with statins, this would support the use of statins in SAH 
patients. In addition this would provide more insight into the pathogenesis of DCI.  

Methods
We performed a single-center, prospective, randomized, double-blind, placebo-controlled 
trial. The study protocol was approved by the local Institutional Review Board (IRB 06/33). 
This trial is registered in the International Standard Randomised Controlled Trial registry, 
number ISRCTN45662651.

Patients
All patients with symptoms and signs of SAH with evidence of an aneurysmal bleeding on 
the initial CT scan were eligible for the study. If CT scan was negative but lumbar puncture 
showed evidence of bleeding in the cere brospi nal fluid, patients were eligible for inclusion 
if CT angiography or conventional angio graphy showed an aneurysm. Patients with a non-
aneurysmal pattern of bleeding on the initial CT scan were only eligible for inclusion if (CT-) 
angio graphy showed an appropriate aneurysm. Exclusion criteria were: 1) under 18 years of 
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age; 2) patients using aspirin, warfarin, and/or statins; 3) contra-indication for simvastatin 
(active liver disease, liver alanine aminotransferase or aspartate aminotransferase more than 
3 times the normal upper limit, myopathy); 4) kidney insufficiency; 5) pregnancy or lactation; 
6) if death appeared imminent. All patients received stand ard care including treatment 
with nimodi pine 360 mg a day orally (60 mg every 4 hours). Initiation of hypertension and 
hypervolemia therapy was at the discretion of the treating neurosurgeon, according to the 
Academic Medical Center Subarachnoid Hemorrhage Treatment-guideline to which all 
neurologists, neurosurgeons, and intensive care physicians adhere. 

Clinical baseline characteristics
At baseline, several characteristics were recorded such as age, sex, Glasgow Coma Scale (GCS), 
presence of focal neurological deficits, loss of consciousness during ictus, warning leak, blood 
pressure at admission, smoking, history of hypertension, and location of aneurysm. 

Randomization and drug administration   
The randomization plan was developed by the local Department of Clinical Pharmacy, 
using permuted-block randomization. Study medication was manufactured according 
to Good Manufacturing Practice (GMP) guidelines. Simvastatin and placebo were packed 
in identical capsules. Medica tion was available in numbered treatment boxes containing 
capsules for a complete 15-day course of simvastatin or placebo. As soon as the diagnostic 
inclu sion criteria were fulfilled and written informed consent was obtained from the patient 
or a legally acceptable surrogate, the patients were randomi zed to receive oral simvastatin 
80 mg or placebo once daily. Randomization and subsequent start of study medication had 
to take place as soon as possible, but never later than 72 hours after SAH. Study treatment 
was continued until day 14 after SAH (the day of the hemorrhage was defined as day 0). In 
case of good clinical condition and hospital discharge before day 14 after SAH, patients were 
asked to continue the study medication at home and to return the treatment box by mail. All 
clinicians, nurses, patients, and investigators were blinded for study treatment. Unblinding 
of the treatment codes occurred six months after the inclusion of the last study patient. All 
outcome assessments were performed before the treatment codes were broken.

Blood samples
Study blood samples were taken within 72 hours after arrival in the hospital prior to initiation 
of study medication, and at 4±1 days, 7±1 days, 10±1 days, 14±1 days, and 17±1 days after 
SAH. All blood withdrawals were performed by the same investigator (MDIV). In case of 
hospital discharge before day 17 after SAH, patients did not return to the hospital for the 
remaining blood withdrawals. All blood withdrawals were taken between 8 AM and 9.30 AM 
because of diurnal fluctuations of certain parameters such as plasminogen activator inhibitor 
(PAI)-1 antigen. After withdrawal, blood was directly processed and stored in a -80 degrees 
Celsius freezer until laboratory tests were performed, which occurred after all patients were 
included in the trial. 
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To investigate the biological effects of simvastatin, we studied both cholesterol-dependent 
(total serum cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein 
(LDL) cholesterol, triglycerides) and cholesterol-independent, so called pleiotropic, effects. 
Concerning pleiotropic effects, we studied parameters of fibrinolysis (tissue plasminogen 
activator (tPA) antigen, tPA activity, PAI-1 antigen, PAI-1 activity, d-dimer), coagulation 
(prothrombin fragment F1+2), endothelial function (von Willebrand factor (vWF), soluble 
thrombomoduline (sTM)), and inflammation (C-reactive protein (CRP), interleukin (IL)-1β, 
IL-6, IL-8, IL-10, IL-12-p70, and tumor necrosis factor (TNF)-α). 

Measurements of tissue-type plasminogen activator antigen (Innotest, Hyphen BioMed, 
Andrésy, France), plasminogen activator inhibitor-1 antigen (Hyphen BioMed, Andrésy, 
France), von Willebrand factor antigen (antibodies from Dako, Glostrup, Denmark), soluble 
thrombomodulin (Asserachrom, Roche, Almere, the Netherlands), and prothrombin fragment 
F1+2 (Dade Behring, Marburg, Germany) were performed by ELISA. Plasminogen activator 
inhibitor-1 activity was determined with Berichrom PAI-1 (Dade Behring) on a Behring 
Coagulation System. tPA activity was determined in Stabilyte plasma by an indirect two-
stage enzymatic procedure (Biopool, Umea, Sweden). D-dimer levels were determined with a 
particle-enhanced immunoturbidimetric assay (Innovance D-Dimer, Dade Behring, Marburg, 
Germany). TNF-α, IL-1β, IL-6, IL-8, IL-10 and IL-12p70 were measured by cytometric 
beads array (CBA) multiplex assay (BD Biosciences, San Jose, CA). The detection level of all 
interleukins and TNF-α was 2.5 pg/ml, and of C-reactive protein 0.1 mg/l. 

Transcranial Doppler (TCD) examinations were performed of both anterior and middle cerebral 
arteries at the same days of study blood withdrawals. All TCD’s were performed by the same 
investigator (MDIV). Maximum and mean blood flow velocities (Vmax and Vmean respectively) 
were recorded. Distinction was made between no vasospasm (Vmean in any measured cerebral 
artery < 120 cm/sec), moderate vasospasm (Vmean ≥ 120 cm/sec and < 160 cm/sec), and severe 
vasospasm (Vmean ≥ 160 cm/sec).

Definition of events 
An event was defined as the occurrence of focal neurological impairment and/or a decreased 
level of consciousness of at least 2 points as recorded on the GCS. Events were distinguished 
in rebleeding, DCI, hydrocephalus, meningitis, and other events (such as pneumonia, coiling 
related complications, and operative complications (other than ischemia)). 

Outcomes 
Primary outcome was the effect of simvastatin on laboratory parameters of endothelial function, 
fibrinolysis, coagulation, inflammation, and cholesterol after aneurysmal SAH. Secondary 
outcomes were the occurrence of TCD vasospasm, the occurrence of clinical signs of 
DCI after SAH, and outcome on the Glasgow Outcome Scale (GOS) 3 and 6 months after SAH. 
Poor outcome was defined as Glasgow Outcome Scores ‘dead’, ‘persistent vegetati ve state’, and 
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‘severe disability’. Favorable outcome was defined as ‘moderate disability’ and ‘good recovery’. 
Furthermore, the reason of poor outcome was scored. 

Statistical analysis
Since the main purpose of our study was to investigate the biological effects of statins in 
patients with aneurysmal SAH, the study had an exploratory design and no sample size 
calculation was performed. Clinical baseline characteristics were summarized using 
descriptive statistics. The analyses involved all randomized patients irrespective of duration 
of treatment, timing of coiling or operation, et cetera (intention to treat principle). 

For the primary outcome analyses, the difference in development of laboratory markers by 
treatment group was investigated via random effects models. In these models, the parameters 
that describe the trend were allowed to differ per individual. The parameters per individual (the 
intercept, slope, and possibly quadratic term) were assumed to originate from a multivariate 
normal distribution. The mean of this distribution yielded the average development at the 
group level. For all interleukins, there were many values below the detection limit of 2.5 pg/
ml. For these models, a random effects logistic regression was performed, with value above or 
below the detection limit as outcome variable. For all other markers, a suitable transformation 
was performed to make the values more symmetrically distributed, after which a linear random 
effects model was fitted. The general regression strategy was as follows. For total cholesterol 
and LDL cholesterol, a polynomial trend over time was assumed, which was allowed to differ 
by treatment group. For all other markers, an intercept and a slope parameter was included 
in the model, which was allowed to differ by treatment group. If the trend parameter (slope 
or polynomial trend) did not differ significantly by treatment group, it was excluded from the 
model. Analyses were done with the nlme and lme4 packages in the R statistical program.10 

For the secondary outcome analyses, we calculated relative risks and used χ2 and Fisher’s 
exact test when appropriate to analyse differences in the outcome parameters between the 
treatment groups. 

Results
During the study period from May 2006 until August 2007, 75 patients with a bleeding pattern 
suggestive for aneurysmal SAH were screened for study eligibility. Reasons for exclusion are 
listed in figure 1. In total, 32 patients were included.

Baseline characteristics of the included patients are summarized in table 1. In the placebo group 
there were more women and more patients with focal neurological impairment on admission, 
but this difference did not reach statistical significance. One patient in the simvastatin group 
had an aneurysmal bleeding pattern and was randomized prior to angiography, which did not 
show an aneurysm. This patient was included in the intention-to-treat analysis. Furthermore, 
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no substantial baseline differences between the treatment arms were observed. Thirty-one 
patients received treatment of the aneurysm: 24 patients (77%) were coiled and 7 patients 
(23%) were clipped. Median day of aneurysm treatment after SAH was day 1 (range day 0-30). 
Distribution of type and day of treatment was similar in both groups. A larger number of 

Figure 1. Enrolment and number of patients studied

75 SAH patients screened 
for study eligibility 

 

43 patients excluded for following 
(combination of) reasons: 

   - death imminent (n=10) 
   - no aneurysm (n=9) 
   - SAH more than 3 days ago (n=9) 
   - statin use (n=7) 
   - no informed consent (n=5) 
   - aspirin use (n=2) 
   - anticoagulant use (n=2) 
   - participation in other study (n=1) 

- treatment cessation because of     
   comorbidity (n=1) 
- soon discharge expected because 
   inhabitant of other region (n=1) 
 

32 patients randomized 

  
 
16 assigned to simvastatin        16 assigned to placebo 
(all patients received allocated       (all patients received allocated 
intervention)          intervention) 
      
 
 
3 patients discontinued        1 patient discontinued  
intervention:                 intervention: 
- supposed adverse event:         - study medication lost during 
      - muscle ache (n=1)             transfer within the hospital  
      - liver aminotransferase > 3            (n=1) 

         times upper-limit (n=1)  
-  study medication lost during 
   transfer within the hospital 
   (n=1)  
 
No patients lost to follow-up        No patients lost to follow-up 
 
 
 
16 patients analyzed              16 patients analyzed  
(intention-to-treat analysis)         (intention-to-treat analysis)  

patients in the simvastatin group received hypertension/hypervolemia therapy (9 patients 
(56%) in the simvastatin group vs. 4 (25%) in the placebo group). In total, 28 patients (88%) 
completed the study medication treatment period or continued study medication until death. 
In 2 patients study medication was stopped early, because of potential side effects (muscle 
ache (n=1) or liver aminotransferase more than 3 times upper limit of normal (n=1)). Both 
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patients were randomized to simvastatin. In 2 other patients study medication was lost during 
transfer within the hospital. The median number of days that study medication was given was 
13 (range 4-15 days). 

Primary outcome 
Results of laboratory investigations are listed in table 2 (see page 116-117). For total cholesterol 
and LDL cholesterol, but not for HDL cholesterol and triglycerides, there were significant 
differences by treatment group (p<0.0001 for both). No differences were observed for 
coagulation and fibrinolytic parameters. Concerning endothelial function, the simvastatin 
group had a significantly higher baseline value of sTM prior to initiation of study medication 
(p=0.005). This difference did not decrease over time. No differences between treatment groups 
were observed for von Willebrand factor. Concerning inflammation, CRP value was slightly 

Table 1. Clinical baseline characteristics of included patients

Total
(n=32)

Simvastatin
(n=16)

Placebo
(n=16)

Mean age, year (SD) 54 (11) 53 (11) 54 (11)

N of women (%) 20 (63) 8 (50) 12 (75)

N of patients smoking

- current smoker (%) 12 (38) 7 (44) 5 (31)

- former smoker (%) 3 (9) 1 (6) 2 (13)

N of patients with hypertension (%) 6 (19) 2 (13) 4 (25)

Median GCS score (range) 14 (5-15) 14 (5-15) 14 (5-15)

N of patients with GCS score of 15 on admission (%) 10 (31) 6 (38) 4 (25)

N of patients with focal neurological impairment (%) 9 (28) 3 (19) 6 (38)

Median WFNS score (range) 2 (1-5) 2 (1-5) 2 (1-5)

N of patients with ictal loss of consciousness

- yes (%) 17 (53) 10 (63) 7 (44)

- no (%) 13 (41) 5 (31) 8 (50)

- unknown (%) 2 (6) 1 (6) 1 (6)

Median Hijdra-score admission CT-scan (range) 23 (2-37) 22 (3-37) 24 (2-31)

N of patients with warning leak (%) 6 (19%) 4 (25) 2 (13)

Mean blood pressure (SD) on admission

- systolic 161 (34) 159 (37) 164 (31)

- diastolic 91 (18) 88 (20) 95 (16)

Location of aneurysm

- anterior circulation (%) 27 (84) 13 (81) 14 (88)

- posterior circulation (%) 4 (13) 2 (13) 2 (13)

- no aneurysm (%) 1 (3) 1 (6) -
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higher for the simvastatin group at the first measurement (p=0.04), with a (non-significant) 
tendency for this difference to become smaller over time. For IL-10 there was a significant 
difference in trend by treatment group. The simvastatin group had a higher probability to 
have detectable IL-10 levels at the first measurement before initiation of study medication 
(OR=26 (95% CI 2.9-234)). This difference decreased over time (p-value for difference in slope 
0.02). At the sixth measurement at day 17 after withdrawal of study medication, IL-10 levels in 
simvastatin treated patients normalized. For the other interleukins, there were no significant 
differences between treatment groups. Serum TNF-α was undetectable in all patients.

Secondary outcome
Distribution of events in both treatment groups is summarized in table 3. The occurrence 
of TCD vasospasm and clinical signs of DCI was similar in both treatment groups. Signs of 
DCI started at a median of 6 days (range 4-10 days). Two patients who did not complete study 
medication had clinical signs of DCI. Both were randomized to the simvastatin group and had 
clinical signs of DCI before medication was stopped: both patients developed DCI at day 5, 
while the last study medication was given at day 6.

