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iNtroDUctioN
Acute ischemic stroke and acute aneurysmal subarachnoid hemorrhage (SAH) are both classified 
as a “cerebrovascular accident (CVA)”. Indeed, both diseases result from a cerebrovascular 
accident in the brain, but apart from this there are substantial differences in terms of etiology, 
epidemiology, clinical presentation and treatment. 

In acute ischemic stroke there is an acute lack of blood flow (ischemia) to brain tissue caused by 
blockage of a feeding artery with resultant damage or dysfunction of tissue. The typical patient 
admitted for acute ischemic stroke (about 80% of all strokes) has multiple cardiovascular 
risk factors including diabetes mellitus (DM), is more often male and older than 65 years. On 
presentation there is a sudden onset of a focal neurologic deficit only sometimes accompanied 
by headache. Prognosis is relatively favorable (about 20% case fatality). 

In aneurysmal SAH there is a bleeding into the subarachnoid space—the area between the 
membranes that cover the brain. The typical patient admitted with acute aneurysmal SAH, 
accounting for about 5% of all strokes, is a previously healthy female and around 55 years. 
Clinical presentation is dominated by a sudden onset of severe headache, with or without a 
focal neurological deficit. Prognosis is relatively poor (about 50% case fatality). 

AcUte	ischemic	stroke	
Stroke ranks second after ischemic heart disease as a cause of lost disability-adjusted life-years 
with thirty-day case fatality rates ranging between 10 and 17%. The most important risk factors 
for ischemic stroke include age, hypertension, hypercholesterolemia, diabetes mellitus (DM) 
and smoking. Atherosclerosis and cardio-embolism causing arterial occlusion are the most 
important pathophysiological mechanisms of ischemic stroke. The onset is typically sudden 
with focal neurological deficits such as weakness, sensory loss, aphasia or hemianopia.1 
It is generally believed that in the acute phase a central core of infarcted tissue is surrounded by 
a rim of ischemic tissue with preserved structural integrity but at risk of (irreversible) infarction. 
This rim of tissue is referred to as the ischemic penumbra. In the sequence of events that occur 
after the stroke onset, various factors decide on the fate of the ischemic penumbra: recovery or 
conversion to definite infarction. Of these, excess of extracellular excitatory amino acids, free-
radical formation, inflammation and edema formation appear to be the most important.2 The 
prognosis of ischemic stroke also depends on various factors such as age and the coexistence of 
diseases such as ischemic heart disease or DM. Acute management of ischemic stroke focuses 
on recanalization of the occluded artery, preventing expansion of the ischemic tissue volume 
and preventing secondary complications such as pneumonia and deep venous thrombosis.1 

AcUte	ANeUrysmAl	sUbArAchNoiD	hemorrhAGe
Only one in every 20 strokes is caused by aneurysmal SAH. This devastating disease has high 
morbidity and fatality rates. Although these rates have decreased in the last decades, still 
35% of acute aneurysmal SAH patients die within the first month after the event. Risk factors 
include age -although half of the patients are younger than 55 years at the time of the event- 
hypertension, smoking and moderate to heavy alcohol consumption. Factors that precipitate 
rupture of an aneurysm are complex, though a sudden increase in arterial pressure appears an 
important factor in at least a proportion of patients. Sudden headache is the most characteristic 
symptom of aneurysmal SAH classically described as the “worst headache of my life.” On 
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admission, two-thirds of the patients have depressed consciousness, while focal neurological 
deficits are relatively less common in the acute stage. In patients surviving the initial event, the 
most urgent danger is rebleeding of the aneurysm. In surviving patients, the cumulative risk of 
risk of rebleeding in the next 4 weeks is about 40% without intervention. Thereafter, delayed 
cerebral ischemia (DCI), which occurs in 20-30% of patients and is clinically often accompanied 
by focal neurological deficits, is the most feared complication. In the acute phase, treatment 
is focused on securing of the ruptured aneurysm, treatment of (systemic) complications and 
prevention of DCI. After the aneurysm is secured, late rebleeding can occur but is rare. In the 
long term, surviving patients often experience complications such as anosmia, epilepsy and 
cognitive deficits.3

hyPerGlycemiA
The assessment of blood glucose is probably one of the most frequently performed medical 
laboratory tests. There is, however, no consensus on the cut-off levels to define which glucose 
levels are too high (hyperglycemia) or too low (hypoglycemia). Hence, it is important to realize 
that definitions of these terms can vary between time epochs, institutions, departments, 
physicians and even patients. Nonetheless, regardless of the cut-off levels used to define 
hyperglycemia, it is described as a very common finding in hospitalized patients, especially in 
the critically ill patient: so called “stress hyperglycemia”.4

Until the end of the last century high levels of blood glucose were considered to be a harmless 
epiphenomenon to a generalized stress reaction and it was even conceived of as advantageous 
for the patient. It was reasoned that increased blood glucose levels were a physiological 
response to support the increased energy demands of glucose dependent tissue such as the 
brain. Several studies, however, have revealed that patients with high levels of blood glucose 
fare worse than patients with normal blood glucose levels, irrespective of disease (severity) 
or other predictors of poor clinical outcome.5 In addition to this, experimental studies have 
revealed that high blood glucose levels enhance various pathophysiological mechanisms, as 
such suggesting a causal link between hyperglycemia and poor clinical outcome. Therefore the 
initiation of a randomized controlled trial to investigate the clinical benefit of glucose-lowering 
treatment appeared logical. Indeed, in 2001 a landmark trial revealed that in critically ill patients 
admitted to the intensive care unit (ICU), intensive insulin therapy (IIT) was associated with an 
impressive 43% relative reduction in case mortality.6 Moreover, post-hoc analysis of the trial 
data revealed improved case morbidity for various subgroups of patients, including patients 
with traumatic brain injury.7 These impressive results, together with the widespread availability 
of insulin to lower blood glucose levels soon resulted in the worldwide implementation of 
IIT on ICU’s. The landmark trial, however, was performed in a single dedicated center, and 
included predominantly surgical patients. Therefore caution has to be taken in extrapolating 
these results to other centers and patient groups. Moreover, more recent trials have tempered 
the enthusiasm for glucose-lowering treatment as earlier positive findings could not be 
confirmed in subsequent trials, and IIT was even documented to be associated with worse 
clinical outcome.8 

Although the clinical benefits of glucose-lowering treatment have become the subject 
of debate, it still has the potential to improve clinical outcome in various subgroups 
of patients, including patients with acute ischemic stroke or acute aneurysmal SAH.  
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At the time we started this dissertation project, which is part of the Glucose Lowering in Acute 
Stroke Study (GLASS) project, the primary objective was to set up a trial to investigate the 
clinical benefit of glucose-lowering treatment in stroke patients. However, before initiating 
such a trial, this therapy first had to be optimized in terms of safety and efficacy. This appeared 
to be much more challenging than we anticipated. This thesis therefore consists of studies into 
the association between glucose metabolism and various measures of clinical outcome, the 
improvement of glycemic control in terms of safety and efficacy and assessment of the current 
evidence on glucose-lowering treatment in stroke patients.

the	GlUcose	loWeriNG	iN	AcUte	stroke	stUDy	
The research presented in this thesis is funded by the board of directors of the Academic 
Medical Center (AMC) in Amsterdam and the University Medical Center in Utrecht (UMCU).  
Both neurology departments of these centers have a special interest in ischemic stroke and 
in aneurysmal SAH. In the AMC the department of internal medicine has a special interest in 
research concerning the in-hospital regulation of increased blood glucose levels. Collaboration 
between these departments resulted in The Glucose Lowering in Acute Stroke Study 
(GLASS)-project.
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Aims	AND	oUtliNe	oF	the	thesis
Aims
This thesis consists of two main parts. PART ONE deals with hyperglycemia and its treatment 
control in patients with acute ischemic stroke, PART TWO addresses hyperglycemia in patients 
with aneurysmal SAH.

PArt	oNe	'Glycemic	coNtrol	iN	PAtieNts	With	AcUte	ischemic	stroke'	
Chapter 2 of this thesis provides a review of the available evidence linking hyperglycemia to poor 
clinical outcome in patients with acute ischemic stroke and highlights the pathophysiological 
mechanisms that might underlie the deleterious effects of hyperglycemia on acute stroke 
prognosis and systematically reviews the literature concerning the effects of tight glycemic 
control after acute ischemic stroke. Chapter 3 describes a cohort study that investigates if 
cognitive outcome may be different in acute ischemic stroke patients with high or with normal 
glucose levels on admission. This study was performed to investigate if cognitive outcome 
could serve as a surrogate marker for clinical outcome in a future randomized clinical trial. 
Chapters 4 and	5 describe two small multicenter studies, one small trial and a cohort study, 
that investigated different treatment regimes to control hyperglycemia in patients admitted 
with acute ischemic stroke. 

PArt	tWo	‘hyPerGlycemiA	iN	PAtieNts	With	ANeUrysmAl	
sUbArAchNoiD	hemorrhAGe’	
Chapter 6 of the thesis describes a systematic review and meta-analysis that investigates the 
association between admission hyperglycemia and clinical outcome after acute aneurysmal 
SAH. Chapter 7 describes a cohort study that aimed to assess the association between 
abnormalities of glucose metabolism with delayed cerebral ischemia and with clinical outcome 
in acute aneurysmal SAH patients. Chapter 8 contains a laboratory study aimed to characterize 
glucose metabolism in acute aneurysmal SAH patients. Chapter 9 reviews and highlights the 
mechanisms that may cause hyperglycemia after acute aneurysmal SAH, and discusses how 
hyperglycemia may contribute to poor clinical outcome in these patients and systematically 
reviews the literature on insulin therapy in acute aneurysmal SAH patients. 

In chapter 10, the general discussion and summary, future directions for research are discussed 
and the findings of this thesis are summarized. 
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AbstrAct
Patients with acute ischemic stroke frequently test positive for hyperglycemia, which is 
associated with a poor clinical outcome. This association between poor glycemic control and 
an unfavorable prognosis is particularly evident in patients with persistent hyperglycemia, 
patients without a known history of diabetes mellitus, and patients with cortical infarction. 
To date, however, only one large clinical trial has specifically investigated the effect of 
glycemic control on stroke outcome. This trial failed to show a clinical benefit, but had 
several limitations. Despite a lack of clinical evidence supporting the use of glycemic control 
in the treatment of patients with stroke, international guidelines recommend treating this 
subset of critically ill patients for hyperglycemia in the hospital setting. This treatment 
regime is, however, particularly challenging in patients with stroke, and is associated with 
an increased risk of the patient developing hypoglycemia. Here we review the available 
evidence linking hyperglycemia to a poor clinical outcome in patients with ischemic stroke. 
We highlight the pathophysiological mechanisms that might underlie the deleterious 
effects of hyperglycemia on acute stroke prognosis and systematically review the literature 
concerning tight glycemic control after stroke. Finally, we provide directions on the use of 
insulin treatment strategies to control hyperglycemia in this patient group.
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iNtroDUctioN
Many studies have shown that elevated levels of blood glucose are frequently observed in 
patients admitted to hospital for acute ischemic stroke, and can last for several days beyond 
the acute phase.9-17 High glucose levels predict a larger infarct size, poor clinical outcome and 
a higher risk of mortality, and are independent from other predictors of a poor prognosis such 
as age, diabetic status and stroke severity.11;18-23 Several mechanisms seem to account for the 
high frequency of hyperglycemia observed in patients with acute ischemic stroke, and various 
pathophysiological mechanisms have been proposed to account for the detrimental effect of 
hyperglycemia on the ischemic brain.
In critically ill patients with conditions other than stroke, tight glycemic control (TGC) has been 
shown to have a beneficial effect on clinical outcome,6;24-30 although recent trials investigating 
TGC on the intensive care unit (ICU) could not confirm these earlier positive findings.8;24 In fact, 
in the later trials TGC was shown to increase the risk of patients developing hypoglycemia, 
and a poor clinical outcome was documented to be associated with TGC treatment. Perhaps 
not surprisingly, these latest results have	initiated a debate on the efficacy and safety of TGC. 
In patients with ischemic stroke and concomitant hyperglycemia, TGC remains a potential 
treatment that could improve a patient’s clinical prognosis; however, successful and safe 
provision of TGC treatment to patients who are critically ill seems to be a challenging task.
This review provides an overview of the potential causes and consequences of post-stroke 
hyperglycemia and specifically addresses the pathophysiological mechanisms that might link 
post-stroke hyperglycemia to increased infarct size and poor clinical outcome. Furthermore, we 
systematically review studies that investigate the feasibility and efficacy of TGC in patients with 
ischemic stroke. Finally, for the benefit of caregivers involved in caring for patients with acute 
ischemic stroke, we provide directions about different insulin strategies that might control 
hyperglycemia in this patient group. 

hyPerGlycemiA	AFter	ischemic	stroke
FreqUeNcy,	time	coUrse	AND	mechANisms
A high frequency of admission hyperglycemia has long been recognized in patients with 
acute stroke.11;15 Irrespective of the time between stroke onset and glucose assessment or 
the conditions under which blood glucose levels are assessed (for example, random sampling 
versus fasting sampling), admission hyperglycemia is a frequent finding in patients admitted 
to hospital for acute ischemic stroke.11 A systematic review of 33 studies reported that 8 to 
63% of non-diabetic and 39 to 83% of diabetic patients with ischemic stroke had admission 
hyperglycemia (definition of hyperglycemia used in these studies was blood glucose values >6.1 
mmol/L).11 Blood glucose levels seem to decline within the first 24 hours after stroke onset,31;32 

but they rise again after 24 to 88 hours, regardless of whether the patient has diabetes mellitus 
(DM).9 This late hyperglycemic phase is probably the result of impaired glucose metabolism 
that only becomes evident once the patient resumes feeding after an initial fasting period.33;34

Several mechanisms have been proposed to account for hyperglycemia in patients with acute 
stroke (Figure 1), and in reality multiple mechanisms are probably involved. The high incidence 
of hyperglycemia after ischemic stroke could be partly explained by pre-existing abnormalities 
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in glucose metabolism. A substantial proportion of patients with ischemic stroke without a 
documented history of DM have insulin resistance or DM at follow-up.35-38 Furthermore, 27 to 
37% of patients admitted to hospital with stroke and concurrent hyperglycemia and no history 
of DM were shown to have impaired glucose tolerance three months after the initial stroke, 
and approximately one-third of these cases had developed DM by this time point.35;36;38 Serious 
illnesses, including stroke, are accompanied by a generalized stress reaction that involves the 
activation of the hypothalamic–pituitary–adrenal axis.39;40 Activation of this complex neuronal 
circuit leads to increased levels of serum glucocorticoids, including cortisol, and activation of 
the sympathetic autonomic nervous system, resulting in increased catecholamine release.41 

The acute phase of ischemic stroke and the first week after stroke are, therefore, accompanied 
by high levels of humoral cortisol and catecholamines.42 Increased levels of stress hormones 
such as cortisol enhance glycogenolysis, gluconeogenesis, proteolysis and lipolysis, which all 
result in excessive glucose production.43;44 In addition, epinephrine inhibits glucose transport 
into cells by inhibiting the binding of insulin to its receptor; thus, increased levels of circulating 
epinephrine can result in insulin resistance with hyperinsulinemia.45;46 The hypothesis that the 
stress reaction itself contributes to hyperglycemia after ischemic stroke is further supported 
by the observation that increased stroke severity is accompanied by a corresponding increase 
in the levels of stress hormones, with a concomitant increase in hyperglycemia.42;47 The exact 
mechanism that results in the activation of the hypothalamic–pituitary–adrenal axis and the 
sympathetic nervous system remains to be clarified, but it probably originates at the supra-
pituitary cortical level.39 This hypothesis regarding the origin of the hypothalamic–pituitary–
adrenal axis activation is supported by the observation that stroke involving the insular cortex, 
a brain area with efferent projections to the autonomic nervous system, is associated with 
higher serum blood glucose levels and higher levels of circulating catecholamines than are seen 
in non-insular stroke.48;49

Stroke is also associated with an increased inflammatory response with a subsequent release 
of a whole host of cytokines.50;51 Certain cytokines, such as tumor necrosis factor have been 
shown to activate the hypothalamic–pituitary–adrenal axis,52 and the activity of these cytokines 
has also been associated with the development of insulin resistance.53-55 Therefore, it seems 
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diabetes mellitus (Dm).1 this late hyper glycemic phase is 
probably the result of impaired glucose metabolism that 
only becomes evident once the patient resumes feeding 
after an initial fasting period.27,28

several mechanisms have been proposed to account for 
hyperglycemia in patients with acute stroke (Figure 1), and 
in reality multiple mechanisms are pro b ably involved. 
the high incidence of hyperglycemia after ischemic 
stroke could be partly explained by preexisting abnor
malities in glucose metabolism. a substantial proportion 
of patients with ischemic stroke without a documented 
history of Dm have insulin resistance or Dm at follow
up.29–32 Furthermore, 27–37% of patients admitted to hos
pital with stroke and concurrent hyperglycemia and no 
history of Dm were shown to have impaired glucose toler
ance 3 months after the initial stroke, and approximately 
onethird of these cases had developed Dm by this time 
point.29,30,32 serious illnesses, including stroke, are accom
panied by a generalized stress reaction that involves the 
activation of the hypothalamic–pituitary–adrenal (HPa) 
axis.33,34 activation of this complex neuronal circuit leads 
to increased levels of serum glucocorticoids, including 
cortisol, and activation of the sympathetic autonomic 
nervous system, resulting in increased catecholamine 
release.35 the acute phase of ischemic stroke and the first 
week after stroke are, therefore, accompanied by high 
levels of humoral cortisol and catecholamines.36 increased 

Key points

Hyperglycemia is frequently observed in patients with ischemic stroke, persists  ■
throughout the clinical course of the disorder and is associated with an 
increased infarct size and a poor clinical outcome

several pathophysiological mechanisms could account for the detrimental  ■
effect of hyperglycemia observed in patients with acute ischemic stroke

No evidence exists that supports the use of glucose lowering therapy for the  ■
treatment of hyperglycemia in patients with acute ischemic stroke

Establishing glycemic control in patients with acute ischemic stroke  ■
is challenging and carries a substantial risk of the patient developing 
hypoglycemia

studies that establish safe methods of improving glycemic control are awaited  ■
before randomized controlled trials that assess clinical outcome measures 
associated with glycemic control can be initiated

levels of stress hormones such as cortisol enhance gl yco
genolysis, gluco neogenesis, proteolysis and lipolysis, 
which all result in excessive glucose production.37,38 in 
addition, epi nephrine inhibits glucose transport into cells 
by inhibit ing the binding of insulin to its receptor; thus, 
increased levels of circulating epinephrine can result in 
insulin resistance with hyperinsulinemia.39,40 the hypo
thesis that the stress reaction itself contributes to hyper
glycemia after ischemic stroke is further supported by the 
observation that increased stroke severity is accompanied 
by a corres ponding increase in the levels of stress hor
mones, with a concomitant increase in hyperglycemia.36,41 
the exact mechanism that results in the activation of the 
HPa axis and the sympathetic nervous system remains to 
be clarified, but it probably originates at the supra pituitary 
cortical level.33 this hypothesis regarding the origin of 
the HPa axis activation is supported by the observation 
that stroke involving the insular cortex, a brain area with 
efferent projec tions to the autonomic nervous system, is 
associated with higher blood serum glucose levels and 
higher levels of circulating catecholamines than are seen 
in noninsular stroke.42,43

stroke is also associated with an increased inflam
matory response and the release of a whole host of cyto
kines.44,45 Certain cytokines, such as tumor necrosis 
factor, have been shown to activate the HPa axis,46 and 
the activity of these cytokines has also been associated 
with the development of insulin resistance.47–49 therefore, 
it seems that stroke can potentially induce hyperglycemia 
indirectly via activation of the inflammatory response.

Clinical outcome
over 30 years ago, melamed and coworkers were the first 
group to identify the relationship between hyperglycemia 
and poor clinical outcome after stroke.7 many studies have 
since confirmed these findings and have also demon
strated that this association is independent from other 
predictors of poor clinical outcome such as age, stroke 
severity, infarct size or diabetic status.2,42,50 the associ
ation between hyperglycemia and poor clinical outcome 
is even more pronounced when hyper glycemia persists 
during the first few days after acute stroke onset.2,5,9,26,50 
a metaanalysis has revealed that patients with ische mic 
stroke who are nondiabetic have an increased risk of mor
tality at early time points after acute stroke onset if their 
blood glucose levels are >6.1 mmol/l.3 By contrast, no 
association between high blood glucose levels and short
term mortality was demon strated in ischemic stroke 
patients with Dm, as shown by two studies.51,52 Further
more, little evidence exists to support an associ ation 
between high blood glucose and shortterm mortality 
in critically ill patients with Dm who have not experi
enced a stroke, indicating that the deleterious effects of 
hyperglycemia are somehow restricted to nondiabetic 
patients.53,54 For example, critically ill patients with or 
without acute ischemic stroke who were admitted to a 
general hospital ward without a diagnosis of Dm but 
were shown on admission to have hyperglycemia had an 
18fold increased risk of inhospital mortality compared 
with normoglycemic patients. Hyperglycemic patients  

Increased immune 
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Generalized stress reaction
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Figure 1 | Mechanisms leading to hyperglycemia in patients with ischemic stroke. 
Two main mechanisms seem to underlie the occurrence of hyperglycemia in 
patients with ischemic stroke: an increased immune response and stimulation of 
the HPA axis. Abbreviations: HPA, hypothalamic–pituitary–adrenal; IL, interleukin; 
TNF, tumor necrosis factor.

reViews

nrneurol_231_MAR10.indd   146 15/2/10   16:09:26

© 20  Macmillan Publishers Limited. All rights reserved10

HPA: hypothalamic–pituitary–adrenal axis; IL-1: interleukin 1; IL-6: interleukin 6; TNF: tumor necrosis 
factor.