Follow-up data 3 and 6 months after SAH were complete in all randomized patients. In each 
treatment group 4 patients (25%) had poor outcome 3 and 6 months after SAH. Causes of 
poor outcome in the simvastatin group were initial hemorrhage (n=2), rebleed (n=1), and DCI 
(n=1). In the placebo group poor outcome was caused by rebleeding (n=1) and DCI (n=3). In 
each treatment group 2 patients died. Both in the placebo and simvastatin group one patient 
died from rebleeding and one from DCI. 

Table 3.  Distribution of events and TCD vasospasm after SAH

Total
(n=32)

Simvastatin
(n=16)

Placebo
(n=16)

Rebleeding (%) 3 (9) 2 (13)  1 (6)

Delayed cerebral ischemia (%) 11 (34) 6 (38) 5 (31)

Vasospasm on TCD

- no vasospasm (%) 8 (25) 3 (19) 5 (31)

- moderate vasospasm (%) 12 (38) 5 (31) 7 (44)

- severe vasospasm (%) 11 (34) 7 (44) 4 (25)

- no transtemporal window (%)    1 (3)  1 (6) -

Hydrocephalus (%) 10 (31) 5 (31) 5 (31)

Meningitis (%) 3 (9) 2 (13)  1 (6)
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Discussion
The results of the present study show that in patients with SAH acute simvastatin treatment 
decreases serum levels of total cholesterol and LDL cholesterol, but has no effect on markers of 
endothelial function, coagulation, and fibrinolysis. The analysis for IL-10 showed a significant 
difference in trend for treatment group, but the most plausible explanation for this difference 
is a return-to-normal phenomenon, since patients who were randomized to simvastatin had 
a significantly higher probability to have detectable IL-10 levels before initiation of study 
medication. After withdrawal of study medication the levels of IL-10 remained low in both 
groups, in contrast to total cholesterol and LDL cholesterol levels which increased in patients 
randomized to simvastatin. Other serum levels of inflammation also remained unaffected by 
simvastatin treatment. Finally, simvastatin did not affect TCD vasospasm, clinical signs of 
DCI, and poor outcome on the Glasgow Outcome Scale 3 and 6 months after SAH.

Statins provide a central basis for cardiovascular prevention in high risk patients.11-14 In view of 
the irrefutable evidence supporting a causal role of (oxidized) LDL in atherogenesis, the LDL-
lowering effect was held responsible for the benefits. However, during the last two decades it has 
become clear that, besides inhibiting HMG-CoA synthase, statins also prevent the synthesis 
of important isoprenoids, such as farnesylpyrophosphate and geranylgeranylpyrophosphate.15 

Table 2. Results of laboratory investigations. Serum levels of interleukins and TNF-α are not shown, because most levels 
were below the detection limit. Values are medians with interquartile ranges. Numbers 1 to 6 represent consecutive 
blood withdrawals at days 2, 4, 7, 10, 14 and 17 after SAH

Parameter Simvastatin Placebo

1 2 3 4 5 6 1 2 3 4 5 6

Total serum cholesterol (mmol/L) 4.2 (3.9-4.5) 3.5 (3.3-4.0) 2.9 (2.5-3.7) 3.0 (2.7-3.4) 3.8 (3.3-4.1) 4.1 (3.3-4.6) 4.4 (3.7-5.5) 4.7 (4.5-5.2) 4.4 (3.4-5.1) 4.1 (3.5-5.4) 4.3 (3.8-5.8) 4.8 (3.9-6.3)

HDL cholesterol (mmol/L) 1.4 (1.2-1.5) 1.2 (1.0-1.3) 0.9 (0.7-1.0) 0.8 (0.5-1.0) 0.9 (0.6-1.1) 0.7 (0.6-1.0) 1.1 (0.9-1.4) 1.2 (0.9-1.5) 0.9 (0.8-1.4) 0.9 (0.8-1.1) 1.0 (0.8-1.2) 1.3 (1.0-1.4)

LDL cholesterol (mmol/L) 2.4 (2.0-2.6) 2.1 (1.4-2.2) 1.8 (1.2-2.1) 1.8 (1.4-2.0) 2.2 (1.8-2.5) 2.4 (2.2-2.7) 2.8 (2.2-3.3) 3.0 (2.7-3.3) 2.9 (1.9-3.4) 2.4 (2.2-3.5) 2.9 (2.1-3.4) 2.5 (2.2-3.9)

Triglycerides (mmol/L) 1.1 (0.9-1.5) 1.1 (0.8-1.8) 1.1 (0.8-1.5) 1.2 (1.0-1.5) 1.5 (1.1-1.7) 2.0 (1.4-2.1) 1.1 (0.8-1.4) 1.1 (0.9-1.6) 1.4 (1.0-1.8) 1.4 (1.0-1.8) 1.2 (1.0-2.3) 1.3 (1.3-1.7)

tPA antigen (ng/mL) 6.9 (5.0-10.8) 6.7 (4.7-7.8) 10.1 (6.4-14.2) 10.4 (6.0-14.8) 12.7 (7.7-14.0) 9.2 (6.2-11.9) 5.5 (4.9-6.8) 5.5 (3.8-8.4) 7.5 (5.0-10.1) 9.1 (5.2-12.3) 8.4 (5.1-12.8) 6.1 (4.7-12.6)

tPA activity (IU/mL) 0.5 (0.2-0.8) 0.6 (0.5-0.8) 0.6 (0.4-1.1) 0.6 (0.5-0.7) 0.7 (0.3-1.1) 0.9 (0.5-1.0) 0.6 (0.3-0.9) 0.7 (0.5-1.0) 0.6 (0.4-1.0) 0.6 (0.4-1.0) 0.6 (0.5-1.2) 0.7 (0.4-1.3)

PAI-1 antigen (ng/mL) 69.5 

(27.3-132.8)

40.0 

(28.0-62.0)

60.0 

(45.5-78.5)

70.0 

(50.3-87.3)

61.0 

(43.5-97.5)

57.0 

(33.3-75.8)

33.0 

(24.0-74.3)

34.5 

(22.0-49.3)

44.0  

(33.0-72.0)

50.0 

(24.0-79.0)

56.0 

(33.5-73.5)

53.0 

(38.0-60.0)

PAI-1 activity (IU/mL) 5.1 (4.1-5.9) 4.2 (3.8-4.8) 5.5 (4.4-5.8) 4.9 (4.4-5.5) 4.5 (4.2-5.7) 4.5 (4.1-5.0) 4.4 (3.5-5.4) 4.4 (3.9-4.8) 4.6 (4.4-5.3) 4.8 (3.8-5.4) 4.7 (4.2-5.7) 4.8 (4.0-4.9)

Von Willebrand factor ag (%) 160.5 

(124.8-201.2)

197.0 

(146.0-219.0)

245.0 

(163.0-277.0)

175.5 

(147.8-265.5)

183.0 

(124.5-233.0)

158.0 

(99.3-248.3)

153.5 

(95.3-190.0)

165.5

 (115.5-211.5)

192.0 

(119.0-241.0)

214.0 

(118.0-274.0)

184.0 

(109.5-249.5)

171.0 

(143.0-256.0)

Soluble thrombomodulin (ng/mL) 35.0 

(24.9-49.3)

36.0 

(29.0-58.2)

37.7 

(29.9-62.2)

42.4 

(30.8-84.4)

33.4 

(26.1-47.4)

36.4 

(31.6-47.2)

22.0 

(19.2-27.1)

24.1 

(20.8-29.6)

20.5 

(18.5-33.3)

23.6 

(19.0-33.7)

24.2 

(17.7-28.8)

23.4 

(13.2-26.3)

D-dimer (mg/L) 1.0 (0.8-2.2) 1.2 (0.7-2.1) 1.4 (1.0-2.9) 1.6 (0.9-4.6) 1.6 (0.8-4.1) 1.5 (0.7-3.2) 1.3 (0.7-3.0) 0.7 (0.6-1.6) 0.9 (0.6-2.4) 0.8 (0.5-2.9) 0.8 (0.4-2.3) 0.9 (0.7-1.5)

Prothrombin factor F1 and F2 

(pmol/L)

234.0 (202.5-

357.8)

251.0 (174.0-

276.0)

303.0 (238.8-

390.5)

283.5 (243.0-

351.8)

267.5 (195.8-

341.0)

227.5 (181.3-

286.8)

248.5 

(164.8-319.0)

256.0 

(218.5-370.5)

265.0 

(236.0-313.0)

255.0 

(216.0-306.0)

230.0 

(165.5-381.0)

318.0 

(200.0-651.0)

C-reactive protein (mg/L) 64.4 

(14.6-108.2)

55.5 

(10.0-90.0)

48.5 

(15.2-96.5)

18.1 

(5.9-91.8)

19.9 

(4.7-28.7)

6.5 

(2.9-44.1)

18.8 (

10.4-42.6)

30.1 

(18.1-50.0)

35.0 

(6.5-50.9)

11.7 

(5.7-17.3)

5.9 

(2.6-8.9)

4.4 

(2.6-8.4)
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Statins have also been shown to be involved in immunomodulation and in a wide array of 
anti-inflammatory effects.16,17 The impact of these so-called pleiotropic effects for clinical 
benefit is a matter of intense debate. Whereas data from meta-analyses of lipid lowering trials 
suggest that lipid modification alone accounts for the clinical benefits associated with statin 
therapy, recent studies have implied that statin-induced LDLc reduction may in fact be more 
beneficial compared to non-statin induced LDLc reduction.18-21 These pleiotropic effects have 
even been suggested to contribute to the neuroprotection.22  

However, in the present study we did not find any evidence to support pleiotropic effects in 
patients with SAH. This is in contrast to two other studies that investigated the effects of statins 
in this group of patients.2,23 In one study, lower levels of von Willebrand factor and of S100β, a 
marker of astrocyte activation and central nervous system activation, were observed in SAH 
patients treated with simvastatin.2 However, it is not known whether serum levels of these 
parameters already differed before initiation of study medication, and whether these differences 
disappeared after withdrawal of study medication. Another study reported that SAH patients 
treated with statins had increased D-dimer levels on day 6, but not on days 3, 9 and 12.23 

Although the present study was not powered to detect clinical differences, which precludes 
drawing conclusions, our secondary outcome results are also remarkable. A recent meta-

Table 2. Results of laboratory investigations. Serum levels of interleukins and TNF-α are not shown, because most levels 
were below the detection limit. Values are medians with interquartile ranges. Numbers 1 to 6 represent consecutive 
blood withdrawals at days 2, 4, 7, 10, 14 and 17 after SAH

Parameter Simvastatin Placebo

1 2 3 4 5 6 1 2 3 4 5 6

Total serum cholesterol (mmol/L) 4.2 (3.9-4.5) 3.5 (3.3-4.0) 2.9 (2.5-3.7) 3.0 (2.7-3.4) 3.8 (3.3-4.1) 4.1 (3.3-4.6) 4.4 (3.7-5.5) 4.7 (4.5-5.2) 4.4 (3.4-5.1) 4.1 (3.5-5.4) 4.3 (3.8-5.8) 4.8 (3.9-6.3)

HDL cholesterol (mmol/L) 1.4 (1.2-1.5) 1.2 (1.0-1.3) 0.9 (0.7-1.0) 0.8 (0.5-1.0) 0.9 (0.6-1.1) 0.7 (0.6-1.0) 1.1 (0.9-1.4) 1.2 (0.9-1.5) 0.9 (0.8-1.4) 0.9 (0.8-1.1) 1.0 (0.8-1.2) 1.3 (1.0-1.4)

LDL cholesterol (mmol/L) 2.4 (2.0-2.6) 2.1 (1.4-2.2) 1.8 (1.2-2.1) 1.8 (1.4-2.0) 2.2 (1.8-2.5) 2.4 (2.2-2.7) 2.8 (2.2-3.3) 3.0 (2.7-3.3) 2.9 (1.9-3.4) 2.4 (2.2-3.5) 2.9 (2.1-3.4) 2.5 (2.2-3.9)

Triglycerides (mmol/L) 1.1 (0.9-1.5) 1.1 (0.8-1.8) 1.1 (0.8-1.5) 1.2 (1.0-1.5) 1.5 (1.1-1.7) 2.0 (1.4-2.1) 1.1 (0.8-1.4) 1.1 (0.9-1.6) 1.4 (1.0-1.8) 1.4 (1.0-1.8) 1.2 (1.0-2.3) 1.3 (1.3-1.7)

tPA antigen (ng/mL) 6.9 (5.0-10.8) 6.7 (4.7-7.8) 10.1 (6.4-14.2) 10.4 (6.0-14.8) 12.7 (7.7-14.0) 9.2 (6.2-11.9) 5.5 (4.9-6.8) 5.5 (3.8-8.4) 7.5 (5.0-10.1) 9.1 (5.2-12.3) 8.4 (5.1-12.8) 6.1 (4.7-12.6)

tPA activity (IU/mL) 0.5 (0.2-0.8) 0.6 (0.5-0.8) 0.6 (0.4-1.1) 0.6 (0.5-0.7) 0.7 (0.3-1.1) 0.9 (0.5-1.0) 0.6 (0.3-0.9) 0.7 (0.5-1.0) 0.6 (0.4-1.0) 0.6 (0.4-1.0) 0.6 (0.5-1.2) 0.7 (0.4-1.3)

PAI-1 antigen (ng/mL) 69.5 

(27.3-132.8)

40.0 

(28.0-62.0)

60.0 

(45.5-78.5)

70.0 

(50.3-87.3)

61.0 

(43.5-97.5)

57.0 

(33.3-75.8)

33.0 

(24.0-74.3)

34.5 

(22.0-49.3)

44.0  

(33.0-72.0)

50.0 

(24.0-79.0)

56.0 

(33.5-73.5)

53.0 

(38.0-60.0)

PAI-1 activity (IU/mL) 5.1 (4.1-5.9) 4.2 (3.8-4.8) 5.5 (4.4-5.8) 4.9 (4.4-5.5) 4.5 (4.2-5.7) 4.5 (4.1-5.0) 4.4 (3.5-5.4) 4.4 (3.9-4.8) 4.6 (4.4-5.3) 4.8 (3.8-5.4) 4.7 (4.2-5.7) 4.8 (4.0-4.9)

Von Willebrand factor ag (%) 160.5 

(124.8-201.2)

197.0 

(146.0-219.0)

245.0 

(163.0-277.0)

175.5 

(147.8-265.5)

183.0 

(124.5-233.0)

158.0 

(99.3-248.3)

153.5 

(95.3-190.0)

165.5

 (115.5-211.5)

192.0 

(119.0-241.0)

214.0 

(118.0-274.0)

184.0 

(109.5-249.5)

171.0 

(143.0-256.0)

Soluble thrombomodulin (ng/mL) 35.0 

(24.9-49.3)

36.0 

(29.0-58.2)

37.7 

(29.9-62.2)

42.4 

(30.8-84.4)

33.4 

(26.1-47.4)

36.4 

(31.6-47.2)

22.0 

(19.2-27.1)

24.1 

(20.8-29.6)

20.5 

(18.5-33.3)

23.6 

(19.0-33.7)

24.2 

(17.7-28.8)

23.4 

(13.2-26.3)

D-dimer (mg/L) 1.0 (0.8-2.2) 1.2 (0.7-2.1) 1.4 (1.0-2.9) 1.6 (0.9-4.6) 1.6 (0.8-4.1) 1.5 (0.7-3.2) 1.3 (0.7-3.0) 0.7 (0.6-1.6) 0.9 (0.6-2.4) 0.8 (0.5-2.9) 0.8 (0.4-2.3) 0.9 (0.7-1.5)

Prothrombin factor F1 and F2 

(pmol/L)

234.0 (202.5-

357.8)

251.0 (174.0-

276.0)

303.0 (238.8-

390.5)

283.5 (243.0-

351.8)

267.5 (195.8-

341.0)

227.5 (181.3-

286.8)

248.5 

(164.8-319.0)

256.0 

(218.5-370.5)

265.0 

(236.0-313.0)

255.0 

(216.0-306.0)

230.0 

(165.5-381.0)

318.0 

(200.0-651.0)

C-reactive protein (mg/L) 64.4 

(14.6-108.2)

55.5 

(10.0-90.0)

48.5 

(15.2-96.5)

18.1 

(5.9-91.8)

19.9 

(4.7-28.7)

6.5 

(2.9-44.1)

18.8 (

10.4-42.6)

30.1 

(18.1-50.0)

35.0 

(6.5-50.9)

11.7 

(5.7-17.3)

5.9 

(2.6-8.9)

4.4 

(2.6-8.4)
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analysis showed that acute statin treatment reduces the incidence of vasospasm, DCI, and 
mortality in SAH patients.24 The results of this meta-analysis, which included three phase II 
studies with 39, 39 and 80 patients respectively and therefore had insufficient power to detect 
clinical differences, were mainly based on two studies.2,3 However, the results of these two 
studies should be interpreted with caution. For example, in one study there was an abnormal 
high rate of DCI in the placebo group (60%).2 In the group of patients treated with statins the 
incidence of clinical signs of DCI was 26%, which is comparable with data from prospective 
studies that included patients not treated with statins.25 Therefore, the placebo group did not 
have a representative incidence of DCI, which may reflect an imbalance in randomization. 
In the other study, many patients had DCI more than 14 days after SAH, which is unusual 
in SAH patients.3 This late occurrence was attributed to cessation of statin treatment after 
day 14. However, in that study only 60% of patients continued study medication until death 
or until day 14. It is therefore questionable whether this is a valid explanation for this late 
DCI phenomenon. Furthermore, in the pravastatin study there was an unusually high sepsis-
caused mortality rate in the placebo group compared to the statin group (71% versus 6%, 
respectively).4 

A limitation of the present study is that only systemic levels of biomarkers were assessed 
instead of local levels from the cerebral circulation. This might have resulted in dilution of 
locally increased levels, and an underestimation of a possible effect. Another limitation is 
that we only studied a number of serological parameters. Therefore, it can not be ruled out 
that statins affected other parameters, such as eNOS, oxidases, and dismutases. However, the 
parameters described in this manuscript are good representations of various pathways. 

Summary
We conclude that the results of the present study do not support a beneficial effect of 
simvastatin in patients with SAH. The primary endpoint analysis did not show evidence of 
acute pleiotropic effects exerted by simvastatin, which were previously suggested to be the 
working mechanism in this group of patients. The secondary endpoints did not show a trend 
toward lower incidences of vasospasm, DCI, and poor outcome. Therefore, neurocritical 
care units who recently changed the SAH treatment protocol to include statins as standard 
treatment should reconsider its routine use and await the results of phase III clinical trials 
which will definitely answer the question whether or not acute statin treatment is beneficial 
in patients with SAH. 
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Abstract

Background and purpose
The recently published Stroke Prevention by Aggressive Reduction in Cholesterol Levels 
(SPARCL) study showed that statins exert a marginally beneficial effect on stroke prevention in 
patients with a history of cerebrovascular disease. Interestingly, the magnitude of the beneficial 
effect shown in this study is smaller than in similar studies, which included patients without 
a history of cerebrovascular disease. In SPARCL, an increased occurrence of hemorrhagic 
strokes in patients on statin treatment was observed, an effect that was also earlier described 
in the Heart Protection Study in a subgroup of patients with a history of cerebrovascular 
disease. The purpose of this systematic review was therefore to investigate the effect of statin 
treatment on the occurrence of ischemic and hemorrhagic strokes in patients with a history 
of cerebrovascular disease.

Methods
We systematically searched the PUBMED database for the combination of the variables 
“statin” AND “stroke.” Furthermore, we searched for relevant studies in the Cochrane Library 
and Cochrane Central Register of Controlled Trials and handsearched citations. Pooled effect 
sizes were expressed in relative risk estimates with corresponding 95% CIs.

Results
Four studies were included investigating the effect of statins in 8832 patients with a history 
of cerebrovascular disease. The pooled relative risk for statin users of overall stroke during 
follow-up was 0.88 (95% CI: 0.78 to 0.99). The pooled relative risk of ischemic stroke was 0.80 
(95% CI: 0.70 to 0.92) and of hemorrhagic stroke 1.73 (95% CI: 1.19 to 2.50).

Conclusion
In patients with a history of cerebrovascular disease, statins clearly decrease the risk of 
ischemic stroke. However, this beneficial effect is partly lost by an increased risk of hemorrhagic 
stroke.
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Introduction
In the last decade, several randomized trials have shown that in patients with a history of 
vascular disease, statin treatment is beneficial in the prevention of new vascular events.1–4 
However, in patients with cerebrovascular disease, it was unknown whether future strokes can 
be prevented by statin treatment. The Stroke Prevention by Aggressive Reduction in Cholesterol 
Levels (SPARCL) study was designed to study this question prospectively.5 This recently 
published study shows that statins exert a marginally beneficial effect on stroke prevention in 
patients with a history of cerebrovascular disease. The magnitude of the observed beneficial 
effect in this group of patients was smaller than in patients without a history of cerebrovascular 
disease.6,7 The reason why statin treatment is more effective in the prevention of strokes in 
patients without a history of cerebrovascular disease is unknown. The results of the SPARCL 
study also show that statins appear to increase the occurrence of hemorrhagic stroke. Similar 
results were observed in a subgroup of patients with a history of cerebrovascular disease in 
the Heart Protection Study (HPS) in which statins increased the occurrence of hemorrhagic 
stroke without an effect on overall stroke incidence.7 Although low serum cholesterol levels 
have been associated with an increased incidence of hemorrhagic stroke, a large prospective 
meta-analysis including more than 90 000 patients, who mostly had no history of stroke or 
transient ischemic attacks (TIA), showed no increase in hemorrhagic stroke occurrence.8–10 
The question remains whether the increased occurrence of hemorrhagic stroke in the HPS 
and SPARCL studies is a “play of chance” or that the observed effect is robust. 

To answer this question, we decided to perform a systematic review concerning the effect of 
statin treatment on the occurrence of ischemic and hemorrhagic strokes in patients with a 
history of cerebrovascular disease.

Methods
For this systematic review, the Cochrane Collaboration format was used.11

Definitions
A history of cerebrovascular disease was defined as a history of stroke, TIA, or carotid 
endarterectomy/angioplasty. Stroke was defined as the rapid onset of focal or global 
neurological deficit persisting ≥24 hours or leading to death, thought to be due to intracranial 
ischemia or hemorrhage. TIA was diagnosed when neurological symptoms lasted less than 
24 hours. Overall stroke was defined as ischemic, hemorrhagic, or unclassified stroke. Stroke 
was considered unclassified in case information on CT or MRI scanning was lacking and no 
autopsy findings were available.
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Selection criteria
Types of studies, participants, and intervention
All randomized, placebo-controlled trials investigating the effect of statins on stroke 
prevention in patients with a history of cerebrovascular disease were included either in a 
main analysis or in a subgroup analysis and regardless of dosage and type of statin. Trials 
were eligible for inclusion if the treatment duration was at least 1 year. 

Types of outcome measures
Outcome was the number of patients with overall stroke during follow-up and the number 
of patients with hemorrhagic stroke and ischemic stroke. Additionally, a sensitivity analysis 
was performed for patients with unclassified stroke in the HPS and SPARCL study, because 
these studies investigated stroke subtypes during follow-up. For this sensitivity analysis, the 
assumption was made that all patients only had one stroke during follow-up to avoid double 
calculations. First, we considered that all patients in the HPS and SPARCL studies with 
unclassified stroke had hemorrhagic stroke. Second, all patients with unclassified stroke in 
these 2 studies were designated to have an ischemic stroke. In another sensitivity analysis, 
all patients with hemorrhagic stroke as an entry event in the SPARCL study were excluded 
because this was the most significant predictor of having hemorrhagic stroke during follow-
up in this study.

To place the results also in a wider clinical perspective, we performed a secondary analysis 
in which the number of patients with a first major vascular event during follow-up was 
investigated.

Search strategy for identification of studies
We systematically searched the PUBMED database up to 2007 (week 9) for the combination of 
the variables “statin” AND “stroke.” The search was limited to studies in humans. Furthermore, 
we searched for relevant studies in the Cochrane Library and the Cochrane Central Register 
of Controlled Trials. Citations used in manuscripts that were included in the present review 
were handsearched.

Statistics
Data were processed in Review Manager 4.2 as supplied by the Cochrane Collaboration. 
Effect sizes were expressed in (pooled) relative risk (RR) estimates. Statistical uncertainty 
was expressed in 95% CIs. In case the χ2 analysis showed our data to be heterogeneous 
(probability value set at ≤0.30), we used a random effects model. If no heterogeneity could 
be demonstrated, we used a fixed effects model. If a study did not report on the number of 
patients on placebo and statin treatment, these numbers were calculated from percentages 
presented in figures.
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Results
Besides the HPS and SPARCL studies, our systematic search revealed 2 additional randomized, 
controlled trials in which the effect of statins on stroke prevention was investigated in 
subgroups of patients. These studies were the Cholesterol and Recurrent Events (CARE) study 
and the Long-Term Intervention with Pravastatin in Ischemic Diseases (LIPID) study.12,13 
A Cochrane review on interventions in the management on serum lipids for preventing 
stroke recurrence provided additional data on stroke incidence in the LIPID study.14 The 
characteristics of the included studies are listed in Table 1. Stroke incidence and number of 
patients with a first major vascular event during follow-up are listed in Table 2. All analyses in 
the included studies were performed on an intention-to-treat basis.

Table 1. Characteristics of included studies

Study Total 
number

of 
patients

Number of 
patients

with history of
cerebrovascular 

disease

Age, 
years

Major 
inclusion
criteria

Major exclusion 
criteria

Cholesterol 
levels 

inclusion 
criteria

Follow-up 
of main 
study,
years

CARE 4159 211 21-75 myocardial 
infarction

prior sensitivity 
to statins, non-
responsiveness (≤ 
10% decrease in total 
cholesterol)

total 
cholesterol < 
240 mg/dL, 
LDL cholesterol 
115-174 mg/dL

5
(median)

LIPID 9014 610 31-75 myocardial 
infarction 
or unstable 
angina pectoris 
in previous 
3-36 months

treatment with other 
lipid-lowering drugs

total 
cholesterol 
155-271 mg/dL

6.1
(mean)

HPS 20 536 3280 40-80 non-disabling 
ischemic stroke

stroke within previous 
6 months, TIA, carotid 
endarteriectomy and 
angioplasty

nonfasting 
total 
cholesterol ≥ 
135 mg/dL

4.8
(mean)

SPARCL 4731 4731 > 18 ischemic 
stroke, TIA, 
hemorrhagic 
stroke

patients functionally 
dependent, atrial 
fibrillation, other 
cardiac sources of 
embolism, known 
coronary heart 
disease, subarachnoid 
hemorrhage

LDL cholesterol 
100-190 mg/dL

4.9
(median)

LDL indicates low-density lipoprotein

Description of Included Studies
In the CARE study, the effect of 40 mg pravastatin a day was studied in 4159 patients with 
myocardial infarction.3 Later, the CARE Endpoints Committee reviewed all reported 
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cerebrovascular events to investigate the relation between pravastatin treatment and stroke 
outcome.12 Baseline characteristics of 211 patients with a history of cerebrovascular disease 
were not described. For all patients in the CARE study who had a stroke during follow-up, 
stroke subtypes were described. However, in the subgroup of patients with a history of 
cerebrovascular disease, stroke subtypes and the number of patients with a first major vascular 
event during follow-up were not recorded.

In the LIPID study, the effect of 40 mg pravastatin daily was studied in 9014 patients with 
myocardial infarction and unstable angina pectoris.4 The effect of pravastatin on stroke was a 
secondary outcome and described separately.13 In total, 325 patients in the pravastatin group 
and 285 patients in the placebo group had a history of stroke or TIA. Baseline characteristics 
of patients with a history of cerebrovascular disease were not described. Although for the total 
group of patients with stroke in the LIPID study, distinction was made for stroke subtypes, 
in the subgroup of patients with a history of cerebrovascular disease, stroke subtypes during 
follow-up were not described. The number of patients with a first major vascular event in this 
group of patients was not described.

In the HPS, the effect of 40 mg simvastatin a day was studied in 20 536 patients with 
heterogeneous vascular disease.1 In a secondary analysis, the effect of simvastatin on the 
prevention of major vascular events such as stroke was studied in a subgroup of 3280 patients 
with a known history of cerebrovascular disease, which was defined as nondisabling ischemic 
stroke, TIA, carotid endarterectomy, or angioplasty.7 We calculated from the figures that 
1643 patients were randomized to simvastatin and 1637 patients to placebo. During follow-up, 
subarachnoid hemorrhage was classified as stroke, whereas TIAs and subdural hematomas 
were not. In the HPS, a major vascular event was defined as nonfatal myocardial infarction or 
coronary death, stroke of any type, and coronary and noncoronary revascularization.