Figure	1	|	mechanisms	leading	to	hyperglycemia	in	patients	with	ischemic	stroke.	
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that stroke can potentially induce hyperglycemia indirectly via activation of the inflammatory 
response.

cliNicAl	oUtcome	
Over 30 years ago, Melamed and co-workers were the first group to identify the relationship 
between hyperglycemia and poor clinical outcome after stroke.15 Many studies have since 
confirmed these findings and have also demonstrated that this association is independent 
from other predictors of poor clinical outcome such as age, stroke severity, infarct size or 
diabetic status.10;48;56 The association between hyperglycemia and poor clinical outcome is even 
more pronounced when hyperglycemia persists during the first few days after acute stroke 
onset.10;13;17;32;56 A meta-analysis has revealed that patients with ischemic stroke who are non-
diabetic have an increased risk of mortality at early time points after acute stroke onset if their 
blood glucose levels are exceed 6.1 mmol/L.11 By contrast, no association between high blood 
glucose levels and short-term mortality has been observed in ischemic stroke patients with a 
known history of DM.57;58 Furthermore, little evidence exists to support an association between 
high blood glucose and short-term mortality in patients who have not experienced a stroke, 
indicating that the deleterious effects of hyperglycemia are somehow restricted to non-diabetic 
patients with ischemic stroke.4;59 For example, patients with acute ischemic stroke who were 
admitted to a general hospital ward without a diagnosis of DM but were shown on admission 
to have hyperglycemia had an 18-fold increased risk of in-hospital mortality compared with 
normoglycemic patients. Hyperglycemic patients with known DM, however, only had a threefold 
increased risk of in-hospital mortality compared with normoglycemic patients.5 Thus, in non-
diabetic patients with acute ischemic stroke, hyperglycemia resulting from stroke seems to be 
associated with a high in-hospital mortality risk. By contrast, hyperglycemia that relates to a 
diagnosis of DM is not associated with a high in-hospital mortality risk in patients with ischemic 
stroke.

The relationship between hyperglycemia and stroke outcome also seems to differ between 
ischemic stroke subtypes.60-62 Two studies have indicated that an association between 
hyperglycemia and poor stroke outcome exists in patients with cortical stroke, but not in 
patients with lacunar stroke.60;61 Moreover, post-hoc analysis of three large clinical trials 
revealed that high levels of blood glucose were associated with good rather than poor clinical 
outcome after lacunar infarction.62

We note that many studies investigating an association between hyperglycemia and clinical 
outcome following stroke were performed before thrombolytic therapy with recombinant 
tissue plasminogen activator (rtPA) became standard practice in acute ischemic stroke care. An 
increasing number of studies, however, are demonstrating that hyperglycemia on admission 
to hospital also predicts poor outcome in patients with acute ischemic stroke treated with 
rtPA. This association between poor clinical outcome and hyperglycemia is more pronounced 
in patients treated with thrombolytic therapy than in non-rtPA-treated patients.63-67

AGGrAvAteD	cerebrAl	DAmAGe
The nature of the association between hyperglycemia and aggravated cerebral damage in 
ischemic stroke has been investigated in animal models of stroke as well as in clinical imaging 
studies. This section addresses the potential effects of hyperglycemia on the biological events 
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with known Dm, however, only had a threefold increased 
risk of inhospital mortality compared with normo
glycemic patients.55 thus, in nondiabetic patients with 
acute ische mic stroke, hyper glycemia resulting from 
stroke seems to be associated with a high inhospital 
mortality risk. By contrast, hyperglycemia that relates to a 
diagnosis of Dm is not associated with a high inhospital 
mortality risk in patients with ischemic stroke.

the relationship between hyperglycemia and stroke 
out come also seems to differ between ischemic stroke sub
types.56–58 two studies have indicated that an associ ation 
between hyperglycemia and poor stroke outcome exists 
in patients with cortical stroke, but not in patients with 
lacunar stroke.57,59 moreover, post hoc analysis of three 
large clinical trials revealed that high levels of blood glu
cose were associated with good rather than poor clinic al 
outcome after lacunar infarction.58

we note that many studies investigating an associ ation 
between hyperglycemia and clinical outcome following 
stroke were performed before thrombolytic therapy 
with recombinant tissue plasminogen activator (rtPa) 
became standard practice in acute ischemic stroke care. 
an increasing number of studies, however, are demon
strating that hyperglycemia on admission to hospital also 
predicts poor outcome in patients with acute ischemic 
stroke treated with rtPa. this association between poor 
clinical outcome and hyperglycemia is more pronounced 
in patients treated with thrombolytic therapy than in 
nonrtPatreated patients.59–63

Aggravated cerebral damage
the nature of the association between hyperglycemia and 
aggravated cerebral damage in ischemic stroke has been 
investigated in animal models of stroke as well as in clini
cal imaging studies. this section addresses the potential 
effects of hyperglycemia on the biological events that 
occur after a cerebral artery becomes occluded (Figure 2). 
How hyperglycemia affects the salvage of the ischemic 
penumbra—ischemic tissue surrounding the infarct 
core that consists of potentially salvageable tissue at risk 
of infarction64—is likely to be a key factor that directly 
affects the clinical prognosis of patients with acute 
is chemic stroke.

Impaired recanalization
in human studies, hyperglycemia has been shown to 
stimulate coagulation by increasing the production of 
thrombin–antithrombin complexes and by stimulating 
the tissue factor pathway,65–68 whereas hyperinsulinemia 
decreases fibrinolytic activity by increasing the pro duction 
of plasminogen activator inhibitor.67,69–71 in addition, both 
hyperglycemia and hyperinsulinemia have been shown 
to decrease the activity of rtPa in animal models.71 these 
observations support the hypothesis that altered glucose 
metabolism impairs recanalization through increased 
coagulation and decreased fibrinolytic acti vity. Further
more, in clinical practice, transcranial Doppler imaging 
has confirmed this finding by demonstrating that hyper
glycemia is associated with persistent occlusion in patients 
with ischemic stroke treated with rtPa.72

Decreased reperfusion
studies using animal models of stroke have shown that 
hyperglycemia is associated with decreased reper fusion 
to the ischemic tissue and increased infarct volumes com
pared with normoglycemic controls.73–76 Hemispheric cere
bral blood flow has been shown to be reduced by as much 
as 37% in hyperglycemic compared with normo glycemic 
rats.75 Furthermore, after recanalization, penum bral blood 
flow was shown to be 60% of preischemic values in hyper
glycemic rats, compared with 89% of preischemic values 
in rats with normal blood glucose levels.77

inhibition of vasodilatation is an important mecha
nism by which hyperglycemia seems to reduce cerebral 
blood flow. acute glucose infusion has been shown to 
reduce endotheliumdependent vasodilatation in healthy 
humans.78,79 vasodilatation is predominantly mediated by 
endotheliumderived nitric oxide, which is syn thesized  
by endo thelial nitric oxide synthase.80,81 In vitro cell culture 
studies have demonstrated that reduced nitric oxide syn
thase 3 gene expression is associated with a hyper glycemic 
environment.82,83 this reduction in gene expression is 
probably mediated via activation of protein kinase C.84 
more over, hyperglycemia in cell culture studies has 
been shown to reduce the production of nitric oxide by 

Increased reperfusion injury
Oxidative stress    tissue damage, edema, 
and impaired blood–brain barrier
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Decreased reperfusion
Nitric oxide      vasodilatation 
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Plasminogen activator inhibitor
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Figure 2 | schematic representation of infarct evolution over time. Hyperglycemia 
can have deleterious effects on various physiological processes associated with 
infarct evolution in patients with acute ischemic stroke.
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HYPERGLYCEMIA IN ACUTE ISCHEMIC STROKE

2

25

that occur after a cerebral artery becomes occluded (Figure 2). How hyperglycemia affects the 
salvage of the ischemic penumbra –ischemic tissue surrounding the infarct core that consists of 
potentially salvageable tissue at risk of infarction68–is likely to be a key factor that directly affects 
the clinical prognosis of patients with acute ischemic stroke.

imPAireD	recANAlizAtioN
In human studies, hyperglycemia has been shown to stimulate coagulation by increasing the 
production of thrombin-antithrombin complexes and by stimulating the tissue factor pathway,69-

72 whereas hyperinsulinemia decreases fibrinolytic activity by increasing the production of 
plasminogen activator inhibitor.71;73-75 In addition, both hyperglycemia and hyperinsulinemia 
have been shown to decrease the activity of rtPA in animal models.75 These observations 
support the hypothesis that altered glucose metabolism impairs recanalization through 
increased coagulation and decreased fibrinolytic activity. Furthermore, in clinical practice, 
transcranial Doppler imaging has confirmed this finding by demonstrating that hyperglycemia 
is associated with persistent occlusion in patients with ischemic stroke treated with rtPA.76 

DecreAseD	rePerFUsioN	
Studies using animal models of stroke have shown that hyperglycemia is associated with 
decreased reperfusion to the ischemic tissue and increased infarct volumes compared with 
normoglycemic controls.77-80 Hemispheric cerebral blood flow has been shown to be reduced 
by as much as 37% in hyperglycemic compared with normoglycemic rats.79 Furthermore, 
after recanalization, penumbral blood flow was shown to be 60% of pre-ischemic values in 
hyperglycemic rats, compared with 89% of pre-ischemic values in rats with normal blood 
glucose levels.81

Inhibition of vasodilatation is an important mechanism by which hyperglycemia seems to 
reduce cerebral blood flow. Acute glucose infusion has been shown to reduce endothelium-
dependent vasodilatation in healthy humans.82;83 Vasodilatation is predominantly 
mediated by endothelium-derived nitric oxide, which is synthesized by endothelial nitric 
oxide synthase.84;85 In vitro cell culture studies have demonstrated that reduced NOS3 
gene expression is associated with a hyperglycemic environment.86;87 This reduction in 
gene expression is probably mediated via activation of protein kinase C.88 Moreover, 
hyperglycemia in cell culture studies has been shown to reduce the production of nitric 
oxide by increasing the activity of nicotinamide adenine dinucleotide phosphate oxidase, 
which seems to be mediated through the activation of protein kinase C.89 In addition, 
nicotinamide adenine dinucleotide phosphate oxidase increases the production of 
superoxide, which neutralizes nitric oxide, resulting in the production of peroxynitrite.90;91

Further cell culture experiments have indicated that hyperglycemia also affects numerous 
other signaling pathways involved in vascular function. For example, hyperglycemia 
stimulates the lipooxygenase and cyclooxygenase pathways, leading to enhanced formation 
of vasoconstrictive prostaglandins such as thromboxane A2.92;93 In addition, hyperglycemia can 
increase eicosanoid production, which can affect vascular tone and result in vasoconstriction.94 

iNcreAseD	rePerFUsioN	iNjUry
Although restoration of the blood flow to the ischemic tissue is essential for penumbral 
salvage, reperfusion itself can also induce injury,95 and hyperglycemia is associated with 
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increased reperfusion injury.79;80;96;97 The mediators of reperfusion injury are oxidative stress 
and inflammation, and these processes both seem to be influenced by hyperglycemia. 
Oxidative stress occurs as a result of an imbalance between the production and neutralization 
of reactive oxygen species (ROS), such as superoxide and peroxides. In neuronal cultures, 
glucose functions as the electron donor during reperfusion-induced superoxide production.98 
ROS have been shown to damage various cell components, including proteins, lipids and DNA, 
which can lead to impairments in blood–brain barrier function, as well as edema formation 
and increased infarct volume.99-102 Hyperglycemia increases the production of ROS through a 
protein kinase C-mediated pathway, and by increasing the production of nicotinamide adenine 
dinucleotide phosphate. By increasing the production of ROS hyperglycemia can increase 
oxidative stress, which can ultimately lead to neuron death.98 In fact, increased oxidative 
stress caused by the formation of superoxide is considered to be one of the major pathways 
that lead to hyperglycemic complications.103 Another important factor in reperfusion injury 
is the inflammatory response.100;104 During ischemia in humans, the inflammatory response 
develops through the production of pro-inflammatory cytokines (including tumor necrosis 
factor, as well as various interleukins and cell signaling molecules), and by infiltration of the 
tissue by inflammatory cells (such as leukocytes and macrophages).51;55;104 The inflammatory 
response leads to breakdown of the blood brain barrier, diapesis of inflammatory cells out 
of the circulation into the interstitium, and edema formation resulting in tissue injury and 
increased infarct size.99 In addition, inflammation is a prominent source of oxidative stress.100;105 

Hyperglycemia is known to be associated with increased expression of several pro-inflammatory 
transcription factors, such as nuclear factor κB. These factors have key roles in the regulation 
of the inflammatory responses by increasing the production of pro-inflammatory cytokines 
and promoting the adhesion of inflammatory cells to other inflammatory cells and the vascular 
endothelium.100;105;106

other	mechANisms
A controversial mechanism has been suggested, that links anaerobic glycolysis under 
hyperglycemic conditions to the accumulation of lactic acid and dysfunctional pH homeostasis, 
which have been proposed to contribute to increased brain injury.107-110 In humans, this 
hypothesis is supported by the observation that hyperglycemia correlates positively with 
increased cerebral lactate concentration and reduced penumbral salvage after infarction.22 
Hyperglycemia might also directly affect mitochondrial function in the ischemic penumbra, 
thereby causing substantial intracellular acidosis.107 Hyperglycemia has also been associated 
with an increased rate of hemorrhagic complications after rtPA treatment.111-113 One study in 
particular showed that hyperglycemia (blood glucose exceeding 11.1 mmol/L in this study) is 
associated with a 25% symptomatic hemorrhage rate in patients with acute ischemic stroke 
treated with rtPA.112 In these studies, however, DM was also associated with an increased rate 
of hemorrhage or the association between hyperglycemia and hemorrhagic complications 
disappeared after multivariate assessment. Hyperglycemia might, therefore, merely be a 
marker of DM, and evidence exists that DM is associated with impairments of the blood–brain 
barrier and microvasculature. Such impairments might result in an increased bleeding risk for 
patients with acute ischemic stroke.112;114
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tiGht	Glycemic	coNtrol	
coNDitioNs	other	thAN	ischemic	stroke
One of the most important indications that patients with ischemic stroke might benefit from 
TGC came from clinical trials that investigated the effects of TGC treatment in other critically 
ill patient groups. 
The landmark Leuven clinical trials showed that patients admitted to ICUs who received 
TGC treatment, which was designed to keep blood glucose values in the lower physiological 
range (<6.1 mmol/L), had better clinical outcomes than patients who did not receive TGC 
treatment.6;30 These results led to the worldwide implementation of TGC in ICU facilities. The 
clinical benefit of TGC, however, has recently become the subject of debate and the use of 
TGC in the ICU has to be regarded with caution. In contrast to earlier trials, recent trials have 
failed to demonstrate a clinical benefit from TGC treatment, and some trials have even showed 
that the implementation of TGC might be associated with increased mortality rates.8;24 TGC 
inevitably increases the risk of severe hypoglycemia (blood glucose levels <2.2.mmol/L), which 
might be a contributory factor towards poor clinical outcomes in patients treated with TGC. 
Why the different TGC trials have conflicting results remains unclear, and further post-hoc 
analyses that closely examine patient subgroups, as well as further analysis of blood glucose 
dynamics (in particular, the role of severe hypoglycemia), must be conducted to resolve this 
ambiguity. In the meantime, TGC is still recommended for patients admitted to the ICU.115 For 
a clinical benefit from TGC to become apparent, a substantial contrast in blood glucose levels 
between patients treated with TGC and control patients should be established. The diabetes 
and insulin–glucose infusion in acute myocardial infarction (DIGAMI) trials illustrate this 
point well. In the DIGAMI I trial, a substantial reduction in mean blood glucose of 2.1 mmol/L 
resulted in a 29% reduction in the 1 year mortality rate.29 In a subsequent trial, DIGAMI II,116 
which did not achieve a substantial contrast in mean blood glucose levels between patients 
receiving TGC and untreated controls, no clinical benefit was seen. In addition, numerous trials 
conducted both in other critically ill patient groups117-120 and in patients with acute stroke,31 
have demonstrated that when TGC does not achieve a substantial lowering of blood glucose 
levels compared with standard ICU therapy, subsequent insulin treatment is not accompanied 
by a clinically beneficial outcome.

We are not aware of any clinical trials that have specifically investigated for how long TGC 
must be maintained to achieve an optimal effect on clinical outcome. The combined subgroup 
analysis of the Leuven trials showed that the TGC-related benefits experienced by patients 
with myocardial infarction increased when the treatment was continued for a minimum of 
three days when compared with treatment lasting less than three days.121 The trial was not, 
however, designed to test the effects of different treatment durations, so this positive outcome 
of TGC treatment can only be regarded as circumstantial evidence for the potential benefit 
of prolonged TGC treatment. Moreover, the detrimental effects of hyperglycemia and the 
putative beneficial effects of TGC on secondary complications occurring during the clinical 
course such as nosocomial infections, acute renal failure, liver dysfunction and critical illness 
polyneuropathy also extend beyond the acute phase of the disorder.122 

Although the clinical benefits of TGC for all patients admitted to the ICU are debatable, TGC 
still has the potential to improve clinical outcome in various patient subgroups. A prospective 
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sub-analysis of the first Leuven trial demonstrated that TGC during intensive care reduced the 
incidence of critical illness polyneuropathy in the ICU setting, thereby reducing the need for 
mechanical ventilation.7 In addition, post-hoc analysis revealed that patients with isolated 
brain injury who received TGC treatment in the ICU setting were more likely to show clinical 
improvement than were patients with brain injury who were not subjected to TGC.7 

In patients with aneurysmal subarachnoid hemorrhage, hyperglycemia is associated with 
delayed cerebral ischemia and poor clinical outcome.123;124 A sequential comparison study 
demonstrated that the introduction of TGC on the ICU was associated with improved clinical 
outcome in patients with this neurological condition.27 

cUrreNt	PrActice	oN	the	stroke	UNit
Current guidelines from the American Heart Association and the European Stroke Organization 
state that following an ischemic stroke, blood glucose concentrations exceeding 7.8 mmol/L 
warrant the administration of insulin.125;126 However, the means by which glucose levels should 
be established and maintained throughout the clinical course of a patient’s stay in hospital is 
unclear. A survey of stroke physicians revealed a high degree of variability in the aggressiveness 
of glucose management in patients with stroke.127 In most hospital wards, sliding-scale insulin 
regimens are used to manage hyperglycemia.128;129 Although we could not find any published 
data that specifically stated this fact in relation to glucose management in stroke units, in our 
experience this is the method that is most often used to control blood glucose concentrations 
in patients with stroke. The extensive use of sliding-scale insulin regimens is probably due to 
convenience, simplicity, and the promptness with which treatment can be initiated. The use of 
such regimens, does not consistently improve glycemic control, however, and it is associated 
with an increased risk of hypoglycemia.130-132 The main limitation of these protocols is that 
they require a reactive rather than a proactive approach, requiring the modification of insulin 
dosage in response to changes in blood glucose concentrations.128;130;132 By contrast, oral glucose 
lowering agents reduce blood glucose levels effectively, but these agents act substantially more 
slowly than insulin.133 Subcutaneous meal-related or intravenous insulin regimens, therefore, 
seem to be most appropriate for establishing glycemic control on stroke units. 

Ideally, protocols designed to achieve glycemic control should be straightforward, with a 
minimal risk of hypoglycemia. Various computer-guided treatment protocols designed to 
control hyperglycemia in patients admitted to the ICU have now been published.134-137 In our 
view, however, several limitations must be overcome before these protocols can be successfully 
implemented in stroke facilities. First, in many stroke units, the circumstances are different from 
those in the ICU. Fewer nursing personnel are assigned to each patient, and direct venous or 
arterial access for frequent blood glucose monitoring might be lacking. Second, the relative 
unfamiliarity of stroke specialists with blood glucose management and a perceived general lack 
of communication between diabetes specialists and stroke specialists could impede the proposed 
implementation of computer-guided protocols for glycemic control. Third, oral intake of nutrients 
is often resumed in patients with stroke after an initial fasting period, and unpredictable 
nutritional absorption is typically seen in this post-fasting period. In fact, postprandial glucose 
surges substantially contribute to recurrent hyperglycemia in patients with ischemic stroke.33;138 

Last, the warning symptoms of hypoglycemia might be less clear in patients with stroke than in 
other patients, as these symptoms are similar to some stroke comorbidities.139 
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The main disadvantage of TGC treatment is the increased risk of severe hypoglycemia to which 
patients with stroke are exposed when receiving this therapy. No universally accepted definition 
of hypoglycemia has been accepted for ischemic stroke, which is alarming considering that 
hypoglycemia might be even more detrimental to patients with stroke than to patients with 
other serious conditions. Furthermore,	incidental hypoglycemia with concurrent ischemia has 
been hypothesized to substantially aggravate the brain damage caused by cerebral infarction. 
In rat studies, low blood glucose levels were associated with increased infarct size and a 
heightened risk of short-term mortality, 140 and the benefit of reducing blood glucose levels 
was lost when blood glucose levels fell below 2 to 3 mmol/L.141

systemAtic	revieW	oF	the	literAtUre
GlUcose-loWeriNG	Protocols
Various attempts have been made to achieve glycemic control after ischemic stroke. We have 
identified these studies through a systematic review of the literature (Tables 1 and 2). A PubMed 
search retrieved seven relevant articles that reported glucose levels in patients with acute 
stroke who were subjected to glucose lowering therapy (Table 1). Only one of these studies, 
however, managed to maintain mean blood glucose levels within a low physiological range (<6.1 
mmol/L).134 This targeted lowering of patient blood glucose levels was achieved by subjecting 
the patients to continuous tube feeding in addition to a computerized intravenous insulin 
treatment protocol. One other study managed to maintain mean blood glucose levels within 
a more liberal predefined target range (5.0 to 8.0 mmol/L; mean glucose during treatment: 
6.9 mmol/L).142 Our systematic review revealed that	avoiding hypoglycemia in patients with 
ischemic stroke who are subjected to glycemic control is challenging. Hyperglycemic episodes 
were reported in all the studies that we identified. Furthermore, all the identified studies 
showed that at least 30% of patients subjected to glycemic control experienced one or more 
episodes of hypoglycemia (blood glucose <3.0 to 3.5 mmol/L). Although no serious adverse 
events were reported, these results raise concerns about the safety of TGC after acute ischemic 
stroke. A search of the trial registries yielded five ongoing trials investigating glucose control 
in patients with acute ischemic stroke (Table 2); however, to date no trial results are available. 

cliNicAl	oUtcomes	oF	Glycemic	coNtrol	
One retrospective study showed that patients with ischemic stroke who received glycemic 
control treatment (normalization of blood glucose to <7.2 mmol/L) had a 4.6-fold decrease 
in mortality risk compared with patients with persistent hyperglycemia.143 The UK Glucose 
Insulin in Stroke Trial (GIST-UK) is the only large-scale clinical trial to date that has prospectively 
investigated the influence of glycemic control on clinical outcome after stroke.31 The results of 
this trial did not favor treatment with insulin, although several limitations must be noted. First, 
the trial had to be stopped prematurely due to slow enrollment, so the data are underpowered 
to allow definite conclusions concerning clinical outcome to be drawn. Second, the trial 
included a heterogeneous group of patients with stroke; for example, 22% of the patients had 
lacunar infarcts and 12% had primary intracerebral hemorrhage. This heterogeneity might 
have diluted the treatment effect, because observational studies indicate that the relationship 
between hyperglycemia and clinical outcome differs according to stroke subtype, and might be 
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absent or even reversed in lacunar stroke.62 Last, insulin was administered for just 24 hours, 
and only a small contrast in mean blood glucose levels (0.57 mmol/L) was established between 
the stroke group and control group.