Table 2. Number of patients with a history of cerebrovascular disease with overall stroke, stroke subtypes, and first 
major vascular event* 

CARE LIPID HPS SPARCL

Statin
N (%)

Placebo  
N (%) 

Statin
N (%)

Placebo
N (%) 

Statin
N (%)

Placebo
N (%) 

Statin
N (%)

Placebo  
N (%)

Number of patients 111 100 325 285 1643 1637 2365 2366

Overall stroke 15 (13.5) 20 (20) 31 (9.5) 38 (13.3) 169 (10.3) 170 (10.4) 265 (11.2) 311 (13.1)

Ischemic stroke … … … … 100 (6.1) 122 (7.5) 218 (9.2) 274 (11.6)

Hemorrhagic stroke … … … … 21 (1.3) 11 (0.7) 55 (2.3) 33 (1.4)

Unclassified stroke 15 (13.5) 20 (20) 31 (9.5) 38 (13.3) 48 (2.9) 42 (2.6) 7 (0.3) 12 (0.5)

First major vascular 
event

… … … … 406 (24.7) 488 (29.8) 334 (14.1) 407 (17.2)

* Total number of patients with stroke subtypes may exceed number of patients with overall stroke, because patients 
may have different types of stroke
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The SPARCL study enrolled 4731 patients who had a stroke or TIA within 1 to 6 months 
before study entry.6 Stroke or TIA had to be diagnosed by a neurologist within 30 days after 
the event. In total, 2365 patients were randomized to receive 80 mg atorvastatin per day and 
2366 patients were randomized to placebo. In contrast to the HPS, the SPARCL study also 
included patients with a hemorrhagic stroke at study entry; however, the number of patients 
who had a hemorrhagic stroke at study entry was small (1.9% in the placebo group and 2.0% 
in the placebo group). In a secondary analysis, presented at the recent International Stroke 
Conference 2007 in San Francisco, it was shown that hemorrhagic strokes in the SPARCL 
study were most prevalent in patients who were enrolled in the study with a hemorrhagic 
stroke as an entry event. Forty-five patients in the atorvastatin group had a hemorrhagic 
stroke as an entry event. In this group of patients, 3 had ischemic stroke and 7 patients had 
hemorrhagic stroke during follow-up. In the 48 patients with hemorrhagic stroke as an entry 
event randomized to placebo, 2 patients had ischemic stroke and 2 patients had hemorrhagic 
stroke during follow-up. In the SPARCL study, a major cardiovascular event was defined as 
stroke plus any major coronary event.

Analyses
Because no statistical heterogeneity could be demonstrated, all pooled analyses were based on 
a fixed effects model. For the analysis of the occurrence of overall stroke, data of 8832 patients 
were available. In total, 4444 patients were randomized to statin treatment and 4388 patients 
to placebo. The overall number of patients who had a stroke was 480 in the statin group and 
539 in the placebo group (pooled RR 0.88 [95% CI: 0.78 to 0.99]; Figure 1). For the analyses 
of the occurrence of ischemic and hemorrhagic stroke, only data from the HPS and SPARCL 
studies were available. Therefore, the analysis of the risk of ischemic and hemorrhagic stroke 
was based on 8011 patients. In total, 4008 patients were randomized to statin treatment and 
4003 patients to placebo. In patients randomized to statin treatment, 318 patients had ischemic 
stroke and 76 had hemorrhagic stroke. In the placebo group, 396 patients had ischemic stroke 
and 44 had hemorrhagic stroke. In patients treated with statins, the pooled RR of ischemic 
stroke was 0.80 (95% CI: 0.70 to 0.92; Figure 2) and of hemorrhagic stroke 1.73 (95% CI: 1.19 
to 2.50; Figure 3).

In the sensitivity analysis that assumed that all patients of the HPS and SPARCL studies with 
unclassified stroke had ischemic stroke, the total number of patients with ischemic stroke was 
373 in the statin group and 450 in the placebo group (pooled RR 0.83 [95% CI: 0.73 to 0.94]). 
When assuming that all patients with unclassified stroke in these 2 studies had hemorrhagic 
stroke, 131 patients randomized to statin treatment and 98 patients randomized to placebo 
had hemorrhagic stroke (pooled RR 1.33 [95% CI: 1.03 to 1.73]). For the sensitivity analysis that 
excludes all patients with hemorrhagic stroke as an entry event in the SPARCL study, data of 
7918 patients were available. In total, 3963 patients were randomized to statin treatment and 
3955 patients to placebo. In patients randomized to statin treatment, 315 had ischemic stroke 
and 69 patients had hemorrhagic stroke. In the placebo group, 394 patients had ischemic 
stroke and 42 had hemorrhagic stroke. In patients treated with statins, the pooled RR of 
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Figure 1.  RR for patients on statin treatment to experience overall stroke

Figure 2. RR for patients on statin treatment to have ischemic stroke

Figure 3. RR for patients on statin treatment to have hemorrhagic stroke

Review: statins and stroke
Comparison: 01 statin vs. placebo                                                                                         
Outcome: 01 statin and overall stroke risk                                                                             

Study  Treatment  Control  RR (fixed)  Weight  RR (fixed)
or sub-category  n/N  n/N  95% CI  %  95% CI

 CARE                      15/111             20/100         3.88      0.68 [0.37, 1.25]        
 HPS                      169/1643          170/1637       31.38      0.99 [0.81, 1.21]        
 LIPID                     31/325             38/285         7.46      0.72 [0.46, 1.12]        
 SPARCL                   265/2365          311/2366       57.29      0.85 [0.73, 0.99]        

Total (95% CI) 4444               4388 100.00      0.88 [0.78, 0.99]
Total events: 480 (Treatment), 539 (Control)
Test for heterogeneity: Chi² = 3.03, df = 3 (P = 0.39), I² = 0.8%
Test for overall effect: Z = 2.19 (P = 0.03)

 0.2  0.5  1  2  5
 Favours treatment  Favours control

Review: statins and stroke
Comparison: 01 statin vs. placebo                                                                                         
Outcome: 02 statin and ischemic stroke risk                                                                            

Study  Treatment  Control  RR (fixed)  Weight  RR (fixed)
or sub-category  n/N  n/N  95% CI  %  95% CI

 HPS                      100/1643           122/1637       30.85      0.82 [0.63, 1.05]        
 SPARCL                   218/2365           274/2366       69.15      0.80 [0.67, 0.94]        

Total (95% CI) 4008                 4003 100.00      0.80 [0.70, 0.92]
Total events: 318 (Treatment), 396 (Control)
Test for heterogeneity: Chi² = 0.03, df = 1 (P = 0.87), I² = 0%
Test for overall effect: Z = 3.07 (P = 0.002)

 0.2  0.5  1  2  5
 Favours treatment  Favours control

Review: statins and stroke
Comparison: 01 statin vs. placebo                                                                                         
Outcome: 03 statin and hemorrhagic stroke risk                                                                         

Study  Treatment  Control  RR (fixed)  Weight  RR (fixed)
or sub-category  n/N  n/N  95% CI  %  95% CI

 HPS                       21/1643            11/1637       25.04  1.90 [0.92, 3.93]        
 SPARCL                    55/2365            33/2366       74.96  1.67 [1.09, 2.56]        

Total (95% CI) 4008                  4003 100.00  1.73 [1.19, 2.50]
Total events: 76 (Treatment), 44 (Control)
Test for heterogeneity: Chi² = 0.09, df = 1 (P = 0.76), I² = 0%
Test for overall effect: Z = 2.90 (P = 0.004)

 0.2  0.5  1  2  5
 Favours treatment  Favours control
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ischemic stroke was 0.80 (95% CI: 0.69 to 0.92) and of hemorrhagic stroke 1.64 (95% CI: 1.12 
to 2.40). For the analysis of first major vascular events, data of 8011 patients were available. In 
total, 4008 patients were randomized to statin treatment and 4003 patients to placebo. The 
total number of patients with a first major vascular event was 740 in the group randomized to 
statin treatment and 895 in the placebo group (pooled RR 0.83 [95% CI 0.76 to 0.90]).

Discussion
The present review including 8832 patients shows that treatment with statins in patients with 
a history of cerebrovascular disease reduces the recurrence of overall stroke. The analyses on 
occurrence of stroke subtypes demonstrate that statins decrease the occurrence of ischemic 
stroke but that this effect is partially counterbalanced by an increase in the occurrence of 
hemorrhagic stroke. Our results also show that in patients with a history of cerebrovascular 
disease, statins significantly decrease the incidence of major vascular events.

Both the HPS and SPARCL studies investigated the effect of statins on the occurrence of 
stroke subtypes. Most strokes were classified as either ischemic or hemorrhagic. However, 
some strokes could not be categorized. Probably, in this group of patients with unclassified 
stroke, the incidence of ischemic and hemorrhagic stroke had a similar distribution compared 
with patients with a classified stroke. To avoid preliminary conclusions, we performed 
sensitivity analyses in which the assumption was made that all patients with unclassified 
stroke had either ischemic or hemorrhagic stroke. The sensitivity analysis confirmed our 
results that statins decrease ischemic stroke risk and increase the risk of hemorrhagic stroke 
significantly.

Our results seem to be in contrast with 2 other reviews. A systematic review in patients of 
whom the majority did not have a history of cerebrovascular disease showed a pronounced 
decrease in stroke recurrence (OR 0.79 [95% CI 0.73 to 0.85]) without adverse effect on 
hemorrhagic stroke occurrence.2 A recent meta-analysis, including more than 90 000 patients 
randomized to statin treatment or placebo, did not show a difference in the occurrence of 
hemorrhagic stroke during follow-up.10 Again, most included trials were primary prevention 
trials or secondary prevention trials in which most patients did not have a history of stroke 
or TIA. Apparently, statins are only associated with an increased occurrence of hemorrhagic 
stroke in patients with a history of cerebrovascular disease.

A straightforward explanation for the increased occurrence of hemorrhagic stroke could be 
that the SPARCL study not only included patients with ischemic stroke as an entry event, but 
also patients with hemorrhagic stroke and that the increase in hemorrhagic stroke might be 
caused by the recurrence of hemorrhagic stroke in these patients. However, in the HPS in 
a subgroup of patients with a history of cerebrovascular disease, a similar increased risk of 
hemorrhagic stroke during follow-up was demonstrated, whereas this study did not include 
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patients with hemorrhagic stroke. Moreover, a sensitivity analysis excluding all patients with 
a hemorrhagic stroke as an entry event in the SPARCL study showed that statin treatment was 
still associated with an increased risk of hemorrhagic stroke.

What can then be the cause of the increased occurrence of hemorrhagic stroke in this group of 
patients? First, although statins were originally introduced to lower serum cholesterol levels, 
recent studies provide increasing evidence for pleiotropic effects such as enhancing fibrinolysis 
and inhibiting blood coagulation.15–18 These pleiotropic effects are also a plausible explanation 
in a study investigating patients with acute ischemic stroke receiving  recanalization therapy in 
which both prior statin use and low low-density lipoprotein cholesterol levels were associated 
with an increased risk of symptomatic hemorrhagic stroke transformation.19 A similar 
mechanism could also be involved in surgical patients, in which statins have been found to be 
associated with an increased incidence of postoperative bleeding complications.20 

Second, the observed increase in the occurrence of hemorrhagic stroke in this group of patients 
could also be caused by hemorrhages related to cerebral small vessel disease.21 In small vessel 
disease, ischemic stroke usually results from arteriolosclerosis and not from emboli.22 These 
patients with small vessel disease often have silent intracerebral microhemorrhages.23 These 
microhemorrhages have been shown to be more frequent in patients with ischemic stroke 
(26%) than in patients with myocardial infarction (4%) or peripheral artery disease (13%). This 
higher incidence of microhemorrhages in patients with strokes compared with patients with 
myocardial infarction or peripheral artery disease was considered to explain the observed 
higher incidence of hemorrhagic strokes in patients who were treated with anticoagulant 
treatment. Apparently, these silent microhemorrhages progress into clinical manifest 
macrohemorrhages by changes in the coagulation or fibrinolytic system. Because patients 
with ischemic stroke have a higher incidence of microhemorrhages, the effect of statins on 
the coagulation and fibrinolytic system may thus be responsible for the higher incidence of 
hemorrhagic stroke. 

Third, it could also be hypothesized that an interaction between statins and antiplatelet or 
anticoagulant drugs leads to an increased bleeding risk. Unfortunately, the included studies 
did not provide data on hemorrhage risk caused by a possible interaction between statins 
and antiplatelet or anticoagulant therapy. However, to our knowledge, an interaction between 
statins and antiplatelet drugs has not been described in the literature previously. Some 
reports have shown that several types of statins enhance the anticoagulant effect of vitamin 
K antagonists as a result of anticoagulant drug metabolism inhibition or by a reduction 
of lipoproteindependent vitamin K absorption and hepatic storage.24,25 This effect has, 
for example, been observed in patients treated with simvastatin, but not in patients using 
atorvastatin.26 Nevertheless, the SPARCL study, which randomized patients to atorvastatin, 
showed an increased occurrence of hemorrhagic stroke. Thus, interactions between statins 
and anticoagulant drugs probably do not account for the increased occurrence of hemorrhagic 
stroke in this group of patients.
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Because the current study shows that statins increase the risk of intracerebral hemorrhage in 
patients with a history of cerebrovascular disease, one could hypothesize that statin treatment 
also increases the risk of other major bleedings such as gastrointestinal hemorrhages. However, 
the studies included in the present review do not provide data on other major bleedings.

We realize that our study has some limitations. The 4 included trials had different inclusion 
and exclusion criteria. Furthermore, there were differences between studies in type of statin 
used and dosage and duration of treatment. In the CARE and LIPID studies, no data were 
given on time between baseline stroke or TIA and randomization. In the HPS, patients were 
randomized more than 6 months after baseline stroke (mean interval since most recent stroke 
or TIA 4.3 years), whereas in the SPARCL study, patients had a stroke or TIA within 1 to 6 
months before study entry. Furthermore, in CARE, LIPID, and HPS, patients with a history of 
cerebrovascular disease were not randomized as a group. This may have resulted in imbalances 
in stroke risk factors for which no correction could be made. All these differences could have 
affected our results in some way; however, the observed consistency of the effect sizes between 
the reviewed studies indicates that these factors probably did not have an important impact. 
Moreover, the trials used different inclusion criteria for cholesterol levels. Nevertheless, in 
several studies, it has been shown that lipid levels at baseline are not a significant predictor of 
stroke occurrence.13,27 Finally, for the analysis investigating the effect of statin treatment on 
major vascular events, HPS and SPARCL used different definitions for “major (cardio)vascular 
event.” On the other hand, both studies included stroke and major coronary events in their 
definition, so that the difference in definition is only minimal and presumably does not have 
much effect on the results of this analysis.

From the present systematic review, we conclude that statins decrease the risk of ischemic 
stroke in patients with a history of cerebrovascular disease. However, this beneficial effect is 
partly lost by an increase in hemorrhagic stroke. Statin treatment could be more effective if 
not given to patients with an increased risk of hemorrhagic stroke. The question is how these 
patients can be selected. Whether patients with small vessel disease are at an increased risk to 
have hemorrhagic stroke when treated with statins remains to be investigated.
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New hypothesis for pathogenesis of delayed cerebral 
ischemia 
The results of the studies presented in this thesis show that the pathogenesis of DCI after 
aneurysmal SAH is more complicated than previously thought. In patients with DCI several 
pathways seem to be activated, ultimately resulting in cerebral microthrombosis and a local 
form of a disseminated intravascular coagulation. Besides vasospasm related hypoperfusion, 
increased coagulation activity and inhibition of fibrinolysis all seem to play an important role in 
the formation of microthrombi. Indeed, in autopsy studies microthrombi have been observed 
consisting of fibrin and activated platelets.1 Since not all patients with DCI have vasospasm, 
and conversely, not all patients with vasospasm have DCI, cerebral microthrombosis might 
be a conditio sine qua non. In other words, patients who have angiographic vasospasm only 
develop symptoms of DCI when at the same time the coagulation cascade is activated or the 
fibrinolytic system impaired. Patients without vasospasm can also have symptoms of DCI 
as a result of microthrombosis. Since several studies found a strong association between 
angiographic vasospasm and DCI, vasospasm might be a confounder. This is probably the 
explanation why treatments aiming to prevent vasospasm, for example endothelin receptor 
antagonists or prophylactic balloon angioplasty, had no beneficial effects, despite the fact 
that vasospasm is associated with DCI.2,3 The role of increased coagulation activity and of 
impaired fibrinolytic activity will be discussed below.

Increased coagulation activity
Although bleeding in aneurysmal SAH lasts not more than a few seconds, large amounts 
of blood are usually present in the subarachnoid space directly after the hemorrhage. Blood 
in the subarachnoid space results in local inflammatory reactions, and is ultimately broken 
down spontaneously into blood degradation products. Inflammatory reactions and blood 
degradation products in the subarachnoid space stimulate the adventitia, the outer layer of 
the vessel wall, which results in the release of tissue factor. Tissue factor is the main initiator 
of intravascular coagulation, since it activates thrombin, which in turn converts fibrinogen 
to fibrin (Figure). High levels of tissue factor are present in the cerebrospinal fluid of patients 
with aneurysmal SAH within 4 days after the hemorrhage and predict the occurrence of 
cerebral infarction and outcome after SAH.4 

At the same time, blood degradation products and inflammatory processes in the subarachnoid 
space result in endothelial dysfunction, leading to the release of von Willebrand factor (vWF) 
antigen, which in turn activates platelets and increases coagulant activity. An increased stress 
response, as a direct consequence of the hemorrhage, might aggravate endothelial dysfunction, 
and increase the risk to develop DCI. Moreover, decreased ADAMTS13 activity in patients 
with aneurysmal SAH might result in larger vWF multimers and make patients more prone to 
develop microthrombi leading to symptoms of DCI.   
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Inhibition of fibrinolysis
Acute stressful events lead to increased levels of PAI-1, which results in inhibition of fibrinolysis. 
Although direct evidence of impaired fibrinolytic activity in patients with aneurysmal SAH is 
scarce, patients with DCI have significantly higher levels of PAI-1 antigen in the cerebrospinal 
fluid compared with patients without DCI, suggesting that overactive inhibition of fibrinolysis 
is associated with DCI.5 Indirect evidence of the role of the fibrinolytic system in the 
pathogenesis of DCI comes from a study which showed that in aneurysmal SAH patients a 
genetic predisposition for impaired fibrinolytic activity is associated with an increased risk of 
DCI.6 Furthermore, antifibrinolytic agents have been found to increase the risk of DCI and 
impede recovery from DCI.7-9 

It remains unknown why clinical signs and symptoms of DCI only occur four days or later 
after the hemorrhage. Several co-existing factors might be involved. First, this delay might 
result from an inflammatory response in the subarachnoid space, which takes several days to 
arise after the hemorrhage. Another reason might be that the adventitia of the vessel wall is 
only stimulated after blood in the subarachnoid space is broken down into blood degradation 
products. However, since patients with traumatic SAH usually do not develop delayed cerebral 
infarctions, this factor might not be obligatory in the pathogenesis of DCI after aneurysmal 
SAH. In this thesis it was shown that an increased stress response is associated with DCI. 
Prolonged stress during several days might result in endothelial dysfunction severe enough 
to develop symptoms of DCI. Furthermore, decreased ADAMTS13 activity is associated with 
DCI. It might take several days for ADAMTS13 activity to decrease. 

Figure. Part of the coagulation pathway
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Implications and future directions 

A. Pathogenesis of delayed cerebral ischemia
Little is known about the factors that increase coagulation activity and impair fibrinolysis in 
the pathogenesis of DCI. The role of Weibel-Palade bodies in the vascular endothelium needs 
further investigation. Weibel-Palade bodies are storage sites in the endothelium which can 
rapidly respond to changes in its micro-environment by the release of various substances. 
Well-known stimulators of Weibel-Palade bodies are (among others) thrombin, complement 
factors, and epinephrine. In patients with SAH, Weibel-Palade bodies are probably activated 
by thrombin, present in the subarachnoid space as a direct result of the hemorrhage, 
inflammatory reactions, or from the stress response. After stimulation, Weibel-Palade bodies 
release substances such as von Willebrand factor, endothelin, tissue plasminogen activator 
(tPA), P-selectin, and interleukin-8 (IL8). Recent studies indicate that substance release from 
Weibel-Palade bodies can be selective.10 Therefore, in patients with DCI only procoagulatory 
substances might be released, and not substances such as tissue plasminogen activator 
which is profibrinolytic. The fact that substance release from Weibel-Palade bodies can be 
selective might also explain why vasospasm not always results in clinical signs and symptoms 
of DCI, and vice versa, not all patients with DCI have vasospasm. For instance, in patients 
with vasospasm without symptoms of DCI, endothelin might be released from Weibel-Palade 
bodies, resulting in vasospasm, without release of procoagulatory substances. In patients with 
symptoms of DCI without vasospasm procoagulatory substances are released without release 
of endothelin, and in patients with both vasospasm and symptoms of DCI both endothelin 
and procoagulatory substances. 

Although it would be interesting to further investigate the role of Weibel-Palade bodies in the 
pathogenesis of DCI needs further investigation, it is currently not an easy scenario, since it 
is not possible to study Weibel-Palade bodies in vivo. Presently, Weibel-Palade body function 
can only be studied indirectly by measuring von Willebrand factor in blood, as done in this 
thesis. Furthermore, no adequate animal models for DCI after aneurysmal SAH are available. 
In existing animal models of SAH, a cerebral artery is perforated. Although it is possible to 
investigate whether the animal develops spastic arteries, it is much more difficult to evaluate 
whether the animal develops signs and symptoms of DCI. Therefore, it will be difficult to 
study the relation between Weibel-Palade bodies and the development of DCI in an animal 
model. It can be concluded that as long as Weibel-Palade bodies cannot be studied in vivo and 
no adequate animal models are available, it is worthwhile to search for other ways to obtain 
further insight in the pathogenesis of DCI.
 
One way to better understand the pathogenesis of DCI after SAH might result from studying 
diseases with possibly similar pathogenesis of ischemic cerebral complications. For instance, 
patterns of cerebral infarctions after aneurysmal SAH on CT/MRI imaging resemble patterns 
of lesions in patients with preeclampsia, thrombotic thrombocytopenic purpura (TTP), and 
hypertensive encephalopathy, although in the three latter diseases lesions are usually situated 
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in the posterior cerebral circulation. Therefore, the pathogenesis of DCI after aneurysmal 
SAH has similarities to that of preeclampsia, hypertensive encephalopathy, and cerebral 
complications in TTP. Interestingly, in patients with these different diseases with cerebral 
complications, vasospasm has been observed frequently.11-14 Despite this striking similarity 
concerning vasospasm, treatment of these diseases with possibly similar pathogenesis of 
ischemic cerebral complications is not aimed at treatment of vasospasm. The hypothesis is 
that the pathogenesis of these diseases has considerable overlap; what they have in common 
is endothelial dysfunction. Endothelial dysfunction not only results in spasm, but also in 
activation of the coagulation pathway. 

Similar to the pathogenesis of TTP, reduced ADAMTS13 activity might also play a crucial 
role in the pathogenesis of cerebral ischemia after SAH. In this thesis it was shown that 
patients with DCI have decreased ADAMTS13 activity, however not as low as patients with 
TTP. Because of vascular bed specific hemostasis it could be that local levels of ADAMTS13 
activity is lower in the cerebral circulation.15 Therefore, in the future it should be tried to 
obtain blood in patients with DCI who have a jugular line. In case ADAMTS13 activity in 
blood obtained from the jugular vein is even lower than in blood obtained from the systemic 
circulation, this will be even more suggestive that ADAMTS13 plays a crucial role in the 
formation of microthrombi, and as a result DCI. 

Another way to gain further insight in the pathogenesis of DCI is to obtain 7-Tesla MRA 
scans of the brain in patients with and without DCI after SAH. The visualisation of the 
microcirculation has been shown to be superior with 7-Tesla MRA compared to conventional 
angiography.16 It would be interesting to compare the results of 7-Tesla MRA scans in SAH 
patients with the results of similar imaging techniques in patients with ischemic complications 
in TTP, preeclampsia, and hypertensive encephalopathy.

B. Prevention and treatment of delayed cerebral ischemia
Presently, the only drug that decreases the incidence of DCI and poor outcome after SAH is 
nimodipine. Although the beneficial effect of nimodipine in SAH patients might be attributed 
to increased fibrinolytic activity, it remains unknown how nimodipine increases fibrinolytic 
activity.17 Since this thesis gives further insight in the pathogenesis of DCI, it also gives direction 
to further investigations investigating how nimodipine exerts a beneficial effect. In this thesis 
no studies were done to investigate whether nimodipine also decreases procoagulant activity, 
but previous studies showed inhibition of platelet aggregation as a result of calcium antagonist 
use.18 Since the thrombin-initiated release of von Willebrand factor by Weibel-Palade bodies 
is a calcium-mediated effect, the hypothesis is that nimodipine influences substance release 
by Weibel-Palade bodies. Furthermore, the cleavage of ultralarge von Willebrand factor 
(ULVWF) multimers is calcium dependent. Recently it was shown that magnesium sulfate, 
a calcium antagonist used as a successful treatment in eclampsia, enhances the cleavage of 
newly released ULVWF by ADAMTS13, and reduces platelet aggregation.19 Interestingly, the 
effect of magnesium sulfate on the prevention of DCI is presently investigated in a phase 
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III randomized controlled trial, after a phase II study showed promising results.20 It will be 
interesting to study in the future whether nimodipine also enhances the cleavage of newly 
released ULVWF by ADAMTS13, and reduces platelet aggregation.

How should the search for new drugs to prevent and treat DCI continue? Since the pathogenesis 
of DCI seems to be multifactorial, future studies should focus much less on drugs that 
diminish vasospasm, but in particular on drugs with pleiotropic effects which influence the 
coagulation cascade and fibrinolytic system. The most well-known drugs which are supposed 
to have pleiotropic effects are statins. However, since a study described in this thesis found no 
pleiotropic effects of simvastatin in patients with SAH, and two recent studies showed that 
the rate of radiographic vasospasm, symptomatic vasospasm, delayed cerebral infarction, and 
clinical outcome did not change after implementation of statins in the routine treatment of 
SAH patients, it remains questionable whether statin treatment is effective to prevent DCI 
and improve outcome after SAH.21,22 An international phase III study investigating the effect 
of statins in SAH is presently undertaken. However, since single drugs with pleiotropic effects 
might not be effective enough, future studies should successively, one by one, focus on the 
separate pathways involved in the pathogenesis of DCI. 

Previous attempts to influence procoagulant activity in SAH patients were not successful or 
inconclusive. A randomized controlled trial investigating the effect of aspirin was stopped 
prematurely, after an interim analysis showed that the probability of a beneficial effect was 
negligible.23 Explanations provided were that a dosage of 100 mg once daily might not be 
appropriate, or that aspirin might not be the right antiplatelet drug for the prevention of DCI. 
Another explanation could be that the effect of aspirin is too selective by only inhibiting 
platelet function and not affecting vasospasm. A Cochrane analysis investigating the effect 
of antiplatelet therapy showed a strong trend toward a decreased incidence of DCI and poor 
outcome, but since the results were not statistically significant and antiplatelet therapy was 
associated with an increased risk of intracranial hemorrhagic complications, the conclusion 
was that antiplatelet use could not be recommended in SAH patients.24 Two randomized 
controlled trials investigating the effect of enoxaparin showed contradictory results, and 
therefore it remains unknown whether enoxaparin is effective.25,26 Positive results were 
reported in a systematic review on the effect of intrathecal thrombolysis, which resulted in a 
significant 14% absolute risk reduction of DCI, and a significant 10% absolute risk reduction 
of poor outcome.27 However, of the nine included studies, only one study was randomized. 
In conclusion, previous studies that investigated drugs influencing the coagulation pathway 
or fibrinolytic system were inconclusive, and therefore large, well-powered, randomized 
controlled trials are needed to investigate the effects of these drugs on the incidence of DCI. 