A small trial including 74 patients with acute ischemic stroke did not show a substantial 
effect of TGC on clinical outcome, but this trial was not powered to assess clinical efficacy.144 

Nevertheless, a subgroup analysis from that study, which included patients with clinically 
more-severe stroke and admission blood glucose levels exceeding 8.3 mmol/L, indicated that 
TGC increased the odds of a favorable outcome in patients with acute ischemic stroke. 

coNclUsioNs	
If future glucose-lowering protocols are to be effective on the stroke unit, some lessons can be 
learned from the implementation of glycemic control in the ICU setting.130 First, the awareness 
and readiness to control hyperglycemia by both stroke physicians and nursing personnel must 
be improved. Second, multidisciplinary teams, which include stroke and diabetes experts with 
expertise and knowledge of the day-to-day operations of a stroke unit, must be involved in 
the implementation of the glycemic control protocols. Last, blood glucose monitoring must 
be aggressive, and frequent insulin adjustments should be employed to successfully control 
fluctuations in blood sugar levels. Continuous glucose monitoring devices are now becoming 
available, and computerized treatment algorithms have the potential to greatly facilitate this 
aggressive monitoring strategy. Decreasing the rate of hypoglycemic events is also a priority.137

Box 1 summarizes recommendations for the treatment of hyperglycemia in patients with acute 
ischemic stroke. These recommendations are based on the currently available evidence and 
expert opinion. 

Ultimately, the question of whether patients with acute ischemic stroke will benefit from 
glycemic control must be resolved by a large-scale randomized controlled trial. Several factors 
need to be taken into account when initiating such a trial. Furthermore, the threshold glucose 
level that should be used to assess glucose-lowering treatment remains to be established. We 
suggest lowering blood glucose levels to the lower physiological range (4.4 to 7.0 mmol/L) 
to ensure that a substantial difference in mean glucose levels is observed between patients 
treated with glycemic control therapies and patients whose blood glucose is not controlled. 
This approach has proved to be beneficial in previous trials in other groups of critically ill 
patients. Moreover, caution is warranted when selecting patients with acute ischemic stroke 
to participate in such a trial. Patients with a known history of DM seem to benefit less from 
glycemic control than patients without such a history. In addition, patients with lacunar infarcts 
could actually benefit from hyperglycemia, and stroke clinicians should, therefore, consider 
withholding intensive glycemic control treatment from patients with this stroke subtype. 
Selecting non-diabetic patients with cortical ischemic stroke might improve the probability of 
finding a treatment effect associated with glycemic control. The clinical benefit of glucose-
lowering therapy is probably maximized when treatment is continued for at least 2 to 3 days 
beyond the acute phase. Furthermore, adequate lowering of glucose levels of patients with 
acute ischemic stroke remains challenging because of postprandial glucose surges, and the risk 
of development of hypoglycemia during aggressive blood glucose monitoring. Standardized 
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box	1.	mANAGemeNt	oF	Post	stroke	hyPerGlycemiA.
Until further evidence indicates otherwise, recommendations are the same as those 
published by the American Heart Association and the European Stroke Organization. Both 
organizations state that blood glucose concentrations exceeding 10.0 mmol/L should trigger 
insulin administration.125;126 Blood glucose levels should then be continuously monitored 
throughout the clinical course for the following reasons:

 » Glucose levels tend to rise after an initial decline
 » Admission hyperglycemia after ischemic stroke could indicate underlying, previously 
unrecognized diabetes mellitus 

 » Treatment of hyperglycemia carries a substantial risk of hypoglycemia

Initiate intravenous insulin infusions according to a predefined treatment protocol, rather 
than subcutaneous sliding scale regimes (expert opinion).
Establish multidisciplinary collaboration between stroke physicians and diabetes experts 
(expert opinion).
Improve awareness and readiness to control hyperglycemia by both stroke physicians and 
nursing personnel (expert opinion).

box	2.	revieW	criteriA
PubMed was searched for papers covering the main topics in this review. The search terms 
blood glucose”, “stroke”, “cerebral infarction”, “insulin” and “hyperglycemia” were used to 
identify relevant papers written in English, German, French and Spanish published before 
October 2009. The same search terms and limits were used to perform a systematic review 
of the literature relating to tight glycemic control after stroke. In addition, we searched the 
stroke Trials Registry, ClinicalTrials.gov and abstract books from European and American 
stroke conferences held from January 2008 to October 2009. Only studies that reported 
blood glucose levels in patients with acute stroke treated with glucose-lowering therapy 
were included.

continuous tube feeding, even in patients without dysphagia has the potential to greatly improve 
glycemic control, but is still accompanied by hypoglycemia. Further studies that establish safe 
methods of improving glycemic control are awaited before a randomized controlled trial that 
assesses clinical outcome measures associated with glycemic control can be initiated.
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AbstrAct
background
Post-stroke hyperglycemia has been associated with poor physical recovery, in particular 
in patients with cortical stroke. We tested whether hyperglycemia is also associated with 
cognitive impairment in patients with ischemic stroke.
methods
We recruited patients from a prospective consecutive cohort with a first-ever supratentorial 
infarct. Neuropsychological examination included abstract reasoning, verbal memory, 
visual memory, visual perception and construction, language, and executive functioning. 
Neurological deficit was assessed with the National Institutes of Health Stroke Scale (NIHSS) 
and functional outcome with the modified Barthel Index. Hyperglycemia was defined as 
serum glucose > 7.0 mmol/L. Statistical analyses addressed the relation of hyperglycemia to 
cognitive and functional outcome at baseline and after 6 to 10 months, and to neurological 
deficit and infarct size at baseline. Analyses were performed in the whole population, and 
also separately for patients with cortical or subcortical infarcts.
results
Of 113 patients, 43 had hyperglycemia (38%) and 55 had cortical infarcts (49%). Follow-
up was obtained from 76 (68%) patients. In the acute phase of stroke, in patients with 
cortical infarcts hyperglycemia was associated with impaired executive function (B = -0.65; 
95% confidence limits (CL): -1.3 - 0.00; p<0.05), larger lesion size (p<0.01), and a more 
severe neurological deficit (p<0.01). These associations were not observed in patients with 
subcortical infarcts and the association between hyperglycemia and cognitive functioning 
at follow-up was not significant in either infarct type.
conclusions
In first-ever ischemic stroke, hyperglycemia was not associated with impaired cognition 
after 6 to 10 months. In the acute phase of stroke hyperglycemia was associated with 
impaired executive function, but only in patients with cortical infarcts.
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iNtroDUctioN
Cognitive deficits can be the single or dominant presenting feature of stroke.146;147 Persistent 
cognitive dysfunction after stroke is associated with a reduced sense of well being and may 
lead to emotional distress, also among caregivers.148;149 Moreover, cognitive impairment 
is associated with considerable costs for health care.150 A recent study showed that 50% of 
patients with a first-ever stroke had cognitive impairments in the early phase.151 In the long run, 
6 to 31% of patients with stroke develop dementia.152-154 Predictors for post-stroke dementia 
include vascular risk factors (e.g. hypertension,155 atrial fibrillation,152 diabetes mellitus 
(DM)),156;157 stroke characteristics (e.g. severe neurological deficit, hemispheric location, and 
large infarct volume),156 and host characteristics (e.g. older age and level of education).154;157 
These same factors have been associated with poor functional outcome after stroke.158

Compared to post-stroke dementia and poor functional outcome, little is known about 
predictors of persistent cognitive impairment not resulting in full dementia after stroke.159 
Hyperglycemia has been associated with increased mortality and poor functional outcome 
after stroke and as such might also be a predictor of cognitive outcome.10-13 The association 
between hyperglycemia and poor outcome appears to be more pronounced in patients with 
cortical infarction than after ischemic subcortical or hemorrhagic stroke.60;62

The aim of the present study was to examine the association between hyperglycemia and 
cognition in the acute phase and at 6 to 10 months follow-up in patients with a first-ever 
cortical or subcortical infarction. 

methoDs
stUDy	DesiGN	
Cardiovascular risk factors, blood glucose levels, and neurological deficit were assessed on 
admission. A neuropsychological assessment and the Barthel Index, a rating scale regarding daily 
activities, were administered within three weeks after stroke. Follow-up neuropsychological 
assessments were performed after six to ten months. 

sUbjects,	PAtieNts	
Patients were selected from a previously reported consecutive series of 168 patients with a 
first-ever stroke who all underwent a neuropsychological examination.159 These 168 patients 
met the following inclusion criteria: age <86 years, able and willing to participate in the 
cognitive assessment in the first 21 days post-stroke, no pre-existent conditions that might 
influence cognitive or functional outcome (i.e., history of drug abuse, pre-existent dependence 
in activities of daily living), or pre-existent cognitive decline (as defined by a score of 3.6 or 
higher on the short Informant Questionnaire on Cognitive Decline in the Elderly–IQCODE Dutch 
version).151;160 The diagnosis of stroke was based on the presence of both an acute focal deficit 
and an associated lesion on CT or MRI. Patients with a normal scan on admission underwent a 
second scan within the first week post-stroke. For the present study we did not include patients 
with a hemorrhagic stroke (n=17). We also excluded patients with an infratentorial ischemic 
stroke (n=23), because cognition was our principal outcome measure. Other exclusion criteria 
were lacking data on admission glucose level (n=1), or on lesion location (n=14), leaving a total 
study population of 113. Patients with recurrent stroke or who developed co-morbidity that 
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brAiN	imAGiNG	
An experienced stroke neurologist (H.B.v.d.W.) blinded to clinical and biological outcome variables 
evaluated the patients’ stroke subtype from CT or MRI. If both were available, MRI images (T2 
or Fluid attenuated inversion recovery sequences) were used. Infarcts with cortical involvement 
were assigned to the cortical group; patients with no cortical involvement were assigned to the 

Figure	1	|	Flowchart	of	patient	inclusion	and	follow-up.

Total consecutive cohort 
(N=168)

Study population at baseline 
(N=113)

Follow-up 
examination 
done 
(N=76)

Follow-up 
examination 
not done 
(N=37)

Exclusion procedure (N=55)
-no admission glucose
-hemorrhagic stroke (N= 17)
-infra-tentorial infarction (N=23)
-stroke location not recorded (N=14)

-died (N=9)
-recurrent stroke (N=8)
-moved abroad (N=1)
-refusal (N=9)
-co-morbidity (N=10)

might affect outcome between the baseline and the follow-up examination were excluded from 
follow-up examination. Follow-up cognitive assessments were obtained from 76 patients. From 
those patients that did not attend follow-up, 9 died, 8 had a recurrent stroke, 10 had developed 
other significant co-morbidity, 9 refused and 1 moved abroad (Figure 1).
Age (years), sex and level of education (scored with 7 categories ranging from 1 = did not 
finish primary school to 7 = university degree)159 were recorded. Vascular risk factors and 
manifestations of arterial disease that were recorded on the basis of the medical history and 
medication use and comprised hypertension, DM, smoking during the last 5 years, myocardial 
infarction, peripheral arterial disease, and transient ischemic attacks (TIA). Admission blood 
pressure or glucose values were not used for this classification because they can be the 
consequence of an initial stress response. Hyperglycemia was defined as admission blood 
glucose level > 7.0 mmol/L. This cut-off was selected based on a comprehensive meta-analysis 
on hyperglycemia and outcome after ischemic stroke.11;161 Treatment of hyperglycemia was left 
to the discretion of the treating physician. 
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subcortical group. Lesion volume was calculated using Leica Q500 MCP image analysis software 
by manual tracing of the lesion on each slice showing the infarct, followed by multiplying lesion 
area by slice thickness in all slices showing the lesion. This method has been shown to have a high 
intra- and inter-rater reliability and is described in detail elsewhere.162 Lesion volumes could not 
be assessed in two patients and were reported as missing for the outcome variables related to 
lesion size. The presence of pre-existent silent infarcts was also rated. 

NeUroloGicAl	AssessmeNt
On admission, neurological deficit was assessed by means of the National Institutes of Health 
Stroke Scale (NIHSS) 163 and categorized as severe if NIHSS > 7.164 Functional outcome was 
assessed both at baseline and follow-up with the modified Barthel Index (mBI) 165 which entails 
activities such as personal hygiene and dressing.166 A mBI < 19 was classified as “functional 
dependence”.159;166

AssessmeNt	oF	DePressive	symPtoms	
The presence and severity of depressive symptoms at baseline was measured with the 
Montgomery Åsberg Depression Rating Scale (MADRS). The MADRS is an observer rated scale 
ranging from 0 (no depressive symptoms) to 60 (severe depressive symptoms), which is not 
heavily relying on somatic symptoms.167

coGNitive	AssessmeNt
Cognition was assessed within three weeks post-stroke (mean 8.3 ± 4.5 days). An extended 
evaluation took place after a minimum of six and a maximum of ten months post-stroke. Both 
the baseline and follow-up examination covered six major cognitive domains consisting of 
verbal and nonverbal neuropsychological tasks (tasks added to the follow-up examination are 
printed in italics).168 Abstract reasoning was assessed with the Raven Advanced Progressive 
Matrices (short form) and Similarities (Wechsler Adult Intelligence Scale: WAIS-III). Verbal 
memory was measured by means of the Rey Auditory Verbal Learning Test, the Digit span 
(WAIS-III), and the Wechsler Memory Scale–story recall A. Executive functioning was assessed 
with the Brixton Spatial Anticipation Test, the Visual Elevator (Test of Everyday Attention),169 
letter fluency, the Stroop Color Word test, Semantic Fluency, and the Zoo test (BADS). Visual 
perception and construction was assessed with the Judgment of Line Orientation (short form), 
the Test of Facial Recognition (short form), the Rey-Osterrieth Complex Figure–copy, and the 
WAIS-III block patterns. Visual memory was measured with the Corsi Block span, the Rey-
Osterrieth Complex Figure–delay, the Wechsler Memory Scale–Visual Reproduction, and the 

Location Learning Task.170 Language was assessed with the Token Test (short form), the Boston 
Naming Test (short form), and the Chapman Reading Task. 

The neuropsychological examination in the early phase of stroke was considered feasible if 
patients, despite focal neurological deficits such as paresis, dysphasia or neglect, were able 
to perform at least ten of the fifteen tasks, which allowed evaluation of the majority of the 
cognitive domains. Patients who met this criterion but who were unable to perform one or 
more tasks were given the worst achievable score on the tasks they could not perform. If a task 
could not be assessed due to logistic reasons not due to the patient, the variable was classified 
as missing. The neuropsychologists (G.M.S.N. and M.J.E.v.Z.) were blinded to clinical, imaging 
and glucose assessments.
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Reference data were obtained from healthy subjects living in the community, who were 
spouses or family of patients, or volunteers who came to our attention through advertising 
in newspapers or by word of mouth. First, a checklist was administered by phone to exclude 
subjects with a neurological or psychiatric history, or with cognitive decline in the past ten 
years. This procedure resulted in a reference population of 77 healthy subjects. These subjects 
were similar to the stroke patients with respect to age, sex, and education. Summary scores for 
the six cognitive domains were constructed by converting the raw scores from the individual 
tests to standardized scores (z-scores) based on the means and standard deviations of the 
reference group on the first and follow-up examinations. The use of this reference group at 
both time points also served to minimize potential practice effects in the patient groups. 
Subsequently, the z-scores of tasks belonging to the same cognitive domain were averaged.168 
For all domains lower z-scores indicate worse performance. 

oUtcome	meAsUres	AND	stAtisticAl	ANAlyses	
Our primary outcome measure was domain-specific cognitive function at follow-up (six 
domains). To produce an overall score for cognition, the domain scores were averaged to a 
composite cognitive z-score (cognitive sum score). The relation between hyperglycemia and 
cognition was analyzed in the acute phase and at follow-up. These relations were assessed 
across the whole population and in separate analyses in cortical or subcortical stroke. In 
addition, we tested the association of hyperglycemia with lesion volume, neurological deficit, 
and functional outcome in the acute phase and at follow-up. All analyses were performed with 
the SPSS statistical package (version 12.0.2). For the baseline data the associations between 
hyperglycemia and outcomes were analyzed with regression analyses adjusting for age, sex, 
and education. The effects of time and group on the cognitive sum score in the follow-up 
study were analyzed with analyses of variance for repeated measurements, with age, sex, 
and education as covariates. When significant effects were found on the cognitive sum score, 
post-hoc analyses were performed for each cognitive domain. Odds ratios (OR) and estimated 
between group differences (B) are presented with 95% confidence limits (95% CL) in brackets.
In secondary analyses, the association between hyperglycemia and stroke outcome was 
assessed with the exclusion of patients with a known history of DM.

resUlts
cliNicAl	chArActeristics
Table one shows the clinical characteristics for the studied populations at baseline and at follow-
up. Forty-three (38%) patients had hyperglycemia. At baseline, patients with hyperglycemia more 
often had DM (30%) as compared to patients with normoglycemia (NG) (4%), but otherwise 
there were no significant differences between the groups in clinical characteristics such as 
cardiovascular risk factors, or clinically manifest arterial disease (table 1). MADRS depression 
scores did not differ between the groups. Fifty-five patients (49%) had a cortical infarct. 
For the comparison of patients with cortical versus subcortical infarcts, no differences were 
found in clinical characteristics or admission glucose (data not shown). Patients with cortical 
infarcts had more severe neurological deficits (OR for NIHSS > 7: 3.2 (1.4 to 7.3), p< 0.01) 
and were more frequently functionally dependent (OR for mBI<19: 2.9 (1.2 to 6.8) p<0.05). 
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A total of 37 patients were not re-examined at follow-up (33% of the population) (Figure 1). 
Compared to patients that could be examined at follow-up, patients not re-examined were 
older (67.2 ± 13.8 vs. 59.8 ± 14.4, p<0.05). Other clinical characteristics such as the presence 
of cardiovascular risk factors or clinically manifest arterial disease, and the MADRS score were 
not different form the patients that were re-examined (all p>0.10). However, patients not re-
examined tended to be more functionally dependent (OR for mBI <19: 2.42 (0.95 to 6.14), 
p=0.063), and had lower cognitive z-scores at baseline, albeit not significant (adjusted mean 
difference of sum score for patients with and without follow-up: -0.79 (-2.5 to 0.87), p=0.35).

table	1	|	clinical	characteristics	for	the	baseline	and	for	the	follow-up	population.

variable

baseline	(N=113) Follow-up	(N=76)
No	
follow-up

NG hG NG hG

(N=70) (N=43) (N=50) (N=26) (N=37)

Age (years, ± sd) 61 ± 16.0 65 ± 11.6 59 ± 15.7 61 ± 11.7 67 ± 13.9

Male (%) 51 51 52 62 57

Education score, median [quartile] 4 [3-5] 4 [4-5] 4 [3–5] 5 [4-6] 4 [4-5]

Baseline MADRS median [quartile]# 9 [3-14] 9 [4-14] 6 [3-14] 8 [5-13] 8 [3-17]

Hypertension (%) 46 56 46 42 60

Smoking (%) 41 40 40 39 43

MAP (mmHG; ± sd) 114 ± 18 122 ± 22 114 ± 19 121 ± 21 119 ± 21

Admission glucose (mmol/L; ± sd) 6.0 ± 0.7* 10.2 ± 5.1 6.0 ± 0.7* 10.3 ± 5.9 7.7 ± 3.2

DM (%) 4 * 30 4* 27 19

Silent infarcts (%) 14 26 12 19 27

Cortical infarct (%) 53 42 58 42 41

TIA (%) 17 19 16 23 16

Myocardial infarction (%) 6 12 6 8 11

Peripheral arterial disease (%) 6 2 6 0 5

MADRS = Montgomery–Åsberg Depression; Rating Scale; MAP = Mean arterial pressure on admission; DM 
= diabetes mellitus; NG = normoglycemia; HG = hyperglycemia; SD = standard deviation; *: p<0.0001 (HG 
patients vs.NG patients); The HG and NG group are separated according to the admission glucose level; #: 
In 14 NG and 5 HG patients at baseline, and 12 NG and 5 HG patients at follow-up baseline MADRS scores 
were not available.

hyPerGlycemiA	AND	coGNitioN	At	bAseliNe	AND	At	FolloW-UP
Across the whole population, cognitive functioning in the acute phase was worse than in the 
reference group for all domains (sum score: -1.2 ± 1.4; mean z-scores per domain -0.8 to -1.6). 
Across the whole population with follow-up, the cognitive sum score had improved compared to 
baseline (F (1,75) = 15.6; p<0.001). At baseline, regression analyses across the whole population 
and in the subpopulation of patients with subcortical infarcts showed no statistically significant 
associations between hyperglycemia and cognitive function on the cognitive sum score or on any 
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Sum score

Abstract reasoning

Executi ve functi on

Verbal memory

Visual memory

LanguageVisual percepti on/constructi on

0.2

-0.6

-1.4

-2.2

-3.0
B FU B FU

-

-

-

-

-

0.2

-0.6

-1.4

-2.2

-3.0
B FU B FU

-

-

-

-

-

0.2

-0.6

-1.4

-2.2

-3.0
B FU B FU

-

-

-

-

-

0.2

-0.6

-1.4

-2.2

-3.0
B FU B FU

-

-

-

-

-

0.2

-0.6

-1.4

-2.2

-3.0
B FU B FU

-

-

-

-

-

0.2

-0.6

-1.4

-2.2

-3.0
B FU B FU

-

-

-

-

-

0.2

-0.6

-1.4

-2.2

-3.0
B FU B FU

-

-

-

-

-

Figure	2	|	sum	score	and	domain-specific	cognition	at	baseline	and	follow-up	for	hG	and	NG	patients	in	
cortical	or	subcortical	infarction.