A study described in this thesis suggests that increased serum cortisol levels early after the 
hemorrhage are of prognostic value for the occurrence of DCI. Increased serum cortisol levels 
might lead to endothelium dysfunction and hereby activate the coagulation pathway. Because 
of the association between increased cortisol levels and DCI occurrence, the increased stress 
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response needs further exploration as a possible treatment target to prevent DCI. Since 
cortisol inhibitors such as metyrapone prevent endothelium dysfunction, they deserve further 
investigation in search of a drug to prevent DCI after SAH.28  

Not only for a better understanding of the pathogenesis of DCI, but also for future investigations 
for the prevention and treatment of DCI, we should study treatments for diseases with similar 
ischemic cerebral complications. As mentioned earlier, magnesium sulfate, which is effective 
in patients with (pre)eclampsia, is presently investigated in a phase III randomized trial in 
patients with aneurysmal SAH. Since microthrombosis might play an important role in the 
pathogenesis of DCI similar as in TTP, it is also worthwhile to investigate treatment options 
for TTP in patients with aneurysmal SAH. Before treatments for TTP became available, 
mortality was 90%. In 1976, blood exchange transfusion was shown to be effective, resulting 
in an important mortality decline.29 Later studies showed that the active principle in blood 
was shown to be in the plasma fraction.30 In a randomized controlled trial, plasma exchange 
was superior to plasma infusion.31 Presently it is known that TTP is caused by ADAMTS13 
antibodies, resulting in reduced ADAMTS13 activity. In the near future studies are expected 
that investigate the effect of recombinant ADAMTS13 in TTP patients. In case recombinant 
ADAMTS13 is an effective treatment option for TTP, it might also be valuable to investigate 
whether it treats DCI in aneurysmal SAH patients. 

Conclusion
The pathogenesis of DCI is more complicated and multifactorial than previously thought. Not 
only vasospasm is associated with DCI, but also activation of the coagulation cascade and 
inhibition of fibrinolytic activity, resulting in microthrombosis. Although a causal relation 
between vasospasm and DCI was never established, the results of this thesis neither prove 
a causal relation between procoagulant activity/inhibited fibrinolytic activity and DCI. It 
remains to be investigated whether vasospasm and microthrombosis are complementary 
or competing hypotheses. However, since previous investigations on the prevention and 
treatment of DCI focused on vasospasm and were not successful thus far, the coagulation and 
fibrinolytic system are interesting future research targets in patients with SAH. 
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Summary (English) 
Patients with aneurysmal subarachnoid hemorrhage (SAH) are at risk to develop complications, 
especially within the first two weeks after the hemorrhage. Delayed cerebral ischemia (DCI) 
is a complication which occurs in about 30% of SAH patients, leading to symptoms such 
as aphasia, hemiparesis, or impaired level of consciousness. The cause of DCI remains 
unknown, however many clinicians still are convinced that DCI is caused by  vasospasm. 
Indeed, several studies found a strong association between radiologically confirmed spasm 
and clinical signs of DCI, but an association is not a causal relation.1 In this thesis it is shown 
that microthrombosis, as a result of activation of the coagulation cascade and impairment of 
fibrinolytic activity, plays a role in the development of DCI. 

Part 1. Pathogenesis of delayed cerebral ischemia
An overview of clinical and autopsy studies (Chapter 2) showed that DCI cannot always 
be attributed to vasospasm. For example, therapies aiming at radiologic vasospasm, such 
as endothelin receptor antagonists, were not successful since no clear effect on DCI was 
observed.2 In contrast, drugs not aiming at vasospasm, such as antifibrinolytic agents, 
influenced the incidence of DCI.3,4 Apparently, other factors besides vasospasm also play an 
important role, for example microthrombosis, resulting from increased coagulation activity 
(as a result of platelet activation and fibrin formation), impairment of the fibrinolytic cascade, 
inflammatory processes, and endothelium dysfunction. Interestingly, clinical studies show 
that DCI is associated with activation of the coagulation cascade within a few days after SAH, 
preceding the time window during which vasospasm occurs. Not only results of clinical 
studies are suggestive for the presence of microthrombi, since the presence of microthrombi 
has been confirmed by several autopsy studies. Patients with SAH who die from cerebral 
ischemic complications have significantly more microthrombi than patients who die from 
rebleeding or acute hydrocephalus, suggesting that microthrombi indeed play an important 
role in the pathogenesis of DCI.5 

Presently, several factors are known to predict the occurrence of DCI, such as loss of 
consciousness during the ictus of SAH, a low Glasgow Coma Score on admission in hospital, 
and a large amount of subarachnoid and intraventricular blood on CT imaging of the brain 
on admission. Despite these predictors, the question remains why some patients develop DCI 
and others not. A possible explanation might be that genetic factors are involved. Chapter 3 
showed that patients with a genetic predisposition for impaired fibrinolytic activity, namely 
patients with the 4G allele in the plasminogen activator inhibitor (PAI)-1 polymorphism, are at 
increased risk to develop DCI compared to patients homozygous for the 5G allele (relative risk 
3.3; 95% confidence interval 1.1-10.0). A trend was noted toward an increased incidence of poor 
outcome in patients with the 4G allele (relative risk 1.2; 95% confidence interval 0.7-2.2).
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Elevated PAI-1 levels have also been associated with poor outcome in other acute life-
threatening diseases, such as severe (head) trauma, meningococcal sepsis, meningitis, 
preeclampsia, malaria, and burns.6-11 In acute stressful events PAI-1 seems to act as an 
acute-phase reactant. In these circumstances, PAI-1 concentrations in patients with the 
4G/4G genotype are approximately 2- to 4-times higher than in patients with the 5G/5G 
genotype, resulting in impaired fibrinolysis.6-8 During the acute illness the formation of 
microthrombi, resulting in disseminated intravascular coagulation, is no longer counteracted 
by the fibrinolytic system, finally leading to multiorgan failure. In patients with aneurysmal 
SAH, elevated PAI-1 levels may be decisive in the development of microthrombi. Since not 
all patients with vasospasm have DCI, the development of microthrombi in patients with 
vasospasm may determine whether or not DCI will occur.

Since acute stressful events might lead to microthrombosis as a result of higher PAI-1 levels 
and thereby impaired fibrinolytic activity, Chapter 4 investigated the association between the 
stress response after aneurysmal SAH and the occurrence of DCI. The extent of stress response 
was measured by plasma levels of cortisol, which is a glucocorticoid hormone secreted during 
the stress response. The hypothesis was that increased cortisol levels could play a pivotal 
role in the development of DCI, even more because in patients with aneurysmal SAH, high 
glucose levels, elevated blood pressure, and endothelium dysfunction are associated with 
the occurrence of DCI.12-15 High glucose levels, elevated blood pressure, and endothelium 
dysfunction all are physiological reactions of increased cortisol secretion. Indeed, increased 
cortisol levels early after SAH were found to be of prognostic value for the occurrence of DCI. 
The association between cortisol and DCI remained significant after adjusting in separate 
models for other known predictors of DCI occurrence, namely the amount of cisternal and 
ventricular blood on admission CT scan, loss of consciousness during ictus, and a low Glasgow 
Coma Score on admission. The increased stress response probably not only results in DCI as a 
result of impaired fibrinolytic activity, but also as a result of endothelium dysfunction.16 

In patients with thrombotic thrombocytopenic purpura (TTP), microthrombosis is caused by a 
deficiency in a protease called A Disintegrin and Metalloprotease with ThromboSpondin motif 
(ADAMTS13). Under normal conditions ADAMTS13 cleaves UltraLarge von Willebrand Factor 
(ULvWF) multimers after its secretion from Weibel-Palade bodies in the vascular endothelium 
and from α-granules of platelets. Von Willebrand factor (vWF) is a glycoprotein which induces 
platelet adhesion and aggregation at sites of vascular injury or under stress conditions. Since 
large vWF multimers are more potent mediators of platelet thrombus formation than small 
vWF multimers, cleavage of ULvWF by ADAMTS13 results in lower-molecular weight 
vWF forms with reduced adhesive potential. In contrast, an ADAMTS13 deficiency, such as 
in patients with TTP, leads to higher concentrations of ULvWF, which ultimately results in 
microthrombosis and hereby ischemic complications, such as ischemic stroke. 

The question is whether a similar pathogenesis of microthrombi as described in TTP is also 
responsible for microthrombi in SAH (Chapter 5). Patients with DCI after aneurysmal SAH 
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were shown to develop significantly higher von Willebrand factor antigen levels and decreased 
ADAMTS13 activity within 10 days after the hemorrhage compared to patients without 
DCI. Since vWF is a measure of endothelium function and an indicator of early activation 
of the coagulation pathway, these results suggest that microthrombosis plays a role in the 
pathogenesis of DCI after aneurysmal SAH.

The mechanism by which ADAMTS13 activity decreases in patients with DCI remains to be 
elucidated. A plausible explanation for the decreased ADAMTS13 activity is an increased use of 
ADAMTS13 as a result of higher von Willebrand factor antigen levels. However, no correlation 
was found between ADAMTS13 activity and vWF antigen. Furthermore, the decreased 
ADAMTS13 activity might be caused by thrombin or plasmin, present in the subarachnoid 
space after the hemorrhage.17 However, no correlation was found between ADAMTS13 activity 
and prothrombin fragment 1+2, and therefore it is unlikely that the decrease of ADAMTS13 
activity in DCI is caused by thrombin. ADAMTS13 activity might also be suppressed by 
IL-6, since IL-6 inhibits the cleavage of ULvWF by ADAMTS13 under flow conditions.18 In 
patients with aneurysmal SAH increased levels of IL-6 are associated with DCI.19 However, no 
correlation was found between ADAMTS13 activity and IL-6. Finally, decreased ADAMTS13 
activity might be caused by locally present neutralizing antibodies against ADAMTS13, 
however ADAMTS13 antibodies have never been studied in patients with SAH. 

Part 2. Treatment options for delayed cerebral ischemia

Treatment with calcium antagonists
Presently, the only drug that decreases the incidence of DCI and poor outcome after SAH is 
the dihydropyridine calcium antagonist nimodipine.20 This beneficial effect was considered 
to be caused by an effect on vasospasm, but a systematic review showed that nimodipine did 
not affect vasospasm.21 Later it was shown that nimodipine increases fibrinolytic activity 
after SAH.22 

In a systematic review described in Chapter 6 other dihydropyridine calcium antagonists 
also appeared to increase fibrinolytic activity. The magnitude of fibrinolytic activity 
of dihydropyridine calcium antagonists is only modest compared with the fibrinolytic 
activity exerted by well-known fibrinolytics such as urokinase and recombinant tissue 
plasminogen activator. In a sensitivity analysis dihydropyridine calcium antagonists had no 
fibrinolytic activity in healthy individuals. Probably, the magnitude of fibrinolytic activity of 
dihydropyridines is limited to an improvement of impaired fibrinolysis in acute disorders 
such as aneurysmal SAH. By improving the impaired fibrinolytic system, treatment with 
dihydropyridine calcium antagonists may lead to a decreased incidence of DCI in patients 
with SAH. The results of this systematic review may also implicate that patients with SAH 
treated with nimodipine have an increased rebleeding rate. However, a Cochrane analysis 
studying the effect of calcium antagonists in SAH showed a tendency toward a reduced 
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incidence of rebleeding.20 The authors suggested this might be a confounding effect as a result 
of protection against ischemia, which allows earlier intervention to secure the aneurysm by 
clipping or coiling, and consequently eliminate the risk of rebleeding.

For a long time it was also believed that nimodipine could be an effective treatment option 
to improve outcome in patients with traumatic subarachnoid hemorrhage. Since the results 
of the largest study investigating this drug for this indication were only partly presented at a 
conference and were not completely published, considerable debate existed for a long time 
whether or not nimodipine was effective for this indication. We managed to obtain additional 
data from several trials, including unpublished data from the largest trial. These data were 
incorporated in a systematic review, of which the results are described in Chapter 7. The 
results of this systematic review showed that nimodipine does not improve outcome in 
this group of patients. The different effects of nimodipine in patients with aneurysmal and 
traumatic SAH can be explained by several factors. First, aneurysmal and traumatic SAH are 
different entities. In patients with aneurysmal SAH, DCI may occur in the weeks after the 
hemorrhage. This complication is associated with an increased risk of poor outcome. However, 
DCI is less common in patients with traumatic SAH. Nimodipine is probably only effective 
for DCI and might therefore be effective only in patients with aneurysmal SAH. Furthermore, 
since nimodipine exerts a profibrinolytic effect in patients with aneurysmal SAH, it could be 
that this drug has a deleterious effect in patients with traumatic SAH, by inducing cerebral 
and systemic hemorrhages.

Treatment with statins
This thesis showed that the pathogenesis of DCI after aneurysmal SAH is multifactorial, with 
several pathways ultimately leading to DCI. Therefore, since the coagulation pathway, fibrinolysis, 
endothelium dysfunction, and inflammation all seem to play a role in the pathogenesis of DCI, 
the hypothesis is that only drugs with pleiotropic effects, influencing all pathways, will have a 
major beneficial effect in the prevention and treatment of DCI. Since statins are supposed to 
be drugs with pleiotropic effects, an exploratory, randomized, double-blind placebo-controlled 
study was designed in which the biological effects of statins were investigated (Chapter 8). 
Interestingly, no evidence of acute pleiotropic effects by statins was shown in patients with 
aneurysmal SAH. An explanation for this finding might be that a treatment period of 14 days 
is too short to exert pleiotropic effects. On the other hand, biological effects of statins may 
not have been detected because systemic levels of biomarkers were measured, instead of local 
cerebral levels. It is possible that statins exert pleiotropic effects in cerebral blood vessels, but 
that this effect was diluted because of systemic biomarker measurements. The results may be 
different when blood withdrawals are taken from the jugular vein. When our study protocol 
was developed, jugular vein blood withdrawals were not planned, because this may lead to 
potentially dangerous complications. Nevertheless, this study could not confirm the previously 
described effects on the occurrence of DCI and poor outcome. A phase III randomized placebo-
controlled trial, which now is in progress, will probably answer the question whether or not 
statins are beneficial in patients with aneurysmal SAH. 
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To broaden the focus in the investigation of possible pleiotropic effects of statins, a systematic 
review was performed (Chapter 9) on the incidence of hemorrhagic stroke in patients with a 
history of cerebrovascular disease treated with statins. The results of this systematic review 
showed that statin use in this group of patients is associated with an increased risk of future 
hemorrhagic strokes. These results seem to be in contrast with the observation that there are 
no acute biological effects of statins in patients with aneurysmal SAH. This can be explained 
as follows: first, patients with aneurysmal SAH were treated during a maximum of 14 days, 
which is much shorter than in the studies that investigated the effect of statins for secondary 
stroke prevention. It might be that it takes at least several weeks to months before statins have 
a profibrinolytic or anticoagulant profile. Second, cholesterol might be important in vessel 
wall integrity, and that statin treatment therefore leads to hemorrhagic stroke in the long term 
in patients with a history of cerebrovascular disease. Other systematic reviews investigating 
the effect of statins on hemorrhagic stroke mainly included patients without a history of 
cerebrovascular disease and found no increased risk of hemorrhagic stroke.23,24 Since patients 
with a prior stroke or transient ischemic attack often have lacunar strokes from cerebral 
small vessel disease, the hypothesis is that especially this group of patients is vulnerable to 
hemorrhagic stroke as a result of statin treatment. Indeed, in a post-hoc subgroup analysis 
of the ‘Stroke Prevention by Aggressive Reduction in Cholesterol Levels’ (SPARCL) study, 
an increased risk of hemorrhagic stroke was observed in patients with cerebral small vessel 
disease (hazard ratio 4.99, 95% CI 1.71 to 14.61) treated with statins.25 
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Een aneurysmatische subarachnoïdale bloeding (SAB) is een ernstige aandoening met een 
hoge kans op blijvende invaliditeit of overlijden. De bloeding wordt veroorzaakt door een 
zwakke plek (het ‘aneurysma’) op een slagader in de hersenen, en bevindt zich onder één van de 
hersenvliezen (onder het ‘arachnoid’ (=subarachnoidaal). Op het moment van de bloeding kan 
de druk in het hoofd zo hoog worden, dat de bloeddoorstroming sterk vermindert, er zuurstof 
tekort optreedt in de hersenen, en patiënten hierdoor het bewustzijn kunnen verliezen. Dit 
zuurstof tekort wordt aangeduid als ‘cerebrale’ (=in de hersenen) ischemie’. Cerebrale ischemie 
kan in de acute fase ten tijde van de bloeding optreden, maar ook als complicatie in de eerste 
twee weken na de bloeding. Ongeveer 30% van de SAB patiënten heeft laat optredende 
cerebrale ischemie als complicatie, wat leidt tot symptomen zoals fatische (=taal)stoornissen, 
een hemiparese (=halfzijdige verlamming), of een gedaald bewustzijn. Hoewel de oorzaak van 
deze later optredende cerebrale ischemie onbekend is, zijn veel clinici er van overtuigd dat het 
wordt veroorzaakt door vaatspasme, een verkramping van de slagaders in het hoofd. Enkele 
studies laten inderdaad een sterke associatie zien tussen radiologisch bevestigde spasme en 
klinische symptomen van cerebrale ischemie.1 Een associatie is echter geen causale relatie. De 
resultaten van dit proefschrift tonen aan dat microtrombose, als gevolg van een geactiveerde 
stollingscascade en geremde fibrinolytische activiteit, een rol speelt in de pathogenese van 
cerebrale ischemie.