X-axis: baseline (B) and follow-up (FU) neuropsychological examination in cortical (N=40, left side of each 
figure) and subcortical (N=36, right side of each figure) infarcts; Y-axis: adjusted mean cognitive z-scores 
and standard errors; lines: normoglycemic patients; dotted lines: hyperglycemic patients; effect of group: 
(hyperglycemic vs. normoglycemic) not significant.

of the domains (table 2). In patients with cortical infarcts, however, hyperglycemia was associated 
with relatively worse baseline performance across all cognitive domains (cognitive sum score 
B: -0.60 (-1.37 to 0.17)), although only the association with executive function was statistically 
significant (B: -0.65 (-1.30 to 0.00), p<0.05). At follow-up, for the contrast between hyperglycemia 
and NG neither the effect of group (p=0.61) nor the interaction between group and time (p=0.58) 
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was significant. The same results were obtained for analyses involving subgroups with subcortical 
or cortical infarcts (Figure 2). Because we did not find significant effects of hyperglycemia on 
cognition at follow-up we did not perform additional analyses with adjustment for potential 
confounders such as depression or the presence of other cardiovascular risk factors. 

hyPerGlycemiA	AND	NeUroloGicAl	DeFicit,	lesioN	size,	AND	
FUNctioNAl	oUtcome
Lesion size was similar in patients investigated by CT or MRI. Therefore, these imaging 
modalities were considered together in the analyses. At baseline, no significant associations 
between hyperglycemia and neurological deficit, functional dependence, or lesion volume 
were seen across the whole population. In the subpopulation with cortical stroke however, 
hyperglycemia was associated with more severe neurological deficit (OR for NIHSS>7: 5.4 (1.5 
to 19.2)) and larger lesion volume (B: log ml 0.4 (0.1 to 0.7)). 

table	 2	 |	Association	between	hG	and	 cognition	 at	 baseline	 for	 all	 patients	 and	 for	 different	 stroke	
subtypes.

variable

b	(95%	cl)

hyperglycemia

All	patients

(N=113,	hG	=43)

subcortical	infarcts

(N=58,	hG	=25)

cortical	infarcts

(N=55,	hG	=18)

Sum score -1.32 ( -0.64–0.38) 0.19 ( -0.51–0.55) -0.60 ( -1.37–0.17)

Abstract reasoning 0.02 ( -0.40–0.43) 0.15 ( -0.33–0.62) -0.40 ( -1.00–0.21)

Verbal memory -0.33 ( -0.91–0.26) -0.13 ( -0.73–0.48) -0.79 ( -1.77–0.19)

Executive function -0.31 ( -0.78–0.17) -0.24 ( -0.81–0.34) -0.65 ( -1.30–0.00)*

Visual memory -0.16 ( -0.59–0.27) -0.09 ( -0.62–0.45) -0.38 ( -1.06–0.31)

Perception -0.08 ( -0.91–0.75) 0.19 ( -0.77–1.14) -0.74 ( -2.03–0.55)

Language 0.07 ( -0.84–0.97) 0.23 ( -0.50–0.96) -0.66 ( -2.22–0.89)

HG = Hyperglycemia; B = estimated between-group differences for HG vs. NG (95% CL in brackets), adjusted 
for age, sex and education. *p<0.05.

table	 3	 |	 Association	 between	 hyperglycemia	 and	 neurological	 deficit,	 lesion	 size,	 and	 disability	 at	
baseline.

Association

with	hG

All	patients

(N=113;	hG=43)

subcortical#

(N=58;	hG=25)

cortical

(N=55;	hG=18)

NIHSS>7 (OR) 2.2 (0.9–5.0) 1.0 (0.3–3.9) 5.4 (1.5–19.2)*

Baseline mBI <19 (OR) 1.2 (0.5–2.8) 1.0 (0.3–3.1) 2.4 (0.5–10.7)

Follow-up mBI <19 (OR) 1.3 (0.4–4.4) 1.5 (0.1–17.7) 4.5 (0.7–31.1)

Lesion volume (log ml,B) 0.1 (−0.3–0.4) −0.1 (−0.4–0.2) 0.4 (0.1–0.7)#

HG = Hyperglycemia; NG= Normoglycemia; NIHSS = National Institutes of Health Stroke Scale; mBI = mean 
Barthel Index; OR = odds ratio for patients with HG relative to NG (95% CL in brackets). Lesion volumes for 
subcortical and cortical infarcts were analyzed separately. Volumes were log transformed and presented as 
estimated between-group differences (B) for HG vs. NG. Analyses are adjusted for age, sex and education. 
*: p<0.01 HG relative to NG; #: Lesion volumes could not be assessed in two patients.
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Functional dependence at follow-up was not associated with hyperglycemia in the whole 
population (OR mBI<19: 1.3 (0.4 to 4.4)), nor in the subgroup with subcortical infarcts (OR: 1.5 
(0.1 to 17.7)), but tended to be associated with hyperglycemia in the subgroup with cortical 
infarcts (OR: 4.5 (0.7 to 31.1); p=0.12). 

secoNDAry	ANAlyses
Because patients with known DM might follow a different cognitive pattern than those with 
hyperglycemia first detected at the time of stroke we repeated the analyses with the exclusion 
of patients with DM. In this analysis the associations between hyperglycemia and the different 
outcome measures remained essentially the same (data not shown).

DiscUssioN
The present study showed that in the acute phase of stroke, hyperglycemia was associated with 
poor executive function, larger lesion size, and a more severe neurological deficit in patients 
with first-ever cortical but not subcortical infarction. No significant association was found 
between hyperglycemia and cognitive functioning at follow-up. A substantial proportion (33%) 
of patients was not re-examined at follow-up, but it needs to be acknowledged that this was 
mainly due to recurrent stroke, co-morbidity and death, which is inherent to a population of 
stroke patients of this age. Only 9 patients (8%) refused the cognitive assessments at follow-up.
The lack of significant association between hyperglycemia and general functional outcome, as 
assessed with the mBI, is in apparent contrast with previous studies.11 One explanation is that 
our cohort included many patients with comparatively mild stroke (median baseline NIHSS, 5.0 
[IQR 3.0 to 9.0]), with a high rate of complete functional recovery (79%) and limited mortality. 
Moreover, a substantial proportion of our patients had a subcortical stroke. In line with our 
observations, it has previously been suggested that hyperglycemia may not be related to poor 
outcome in subcortical lacunar stroke.60;62 In fact, in our subpopulation of patients with cortical 
infarcts, the OR on poor functional outcome were high in patients with hyperglycemia compared 
to patients with NG (OR: 4.54, (0.66 to 31.1) p=0.12); table 3), albeit not statistically significant. 
Moreover, in the cortical infarct group hyperglycemia was also significantly associated with 
infarct size, in line with previous observations.10;20;22

The association between hyperglycemia and cognitive function after ischemic stroke had not 
been studied previously with a detailed neuropsychological assessment. The present findings 
indicate that cognitive dysfunction is not a major component in the functional limitations that 
occur after stroke in association with hyperglycemia. Still, some methodological issues need 
to be considered. For example, drop out of patients with more severe neurological deficit at 
follow-up may have affected our results. Indeed, cognitive functioning at baseline tended to be 
more impaired in the proportion of patients without follow-up. Moreover, as can be seen from 
a comparison of the baseline values on cognition in figure 2 (only subjects with follow-up) and 
table 3 (all subjects), even the baseline association between hyperglycemia and cognition is less 
evident for the patients with follow-up. Another issue is the timing of glucose measurements. 
For the present study, only admission glucose levels were available. Long-term data on glucose 
metabolism were not collected in a standardized fashion and therefore it is uncertain in which 
proportion of patients abnormalities in glucose metabolism persisted. Although the admission 
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glucose level is known to be a strong predictor of stroke outcome,11 serial glucose assessments 
in the first days after stroke may provide even stronger associations.10;12;13 Nevertheless, at least 
60% of previous studies that demonstrated a relation between stroke outcome and glucose 
level relied on single glucose measurements.11

In conclusion, the present study is the first study to examine the association between 
admission glucose and cognitive outcome both in patients with cortical or subcortical first-
ever symptomatic ischemic stroke. Hyperglycemia was associated with impaired cognition (i.e. 
impaired executive functioning) only in patients with cortical infarcts and only in the early 
phase of stroke. We observed no long-term relation between cognition and admission glucose.
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AbstrAct
background
In patients with acute ischemic stroke and hyperglycemia, prolonged strict glycemic control 
may improve clinical outcome. The question is how to achieve this prolonged strict glycemic 
control. In this study, the efficacy and safety of two regimens with different basal to meal 
related insulin ratio are described.
methods
Thirty-three patients with ischemic stroke and hyperglycemia on admission were 
randomized in an open design to receive: (1) conventional glucose-lowering treatment, 
(2) strict glucose control with predominantly basal insulin using intravenous insulin or (3) 
strict glucose control with predominantly meal related insulin using subcutaneous insulin 
in the first 5 days after stroke. The target range of glucose control for the last two groups 
was 4.4 to 6.1 mmol/L. Sixteen consecutive patients without hyperglycemia on admission 
were included to serve as normoglycemic controls. 
results
The median area under the curve (AUC) in the meal related insulin group was 386 mmol/L 
x 658 hours (range 286 to 662) for days 2 to 5, and did not differ from the hyperglycemic 
control group (median AUC 444 mmol/L x 658 h; range 388 to 620). There was also no 
difference in median AUC of the basal insulin group (453 mmol/L x 658 h, range 347 to 629) 
and the hyperglycemic control group on days 2 to 5. In the first 12 hours, glucose profiles 
were lower in the groups treated with strict glucose control; median AUC was 90 mmol/L 
x 612 hours (range 77 to 189) for the hyperglycemic control group versus 81 mmol/L x 612 
hours (range 60 to 118) for the meal related insulin group (p=0.03) and 74 mmol/L x 612  
(range 52 to 97) for the basal insulin group (p=0.008). 
conclusion
In intermittently fed ischemic stroke patients, strict glycemic control between day 2 and 
day 5 with two different basal bolus regimens did not result in lower glucose profiles due 
to postprandial hyperglycemia. Continuous enteral feeding may therefore be needed to 
achieve prolonged strict glycemic control in acute stroke patients.
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iNtroDUctioN
Hyperglycemia after ischemic stroke is associated with adverse outcome.11;171 Patients with 
ischemic stroke and hyperglycemia on admission have a larger infarction volume, with less 
penumbral salvage.20;22 This suggests that hyperglycemia plays a pathophysiological role in 
stroke progression, and lowering hyperglycemia after ischemic stroke may improve clinical 
outcome. However, the recently published multicentre GIST-UK study did not show a benefit of 
strict glucose control in the first 24 hours after stroke.31 The effect of strict glycemic control may 
only become evident with a longer duration of treatment. In myocardial infarction and intensive 
care patients, only prolonged glycemic control has yielded positive results.6;29;30 Furthermore, 
prolonged hyperglycemia after acute ischemic stroke has a stronger association with infarct 
growth and clinical outcome than hyperglycemia on admission.10 There is currently no clear 
pathophysiological explanation. One of the hypotheses is that increased glucose availability 
and a limited amount of oxygen in the ischemic border zone results in cerebral tissue damage 
through anaerobic glycolysis and lactate formation.172 
In this study, we evaluated two insulin therapy regimens for prolonged glycemic control in 
patients with acute ischemic stroke, with a different route of administration and basal to meal 
related insulin ratio.

methoDs
Patients with an acute neurological deficit for which no other cause than cerebral ischemia 
could be found, with a time of onset less than 24 hours before presentation, were recruited 
in the Academic Medical Centre, Amsterdam, and the University Medical Centre, Utrecht, 
The Netherlands. Patients were included between March 2004 and September 2005, before 
it was editorial policy to require trial registration. Patients using insulin were excluded. Oral 
glucose lowering drugs were continued in the conventionally treated group. Subcutaneous 
short acting insulin aspart was only administered when glucose values exceeded 16.6 
mmol/L, as recommended at the time of patient recruitment.173 Oral glucose lowering 
drugs were discontinued in the groups receiving strict glycemic control. They were treated 
with predominantly basal insulin or predominantly meal related insulin. Intravenous insulin 
administration in the group of patients treated with predominantly basal insulin was adjusted 
every hour until glucose values were < 6.1 mmol/L, and at all standard measuring points 
thereafter, according to a sliding scale regimen. Meal related insulin was intravenously 
administered as a bolus insulin in a dose equal to the newly calculated hourly insulin  
infusion rate.
In the group receiving predominantly meal related insulin, long acting insulin glargine (Lantus, 
Sanofi-Aventis, Gouda, The Netherlands) was administered subcutaneously as basal insulin and 
rapid acting insulin aspart (Novorapid, Novo Nordisk, Alphen aan de Rijn, The Netherlands) as 
meal related insulin. Basal and meal related insulin doses were further titrated using a sliding 
scale regimen. Hypoglycemia was defined as glucose <3.5 mmol/L. Patients unable to eat 
received enteral feeding (Nutrison standard; Nutricia, Zoetermeer, The Netherlands) within 
24 hours after admission. Enteral feeding was gradually increased over the first 2 or 3 days, 
aiming at 2000 kcal/day. Other patients were stimulated to eat a balanced diet of about 2000 
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kcal/day. Caloric intake was quantified by scoring the constituents of consumed meals. Glucose 
on admission was measured by the HK/G-6PD method (Roche/Hitachi, Indianopolis, USA). 
Subsequent samples were analyzed with a bedside Hemocue analyzer (Hemocue Diagnostics, 
Ängelholm, Sweden).174 Twice during the study period simultaneous measurements were 
performed with the HK/G-6PD method, for quality control.
Meal related glucose measurements were taken immediately before and 2 hours after each 
meal, and around 22:30. In patients treated with strict glucose control, glucose values were 
also measured twice during the night to detect possible hypoglycemia. 
Randomization was performed using consecutive numbered envelopes, stratified for dysphagia 
on admission and diabetes mellitus on admission. Glucose levels over time were calculated as 
areas under the curve (AUC) for each patient. AUC was computed for day time measurements 
only. Differences in AUC between groups were analyzed using the Mann–Whitney rank test. 
The primary endpoint was the difference in AUC for days 2 to 5. Day 2 started at the first 
measurement on the day after inclusion. Differences in AUC in the first 12 hours after inclusion 
were calculated as a secondary endpoint. In patients included in the late evening or night, day 
2 and the first 12 hours after inclusion overlapped. All patients gave written informed consent. 
The study protocol was approved by the local ethics committee of both institutions. 

resUlts
Baseline characteristics of the study patients are displayed in table 1. Twelve patients 
discontinued the trial for the following reasons: withdrawal of informed consent (n=4; two 
in the control group and two in the treatment group); imminent death (n=4, all in the control 
group); rapid clinical improvement (n=1, in the control group); transfer to regional hospital 
(n=1); and logistic failure (n=2). 
The amount of insulin administered per 24 hours was similar in the two experimental groups 
(median 34 (range 21 to 41) IU/24 hours in the of insulin administered was differently 
distributed over the days: in the predominantly basal insulin group, the amount of insulin 
remained relatively constant (decrease from 40 IE/24 hours at day 1 to 33 IE/24 hours at day 
5) while in the predominantly meal related insulin group the amount of insulin increased from 
20 to 34 IE/24 hour. In the hyperglycemic control group, subcutaneous rapid acting insulin was 
administered to three patients on one, three and five occasions, respectively, when glucose 
values exceeded 16.6 mmol/L.
There was no significant difference in AUC between the group treated with predominantly meal 
related insulin or predominantly basal insulin and the hyperglycemic control group on days 2, 
3, 4 and 5 (median AUC 386 (range 286 to 662) mmol/L x 658 hours and median 453 (range 
347 to 629) mmol/L658 hours vs. 444 (range 388 to 620) mmol/L x 658 h; p=0.15 and p=0.9 for 
predominantly meal related and basal insulin, respectively). In the first 12 hours after inclusion, 
glucose profiles were lower in the groups treated with strict glucose control (median 81 (range 
60 to 118) mmol/L x 612 hours and median 74 (range 52 to 97) mmol/L x 612 hours vs. median 
90 (range 77 to 189) mmol/L x 612 h, p=0.03 and p=0.008 for predominantly meal related 
insulin and predominantly basal insulin vs. the hyperglycemic control group, respectively).
More hypoglycemic events occurred in patients treated with predominantly basal insulin than 
in patients who received predominantly meal related insulin (18/476 vs. 7/422; p=0.05). In 
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table	1	|	baseline	characteristics.

	

Predominantly

basal	insulin

(n=13

Predominantly

meal	related

insulin	(n=10)

hyperglycemic

control	group

(n=10)

Normoglycemic

control	group

(n=16)

Men (%) 6 (46) 6 (60) 3 (30) 8 (50)

Mean age (years ± sd) 77.7 ± 9.5 72.0 ± 14.0 64.7 ± 17.5 68.8 ± 14.0

Median admission NIHSS score 
[range]

5 [1–20] 8.5 [2–20] 7 [1–24] 8 [2–25]

Median admission glucose 
(mmol/L) [range]

9.6 [7.3–18.6] 8.6 [7.3–13.2] 10.5 [7.8–23] 5.8 [4.5–6.7]

Type 2 DM (%) 6 (46) 2 (20) 4 (40) –

Mean admission HbA1c ( ± sd) 6.5 ± 2.1 6.3 ± 1.4 7.6 ± 2.3 5.6 ± 0.57

Tube fed patients (%) 3 (23) 2 (20) 3 (30) 3 (19)

Sd: standard deviation; DM: diabetes mellitus; HbA1c: Glycosylated hemoglobin; NIHSS: National Institute 
of Health Stroke Scale.

the predominantly basal insulin group, 9/18 (50%) hypoglycemic events occurred during the 
night compared with 0/7 hypoglycemic events in the predominantly meal related insulin group. 
In patients receiving predominantly meal related insulin, all seven hypoglycemic episodes 
occurred postprandially. One patient who received predominantly meal related insulin 
complained of heavy perspiration during hypoglycemia (2.6 mmol/L) which disappeared with 
glucose administration. All other occurrences of hypoglycemia were asymptomatic.
Food intake was highly variable between patients. However, in all four groups, the caloric 
intake almost doubled from day 1 to day 5 (data not shown). 

Figure	1|	mean	glucose	levels	in	time.

(A) Mean (SEM) glucose values pooled per time point per group. (B) Mean (SEM) glucose values 
pooled per day per group. :hyperglycemic control group; Δ:predominantly meal related insulin group; 
:predominantly basal insulin group; :normoglycemic control group. 
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DiscUssioN
This study shows that prolonged strict glycemic control in patients with ischemia stroke is 
difficult to achieve with both of the studied regimens. This was mainly caused by postprandial 
hyperglycemia (fig 1A). In common with others,14;142 we were able to achieve lower glucose 
profiles in the initial phase after acute stroke. Achieving adequate glucose lowering in the early 
stage of an acute illness is notoriously difficult. A previous randomized but uncontrolled study 
also found postprandial hyperglycemia to be the main obstacle in achieving prolonged strict 
glycemic control in acute stroke patients.33 A large international randomized clinical trial that 
investigated the use of strict glycemic control in acute myocardial infarction failed because 
glucose lowering in the experimental group was inadequate.116 Also, in the GIST-UK study, 
resuming oral intake was the likely reason that the effect of treatment discernable after 8 and 
16 hours had waned after 24 hour.31 
So how can we adequately lower hyperglycemia in the first 5 days after stroke? Administering 
less basal insulin and more meal related insulin is likely to result in more favorable glucose 
profiles. However, it is hard to predict if a patient is going to eat and if so, how much. In 
our study, we found that the amount of caloric intake was highly variable between patients. 
A potential danger is that too much meal related insulin is administered, resulting in 
hypoglycemia. All hypoglycemic events in the predominantly meal related insulin group 
occurred postprandially. Successful regimens for strict glucose control in other settings 
are limited to continuously fed patients.175 Continuous enteral feeding, although more 
invasive, may facilitate strict glycemic control in patients with acute ischemic stroke.  
Is hyperglycemia a potential treatment target 3 days after stroke? We found that after an initial 
decline in glucose levels, from day 3, glucose levels increased again in control patients with 
hyperglycemia on admission, and that hyperglycemia persisted until at least the fifth day after 
stroke (fig 1B). It is possible that glucose values decrease on the second day after stroke as a 
result of attenuation of the stress reaction following stroke after 24 to 36 hour. The increase 
on day 3 is likely to be explained by a further increase in caloric intake and the presence of 
pre-existent insulin resistance.

coNclUsioN
Two insulin dosing regimens with a different basal to bolus insulin ratio failed to lower glucose 
in intermittently fed patients in the first 2 to 5 days after stroke, despite an initial lowering 
of glucose levels. This was likely due to unpredictable meal related rises in glucose levels. A 
possible solution might be to give continuous enteral feeding to patients receiving treatment 
with strict glucose control.
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AbstrAct	
introduction
Tight glycemic control (TGC) after ischemic stroke may improve clinical outcome but 
previous studies failed to establish TGC, principally because of postprandial glucose surges. 
The aim of the present study was to investigate if safe, effective and feasible TGC can be 
achieved with continuous tube feeding and a computerized treatment protocol. 
methods
We subjected ten	 acute ischemic stroke patients with admission hyperglycemia 
(glucose > 7.0 mmol/L) to continuous tube feeding and a computerized intensive 
protocol with insulin adjustments every one-to-two hours. Two groups of regularly 
fed patients from a previous study with a similar design served as controls. 
These groups comprised of hyperglycemic patients treated according to an  
intermediate protocol with insulin adjustments at standard intervals (N=13), and 
normoglycemic controls treated according to standard care (N=15). The primary  
outcome was the percentage of time within target (4.4 to 6.1 mmol/L). Secondary outcome 
was the number of patients with hypoglycemic episodes (glucose < 3.0 mmol/L).
results
Median time within target was 55% in the continuously fed intensive group compared 
to 19% in the regularly fed intermediate group, and 58% in normoglycemic controls. 
Hypoglycemic episodes occurred in 20% of patients in the continuously fed group - lowest 
glucose level 2.4 mmol/L. In contrast, in the regularly fed group this was 31% - lowest 
glucose level 1.6 mmol/L.
conclusions
TGC after acute ischemic stroke is feasible with continuous tube feeding and a computerized 
intensive treatment protocol. Although glycemic control is associated with hypoglycemia, 
no severe hypoglycemia occurred in the continuous tube feeding group.
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iNtroDUctioN
In acute ischemic stroke, hyperglycemia on admission and during the clinical course is 
associated with increased infarct expansion, worse clinical outcome and increased case-
fatality.10;11;20;22;32;176 Tight glycemic control (TGC), was shown to improve clinical outcome in 
critically ill patients,26;177;178 and has been implemented worldwide on intensive care units 
(ICU). Recently TGC has become the subject of debate. Several clinical trials demonstrated 
that TGC increases the risk of severe hypoglycemia and was not associated with an overall 
mortality benefit.8;179 It remains unclear why these recent and earlier trials showed different 
results. Further post-hoc analyses, more closely exploring subgroups of patients and the role 
of (severe) hypoglycemia have to be awaited.
Various subgroups of patients could still benefit from TGC,115 and recently TGC was associated 
with improved outcome in aneurysmal subarachnoid hemorrhage.27 In experimental 
studies, several mechanisms could account for an adverse outcome of hyperglycemia 
after acute ischemic stroke.105;106 Therefore, high levels of blood glucose might also be 
targeted to improve clinical outcome in patient with ischemic stroke. Until now, only 
one clinical trial has investigated this, but no beneficial effect of glycemic control on 
clinical outcome was demonstrated.31 In this trial, however, glycemic control was short 
lasting and poorly regulated. Treatment lasted just 24 hours and resulted in only a small 
contrast in the mean glucose levels (0.57 mmol/L) between treated patients and controls. 
To attain a clinical benefit from TGC on clinical outcome, it is important that blood glucose 
levels are maintained in the lower physiological range (below 6.1 mmol/L), without (severe) 
hypoglycemia.180;181 It is, however, difficult to establish TGC, especially outside the ICU 
setting.33;130;138;182 This seems particularly true for ischemic stroke patients. Various TGC protocols 
have been investigated in stroke patients, but hitherto none has managed to establish TGC, 
maintaining blood glucose levels in the lower physiological range (4.4 to 6.1 mmol/L) or even 
within the predefined target range.33;34;142;145 Possible explanations for this are a relatively high 
rate of (previously unrecognized) insulin resistance or diabetes mellitus, high levels of stress 
inflicted by the stroke, and a high rate of in-hospital infections accompanying stroke.38;47;183-185 
Another, potentially modifiable factor, is the feeding pattern of stroke patients. In contrast 
to patients admitted to an ICU, patients on a stroke unit often resume oral intake after an 
initial phase of starvation, rendering nutritional intake unpredictable. Indeed, we138 and 
others33 reported previously that strict glucose control is hampered by postprandial glucose 
surges. Besides unpredictable feeding patterns, less intensive care with a lower frequency of 
blood glucose assessments could also hamper TGC on a stroke unit as compared to the ICU 
setting. The use of a computer supported treatment protocol and increasing the rate of insulin 
adjustments has the potential to enhance TGC.186;187 

The aim of the present study was therefore to investigate if safe, effective and feasible TGC can 
be established on a stroke unit by subjecting patients to continuous tube feeding that is guided 
by treatment with an intensive, computer supported algorithm. 
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methoDs
PAtieNts
Ischemic stroke patients from a continuing cohort of ischemic stroke patients were 
consecutively recruited from two university hospitals and one large regional hospital in the 
Netherlands. All patients had a supra-tentorial infarct within the last 24 hours and gave written 
informed consent. Exclusion criteria were insulin use before admission (i.e. patients with oral 
hypoglycemic agents or non insulin dependent diabetics were included); admission Glasgow 
coma scale below 8; renal deficiency (creatinine >150 μmol/L); HIV positivity, age below 18 
years, and pregnancy.
For the present study, ten consecutive patients with hyperglycemia on admission (blood 
glucose exceeding 7.0 mmol/L) were subjected to continuous tube feeding and an 
intensive, computer supported treatment algorithm (the continuously fed intensive group). 
Because we did not want to subject non-dysphagic patients with minor neurological 
deficit to continuous tube feeding we excluded patients without a substantial neurological 
deficit defined as a National Institutes of Health Stroke Scale (NIHSS) of at least four. 
Regularly fed ischemic stroke patients from a recent randomized study,138 also aiming to improve 
glycemic control served as reference groups. These groups comprised of regularly fed patients 
with admission hyperglycemia treated according to an intermediate intensive insulin infusions 
protocol (the regularly fed intermediate group), and regularly fed patients with normoglycemia 
on admission treated according to routine practice. 

iNterveNtioNs
Patients included in the continuously fed intensive group received 1.5 liter of continuous tube 
feeding per 24 hours, aiming at 2000 kcal/day. Insulin infusions in this group were adjusted 
based on fingerpick glucose assessments every hour until glucose levels remained in target 
for two consecutive hours, and every two hours thereafter. Adjustments to the insulin infusion 
rate were made according to a sliding scale regime and calculated from the previous glucose 
level, the actual glucose level and the actual insulin infusion rate. Insulin infusion adjustments 
were performed with the aid of a web-based computerized algorithm that was modified from a 
previously used predefined paper written algorithm138 with the aim to maintain glucose levels 
between 4.4 to 6.1 mmol/L. Execution of the protocol was left to the nursing staff with the 
possibility to consult the principal investigator at all times. A coordinating nurse was allocated 
in each centre to register possible difficulties arising during the study period.
Patients included in the regularly fed intermediate group received a predominantly basal 
intravenous insulin algorithm also with the aim to maintain glucose levels between 4.4 to 6.1 
mmol/L for five consecutive days. In this protocol, glucose levels were assessed with fingerpicks 
every hour till target levels were reached. After this, insulin infusion was adjusted at standard 
intervals by a diabetes care experienced physician: immediately before, and two hours after each 
meal and around 22:30 (i.e. each 2 to 3 hours, 7 times in 14 hours). Insulin infusion rate was 
adjusted with the aid of a predefined paper written treatment protocol according to a sliding 
scale regimen. Adjustment of infusion rate was calculated from the previous glucose level, the 
actual glucose level and the actual insulin infusion rate. Meal related insulin was intravenously 
administered as bolus insulin in a dose equal to the newly calculated hourly insulin infusion rate. 
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For regularly fed normoglycemic controls, glucose levels were monitored with 
fingerpicks at the same intervals as in the regularly fed intermediate group. Glycemic 
control in this group was left to the treating physician. In practice this consisted of 
subcutaneous short acting insulin administered if glucose values exceeded 16.6 mmol/L. 
Patients in the regularly fed hyperglycemic group and normoglycemic controls were encouraged 
to eat standard meals (a balanced diet of approximately 2000 kcal/day). Dysphagic patients 
received intermittent enteral feeding gradually increasing over the first two- or three days, 
aiming at 2000 kcal/day.
For patients in all groups, glucose levels below 3.5 mmol/L were treated by interrupting insulin 
administration and by intravenous administration of 50 ml glucose 20%. After this, glucose 
levels were monitored each 30 minutes until levels returned within range. The study protocol 
was approved by the local ethics committee of all institutions.

oUtcomes
The primary efficacy outcome was defined as the time spent within the target range (4.4 
to 6.1 mmol/L) during days 1 to 5. Day one started at the first measurement on the day 
after inclusion. In addition, we calculated the mean glucose levels over the study period. 
Secondary safety outcomes were the number of patients with a hypoglycemic episode (glucose 
<3.0 mmol/L). We choose a higher cut-off to define hypoglycemia than used in previous ICU 
based studies (2.2 mmol/L) as the deleterious effects of hypoglycemia are potentially more 
harmful to the ischemic brain. As there exists no universally accepted definition of hypoglycemia 
in hospitalized patients with ischemic stroke treated with TGC, we further defined serious 
hypoglycemia (glucose <2.5 mmol/L) and we registered the lowest glucose value in each 
group. Other secondary safety outcomes were the number of hypoglycemic episodes per 
group divided by the total number of glucose assessments in that group (we anticipated that 
the number of glucose assessments would be larger in the continuously fed intensive group), 
and the number of symptomatic hypoglycemic episodes (i.e. hypoglycemia accompanied by 
perspiration, tachycardia, tremor, confusion, or coma). Because we were particularly interested 
in the effect of feeding interval on glycemic control we used daytime glucose assessments 
(08:30h to 22:30h) for analyses. To explore how the nursing staff experienced the execution 
of the protocol in the continuously fed intensive group, we recorded the number of, and the 
reasons for consultation of the principal investigator. In addition, we held structured interviews 
with the coordinating nurse of each centre after the study had ended to gain more insight in 
subjective experiences related to the execution of the protocol. 

stAtisticAl	ANAlysis
Baseline characteristics were presented as means or medians as appropriate. Baseline and 
outcome between-group differences of continuous variables were calculated with the Students 
T- test or the Mann Whitney U test as appropriate. Dichotomous variables were analyzed 
with the χ2 or Fisher’s exact test as appropriate. To calculate the mean time spent within the 
target range, we linearly interpolated glucose values for each 30 minutes. All analyses were 
performed according to the intention-to-treat principle. Therefore, if patients discontinued the 
study protocol between day one and five, glucose measurements till then were included in the 
analysis. 



CHAPTER 5

5

60

resUlts
PAtieNt	iNclUsioN
One patient in the regularly fed normoglycemic group had to be excluded because informed 
consent was withdrawn before day one. Ten patients discontinued the study between day one 
and five. Two patients in the continuously fed intensive group (imminent death and withdrawal 
of informed consent); two patients in the regularly fed intermediate group (logistic failure and 
withdrawal of informed consent), and six patients in the regularly fed normoglycemic group 
(imminent death (2); withdrawal of informed consent (2); early discharge because of rapid 
clinical improvement, and transfer to another hospital).

bAseliNe	chArActeristics	
Baseline characteristics are summarized in Table 1. Patients in the continuously fed intensive 
group had more severe strokes because of the requirement of a NIHSS score of at least four 
for this group. 

table	1	|	baseline	characteristics.

	

continuously	fed	
intensive	group	
(n=10)

regularly	fed	
intermediate	
group	(N=13)

regularly	fed	
normoglycemic	
group	(N=15)

Men (n) (%) 5 (50) 6 (46) 8 (53%)

Age (years) (SD) 74 (9.2) 78 (9.5) 68 (14.4)

Type 2 DM ( %) 2 (20) 6 (46) 0*

Mean admission glucose (mmol/L) (SD) 9.1 (2.4) 10.5 (3.3) 5.8 (0.6)**

NIHSS score on admission (median, 
[range])

16 [8-19]*** 5 [2-14] 7 [5 – 16]†

Cortical stroke (n) (%) 8 (80) 9 (70) 11 (73)

Intermittent tube-feeding (%)  - 3 (23) 3 (19)

DM: Diabetes mellitus; SD: standard deviation; NIHSS: National Institutes of Health Stroke Scale. 
*: P<0.05 for comparison between the regularly fed normoglycemic group with other groups (Fisher 
exact test). **: P<0.05 for comparison between the regularly fed normoglycemic group with other groups 
(Students T-test). ***: p< 0.05 for comparison between the continuously fed intensive group with the 
regularly fed intermediate group (Mann Whitney U test). †: these data were missing for one patient.

PrimAry	oUtcome
The figure shows the distribution of the percentage of time spent within the target range during 
the treatment period. The median percentage of time spent within target range was similar for 
the continuously fed intensive group (55%) and regularly fed normoglycemic controls (58%). 
These values were significantly higher when compared to the regularly fed intermediate group 
(19%) (p< 0.001, Mann-Whitney rank tests). Table 2 shows that the mean glucose level during 
treatment in the continuously fed intensive group (5.8 ± 0.3 mmol/L) was significantly lower 
than in the regularly fed intermediate group (7.6 ± 1.5 mmol/L; p< 0.005) and similar to that in 
regularly fed normoglycemic group (5.9 ± 1.2 mmol/L).
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secoNDAry	oUtcomes	
Table 2 also shows that in the continuously fed intensive group, two patients (20%) had a 
serious hypoglycemic episode, and the lowest glucose value was 2.4 mmol. In the regularly fed 
intermediate group four patients (31%) had a hypoglycemic episode, two of which were serious 
(15%) with a lowest glucose value of 1.6 mmol/L. The total number of hypoglycemic episodes 
divided by the total number of glucose assessments did not differ between the groups. None 
of the (serious) hypoglycemic episodes was symptomatic.
For patients in the continuously fed intensive group, the principal investigator had to be 
consulted only once because of a failure to connect to the internet. The interviews with the 
coordinating nurse revealed that the execution of the protocol was laborious due to the high 
number of glucose assessments, but well appreciated as it appeared very straightforward. Also, 
the fact that the execution of the intensive protocol could be done without the intervention of 
a physician was well appreciated. 

*: P < 0.005 for between group comparison of the continuously fed intensive group with the regularly fed 
intermediate group.

Figure	1	|	median	percentage	of	time	spent	in	target.
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DiscUssioN
This study demonstrates that by subjecting ischemic stroke patients with admission 
hyperglycemia to continuous tube feeding, glucose levels can be maintained in a low 
physiological range with the aid of a computer supported intensive protocol. Furthermore, 
this was established for five consecutive days with only minimal consultation of treating or 
consulting physicians. Glycemic control was accompanied by hypoglycemic episodes in both 
the intensive and the intermediate treatment protocol. To our knowledge, this is the first study 
to achieve TGC for five consecutive days in acute ischemic stroke patients with admission 
hyperglycemia. Recently, a predominantly ICU based trial in diabetic patients with ischemic 
stroke managed to lower blood glucose levels for 72 hours, but the mean glucose level of 7.4 
mmol/L was much higher than what we achieved and still outside the predefined target range 
(<7.2 mmol/L).34 The glucose profiles we established were similar to glucose profiles in critically 
ill patients treated with insulin infusions in ICU based trials that demonstrated a beneficial 
effect of TGC on clinical outcome.188-190 Furthermore, the glucose profiles were similar as in 
normoglycemic controls. Continues tube feeding appears therefore crucial to establish TGC in 
acute ischemic stroke.
The major drawback of TGC, also in our study, is the accompanying increased risk of severe 
hypoglycemia. Recently, a clinical trial that investigated TGC in patients with severe sepsis was 
stopped early because TGC related hypoglycemia increased the risk of serious adverse events.24 
Moreover, in another recent large clinical ICU based trial, 7% of TGC treated patients had at 
least one episode of severe hypoglycemia and this may have contributed to the in increased 
mortality observed.8 It is important to note that in this and most other ICU based studies, 
the cut-off to define hypoglycemia (<2.2 mmol/L) is much lower than ours (3.0 mmol/L). In 
fact, if we would have used the same cut-off, we would not have found any hypoglycemic 
episode in the continuously fed intensive group. Still, caution is warranted especially after 
ischemic stroke, as the effects of low glucose levels on the ischemic brain are potentially 
harmful, even if glucose levels are just slightly below normal. In experimental studies low 

table	2	|	secondary	outcome	parameters.

outcome

continuously	fed	
intensive	group	
(n=10)

regularly	fed	
intermediate	
group	(N=13)

regularly	fed	
normoglycemic	
group	(N=15)

Mean glucose during treatment ± SD 
(mmol/L) 

5.8 ( ± 0.3)* 7.6 ( ± 1.5) 5.9 ( ± 1.2)*

Number of patients (%) with 

hypoglycemia (<3.0 mmol/L) 

serious hypoglycemia (<2.5 mmol/L)

2 (20)

2 (20)

4 (31)

2 (15)

1 (6.7)

0 (0)

Total number of hypoglycemic episodes by 
total number of glucose assessments (%)

2/455 
(0.4)

4/ 331 
(1.2)

1/ 310 
(0.3)

Lowest glucose level (mmol/L) 2.4 1.6 2.9

Symptomatic hypoglycemic episodes 0 0 0

SD: standard deviation; *: P<0.005 for between group comparison of the continuously fed intensive group 
or the regularly fed normoglycemic group with the regularly fed intermediate group (Students T test).
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glucose levels were shown to increase infarct size and mortality,191 and the benefit of glucose 
lowering is lost when glucose levels fall below a level of 2 to 3 mmol/L.141 The intensive protocol 
we used demanded that also non-dysphagic patients were subjected to continuous tube 
feeding. By its invasive nature, this may have led to considerable patient discomfort. Despite 
this, none of the patients withdrew consent because of this. One patient in the continuously 
fed intensive group withdrew consent because of the high frequency of fingerpicks. 
Nowadays, continuous glucose monitoring systems become available which might be of 
benefit for both patients and caregivers, offering advantages to our intensive protocol.192;193

A limitation of our study is that we used historic controls for comparison. Furthermore, 
because of ethical considerations the inclusion criteria differed somewhat, with the inclusion 
of more severe strokes in the continuously fed intensive group. However, all patient groups 
were treated on the same stroke units and standard stroke care had not changed in the period 
that separated the inclusion periods, minimizing a possible time effect. Moreover, the inclusion 
of more severe strokes in the continuously fed intensive group probably does not debilitate our 
results, as achieving TGC is presumed to be more difficult in more severe stroke.17;47

In conclusion, effective and feasible TGC on a stroke unit can be achieved by subjecting patients 
to continuous tube feeding, a high rate of insulin adjustments (every one- to two hours), and by 
facilitating the nursing staff with a computer supported treatment algorithm. However, caution 
is warranted as TGC is also associated with hypoglycemia. Further studies should address this 
problem as low levels of blood glucose might be detrimental, especially for the ischemic brain.
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AbstrAct	
background
Hyperglycemia may worsen outcome after aneurysmal subarachnoid hemorrhage 
(SAH). We performed a systematic review to investigate the relation between admission 
hyperglycemia and outcome after aneurysmal subarachnoid hemorrhage.
methods
We included cohort studies or clinical trials of aneurysmal SAH patients admitted within 72 
hours that documented admission glucose levels or the rate of hyperglycemia. Outcome 
had to be assessed prospectively after three or more months. The overall mean glucose 
level was calculated by weighting for the number of patients included in each study. To 
calculate the effect size, we pooled the odds ratio’s (OR) and 95% confidence interval 
(95%CI) of poor clinical outcome in patients with or without hyperglycemia.
results
We searched MEDLINE, EMBASE, Science Citation Index, and the bibliographies of relevant 
studies. We included 17 studies totaling 4095 patients. The mean admission	glucose level 
was 9.3 mmol/L (range 7.4 to 10.9 mmol/L; 14 studies, 3373 patients) and the median 
proportion of patients with hyperglycemia was 69% (range 29 to 100; 16 studies, 3995 
patients), cut-off levels hyperglycemia 5.7 to 2.0 mmol/L). The pooled OR (8 studies, 2164 
patients) for poor outcome associated with hyperglycemia was: 3.1 (2.3 to 4.3). Cut-off 
points for defining hyperglycemia varied across studies (6.4 to 11.1 mmol/L), but this had 
no clear effect on the observed OR for poor outcome.
conclusions
After aneurysmal SAH, admission glucose levels are often high and hyperglycemia is 
associated with an increased risk of poor clinical outcome. A randomized clinical trial is 
warranted to study the potential benefit of glycemic control after aneurysmal SAH.
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iNtroDUctioN
Aneurysmal subarachnoid hemorrhage (SAH) is a devastating disease with a high case fatality 
and morbidity.3;194;195 Clinical outcome depends on the severity of the initial hemorrhage, but 
complications, such as recurrent bleeding, secondary ischemia or hydrocephalus, or general 
medical complications also play an important role in clinical outcome.196-199 Analysis of risk 
factors for primary and secondary damage, especially if these can be modified, is important 
because this has the potential to improve treatment.
Hyperglycemia is a frequent finding in critical ill patients admitted to the intensive care unit 
(ICU), and is associated with poor clinical outcome.45 Randomized clinical trials have shown 
that tight glycemic control improves outcome in these patients,26;30 and today, this treatment 
is implemented on many ICU facilities. Also, in patients with neurological emergencies, such 
as ischemic stroke or primary intracerebral hemorrhage, levels of glucose are often high and 
hyperglycemia is associated with an increased case fatality. There are as yet no randomized 
clinical trials that favor tight glycemic control after ischemic stroke,31;34 but further trials 
that investigated this treatment are currently in progress.200 Meanwhile, guidelines for the 
management of ischemic stroke do recommend treatment of hyperglycemia.126;201

After aneurysmal SAH, hyperglycemia was reported as early as 1925202 and has also been  
associated with poor clinical outcome.123;203-209 Despite this observation, this association was 
never systematically investigated. Importantly, as can be seen from recent reviews and current 
guidelines, this potentially modifiable factor is not widely considered as a risk factor for poor 
outcome after aneurysmal SAH.3;194;198;210 We therefore decided to perform a systematic review 
to investigate mean levels of admission glucose in patients with an aneurysmal SAH and to 
assess the strength of the association between admission hyperglycemia and clinical outcome.

methoDs
selectioN	oF	stUDies
Two reviewers (N.D.K. and Y.B.W.E.M.R.) performed an independent computerized MEDLINE 
and EMBASE search of published studies (MEDLINE: 1966 till April 2008; EMBASE: 1980 till April 
2008) written in English, German, French or Spanish. One researcher (NDK) was supported 
by a clinical librarian experienced in literature searching. We searched by subject headings 
“blood glucose” and “subarachnoid hemorrhage” truncated text words “hyperglyc(a)emia”; 
“glucose”;  “subarachnoid”; “SAH”; “h(a)emorrhage”, and “bleeding”. Additionally, experts in 
the field were contacted to identify any further citations. Full text versions were obtained from 
all studies that were considered to be potentially relevant by one or both reviewers. After a 
first selection the bibliographies of all relevant studies were searched manually for additional 
studies and this method of cross checking was continued until no further publications were 
found. Finally, we performed a computerized search of the Science Citation Index from 1988 
till April 2008 to retrieve studies citing any of the included studies. Any disagreement between 
the reviewers on whether an article had to be included or not was resolved by consensus or 
arbitration by a third author (MV).
Cohort studies were reviewed with the aid of the STrengthening the Reporting of OBservational 
studies in Epidemiology (STROBE) statement211 and had to comply with the following inclusion 