Deel 1. Pathogenese van cerebrale ischemie
Een overzicht van klinische en pathologisch-anatomische studies (Hoofdstuk 2) illustreert 
dat laat optredende cerebrale ischemie niet altijd veroorzaakt wordt door vaatspasme. Om 
een voorbeeld te geven, behandelingen die gericht zijn op radiologische vaatspasme, zoals 
endotheline receptor antagonisten, zijn tot nu toe niet succesvol geweest aangezien geen 
duidelijk effect op cerebrale ischemie werd aangetoond.2 Echter, geneesmiddelen die niet gericht 
waren op vaatspasme, zoals antifibrinolytica, beïnvloedden wel de incidentie van cerebrale 
ischemie.3,4 Blijkbaar spelen behalve vaatspasme andere factoren een belangrijke rol, zoals 
microtrombose als gevolg van een geactiveerde stollingscascade (door trombocyten activatie 
en fibrinevorming), een remming van de fibrinolytische activiteit, inflammatoire processen 
en endotheel dysfunctie. Klinische studies tonen aan dat cerebrale ischemie geassocieerd is 
met een vroege activering van de stollingscascade. Deze activering treedt al binnen een paar 
dagen na de SAB op, voorafgaande aan de tijdsperiode waarin vaatspasme meestal optreedt. 
De aanwezigheid van microtrombi wordt in diverse autopsie studies bevestigd. SAB patiënten 
die overlijden aan cerebrale ischemie hebben significant meer microtrombi dan patiënten 
die overlijden aan een recidief bloeding van het aneurysma of door een acute hydrocefalus. 
Dit suggereert dat microtrombi inderdaad een belangrijke rol spelen in de pathogenese van 
cerebrale ischemie.5
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Er zijn diverse factoren bekend die het optreden van cerebrale ischemie voorspellen, zoals 
bewustzijnsverlies ten tijde van de SAB, een lage Glasgow Coma Score bij binnenkomst in 
het ziekenhuis, en een grote hoeveelheid subarachnoidaal en intraventriculair bloed op een 
CT-hersenen die gemaakt is bij binnenkomst in het ziekenhuis. Ondanks deze voorspellers blijft 
het onbekend waarom sommige patiënten wel cerebrale ischemie ontwikkelen en andere niet. 
Mogelijk spelen genetische factoren hierin een rol. Hoofdstuk 3 laat zien dat patiënten die een 
genetische predispositie hebben voor een remming van de fibrinolytische activiteit, namelijk 
patiënten met een 4G allel in het plasminogeen activator inhibitor-1 (PAI-1) polymorfisme, 
een verhoogd risico hebben op het krijgen van cerebrale ischemie vergeleken met patiënten die 
homozygoot zijn voor het 5G allel (relatief risico 3.3; 95% betrouwbaarheidsinterval 1.1-10.0). 
Er werd een trend gezien tot een verhoogde incidentie van een slechte uitkomst bij patiënten 
met het 4G allel (relatief risico 1.2; 95% betrouwbaarheidsinterval 0.7-2.2).  

Verhoogde PAI-1 concentraties zijn in het verleden ook geassocieerd met een slechte klinische 
uitkomst bij patiënten met andere levensbedreigende aandoeningen, zoals een ernstig (hersen)
trauma, meningococcen sepsis, meningitis, preeclampsie, malaria, en brandwonden.6-11 In 
acute stressvolle situaties lijkt PAI-1 zich te gedragen als een acute-fase eiwit. Onder deze 
omstandigheden zijn de PAI-1 concentraties bij patiënten met het 4G/4G genotype ongeveer 
2-4 maal hoger dan bij patiënten met het 5G/5G genotype, wat leidt tot een remming van 
de fibrinolytische activiteit.6-8 Tijdens deze acute aandoeningen wordt de vorming van 
microtrombi, leidend tot een diffuse intravasale stolling, niet langer tegengegaan door het 
fibrinolytische systeem, wat uiteindelijk multi-orgaan falen tot gevolg kan hebben. Bij 
patiënten met een aneurysmatische SAB zijn verhoogde PAI-1 concentraties mogelijk bepalend 
of zich wel of geen microtrombi ontwikkelen. Aangezien niet alle patiënten met vaatspasme 
klinische symptomen hebben van cerebrale ischemie, zou het kunnen zijn dat bij patiënten 
met vaatspasme de aanwezigheid van microtrombi bepaalt of er cerebrale ischemie optreedt. 

Aangezien acute stressvolle gebeurtenissen kunnen leiden tot microtrombose als gevolg van 
verhoogde PAI-1 concentraties en daardoor een remming van de fibrinolytische activiteit, 
wordt in Hoofdstuk 4 een mogelijke associatie onderzocht tussen de stress reactie na een 
aneurysmatische SAB en het optreden van cerebrale ischemie. De mate van stress werd 
onderzocht door het meten van plasma concentraties cortisol, een glucocorticoid hormoon 
dat uitgescheiden wordt tijdens een stress reactie. De hypothese was dat verhoogde cortisol 
concentraties een essentiële rol spelen in de pathogenese van cerebrale ischemie, te meer 
omdat bij patiënten met een aneurysmatische SAB verhoogde glucose waarden, een verhoogde 
bloeddruk en endotheel dysfunctie geassocieerd zijn met het optreden van cerebrale 
ischemie.12-15 Verhoogde glucose waarden, een verhoogde bloeddruk en endotheel dysfunctie 
zijn allemaal fysiologische reacties van een toegenomen cortisol secretie. Verhoogde cortisol 
concentraties in de vroege fase na een SAB waren inderdaad van prognostische waarde voor 
het optreden van cerebrale ischemie. De associatie tussen cortisol en cerebrale ischemie bleef 
significant na correctie in separate modellen voor andere bekende voorspellers van cerebrale 
ischemie, namelijk bewustzijnsverlies ten tijde van de SAB, een lage Glasgow Coma Score bij 
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binnenkomst in het ziekenhuis, en de hoeveelheid cisternaal en intraventriculair bloed op 
de CT-hersenen bij binnenkomst in het ziekenhuis. De stress reactie leidt waarschijnlijk niet 
alleen tot cerebrale ischemie door een remming van de fibrinolytische activiteit, maar ook 
door endotheel dysfunctie.16

Bij patiënten met trombotische trombocytopene purpura (TTP) wordt microtrombose 
veroorzaakt door een deficiëntie van het protease ‘A Disintegrin and Metalloprotease with 
ThromboSpondin motif ’ (ADAMTS13). Onder normale omstandigheden splitst ADAMTS13 
‘UltraLarge von Willebrand Factor’ (ULvWF) multimeren na afgifte door Weibel-Palade 
lichaampjes in het vasculaire endotheel of door α-granules in trombocyten. Von Willebrand 
factor (vWF) is een glycoproteine dat de adhesie en aggregatie van trombocyten stimuleert 
op plaatsen met vaatwandschade of in stressvolle omstandigheden. Aangezien grote vWF 
multimeren sterkere trombogene eigenschappen hebben dan kleine vWF multimeren, leidt 
een splitsing van ULvWF door ADAMTS13 tot vWF vormen met een lager moleculair gewicht 
en een verminderde adhesieneiging. Een ADAMTS13 deficiëntie, zoals bij patiënten met TTP, 
leidt echter tot hogere concentraties ULvWF, wat uiteindelijk resulteert in microtrombose en 
hierdoor ischemische complicaties zoals herseninfarcten. 

In Hoofdstuk 5 wordt onderzocht of de pathogenese van microtrombose bij patiënten met een 
aneurysmatische SAB overeenkomt met de pathogenese van microtrombi bij patiënten met 
TTP. Patiënten met cerebrale ischemie na een aneurysmatische SAB ontwikkelden significant 
hogere vWF antigen concentraties en verlaagde ADAMTS13 activiteit binnen 10 dagen na 
de bloeding, vergeleken met patiënten die geen cerebrale ischemie ontwikkelden. Aangezien 
vWF een maat is van de endotheelfunctie en een indicator is van een vroege activering 
van de stollingscascade, suggereren deze resultaten dat microtrombose een rol speelt in de 
pathogenese van cerebrale ischemie na een aneurysmatische SAB. 

Het is niet bekend waardoor de ADAMTS13 activiteit afneemt bij patiënten met cerebrale 
ischemie. Een voordehandliggende verklaring voor de afgenomen ADAMTS13 activiteit is een 
toegenomen verbruik van ADAMTS13 door verhoogde vWF antigen concentraties. Er werd 
echter geen correlatie gevonden tussen ADAMTS13 activiteit en vWF antigen. De verlaagde 
ADAMTS13 activiteit zou ook veroorzaakt kunnen worden door trombine of plasmine dat 
in de subarachnoidale ruimte aanwezig is na de bloeding.17 Aangezien er echter ook geen 
correlatie werd gevonden tussen ADAMTS13 activiteit en protrombine fragment 1+2, is het 
onwaarschijnlijk dat de afname in ADAMTS13 activiteit bij patiënten met cerebrale ischemie 
veroorzaakt wordt door trombine. De ADAMTS13 activiteit kan echter ook geïnhibeerd 
worden door interleukine-6 (IL-6), omdat IL-6 de splitsing van ULvWF door ADAMTS13 
remt.18 Bij patiënten met een aneurysmatische SAB zijn verhoogde IL-6 waarden geassocieerd 
met cerebrale ischemie.19 Er werd echter geen correlatie gevonden tussen ADAMTS13 
activiteit en IL-6. Tenslotte kan een verlaagde ADAMTS13 activiteit veroorzaakt worden door 
lokaal aanwezige neutraliserende antilichamen tegen ADAMTS13. De aanwezigheid van deze 
antilichamen bij patiënten met een aneurysmatische SAB is nog nooit onderzocht. 
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Deel 2. Behandelingsmogelijkheden voor cerebrale ischemie

Behandeling met calciumantagonisten
Momenteel is er slechts 1 medicijn beschikbaar dat zorgt voor een lagere incidentie van zowel 
cerebrale ischemie als van een slechte klinische uitkomst na een aneurysmatische SAB: de 
dihydropyridine calcium antagonist nimodipine.20 Over het algemeen wordt verondersteld 
dat het gunstige effect van dit medicijn veroorzaakt wordt door een effect op vaatspasme. 
Een systematisch overzichtsartikel toonde echter aan dat nimodipine geen effect heeft op 
vaatspasme.21 Later werd aangetoond dat nimodipine de fibrinolytische activiteit na een SAB 
stimuleert.22 

Uit een systematisch overzichtsartikel (Hoofdstuk 6) blijkt dat andere dihydropyridine calcium 
antagonisten ook de fibrinolytische activiteit stimuleren. De mate waarin de fibrinolytische 
activiteit door dihydropyridine calcium antagonisten toeneemt, is slechts beperkt vergeleken 
met het fibrinolytische effect van bekende fibrinolytica zoals urokinase en ‘recombinant tissue 
plasminogen activator’ (rtPA). Uit een sensitiviteitsanalyse blijkt dat dihydropyridine calcium 
antagonisten geen fibrinolytische werking hebben in gezonde individuen. Waarschijnlijk blijft 
de mate van fibrinolytische activiteit van dihydropyridines beperkt tot een verbetering van 
een gestoorde fibrinolyse, zoals aanwezig bij acute aandoeningen als een aneurysmatische 
SAB. Door een verbetering van de gestoorde fibrinolyse kan een behandeling met een 
dihydropyridine calcium antagonist leiden tot een lagere incidentie van cerebrale ischemie 
bij patiënten met een SAB. De resultaten van hoofdstuk 6 impliceren ook dat patiënten met 
een SAB door een behandeling met nimodipine een verhoogd risico hebben op een recidief 
bloeding van het aneurysma. Een Cochrane analyse die het effect van calcium antagonisten 
bij patiënten met een SAB onderzocht, liet echter een trend zien tot een verlaagde incidentie 
van recidief bloedingen.20 De auteurs suggereerden dat dit het gevolg zou kunnen zijn van 
een confounding effect ten gevolge van een beschermende werking tegen cerebrale ischemie, 
waardoor deze patiënten eerder aan het aneurysma behandeld worden door middel van 
clippen of coilen, waardoor het risico op een nieuwe bloeding afneemt. 