CHAPTER 6

6

70

criteria: (i) original data report on a inception cohort or a clinical trial; (ii) the diagnosis of 
SAH had to be made by the presence of extravasated blood in the basal cisterns on a CT scan, 
or, if the CT scan was negative, by xanthochromic cerebrospinal fluid. Patients with a peri-
mesencephalic or other non-aneurysmal causes for SAH had to be excluded; (iii) admission 
within 72 hours from ictus; (iv) data available on the mean level of admission glucose or the 
proportion of patients with hyperglycemia on admission. To be included in the analysis on 
the association between hyperglycemia and clinical outcome, outcome had to be assessed 
prospectively with a validated scale such as the modified Rankin scale (mRS)212 or the Glasgow 
Outcome Scale (GOS).213 We defined poor clinical outcome as a mRS score ≥ 4 or a GOS score ≤ 
3 (i.e. severe disability) if possible, else we adopted the definition from each individual study, 
unless poor outcome was defined as death. Outcome had to be assessed three or more months 
after the ictus and in at least 90% of the included patients.
Mean age and clinical condition on admission were extracted because these characteristics are 
known to be strong predictors of poor clinical outcome.197;198 We adapted the definition used by 
each individual study to distinguish “good” and “poor “clinical condition on admission.
If an article complied with the inclusion criteria but lacked information on parameters for 
analysis, or when outcomes were reported but not related to hyperglycemia, we approached 
the authors to obtain these data. Because studies had to fulfill the above strict inclusion 
criteria, no further formal quality assessment was undertaken.

stAtisticAl	ANAlysis
Patient characteristics, mean glucose values and the rates of hyperglycemia on admission were 
summarized using descriptive statistics. The weighted mean admission glucose across the studies 
was calculated as follows. We summed the mean glucose from each separate study multiplied by 
the number of patients in that study. This sum was than divided by the total number of patients 
included across all studies.
For the assessment of the strength of the association between admission hyperglycemia and 
poor clinical outcome unadjusted ORs were extracted from the individual studies, and verified 
with the raw data if provided, or the ORs were calculated directly from the raw data if this 
was not reported in the text. To generate a summary estimate of the unadjusted OR and the 
corresponding 95% CI for poor outcome in patients with hyperglycemia compared to patients 
with no hyperglycemia, the unadjusted ORs were pooled using a random-effects model (RevMan 
V. 4.2.10). In sub-analysis we explored if the strength of the association between hyperglycemia 
and outcome was affected by the cut-off value used to define hyperglycemia. To this end, studies 
were assigned to either of two subgroups, one for studies with cut-off values for hyperglycemia 
below the median cut-off value across all studies, and one for studies with cut-off values 
above this median. Publication bias was evaluated using Egger’s bias plot and Egger’s test.214 
Heterogeneity among studies was assessed with the Cochrane’s Q test (significant p-value set 
at < 0.10). The I² was calculated which describes the percentage of total variation across studies 
that is due to heterogeneity rather than chance. I² values of 25%, 50%, and 75% correspond to 
cut-off points for low, moderate, and high degrees of heterogeneity.215 Finally, a random-effect 
meta-regression was performed (STATA v10) to estimate the extent to which study characteristics 
in terms of patients’ mean age, and the proportion of patients with a poor clinical condition on 
admission explain heterogeneity in the size of effect between the studies. 
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resUlts
Article	seArch
The MEDLINE search yielded 185 citations and the EMBASE search 132 citations. Two additional 
relevant studies were found by searching the bibliographies.207;216 Screening reference lists of 
major published trials on aneurysmal SAH and a search of the Science Citation Index did not 
yield any additional studies. After filtering out duplicates, 207 citations remained. After review 
of the identified studies, 17 studies were included for analyses (figure 1).123;203-206;217-228 Sixteen 
studies were observational cohort studies, and one study was a randomized trial.206 From the 
randomized trial we could use data from both the treatment and control group because no 
association was found between treatment and outcome (nicardipine vs. placebo).229 

*: Four reports were included after the authors confirmed inclusion <72 hours; #: for four reports these 
data were provided by the authors; †: for one report these data were provided by the authors.

Figure	1	|	Flow	diagram	of	search	strategy	and	article	selection.
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Figure 1|  Flow diagram of search strategy and article selection. 

*: Four reports were included after the authors confirmed inclusion <72 hours. #: for four reports these data were provided 

by the authors †: for one report these data were provided by the authors. 

 

207 potentially eligible reports identified 
and screened for retrieval 

41 reports retrieved for detailed assessment 

166 reports excluded 
89 no aneurysmal SAH 
44 retrospective studies 
22 editorials or opinions 
   6 case reports  
   5 reviews  

24 reports excluded  
14 admittance >72 hours. 
   6 described the same population as 
      another study 
   4 glucose levels or rate of hyperglycemia 
       not reported or not assessed on 
       admittance  

  

17 reports included for analyses* 

14 reported the mean glucose level † 16 reported the rate of hyperglycemia# 

8† reports reported the rate of hyperglycemia 
    and outcome. 
9 reports excluded: 
7 outcome assessed ≤3 months 
1 relation hyperglycemia and outcome could 
   not be assessed 
1 outcome retrospectively assessed 
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bAseliNe	chArActeristics	oF	stUDies,	GlUcose	AND	hyPerGlycemiA	
Patients were included within 24 hours in five, within 48 hours in three, and within 72 hours 
in the remaining nine studies. All studies defined admission glucose as the first random (non-
fasting) glucose assessment on admission, and these assessments were used to determine 
whether a patient was hyperglycemic or not. One study reported admission glucose to be 
missing in 1% of the included patients.220 All other studies reported that there were no missing 
admission glucose values, in six of these studies the absence of admission glucose was an 
exclusion criterion.123;204-206;216;227 For calculating the overall mean glucose, 14 studies totaling 
3373 patients were included. The weighted mean admission glucose was 9.3 mmol/L (range 
7.4 to 10.9 mmol/L).The median proportion of patients with hyperglycemia was 69% (range 
29 to 100; 16 studies, 3995 patients). The cut-off values used to define hyperglycemia varied 
considerably from study to study (range: > 5.7 to > 12.0 mmol/L), but most studies used a 
cut-off value between > 6.0 and > 8.0 mol/L (Table 1). Three studies reported which glucose 
values prompted insulin treatment (> 6.4, >10, and > 12 mmol/L). 

hyPerGlycemiA	AND	cliNicAl	oUtcome
For the analysis of the association between hyperglycemia and clinical outcome, eight studies 
including 2164 patients were included. Outcome was assessed after three months in six and 
after six months in two studies. These outcomes were assessed with the GOS in five and with 
the mRS in three studies. The proportion of patients with a history of DM was not always stated 
(three studies) 204;225;228 or patients with DM were excluded (four studies).123;206;217;220 One study 
reported that 1% had DM. Regarding patient selection, one study only included patients with 
poor grade SAH,217 and one study included surgically treated patients only.225

Figure 2 shows the (pooled) unadjusted ORs for poor outcome in patients with 
hyperglycemia compared to patients without hyperglycemia on admission: pooled OR 3.1 
(95% CI: 2.3 to 4.3); Cochrane’s Q test:  p = 0.10; I2 = 41.4%. For studies with a definition 
of hyperglycemia equal or below 7.0 mmol/L, the pooled OR was 3.0 (95% CI: 1.9 to 
4.6; Cochrane’s Q test:  p= 0.12, I2 = 45.4%), and for studies with a definition above 7.0 
mmol/L, the pooled OR was 3.3 (95%CI: 1.9 to 5.8; Cochrane’s Q test:  p = 0.17; I2 = 43.6%). 
Egger’s plot (not presented) and Egger’s test (p = 0.43) did not indicate publication bias. 
For meta-regression analysis we could extract the mean age in all except one study21 (weighted 
mean: 53.1 yrs; range: 50.4 to 54.9 yrs). The proportion of patients with a poor clinical condition 
on admission was available in all studies (weighted mean: 42%; range 21 to 100%).
The results did not demonstrate significant associations between these study characteristics 
and the effect of hyperglycemia on outcome (p values > 0.60).

DiscUssioN
Our meta-analysis shows that after aneurysmal SAH, high levels of blood glucose on admission 
are a frequent finding and associated with poor clinical outcome. The point estimate of the 
observed effect size of hyperglycemia on poor clinical outcome is similar to the point estimates 
of the effect size of hyperglycemia on case fatality in non-diabetic patients with myocardial 
infarction or ischemic stroke.11;230
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Hyperglycemia
n/N

No hyperglycemia
n/N

Studies with a hyperglycemia cut-off  level ≤ 7.0 mmol/L

Dorhout Mees 175/258 23/79

Juvela 46/133 8/42

Kruyt 57/141 41/158

Lanzino 112/491 8/102

Sarrefzadeh 13/122 1/22

Subtotal (95% Cl) 1145 403

Total events 403 (hyperglycemia), 81 (no hyperglycemia)

Test for heterogeneity Chi2 = 7.32, def=4 (p = 0,12), l2 = 45,4%

Test for overall eff ect: Z=4.74 (P<0.00001)

Studies with hyperglycemia cut-off  level > 7.0 mmol/L

Alberti 54/66 22/33

Claassen 84/127 81/282

Yoshimoto 47/76 18/36

Subtotal (95% Cl) 260 351

Total events 185 (hyperglycemia), 121 (no hyperglycemia)

Test for heterogeneity Chi2 = 3.55, df = 2(p = 0.17), I2 = 43.6%

Test for overall eff ect: Z = 4.28 (P<0.0001)

Total (95% Cl) 1405 754

Total events 588 (hyperglycemia), 202 (no hyperglycemia)

Test for heterogeneity Chi2 = 11,95, df = 7(p = 0.10), I2 = 43.6%

Test for overall eff ect: Z = 6.79 (P<0.0001)

OR (random)
95% Cl

5.13 (2.96 - 8.91)

2.25 (0.96 - 5.25)

1.94 (1.19 - 3.16)

3.47 (1.64 - 7.37)

2.50 (0.31 - 20.19)

2.96 (1.89 - 4.64)

2.25 (0.86 - 5.86)

4.85 (3.09 - 7.59)

2.35 (1.02 - 5.43)

3.33 (1.92 - 5.79)

3.12 (2.25 - 4.33)

OR (random)
95% Cl

 0.1         0.2 0.5      1.0           2.0             5.0         10

Figure	2	|	Pooled	analyses	on	poor	outcome	associated	with	hyperglycemia	in	patients	with	aneurysmal	
sAh.	

CI: confidence interval.

There are several potential explanations for the high admission glucose levels and the observed 
association between hyperglycemia on admission and poor outcome in patients with aneurysmal 
SAH. First, hyperglycemia could be a secondary phenomenon to a transient stress reaction 
inflicted by the insult. Indeed, previous studies showed that the release of catacholamines and 
levels of glucose relate to the clinical magnitude of the SAH.123;203-208 Second, hyperglycemia 
could be part of an acute (i.e. not pre-existent) metabolic response arising after the SAH that 
persists beyond the acute phase. Such a persistent state has been discribed in other groups 
of critically ill patients 231-234 and has been associated with cardiovascular complications and 
poor clinical outcome.234;235 For example, after ischemic stroke, persistent hyperglycemia was 
associated with infarct expansion and worse clinical outcome.10 Indeed, also after aneurysmal 
SAH, (fasting) glucose values remain high during the clinical course,123;204;205 and persitent 
abnormalities of glucose metabolism predict the occurrence of vasospasm, secondary ischemia, 
and poor clinical outcome.123;203;209;218 Third, as is common in ischemic stroke,36;37 hyperglycemia 
could represent pre-existent, but previously unrecognized DM, or disturbances in glucose 
metabolism short of DM. As such, not hyperglycemia in itself, but the underlying, pre-existent 
metabolic abnormality could lead to a poorer outcome. In contrast to ischemic stroke, however, 
there appears to be no association between DM and the occurrence of  aneurysmal SAH,196;236;237 
likewise, the number of patients with unrecognized DM will be relatively low. Irrespective 
of its origin, high levels of glucose also could be causally linked with poor clinical outcome. 
There are several observations in support of this hypothesis. The relation with poor clinical 
outcome persited when studies with a high or low median cut-off to define hyperglycemia were 
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combined. This indicates that glucose levels relate to poor clinical outcome independent of 
the cut-off used to define hyperglycemia. Moreover, although not consistent,123;204 multivariate 
analyses in previous studies have shown that the association between hyperglycemia and poor 
outcome is independent from other predictors of poor outcome, such as age or the severity of 
the ictus.203;206;220;222 Unfortunately, we did not possess individual patient data to include such 
predictors in our meta-analysis.
Improvent of clinical outcome as reported in randomized controlled trials that investigated 
tight glycemic control in surgical patients admitted to an intensive care unit,6;238 in medical 
patients admitted to an intensive care unit treated for more than 2 days,30 in patients 
undergoing coronary artery bypass grafting,28  and in patients with myocardial infarction29 
provide supportive evidence for a causal role of hyperglycemia in poor outcome. However, 
other randomized controlled trials that investigated the role of tight glycemic control showed 
neutral results in patients undergoing coronary artery bypass grafting,239 in patients with acute 
myocardial infarction,116;118 and in patients with acute stroke (non-SAH).31 Therefore, caution is 
warranted in extrapolating the positive finding of, for instance, patients in the ICU to patients 
with aneurysmal SAH. Extrapolation of trial results is even more difficult and dangerous 
because of the significant differences between the treatments used in the trials. With regard 
to the trial that investigated tight glycemic control in patients with stroke (not SAH),31 for 
instance, it was hampered by short treatment duration (24 hours) and poor glycemic control 
in the treatment group with only a small absolute reduction in blood glucose (0.57 mmol/L). 
Unfortunately, most studies included in this review did not provide detailed data on glycemic 
control, therefore we could not investigate whether such treatment would alter the association 
between hyperglycemia and outcome after aneurysmal SAH. Till date, one randomized trial has 
been performed in which was tested whether intensive insulin therapy improves neurologic 
outcome after aneurysmal SAH in patients admitted to an intensive care facility.240 Although the 
results did not favour such treatement, the number of included patients was too small (N=78) 
to reliably assess effects on clinical outcome.
Our study has some limitations that need to be adressed. First, although we used strict 
inclusion criteria, the quality of the studies can vary from study to study and research 
questions were retrospectively established in some studies. Extrapolation of these data should 
therefore be done with caution, although the presented results show that the relation between 
hyperglycemia and poor outcome after SAH is robust and consistent. Second,although not 
statistically significant, there was a moderate between-study hetereogeneity. Our meta-
regression, however, did not show evidence that this this heterogeneity could be explained by 
study characteristics with regard to patients’ age and clinical condition on admission. However, 
this analysis on heterogeneity was based on a small number of studies and a limited available set 
of possible effect modifiers. Although it should be emphazised that it remains unclear whether 
hyperglycemia on admission is causally related to poor clinical outcome after aneurysmal SAH, 
the presented results provide sufficient support to justify a large scale randomized clinical trial 
to to determine whether glucose lowering is benificial for patients with aneurysmal SAH.
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AbstrAct
background
Hyperglycemia has been related to poor outcome and delayed cerebral ischemia (DCI) after 
aneurysmal subarachnoid hemorrhage (SAH).
objective
We aimed to	 assess whether in patients with aneurysmal SAH, levels of mean fasting 
glucose within the first week predict poor outcome and DCI better than single admission 
glucose levels alone. 
methods
Data on non-diabetic patients admitted within 48 hours after aneurysmal SAH with at least 
two fasting glucose assessments in the first week were retrieved from a prospective database 
(N=265). The association of admission glucose or mean fasting glucose, dichotomized at 
the median levels, with outcome was assessed with logistic regression and with DCI with 
Cox regression. To explore whether the association between glucose levels and outcome 
was mediated by DCI, we adjusted for DCI.
results
The crude and multivariable adjusted odds ratios and 95% confidence intervals for poor 
outcome were 1.9 (1.1 to 3.2) and 1.6 (0.9 to 2.7) for high admission glucose and 3.5 (2.0 
to 6.1) and 2.5 (1.4 to 4.6) for high mean fasting glucose. The crude and adjusted hazard 
ratios for DCI were 1.7 (1.1 to 2.5) and 1.4 (0.9 to 2.1) for high admission glucose and 2.0 
(1.3 to 3.0) and 1.7 (1.1 to 2.7) for high mean fasting glucose. After adjusting for DCI, the 
odds ratios on poor outcome for high mean fasting glucose decreased only marginally.
conclusions
Compared with high admission glucose, high mean fasting glucose, representing impaired 
glucose metabolism, is a better and independent predictor of poor outcome and DCI. DCI is 
not the key determinant in the association between high fasting glucose and poor outcome.
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iNtroDUctioN
Hyperglycemia occurs often in patients with aneurysmal subarachnoid hemorrhage (SAH), 
and has in these patients been related to poor clinical condition on admission and to poor 
clinical outcome.203-207;217;218;220;222;228 This relation may in part be explained by an increased 
risk of delayed cerebral ischemia (DCI) in patients with hyperglycemia on admission.203;205;218 
However, the relation between hyperglycemia and poor outcome or DCI is not consistent 
across studies. Whereas some studies found that the association remained after correcting 
for other explanatory variables,203;206;217 others did not.204;205;228  An explanation for these 
inconsistent findings may be that admission glucose levels can fluctuate rapidly due to stress 
reactions and variable nutritional intake. Furthermore, glucose is likely to be assessed more 
frequently in case of clinical deterioration, or in patients with established hyperglycemia, 
which introduces the risk of sampling bias. Instead, repeated fasting glucose measurements 
are less influenced by these factors, especially if sampled at standard intervals during 
hospital stay, and provide a more accurate reflection of glucose metabolism and actual 
glucose control than single admission or randomly assessed, non-fasting glucose levels. 
The purpose of this study was to assess whether in patients with aneurysmal SAH, levels of 
mean fasting glucose are a better predictor of poor outcome and DCI than single admission 
glucose levels alone, and whether these associations are independent from other baseline 
characteristics. Furthermore, we aimed to assess whether the potential relation between 
glucose levels and outcome was mediated by the occurrence of DCI.

methoDs
PAtieNt	PoPUlAtioN
Data on patients were retrieved from a prospectively established database of all patients 
with aneurysmal SAH admitted to the stroke unit of the University Medical Centre in Utrecht. 
This database includes data on medical history, clinical condition on admission, radiology and 
laboratory tests, clinical course and complications, and functional outcome at 3 months. From 
the period 1997 to 2003 we retrieved all non-diabetic patients admitted within 48 hours after 
aneurysmal SAH, with at least two fasting glucose assessments before DCI onset, and with a 
complete data set on admission. Patients with pre-existent diabetes mellitus (DM) were not 
included because we intended to relate acute, not previously known abnormalities of glucose 
metabolism, to outcome and also because glucose-lowering treatment prior to and after the 
SAH might confound the results. The diagnosis of SAH was made by the presence of extravasated 
blood in the basal cisterns on a CT scan or, if the CT- scan was negative by xanthochromic 
cerebrospinal fluid. Patients with a perimesencephalic or other non-aneurysmal causes for SAH 
were excluded. The clinical condition on admission was assessed with the World Federation of 
Neurological Surgeons (WFNS) scale, a five-point scale based on the Glasgow Coma Scale and 
the presence or absence of focal deficits.241 A dichotomy was made between good neurological 
condition (WFNS I to III) and poor neurological condition (WFNS IV or V) on admission. We 
assessed the amount of cisternal and ventricular blood on the initial CT scan according to the 
method described by Hijdra and collegues.242 The sumscores of blood in the cisterns (range 0 to 
30) and ventricles (0 to 12) were dichotomized at their median value (25 for cisternal blood; 1 for 
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ventricular blood). We quantified the size of the frontal horns by means of the bicaudate index 
(BCI). To calculate age adjusted relative sizes, the BCIs were divided by the corresponding upper 
limit per age group. Hydrocephalus was defined as an age adjusted relative BCI greater than 1.243

During hospitalization, all patients were under continuous observation for at least 2 weeks 
and treated according to a standardized protocol that consisted of absolute bed rest until 
aneurysm treatment, oral doses of nimodipine, cessation of antihypertensive medication, and 
intravenous administration of fluid with the aim of normovolemia.

GlUcose	AssessmeNt
According to our protocol admission glucose was assessed on the day of admission, and fasting 
glucose levels were assessed on the day after admission. During the clinical course fasting 
glucose levels were assessed every 2 days up to 21 days after the event or until discharge if this 
occurred within the first 3 weeks. Admission glucose was defined as the first available glucose 
assessment. Fasting glucose was calculated by the mean of all fasting glucose assessments until 
day 7 for each patient. This time interval was chosen because this was the median day of DCI 
onset. Guidelines for the treatment of hyperglycemia after SAH were based on expert opinion. 
The protocol recommended treatment of hyperglycemia with subcutaneous insulin every 4 
to 6 h on a sliding-scale dosing schedule once glucose levels > 12 mmol/L on two consecutive 
occasions. However, the actual decision to start treatment was left to the discretion of the 
treating physician. 

oUtcomes
Clinical outcome was assessed with the modified Rankin Scale (mRS),212 a six point scale defining 
the degree of the patient’s functional disability. Poor outcome after 3 months was defined 
as death or moderately severe disability (mRS >3). The mRS was assessed through telephone 
interviews by trained research nurses with the patients or the patient’s representatives. These 
assessments were blinded for laboratory data. DCI was defined as clinical features of DCI 
(gradually developing focal deficit, or a decrease in level of consciousness or both) with a new 
hypodense lesion on CT, or, in case no new hypodensity was found, exclusion of other causes 
of the deterioration by means of CT and appropriate laboratory examinations.244 The primary 
endpoints of the present study were poor clinical outcome at 3 months and the occurrence  
of DCI.

DAtA	ANAlyses
Admission glucose and mean fasting glucose levels were dichotomized at their median into 
high and normal values. The primary aim of the analysis was to estimate the relative risk of 
poor outcome and DCI in relation to glucose levels. For poor outcome, odds ratios (OR) and the 
corresponding 95% confidence intervals (CI) were calculated by means of logistic regression. 
Potential confounders in the relation between glucose and outcome were identified in a 
stepwise approach. First, baseline characteristics that were prospectively assembled in our 
database (age, gender, and hydrocephalus) and well established predictors of poor outcome 
after SAH (i.e. clinical condition on admission and sumscores of extravasated blood)198;245;246 
were entered in bivariable analysis together with glucose values. If the bivariable OR differed 
more than 5% from the univariable OR for the relation between glucose values and outcome, 
the entered variable was considered a potential confounder in the relation between glucose 
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levels and outcome and subsequently entered into a multivariable model together with glucose 
levels. In order to assess the influence of DCI outcomes intermediate in the pathway to poor 
outcome, additional adjustment for this variable was done. A similar analytical approach was 
used for the association between glucose values and DCI, with proportional hazards regression 
analysis, resulting in hazard ratios (HR) and corresponding 95%CI. A secondary analysis was 
performed that only included fasting glucose values before the onset of DCI (i.e. excluding 
fasting glucose values assessed after the occurrence of DCI). Additionally, to evaluate the 
glucose profiles in patients with DCI, we calculated the mean fasting glucose one day before 
and one day after the occurrence of DCI.

resUlts
bAseliNe	chArActeristics
A total of 299 consecutive patients fulfilled the inclusion criteria of our study. We could not 
include 34 patients because the initial CT scan could no longer be retrieved, thus 265 patients 
were analyzed (table 1). The main reason for non retrieval of CT scans was that they had been 
sent back to the referral hospital and could not be retraced. These patients did not differ in 
baseline characteristics or outcome compared to the included patients. Median admission 
glucose was 6.9 mmol/L (inter quartile range (IQR): 6.1 to 7.8) and median fasting glucose 
before day 7 was 7.0 mmol/L (IQR: 6.2 to 7.5). Eighty-two patients (34%) had a poor outcome. 
DCI occurred in 86 patients (33%) with a median onset at day 7 (IQR 4.5 to 9.5) after the ictus. 
Compared with patients with admission glucose values below or equal to the median, patients 
with glucose values above the median were older, and more often had a poor clinical condition 
on admission. Patients with mean fasting glucose (but not admission glucose) values above the 
median also more often had higher sumscores of extravasated blood than patients with mean 
fasting glucose levels below the median.

oUtcome
Table 2 lists the association of high levels of admission glucose or mean fasting glucose with 
poor outcome. The crude OR for poor outcome associated with high levels of admission glucose 

table	1	|	baseline	characteristics.

variable

Admission	glucose mean	fasting	glucose	day	1-7

≤	median

N=142

>	median

N=123

≤	median	

N=134

>	median

N=131

Male (%) 46 (32) 44 (36) 47 (35) 43 (33)

Age (years ± sd) 53 ± 14 59 ± 12 51 ± 14 60 ± 12

WFNS scale IV-V (%) 17 (12) 32 (26) 16 (12) 33 (25)

Sumscore ventricles >1 (%) 59 (42) 58 (47) 50 (37) 67 (51)

Sumscore cisterns >25 (%) 63 (44) 64 (52) 52 (39) 75 (57)

Hydrocephalus (%) 55 (39) 43 (35) 46 (34) 52 (40)

Sd: standard deviation; WFNS: World Federation of Neurological Societies.
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was 1.9 (1.1 to 3.2). In bivariate analyses, this crude OR changed more than 5% for age, clinical 
condition on admission, and hydrocephalus. After multivariable adjustment for these baseline 
characteristics the OR for poor outcome associated with high levels of admission glucose was 
1.6 (0.9 to 2.7).
The crude OR for poor outcome associated with high levels of mean fasting glucose was 3.5 
(2.0 to 6.1). This crude OR changed more than 5% for age, clinical condition on admission, and 
extravasated blood sumscores in bivariate analyses. 

table	2	|	logistic	regression	analysis	for	poor	outcome.

high	admission	glucose high	mean	fasting	glucose	day	1-7

odds	ratio 95%ci odds	ratio 95%ci

Univariable model 1.9 (1.1 – 3.2) 3.5 (2.0 – 6.1)

bivariable	models§

   Male

   Age > 56 yrs

   WFNS scale IV-V

   Sumscore ventricles >25

   Sumscore cisterns >1

   Hydrocephalus

   DCI

1.9

1.7*

1.7*

1.8

1.8

2.0*

1.6

(1.1 – 3.2)

(1.0 – 3.0)

(1.0 – 2.8)

(1.1 – 3.2)

(1.1 – 3.1)

(1.2 – 3.4)

(0.9 – 2.8)

3.5

3.3*

3.2*

3.2*

3.2*

3.5

3.0

(2.0 – 6.1)

(1.9 – 5.8)

(1.8 – 5.6)

(1.8 – 5.7)

(1.8 – 5.5)

(2.0 – 6.1)

(1.7 – 5.4)

multivariable	models 1.6† (0.9 – 2.7) 2.5‡ (1.4 – 4.6)

*: 5% change in crude OR; †OR adjusted for: age, WFNS and hydrocephalus; ‡ OR adjusted for: age, WFNS, 
ventricle and cisternal blood sumscores; §: the bivariable models include glucose level in combination 
with each of the listed variables; DCI, delayed cerebral ischemia; WFNS, World Federation of Neurological 
Societies.

table	3	|	cox	Proportional	hazard	regression	for	Dci	occurrence.

high	admission	glucose high	mean	fasting	glucose		day	1-7

hazard	ratio 95%	ci hazard	ratio 95%	ci

Univariable models 1.7 (1.1 – 2.5) 2.0 (1.3 – 3.1)

bivariable	models§

   Male

   Age > 56 yrs

   WFNS IV-V scale

   Sumscore ventricles>25

   Sumscore cisterns >1

   Hydrocephalus

1.7

1.5

1.5*

1.6

1.6*

1.7

(1.1 – 2.6)

(1.0 – 2.4)

(1.0 – 2.3)

(1.1 – 2.5)

(1.1 – 2.4)

(1.1 – 2.6)

2.0

1.9

1.8*

1.9*

1.9*

1.9

(1.3 – 3.1)

(1.2 – 3.0)

(1.2 – 2.9)

(1.2 – 2.9)

(1.2 – 2.8)

(1.2 – 3.0)

multivariable	models 1.4† (0.9 – 2.1) 1.7‡ (1.1 – 2.7)

CI: confidence interval; WFNS: World Federation of Neurological Societies; DCI: Delayed Cerebral Ischemia. 
*: >5% change of crude Hazard ratio; §: the bivariable models include glucose level in combination with 
each of the listed variables; † Hazard Ratio adjusted for: age; WFNS; and cisternal blood sumscore; ‡ 
Hazard Ratio: adjusted for: WFNS; ventricle- and cisternal blood sumscores. 
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After multivariable adjustment for these baseline characteristics the OR for poor outcome 
associated with high levels of mean fasting glucose was 2.5 (1.4 to 4.6). Also shown in table 2 
are the bivariable analyses with the ORs for poor outcome in relation to glucose levels adjusted 
for DCI only. The adjusted ORs changed marginally relative to the crude ORs. Table 3 lists the 
association of high levels of admission glucose or mean fasting glucose with DCI. The crude HR 
associated with high levels of admission glucose was 1.7 (1.1 to 2.5). After bivariable adjustment, 
this HR changed more than 5% for clinical condition on admission and extravasated cisternal 
blood sumscore. After multivariable adjustment for these baseline characteristics the adjusted 
HR for DCI associated with high levels of admission glucose was 1.4 (0.9 to 2.1). The crude 
HR for DCI associated with high levels of mean fasting glucose was 2.0 (1.3 to 3.1). This HR 
changed more than 5% for clinical condition on admission and extravasated blood sumscores 
after bivariable adjustment. After multivariable adjustment for these baseline characteristics 
the adjusted HR for DCI associated with high levels of mean fasting glucose was 1.7 (1.1 to 
2.7). The secondary analysis that only included glucose values before the onset of DCI provided 
similar results (crude HR for DCI associated with high levels of mean fasting glucose: 1.9 (1.2 
to 3.0). Levels of fasting glucose did not differ substantially before or after DCI onset. One day 
before DCI onset mean fasting glucose was 7.4 ± 1.8 mmol/L (± standard deviation) on the 
day of DCI this was 7.3 ± 1.9 mmol/L and one day after DCI this was 7.4 ± 2.3. This indicates 
that DCI occurrence as such had no noticeable effect on fasting glucose levels. As indicated by 
the proportional hazards regression analysis, the mean fasting glucose was significantly higher 
in the first week in patients with DCI compared to patients without DCI (7.4 vs. 6.9 mmol/L, 
p<0.001). The analyses on outcome and the occurrence of DCI were repeated with (fasting) 
glucose values as continues variables, which yielded similar results as the analyses presented 
above.

DiscUssioN
We have demonstrated that high mean fasting glucose levels during the first week after 
aneurysmal SAH are strongly and independently associated with poor clinical outcome and the 
occcurence of DCI. In fact, the association with poor outcome was at least as strong as for other 
predictors of poor outcome, such as clinical condition on admission and the amount of blood on 
the initial CT scan.198;245;246 We could not comfirm the hypothesis that the association between 
high mean fasting glucose levels and poor clinical outcome was mainly mediated by DCI. As can 
be seen from the bivariable analysis, the association between high mean fasting glucose levels 
and poor clinical outcome was marginally affected by other patient characteristics.
The mechanism for the relation between poor glycemic control and poor outcome and DCI is 
unclear. Hyperlgycemia on admission and high levels of fasting glucose could be due to the 
stress reaction and therefore only reflect the magnitude of the initial insult. Another possibility 
is that high levels of mean fasting glucose during the first weeks after SAH reflect an acute 
metabolic response including insulin resistance persisting during the acute ilness. Such a state 
has been described in other groups of critically ill patients,231;232;247 and has been associated with 
cardiovascular complications and poor clinical outcome, but mostly on the long term and in 
patients who already had abnormalities of glucose metabolism.248-250 Although previous studies 
did not report a relation between DM and aneurysmal SAH occurrence,236;237;251 it is possible 
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that high fasting glucose levels after aneurysmal SAH represent pre-existent, but previously 
unrecognized abnormalities in glucose metabolism. Indeed, several factors that are associated 
with chronic (subclinical) abnormalities in glucose metabolism such a history of hypertension, a 
high body mass index, and DM, predispose to poor clinical outcome after aneurysmal SAH.197;222 
Unfortunately, we do not have sufficient data to analyse wether the included patients had pre-
existent signs of a metabolic syndrome.
The association between high levels of admission glucose and outcome was weaker than that of 
mean fasting glucose and did not persist after multivariable assessment. Most probably, single 
admission glucose levels are also affected by the severity of the ictus due to a subsequent stress 
reaction. This observation is in line with previous reports that showed a similar weak association 
between admission glucose levels and outcome that was not sustained after multivariable 
adjustment.204;205;228 Our study has some limitations that should be adressed. Although we used 
a prospectively collected database, which was built specifically to study (fasting) glucose in 
patients with aneurysmal SAH, the analyses were performed retrospectively, and patients with 
incomplete data were excluded. Because the main reason for missing data was non-retrieval of 
CT scans and these patients did not differ in baseline characteristics or outcome compared to 
the included patients, selection bias was probably minimal.
In retrospect, we would have liked to collect more detailed information on nutrition to more 
accurately assess glucose metabolism. Patients not on tube feeding, however, always had their 
breakfast after assessments of blood glucose levels and patients fed via a nasogastric tube 
(around 15% of patients) received feeding in portions; assessments of blood glucose levels were 
always performed in the morning, around 6 to 8 hours after the previous portion. Furthermore, 
we do not have exact data on the use of insulin to control for hyperglycemia. Current literature, 
however, indicates that glycemic control and not insulin dosage per se correlates with improved 
outcome.181;218;252 Furthermore, insulin use was shown not to be associated with symptomatic 
vasospasm after aneurysmal SAH.218 Finally, no causal associations can be infered from this 
observational study. Despite these limitations, this study shows that after aneurysmal SAH, 
high levels of mean fasting glucose, representing impaired glucose control, is a better and 
independent predictor of poor outcome and DCI than high levels of admission glucose, which 
probably only represent the extent of the cerebral insult. Furthermore, we have shown that DCI 
is not a major determinant in the association between high fasting glucose and poor outcome. 
Although the presented data do not prove any causal relation between persistent high mean 
fasting glucose levels and poor outcome, they may offer leads for therapy. Tight glycemic 
control, if performed over a longer period (days), has previously demonstrated to improve 
clinical outcome for patients with various medical emergencies,28;29;177;253 although these 
observations are not unequivoval.35,36 It remains unclear if this is also true for patients with 
aneurysmal SAH. Thus far, only one randomized pilot trial tested the applicabity of intensive 
insulin therapy in the intensive care unit setting for this patient group with unclear results.37 

Efficacy of such treatment in patients with aneurysmal SAH eventually needs to be addressed 
in a sufficiently large randomized clinical trial.
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AbstrAct	
background
Hyperglycemia is a common finding and an independent risk factor for increased morbidity 
and mortality in aneurysmal subarachnoid hemorrhage (SAH). Although in these patients 
hyperglycemia is commonly ascribed to insulin resistance, there is little understanding of 
underlying mechanisms. 
Aims
To prospectively study temporal disturbances of glucose metabolism after aneurysmal SAH 
in patients without known abnormalities of glucose metabolism and to explore possible 
correlations with markers of stress.
methods
In consecutive aneurysmal SAH patients not subjected to insulin therapy, in-hospital 
and follow-up oral glucose tolerance tests (OGTT) and assessments of insulin resistance, 
pancreatic ß-cell function, free fatty acids (FFA) and cortisol were performed and compared 
with reference values. 
results
We included 13 patients. In the first two weeks of admission, median fasting glucose 
and FFA levels were elevated while insulin levels were not. OGTT tests were indicative 
of glucose intolerance in all patients at days 3 and 7, while on follow-up one patient had 
glucose intolerance and all patients had normal fasting glucose levels. Pancreatic ß-cell 
function was impaired throughout the first week and insulin resistance appeared from day 
4 to 10. Levels of cortisol correlated with higher fasting glucose and increased FFA. FFA in 
turn correlated with pancreatic ß-cell dysfunction. 
conclusions
aneurysmal SAH patients have transient abnormalities of glucose metabolism. In the first 
week after the ictus this appears to result predominantly from transient pancreatic ß-cell 
dysfunction, and later also from insulin resistance.
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iNtroDUctioN
Hyperglycemia occurs frequently after aneurysmal SAH (SAH) and is an independent risk 
factor for increased morbidity and mortality.204;218;254 Lowering of blood glucose levels appears 
beneficial for various groups of critically ill patients,6;7;29;30;255 and as such is a potential focus for 
future treatment for aneurysmal SAH patients.124 Nevertheless, the benefit of such treatment 
still remains to be proven in this patient group. Moreover, in patients with aneurysmal SAH, 
effective lowering of blood glucose levels with insulin is not easy to accomplish. Especially 
the increased occurrence of hypoglycemic episodes with the potential for negative outcomes 
remains a concern.8;24 Insight into the mechanisms that cause hyperglycemia in aneurysmal 
SAH patients could provide directions for further studies into the safety and efficacy of glucose-
lowering treatment in these patients. One hypothesis is that the observed hyperglycemia in 
SAH is caused by stress: so called stress hyperglycemia. The mechanisms leading to stress 
hyperglycemia have been studied in several critical illnesses, but little is known of this topic for 
aneurysmal SAH patients. In general, the development of stress hyperglycemia is thought to 
be the result of insulin resistance inflicted by hormonal and inflammatory responses imposed 
by the acute illness. Increased stress hormones counter-regulatory to insulin (e.g. cortisol) 
as well as an increased inflammatory response with the release of cytokines (e.g. tumor 
necrosis factor-α), both increase hepatic glucose production and suppress glucose uptake into 
skeletal muscle, with consequent hyperglycemia.4;256-260 Another factor that could contribute to 
hyperglycemia in acute illness is the unveiling of pre-existent insulin resistance. For example, 
a substantial portion of patients with acute ischemic stroke or myocardial infarction appear to 
have unrecognized insulin resistance prior to the event.36-38;261 Whether this also contributes to 
hyperglycemia in patients with acute aneurysmal SAH is uncertain. 

The aim of this study was to examine temporal disturbances of glucose metabolism after 
aneurysmal SAH in patients without known abnormalities of glucose metabolism prior to the 
event. In addition, we explored the association between glucose metabolism and markers of 
stress.

methoDs
PAtieNts
In this prospective study, we included consecutive adult (18 years or older) patients presenting 
within 24 hours after onset of aneurysmal SAH with confirmatory evidence of a ruptured 
aneurysm on imaging, that were admitted to the Academic Medical Centre (Amsterdam, 
the Netherlands). Exclusion criteria were: (1) known diabetes mellitus (DM) or glycosylated 
hemoglobin (HbA1C ) exceeding 6.5 % ; (2) patients treated with insulin (i.e. all patients with 
admission glucose levels exceeding 12.0 mmol/L and all patients that were admitted to the 
intensive care unit (ICU); (3) active liver disease (liver alanine aminotransferase, or aspartate 
aminotransferase more than three times the upper limit of normal); (4) renal insufficiency 
(defined as serum creatinine more than twice the upper limit of normal, or patients requiring 
dialysis); (5) pregnancy or lactation, and (5) imminent death. Written informed consent was 
obtained from all patients or their relatives. 
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lAborAtory	meAsUres
Except for admission blood samples, all samples were drawn following an overnight fast, 
between 7:30 and 8:00 AM. Samples were immediately centrifuged and stored at -20 °C. Day 
zero was defined as the day the aneurysmal SAH occurred with day one as the first morning 
after aneurysmal SAH onset. Samples were drawn daily on days one to seven and on days 
10, 14, and 17. The following measures of glucose metabolism were obtained: HbA1C (day 
one only); fasting glucose, fasting insulin, free fatty acids (FFA) and glucagon. Paired fasting 
glucose and fasting insulin were used to calculate HOmeostatic Model Assessment (HOMA) 
indices.262;263 These indices are derived from a computer model that consists of a number of 
nonlinear empirical equations describing the functions of organs and tissues involved in glucose 
regulation. The indices reflect insulin resistance and pancreatic ß -cell function. The output of 
the model is calibrated to give a normal insulin resistance (HOMA-IR) of 1 and a normal ß 
-cell function (HOMA-ß) of 100%.262;263 The model has been evaluated in healthy subjects as 
well as in patients suffering from various diseases,264-266 and performs well in comparison with 
several tests of insulin sensitivity and pancreatic ß-cell function.267;268 In a cohort study in a 
large population with no previous evidence of DM, HOMA-IR exceeding 1.21 corresponded 
with insulin resistance defined by an OGTT.269  Serum cortisol and adrenocorticotropic hormone 
(ACTH) were assessed as markers of stress. 

orAl	GlUcose	tolerANce	test	(oGtt)
Patients were subjected to an oral glucose tolerance test (OGTT) on days three and seven of 
admission and during follow-up after three months. This test involves the ingestion within five 
minutes of an oral solution with 75 mg of glucose diluted in 300 ml water, after an overnight 
fast. Capillary blood glucose levels are assessed immediately before ingestion (T=0), and at 
one (T=1) and two (T=2) hours thereafter. During non-stress conditions a capillary glucose level 
exceeding 7.8 mmol/L at T=2 is considered diagnostic of DM.270 

oUtcome	AssessmeNt	AND	stAtisticAl	ANAlysis.	
Normally distributed baseline data are expressed as a mean with standard deviation. Because 
of the relatively small sample size and possible skewed distribution of the data, all outcome 
data are depicted as median levels and the corresponding interquartile ranges [IQR]. Levels 
of laboratory measurements were compared with laboratory reference levels. To compare 
the OGTTs during the clinical course with the OGTTs during follow-up, we used the two tailed 
Wilcoxon signed-rank test to compare the capillary T=2 glucose levels. We used two tailed 
Spearman’s correlation coefficients to explore a possible correlation between measures of 
glucose metabolism and measurements of the stress response and FFA levels during the first 
ten days.

resUlts
Fifteen patients were initially included, but two patients had to be excluded; one patient had 
to be transferred to the ICU immediately after admission and one patient appeared to have an 
increased HbA1C. Therefore, 13 patients were available for analysis. Baseline characteristics 
are depicted in table 1. As patients with poor grade aneurysmal SAH were excluded because of 
ICU admission, patients were in a relatively good clinical condition (median World Federation 
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of Neurological Surgeons Scale 1).241 In nine patients (70%), the ruptured aneurysm was 
treated with endovascular coiling; the other patients were surgically clipped. One patient was 
treated on day zero, ten patients on day one and the two remaining patients on day two. Blood 
samples could not be obtained on each day for all patients. Reasons for this were, failure to 
centrifuge and store sufficient samples, or because the patient was transferred back to the 
referring hospital before completion of the study. Blood samples were obtained from at least 
ten patients on days one to seven; from nine on day ten, and from seven on days 14 and 17.
Serial measurements of fasting glucose, fasting insulin, HOMA indices and FFA are depicted in 
figures A-E. Median fasting glucose levels exceeded reference level (5.6 mmol/L) on days 1 to 
10. On the first day, all fasting glucose measurements exceeded reference levels, but during the 
subsequent nine days the proportion of patients with normal fasting glucose levels increased 
(e.g. 50% on day 7). After 3 months, median capillary fasting glucose levels were normal [5.2; 
IQR: 4.9 to 5.5 mmol/L]. Median insulin and individual levels of insulin did not exceed reference 
level (<172 pmol/L) on any of the days. Median HOMA-IR indices were slightly increased on the 
first days and from day 4 to 7, returning to normal on day 17. Median HOMA-B indices indicated 
ß-cell dysfunction from the first day with steady improvement throughout the first week and 
near normalization at the end of the third week. During the first three days, all individual FFA 
measurements exceeded reference level (0.44 mmol/L) and then slowly declined. During the 
first week, day 3 OGTT could be performed in nine patients and day 7 OGTT was available for 
eight patients. In all but one patient OGTT was performed at follow-up. Fasting and two hour 
capillary glucose assessments from the OGTTs are depicted in figure F. On the OGTTs of day 3 and 
day 7 all patients had two hour post glucose load capillary glucose levels exceeding 7.8 mmol/L 
indicating impaired glucose tolerance. Conversely, at follow-up only, only one patient showed 
impaired glucose tolerance, indicating that the impairment of glucose tolerance during the 
clinical course was transient. Increased levels of fasting glucose correlated with higher fasting 

table	1	|	baseline	characteristics.

variable (N=13)

Mean age (years ± sd) 52 ± 6.4

Male (%) 2(14)

Hypertension (%) 2(14)

Hypercholesterolemia (%) 1(7)

Mean admission glucose (mmol/L ± sd) 8.2 ± 1.9

HbA1C % day 1 ( ± sd) 5.7 ± 0.3

Admission 

Median WFNS scale [range]

Mean MAP (mmHG ± sd)

1 [1-3]

113 ± 27

Mean BMI ± sd

on admission

at follow-up

24.3 ± 3.9

25.1 ± 4.4

sd: standard deviation; HbA1C: Glycosylated hemoglobin; WFNS: World Federation of Neurological 
Surgeons; MAP: Mean Arterial Pressure; BMI: Body Mass Index.
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Figures	|	A-e:	median	 serial	measurements	of	parameters	of	glucose	metabolism;	F:	 Fasting	and	 two	
hour	capillary	glucose	assessments	from	the	oral	glucose	tolerance	tests.
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Figures A-E| Median serial measurements of parameters of glucose metabolism. 