Lange tijd werd gedacht dat een behandeling met nimodipine ook effectief was om de klinische 
uitkomst te verbeteren van patiënten met een traumatische subarachnoidale bloeding. Bij 
deze aandoening wordt de bloeding niet veroorzaakt door een aneurysma, maar komt er 
bloed in de subarachnoidale ruimte ten gevolge van cerebrale contusiehaarden. Doordat 
de resultaten van de grootste studie die het effect onderzocht van nimodipine bij patiënten 
met een traumatische SAB slechts gedeeltelijk gepresenteerd werden op een congres en niet 
in het geheel gepubliceerd werden, is er lange tijd discussie geweest of nimodipine effectief 
was bij deze groep patiënten. Wij slaagden erin om extra data te krijgen van enkele studies, 
inclusief niet-gepubliceerde data van de grootste studie. Deze data werden verwerkt in een 
systematisch overzichtsartikel, waarvan de resultaten beschreven worden in Hoofdstuk 7. 
De resultaten van dit artikel laten zien dat nimodipine niet de klinische uitkomst verbetert 
in deze groep patiënten. Het feit dat nimodipine wel effectief is bij aneurysmatische SAB’s en 

vergouwen.indb   160 16-4-2009   10:53:17



161

Samenvatting

niet bij traumatische SAB’s kan als volgt verklaard worden. Ten eerste zijn aneurysmatische 
en traumatische SAB’s verschillende aandoeningen. Cerebrale ischemie komt vaak voor bij 
patiënten met een aneurysmatische SAB en slechts zelden bij patiënten met een traumatische 
SAB. Doordat nimodipine waarschijnlijk alleen effectief is in het voorkómen van cerebrale 
ischemie en daardoor de klinische uitkomst verbetert, is nimodipine waarschijnlijk 
alleen effectief in patiënten met een aneurysmatische SAB. Bovendien heeft nimodipine 
profibrinolytische eigenschappen, wat bij patiënten met een traumatische SAB kan leiden tot 
cerebrale en systemische bloedingen. 

Behandeling met statines
De resultaten van dit proefschrift laten zien dat de pathogenese van cerebrale ischemie 
multifactorieel is. Omdat de stollingscascade, het fibrinolytisch systeem, endotheel 
dysfunctie en inflammatie allemaal een rol spelen in de pathogenese van cerebrale 
ischemie, is de hypothese dat alleen geneesmiddelen met pleiotrope effecten (met invloed 
op meerdere cascades) een belangrijk effect kunnen hebben in het voorkómen van en de 
behandeling van cerebrale ischemie. Statines zijn cholesterol verlagende medicijnen, waarvan 
verondersteld wordt dat ze pleiotrope effecten hebben. Om deze reden werd een exploratieve, 
gerandomiseerde, dubbel-blinde, placebo-gecontroleerde studie uitgevoerd waarin de 
biologische effecten van statines onderzocht werden bij patiënten met een aneurysmatische 
SAB (Hoofdstuk 8). Opvallenderwijs werden er geen aanwijzingen gevonden voor acute 
pleiotrope effecten van statines bij deze groep patiënten. Een verklaring hiervoor zou kunnen 
zijn dat een behandeling van 14 dagen te kort is om pleiotrope effecten te kunnen uitoefenen. 
Bovendien zou het kunnen dat er geen biologische effecten gevonden werden doordat er 
systemische concentraties werden gemeten in plaats van locale cerebrale concentraties. 
Mogelijkerwijs hebben statines wel pleiotrope effecten in de cerebrale circulatie, maar werd 
dit effect verdund doordat de biomarker concentraties systemisch gemeten werden. De 
resultaten van de studie beschreven in hoofdstuk 8 zouden anders kunnen zijn als het bloed 
werd afgenomen uit de vena jugularis. Echter, bij het opzetten van het onderzoeksprotocol 
werd er met opzet voor gekozen geen bloedafnames te verrichten uit de vena jugularis, omdat 
het kan leiden tot ernstige complicaties. De studie beschreven in hoofdstuk 8 kon ook niet de 
eerder waargenomen observaties bevestigen dat statines de kans op zowel cerebrale ischemie 
als op een slechte uitkomst kunnen verminderen. Een fase III placebo-gecontroleerde studie, 
die momenteel internationaal wordt uitgevoerd, zal waarschijnlijk de vraag beantwoorden of 
statines een gunstig effect hebben bij patiënten met een aneurysmatische SAB. 

Om de focus in het onderzoek naar mogelijke pleiotrope effecten van statines te verbreden, 
werd een systematisch literatuuronderzoek uitgevoerd (Hoofdstuk 9) naar de incidentie 
van hersenbloedingen bij patiënten die behandeld worden met statines en een beroerte in 
de voorgeschiedenis hebben. De resultaten van dit systematische overzichtsartikel tonen 
aan dat statinegebruik bij deze groep patiënten geassocieerd is met een verhoogd risico op 
het krijgen van een toekomstige hersenbloeding. Deze resultaten lijken te contrasteren met 
de observatie dat er geen acute biologische effecten zijn van statines bij patiënten met een 

vergouwen.indb   161 16-4-2009   10:53:17



162

aneurysmatische SAB. Dit kan als volgt verklaard worden. Ten eerste werden patiënten met 
een aneurysmatische SAB maximaal 14 dagen met een statine behandeld, wat veel korter is 
dan in de studies die het effect onderzochten van statines in de secundaire preventie van 
beroerten. Mogelijk duurt het enkele weken tot maanden voordat statines een profibrinolytisch 
of anticoagulant effect hebben. Ten tweede zou het kunnen dat cholesterol een belangrijke 
rol speelt in de integriteit van de vaatwand, en dat statinegebruik daardoor op de lange 
termijn tot hersenbloedingen leidt bij patiënten met een beroerte in de voorgeschiedenis. 
Andere systematische overzichtsartikelen die de relatie onderzochten tussen statinegebruik 
en het optreden van hersenbloedingen includeerden vooral patiënten zonder een beroerte in 
de voorgeschiedenis, en vonden geen verhoogd risico op hersenbloedingen.23,24 Aangezien 
patiënten met een beroerte of TIA in de voorgeschiedenis vaak lacunaire infarcten hebben ten 
gevolge van cerebrale ‘small-vessel disease’, is de hypothese dat vooral deze groep patiënten 
een verhoogd risico heeft op hersenbloedingen ten gevolge van statinegebruik. Inderdaad 
werd in een post-hoc subgroep analyse van de ‘Stroke Prevention by Aggressive Reduction in 
Cholesterol Levels’ (SPARCL) studie een verhoogd risico gevonden op hersenbloedingen bij 
patiënten met ‘small-vessel disease’ (hazard ratio 4.99, 95% betrouwbaarheidsinterval 1.71- 
14.61) die behandeld werden met een statine.25 
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Dankwoord
Graag wil ik de volgende personen bedanken die hebben bijgedragen aan de totstandkoming 
van dit proefschrift:

Alle patiënten die deelgenomen hebben aan de SIMSAB studie, alsmede hun familieleden die 
vaak in een moeilijke en kritieke periode toestemming gaven voor deelname aan dit onderzoek.

Rien Vermeulen, mijn promotor. Precies 25 jaar geleden publiceerde je de resultaten van je 
tranexamine studie bij patiënten met een aneurysmatische subarachnoidale bloeding, waarvan 
de opmerkelijkste bevinding waarschijnlijk niet was dat het aantal rebleeds afnam door het 
gebruik van tranexamine, maar dat het aantal patiënten met ischemie erdoor toenam. Na Yvo 
Roos mocht ik doorgaan op deze onderzoekslijn, waarbij we de rol van fibrinolyse en coagulatie 
in het ontstaan van ischemie na een SAB verder onderzochten. Hopelijk lukt het om in de nabije 
toekomst de pathogenese van ischemie na een SAB verder te ontrafelen. Je heldere analyses en 
je vermogen om moeilijke dingen eenvoudig te bewoorden waardeer ik enorm. 

Rob de Haan, mijn medepromotor. Je bent een hartelijk en warm mens en erg prettig om mee 
samen te werken. Je inbreng in de artikelen was van grote waarde, niet alleen je adviezen over 
de opzet van de systematic reviews en je adviezen over de te gebruiken statistische methoden, 
maar ook je oog voor detail en het overbrengen van een korte heldere boodschap. Veel dank 
voor je begeleiding. Ik hoop dat het lukt om onze verdere onderzoeksplannen in de nabije 
toekomst te verwezenlijken!

Yvo Roos, mijn copromotor. Het is een voorrecht om je eerste promovendus te mogen zijn. 
Wat ik enorm aan je waardeer is je enthousiasme voor alles, zowel wat betreft onderzoek als 
patiëntenzorg. Je zegt nooit ‘nee’, dat woord komt geloof ik niet in je vocabulaire voor. Als ik bij je 
kwam met een nieuw artikel wist je de stukken altijd te verbeteren en er de juiste nuanceringen 
aan te geven. In de tweede helft van het promotietraject gaf je me de ruimte om eigen ideeën 
verder uit te werken. Ik ben trots op ons resultaat en veel dank voor je begeleiding.

Joost Meijers. Je bent een erg toegankelijk persoon, nuchter en met beide benen op de grond. 
Na het horen van ‘microtrombose’ en ‘verhoogde van Willebrand factor waarden’ werd je 
enorm enthousiast, wat erg aanstekelijk werkte. 

Rinie Frijns. Tijdens het onderzoek naar de invloed van het PAI-1 polymorfisme op het 
optreden van ischemie werd ik altijd gastvrij door jou in Utrecht ontvangen, wat ik erg 
gewaardeerd heb.

Nan van Geloven. Je bent nog maar net in het AMC begonnen en nu al onmisbaar!

Alle andere mede-auteurs: Gabriel Rinkel, Frank Baas, Marcel Levi, Bert Coert, Erik Stroes, 
Tom van der Poll, Janneke Horn, Ronald Geskus, Nyika Kruyt en Kamran Bakhtiari. Bedankt 
voor jullie waardevolle inbreng.
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Alle arts-assistenten neurologie en neurochirurgie. Veel dank voor jullie hulp bij de inclusie 
van patiënten voor de SIMSAB studie, in het bijzonder Barry Mook die op oudjaarsavond 
klokslag 12 uur een patiënt includeerde.

De staf en verpleging van de afdeling neurochirurgie. Bedankt voor jullie hulp en interesse in 
de SIMSAB-studie.

Nadine Fleitour van het Klinisch Onderzoeksbureau van de afdeling neurologie. Veel dank  
voor je hulp en adviezen bij het opzetten van de SIMSAB-studie, en het uitvoeren van de 
follow-up metingen na 3 en 6 maanden.

Alle medewerkers van het protocollenlaboratorium voor de verwerking van de bloedsamples, 
en Winny van Luling voor de coördinatie ervan.

Alle medewerkers van het laboratorium experimentele vasculaire geneeskunde voor de 
bepaling van de stollings-, fibrinolyse- en endotheelparameters.

Petra van den Pangaart van het laboratorium experimentele en moleculaire geneeskunde voor 
de bepaling van de inflammatieparameters.

Marja Jakobs van het laboratorium neurogenetica voor de bepaling van de PAI-1 
polymorfismen.

Jan Stam. Hoewel je niet direct betrokken was bij de uitvoering van dit proefschrift, was je altijd 
erg geïnteresseerd en enthousiast over de resultaten. Dit was erg stimulerend, waarvoor dank.

Alle leden van de vaatclub (Rien Vermeulen, Jan Stam, Albert Hijdra, Yvo Roos, Paul 
Nederkoorn, Koen de Gans, Nyika Kruyt, Joke Dijk, Raoul Kloppenborg, Jonathan Coutinho, 
en Sanne Zinkstok) voor het nuttige en gezellige dinsdagmiddagoverleg.

De promotiecommissie (Prof.dr. P.J. Koudstaal, Prof.dr. J.C.M. Meijers, Prof.dr. P. Portegies, 
Prof.dr. G.J.E. Rinkel, Prof.dr. W.P. Vandertop) voor het bestuderen van dit proefschrift.

Mijn paranimfen en goede vrienden Richard Meijer en Jan Biemans.

Mijn ouders, voor mijn gelukkige jeugd en alles wat jullie me meegaven.

En natuurlijk mijn lieve Victorien. We hebben een ontzettend leuk leven samen, met twee 
schatjes van kinderen. Het combineren van de zorg voor Koen en Gijs met onze opleidingen, 
diensten, avonduurpromoties, en afspreken met vrienden geeft wel een enorme drukte, 
maar juist de combinatie van dat alles maakt het ook weer zo leuk. Wat ik ontzettend aan je 
waardeer is dat je me altijd vrij laat in mijn doen en laten. Dat vind ik echt geweldig van je. In 
juni gaan we naar Toronto, hopelijk wordt het een fantastisch jaar! 
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Curriculum vitae 
De auteur van dit proefschrift werd op 6 september 1976 in Oss geboren. Na het behalen van 
zijn Gymnasium-β diploma aan het Titus Brandsma Lyceum te Oss in 1994, werd aangevangen 
met de studie geneeskunde aan de Rijksuniversiteit Groningen. De wetenschappelijke stage in 
het kader van het doctoraalexamen werd uitgevoerd in het Thoralf M. Sundt Jr. Neurosurgical 
Research Laboratory in de Mayo Clinic te Rochester, Minnesota, USA (Prof. F.B. Meyer), 
alwaar hij als research fellow gedurende een jaar in een diermodel de invloed onderzocht van 
oestrogenen op de grootte van een herseninfarct. Na afronding van het doctoraal examen 
werden de coschappen doorlopen in het Medisch Spectrum Twente te Enschede, waarna hij 
in 2001 het artsexamen behaalde. Na een AGNIO-periode op de afdelingen neurochirurgie 
(Prof.dr. D.A. Bosch) en neurologie van het Academisch Medisch Centrum te Amsterdam, 
werd op 1 augustus 2002 begonnen met de opleiding neurologie (opleiders Prof.dr. J. Stam en 
Dr. J.H.T.M. Koelman). De perifere stage werd doorlopen in het Medisch Centrum Alkmaar 
(Dr. R. ten Houten). Met dit proefschrift werd gestart in 2003. De opleiding tot neuroloog werd 
afgerond op 1 oktober 2008. Momenteel is hij als neuroloog werkzaam in het Academisch 
Medisch Centrum te Amsterdam. Vanaf 1 juli 2009 zal hij gedurende een jaar als Stroke 
Fellow verbonden zijn aan het Toronto Western Hospital, Toronto, Canada (Prof. F.L. Silver), 
op een beurs van de Niels Stensen Stichting. Hij is getrouwd met Victorien Wolters en samen 
hebben ze 2 kinderen, Koen en Gijs.
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