Bars indicate upper and lower limit; SAH=aneurysmal subarachnoid hemorrhage; HOMA = HOmeostatic Model Assessment; 

IR=Insulin Resistance; B= pancreatic β-cell function.  

Bars indicate upper and lower limit; SAH = aneurysmal subarachnoid hemorrhage; HOMA = HOmeostatic 
Model Assessment; IR=Insulin Resistance; B = pancreatic ß-cell function; OGTT: Oral Glucose Tolerance 
Test; T=0: pre-glucose load fasting glucose; T=2: two hour post-glucose glucose; dotted line: upper limit 
of normal.
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Figure F| Fasting and two hour capillary glucose assessments from the oral glucose tolerance tests. 

OGTT: Oral Glucose Tolerance Test; T=0: pre-glucose load fasting glucose; T=2: two hour post-glucose glucose.  
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table	2	|	correlation	between	parameters	of	glucose	metabolism	and	stress.

Fasting	
glucose

Fasting	
insulin homA	ir homA	b

Free	Fatty	
Acids cortisol

Fasting glucose X 0.34** -0.41** 0.40** 0.20*** 0.4**

Fasting insulin 0.34** X 0.99 0.66 0.20*** 0.07

HOMA IR -0.41** 0.99 X 0.6 -0.05 0.09

HOMA B 0.40** 0.66 0.6 X 0.30** -0.20***

Free Fatty Acids 0.20*** -0.20*** -0.05 -0.30** X 0.3*

Cortisol 0.4** 0.07 0.09 -0.2 *** 0.3* X

Two tailed Spearman’s correlation coefficients (rho) between parameters of glucose metabolism and stress 
throughout the first ten days of admission; HOMA: HOmeostatic Model Assessment; IR: Insulin resistance; 
B: ß-cell function; *: p<0.05; **: P<0.01; ***:p<0.1.

insulin levels (rho: 0.34; p<0.01), with lower indices of ß-cell function (rho: -0.41; p<0.00) and 
with higher indices of insulin resistance (rho: 0.40; p<0.00) (Table 2). FFA levels correlated with 
lower indices of ß-cell function (rho: -0.3; p<0.01) and a trend was seen towards a correlation 
between higher FFA levels and lower fasting insulin levels (rho: -0.2; p<0.1). Median levels of 
glucagon, cortisol and ACTH were not elevated on any of the days (data not shown). During 
the first ten days, higher cortisol levels correlated with higher fasting glucose levels (rho: 0.4; 
p<0.01) and with higher FFA levels (rho: 0.3; p<0.05). A trend was seen towards a correlation 
between higher cortisol levels and lower indices of ß-cell function (rho: -0.2; p<0.1). We did not 
find a correlation between BMI with HOMA indices or with OGTTs.

DiscUssioN
The results of our study indicate that in patients with aneurysmal SAH without known 
abnormalities of glucose metabolism, aneurysmal SAH inflicts an acute dysfunction of pancreatic 
ß-cells with recovery over two weeks. Insulin resistance on the other hand seems to develop 
later, during the second half of the first week with recovery by day ten. In addition, the post 
aneurysmal SAH glucose intolerance was normalized at 3 months follow-up. The finding that 
there is a transient impaired glucose tolerance is patients with aneurysmal SAH is in line with 
a previous study and suggests that hyperglycemia during the clinical course of aneurysmal SAH 
is not the result of previously undiscovered impairments of glucose metabolism.271 Although 
the number of patients are too small to draw a definite conclusion, this view is supported by 
the observation that DM or other abnormalities known to be associated with disturbances 
of glucose metabolism such as increased body mass index and hypercholesterolemia are not 
considered risk factors for aneurysmal SAH.196;236 Hyperglycemia after aneurysmal SAH could 
result from so called stress hyperglycemia. In general, it is thought that the two primary 
mechanisms responsible for stress hyperglycemia in acutely ill patients are enhanced hepatic 
glucose production and increased insulin resistance.4;45;257;272 The role of pancreatic ß-cell 
function in response to critical illness appears less well studied, although several studies in 
the 1970s and 1980s indicate ß-cell dysfunction in critically ill patients.273-275 Moreover, it 
was recently reported that primary ß-cell dysfunction is the main cause of hyperglycemia in 
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critically ill children with respiratory and cardiovascular failure.276 Experimental studies have 
shown that stress hormones can suppress insulin secretion in pancreatic ß-cells.277;278 Recently 
we reported that higher cortisol levels correlate with increased random glucose levels in 
aneurysmal SAH patients.279 In the present study, higher levels of cortisol were also correlated 
with higher levels of fasting glucose, and a trend was seen for a correlation between higher 
levels of cortisol and ß-cell dysfunction. We also found increased levels of FFA as compared to 
reference levels. This is consistent with increased lipolysis due to hypoinsulinemia,280 but could 
also be explained by the increased stress response as higher cortisol levels correlated with 
higher FFA levels and, in general, an increased stress reaction is accompanied by lipolysis with 
a subsequent increase in FFA levels.281 Previous studies reported similar observations, with 
increased FFA levels in cerebral spinal fluid of patients with aneurysmal SAH or with traumatic 
brain injury.282;283 The association between FFA and insulin appears to be complex.284 In healthy 
volunteers, acute infusion of FFA was associated with increased insulin levels,285 whereas in 
subjects with impaired glucose tolerance, elevation of plasma FFA levels for 24 hours inhibited 
insulin secretion.286

The results of the present study should be interpreted with some caution. A limitation is that 
the sample size was small and that we did not have a control group. Moreover, the studied 
population concerns a subset of aneurysmal SAH patients with a relatively good clinical 
condition. We did not include more severe patients that were admitted to the ICU, since 
these patients are routinely subjected to insulin in modern ICU care. However, we expect 
that with clinically more severe aneurysmal SAH these findings will be even more robust as 
abnormalities of glucose metabolism are more pronounced in this subset of patients.123;204 
We conclude that patients with acute good grade aneurysmal SAH experience transient 
abnormalities of glucose tolerance. In these patients initially an acute pancreatic ß-cell 
dysfunction with relative hypo-insulinemia appears to play an important role as the underlying 
cause of hyperglycemia, which later on is accompanied by insulin resistance. The results of 
this study should be regarded primarily as hypothesis generating as the sample size was too 
small to draw firm conclusions. If our results can be confirmed in future studies, the next step 
would be to elucidate how ß-cell dysfunction emerges, for example whether this results from 
pure loss of ß-cell mass, direct inhibition of insulin secretion or deficient signaling pathways. 
Finally therapy specifically aimed at restoration of ß-cell dysfunction could be of value in the 
treatment of hyperglycemia in aneurysmal SAH patients.
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AbstrAct	
Hyperglycemia after aneurysmal subarachnoid hemorrhage (SAH) occurs frequently and 
is associated with delayed cerebral ischemia (DCI) and poor clinical outcome. In this 
review we highlight the mechanisms that cause hyperglycemia after aneurysmal SAH 
and we discuss how hyperglycemia may contribute to poor clinical outcome in these 
patients. As hyperglycemia is potentially modifiable with intensive insulin therapy (IIT), we 
systematically reviewed the literature on IIT in aneurysmal SAH patients. In these patients 
IIT appears to be difficult to achieve in terms of lowering blood glucose levels substantially 
without an increased risk of (serious) hypoglycemia. Therefore, a large scale randomized 
trial is initiated to investigate the clinical benefit of IIT, phase II studies, possibly with the 
help of cerebral blood glucose monitoring by microdialysis, will first have to improve this 
therapy in terms of both safety and adequacy.
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iNtroDUctioN
Aneurysmal subarachnoid hemorrhage (SAH) is a devastating disease with high case morbidity 
and case fatality rates.3 Although these rates have decreased in the last decades, still 35% of 
aneurysmal SAH patients die within the first month after the hemorrhage.287 Prevention and 
treatment of neurological complications such as rebleeding, hydrocephalus and delayed cerebral 
ischemia (DCI) are obvious targets to improve prognosis. Besides neurological complications, 
patients with aneurysmal SAH often have cardiopulmonary and general medical complications 
that can influence outcome. Hyperglycemia in aneurysmal SAH patients is common and 
associated with poor clinical outcome.123;203-206;218;254 As treatment for hyperglycemia is available, 
it has attracted increasing attention as a target for intervention, although adequate and safe 
glycemic control is difficult to achieve in patients with aneurysmal SAH.
As hyperglycemia appears to be implicated in the pathway from aneurysmal SAH to poor 
clinical outcome, insight into these mechanisms may reveal new treatment options. We 
undertook a non-systematic literature search to provide an overview of the potential 
causes and consequences of hyperglycemia in aneurysmal SAH patients and to address the 
pathophysiological mechanisms that might link hyperglycemia to poor clinical outcome. 
Furthermore, we performed a systematic literature search to review studies on glycemic 
control in aneurysmal SAH patients. Finally, we provide directions for further trials and clinical 
management concerning glycemic control in this patient group. 

mechANisms	leADiNG	to	hyPerGlycemiA	AFter	ANeUrysmAl	
sUbArAchNoiD	hemorrhAGe	
In patients admitted within 72 hours from aneurysmal SAH, mean admission glucose is 
around 9 mmol/L, and around 3 out of 4 patients with aneurysmal SAH are hyperglycemic 
on admission.254 Studies that report on glucose levels during the first 1 or 2 two weeks of the 
clinical course report that hyperglycemia persists with levels exceeding 7 to 8 mmol/L.123;204-

206;218 In ischemic stroke, hyperglycemia on admission is also frequent.11 This is, at least in part, 
attributed to (unrecognized) abnormalities of glucose metabolism such as diabetes mellitus 
(DM) that is existent prior to the stroke in around one third of patients.36;38;288 As DM is not a risk 
factor for aneurysmal SAH,236;289 and as patients with SAH are relatively young, the proportion 
of aneurysmal SAH patients with pre-existent abnormalities of glucose metabolism is much 
smaller than in patients with ischemic stroke. 

There are several explanations for the increased glucose levels in acute aneurysmal SAH 
patients. First, aneurysmal SAH is accompanied by the activation of the hypothalamic–pituitary–
adrenal axis and the activation of the sympathetic autonomic nervous system.39 This activation 
results in an increase in the levels of stress hormones such as cortisol and catecholamines 
up to day 10 after the aneurysmal SAH.279;290 These hormones enhance glycogenolysis, 
gluconeogenesis, proteolysis and lipolysis, all resulting in excessive glucose production.43;44 
Moreover, catecholamines inhibit glucose transport by inhibition of insulin binding, resulting in 
insulin resistance with hyperinsulinemia.45;46 Indeed, increased levels of cortisol are associated 
with increased levels of blood glucose in aneurysmal SAH patients.279 Second, aneurysmal SAH 
is accompanied by an increased inflammatory response with release of cytokines.291 Cytokines, 
in turn, have been linked directly to hyperglycemia and insulin resistance.54;55;291;292 In addition, 
cytokines stimulate the hypothalamic–pituitary–adrenal–axis, further increasing the stress 
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response. Interestingly, an altered glucose metabolism and hyperglycemia can in turn also 
stimulate the inflammatory response, raising the question of what is the cause and what is 
the effect.104 Third, besides a central role in the stress reaction, the hypothalamus also has an 
important role in maintaining glucose homeostasis by reducing hepatic gluconeogenesis and 
increasing insulin sensitivity.293;294 Neuropathological studies show that the majority of acute 
aneurysmal SAH patients have hypothalamic lesions.295 Moreover, a recent study reported 
hypothalamic dysfunction in the acute phase of aneurysmal SAH,296 while the same study could 
not confirm previous findings of hypothalamic dysfunction at longer (years) follow-up.296;297 
Whether acute hypothalamic dysfunction indeed contributes to hyperglycemia in aneurysmal 
SAH patients is currently unclear.
In conclusion, increased stress and inflammatory responses appear to be the most important 
contributors to hyperglycemia after aneurysmal SAH. Pre-existent abnormalities of glucose 
metabolism do not seem to have a prominent role in aneurysmal SAH patients and the role 
of hypothalamic dysfunction and impaired glucose homeostasis remains uncertain (figure 1, 
upper panel).

hyPerGlycemiA	AND	cliNicAl	oUtcome	AFter	ANeUrysmAl	
sUbArAchNoiD	hemorrhAGe		
Patients with hyperglycemia have an approximately threefold increased risk for poor outcome, 
and this appears unrelated to the different cut-off levels used to define hyperglycemia.254 
The association between high levels of blood glucose and poor clinical outcome is more 
pronounced with persistent hyperglycemia than with hyperglycemia on admission.123;205;206;218 
A recent study showed that aneurysmal SAH patients with persistent hyperglycemia are seven 
times more likely to have poor outcome than patients with normoglycemia, whereas in the 
same study isolated hyperglycemic events throughout the clinical course were not predictive 
of poor outcome.209

hoW	Does	hyPerGlycemiA	AFFect	oUtcome	AFter	ANeUrysmAl	
sUbArAchNoiD	hemorrhAGe?
Although several studies found that high levels of blood glucose in the acute phase of 
aneurysmal SAH are an independent risk factor for poor clinical outcome,123;203;205;218 this does 
not prove causality of that relation. Elevated levels of admission blood glucose for example 
could constitute no more than a marker of SAH severity rather than a causative factor leading to 
secondary damage and consequently poorer clinical outcome. Indeed, high levels of admission 
glucose are associated with more severe SAH.123;204 On the other hand, several experimental 
and imaging studies, as well as clinical observations, have highlighted mechanisms through 
which hyperglycemia may affect clinical outcome after aneurysmal SAH. (figure 1, lower panel).
In critical illness in general, hyperglycemia on admission and during the clinical course is 
associated with various in-hospital complications such as respiratory failure, nosocomial 
infections and impaired wound healing, all of which are contributors to poor outcome.6;205 
Several trials, also in aneurysmal SAH patients showed that IIT lowered these in-hospital 
complications.6;7 Another factor that could link hyperglycemia to poor outcome is DCI. The DCI 
occurs in approximately one-third of aneurysmal SAH patients, mostly between days 4-10,298 
and can progress to irreversible cerebral infarction with subsequent poor clinical outcome.198 
Patients with hyperglycemia on admission or during the clinical course develop DCI and 
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cerebral infarction more often than patients with normal blood glucose levels.123;203;205;218;222;299 
The association between admission hyperglycemia and DCI was weaker than that of persistent 
hyperglycemia and DCI, and the association between admission glucose and DCI did not persist 
after multivariable assessment in several studies.123;205;218;222 The fact that aneurysmal SAH 
patients with pre-existent DM are at an increased risk of DCI compared to aneurysmal SAH 
patients without pre-existent DM lends further support of a link between abnormalities of 
glucose metabolism and DCI in aneurysmal SAH patients.197;300 

Upper panel: possible mechanisms leading to insulin resistance. Lower panel: possible detrimental effect 
of hyperglycemia on clinical outcome; SAH: subarachnoid hemorrhage; DCI: delayed cerebral ischemia.

Figure	1	|	hyperglycemia	in	aneurysmal	sAh.
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The cause of DCI in aneurysmal SAH patients remains unclear, but various mechanisms 
have been proposed that may be influenced by hyperglycemia. One of these mechanisms is 
vasospasm, which is frequently seen in aneurysmal SAH patients.197 In vitro and in vivo studies 
have linked hyperglycemia to vascular tone by inhibition of vasodilatation and by increasing 
vasoconstriction. Vasodilatation is predominantly mediated by endothelium derived-nitric 
oxide.84;85 In vitro studies show that hyperglycemia reduces the production of nitric oxide by 
increasing the activity of Nicotinamide Adenine Dinucleotide Phosphate -oxidase. In healthy 
individuals, glucose infusion for six hours reduces endothelium-dependent vasodilatation.82;83 
Moreover, hyperglycemia is associated with the formation of vasoconstrictive prostaglandins 
and increased eicosanoid production, both resulting in vasoconstriction.92-94

Although vasospasm is associated with the occurrence of DCI, it does not fully explain 
DCI.301 Several other mechanisms, of which micro-thrombosis and inflammation are the 
most prominent, appear to contribute to DCI.302 Hyperglycemia is closely linked to increased 
coagulation and decreased fibrinolysis, both of which enhance thrombin formation. In studies 
in healthy individuals, hyperglycemia stimulates coagulation by increasing platelet activation 
via thrombin-antithrombin complexes and the tissue factor pathway,69-72 and hyperinsulinemia 
decreases fibrinolytic activity by increasing plasminogen activator inhibitor.71;73-75 Besides 
interference with coagulation and fibrinolysis, hyperglycemia is also associated with an 
increase in pro-inflammatory transcription factors and pro-inflammatory cytokines.100;104-106 In 
aneurysmal SAH patients, several studies have linked markers of increased inflammation to 
the development of DCI.104;303;304 Once DCI is established in aneurysmal SAH patients, the most 
imminent danger is that potentially reversible ischemic tissue progresses to irreversible infarcted 
tissue. Experimental and clinical imaging studies in ischemic stroke show that hyperglycemia is 
associated with this progression.20;22;305 Although restoration of blood flow to ischemic tissue is 
essential, reperfusion itself can also induce injury: so-called reperfusion injury.95 The mediators 
of reperfusion injury are inflammation and oxidative stress. Markers of inflammation are 
associated with the progression of cerebral ischemia to infarction,306;307 and, in experimental 
stroke, inhibition of the inflammatory response reduces infarct size.308 As outlined earlier, 
hyperglycemia increases the inflammatory response, and may therefore exacerbate reperfusion 
injury. The other mediator of reperfusion injury, oxidative stress, results from an imbalance 
between the production and neutralization of reactive oxygen species. Reactive oxygen 
species have been shown to increase neuronal death and infarct volume.98-102 In experimental 
ischemic stroke, hyperglycemia increases the production of reactive oxygen species through 
the activation of proteine kinase C and through increased nicotinamide adenine dinucleotide 
phosphate production, thus promoting oxidative stress. In addition to increased reperfusion 
injury, hyperglycemia also promotes anaerobic glycolysis leading to the accumulation of 
lactic acid and a derangement in pH homeostasis. Both these processes have been proposed 
to contribute to increased brain injury.107;108;110 In support of a detrimental role of lactic acid 
is the finding that in patients with cerebral ischemia, hyperglycemia correlates with both an 
increased lactate production and with the progression from ischemic to infarcted tissue.22

In conclusion, a causal relation between hyperglycemia and poor outcome in aneurysmal 
SAH patients remains elusive, but in the sequence of events that occur after aneurysmal SAH, 
hyperglycemia may exert a detrimental effect by increasing secondary complications such as 
infection and cerebral ischemia, as well as by facilitating the progression from ischemia to 
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irreversible infarction. Besides lowering of blood glucose levels with insulin, a more mechanistic 
approach with interventions directly aimed at the restoration of glucose homeostasis have 
potential clinical relevance. For example, pharmacological neutralization of cytokines was shown 
to revert insulin resistance,258 and inhibition of cortisol production prevented hyperglycemic 
aggravation of ischemic neuronal damage.309 These findings, however, are experimental and 
should not be extrapolated to the clinical setting. 

GlUcose-loWeriNG	treAtmeNt
stUDies	iN	NoN-ANeUrysmAl	sUbArAchNoiD	hemorrhAGe	PAtieNts.	
Before addressing glucose-lowering treatment in aneurysmal SAH patients, we first summarize 
current insights on this topic in other groups of critically ill patients because this provides 
relevant background information. In 2001, intensive insulin therapy (IIT) was implemented 
worldwide in ICU facilities after a landmark trial from Leuven demonstrated its clinical benefit 
in a surgical ICU.6;30;30 Several later trials could not confirm the previous positive findings.8;24;310 
In one of these trials IIT was even associated with an increased risk of serious hypoglycemia 
(glucose <2.2.mmol/L) and subsequent poor clinical outcome.8 It remains unclear why these 
recent and earlier trials show conflicting results. One possible explanation is that in the time 
frame that separated these trials, the standards for hyperglycemia management in “regular 
care” had become more rigorous, thus decreasing the potential contrast with an IIT group 
in trials. Meanwhile, IIT is still recommended for patients admitted to an ICU,115 but the 
negative trials have emphasized the important drawback of IIT namely increased incidence 
of hypoglycemia. In stroke other than aneurysmal SAH, the UK Glucose Insulin in Stroke Trial 
(GIST-UK) failed to demonstrate a clinical benefit from glycemic control on clinical outcome.31 
This trial, however, was stopped prematurely because of slow enrolment. Other limitations of 
the trial were a relatively short duration of treatment (24 hours) and a small contrast in mean 
glucose levels (0.57 mmol/L) between the intervention and control group. 

stUDies	iN	ANeUrysmAl	sUbArAchNoiD	hemorrhAGe	PAtieNts
We performed a systematic literature search on glucose-lowering treatment in aneurysmal 
SAH patients. MEDLINE was searched on published studies from 1966 to February 2010 
written in English, German, French, or Spanish. We used the medical subject headings (MeSH) 
and search terms “blood glucose” and “subarachnoid hemorrhage” truncated text words 
“hyperglyc(a)emia,” “glucose,” “subarachnoid,” ,“SAH,” “h(a)emorrhage,” and “bleeding” in 
different combinations. Studies describing a consecutive series of aneurysmal SAH patients 
that were treated with IIT and that reported glucose levels during IIT (i.e. not only admission 
glucose levels) could be included. When an article complied with the inclusion criteria but 
lacked information on parameters of hypoglycemia, we approached the authors to obtain 
these data. We hand-searched the bibliographies of all included articles and abstract books 
of the European and American stroke congresses held from January 2008 to October 2009. 
The MEDLINE search yielded 92 articles. Most articles were excluded because patients were 
not given IIT or because glucose levels during the clinical course were not reported (58). Other 
reasons for exclusion were non consecutive series (20), same population described (2) and non 
aneurysmal SAH patients described (6). No additional relevant studies were found by searching 
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the bibliographies or abstract books. We identified six studies (listed in table 1); five cohort 
studies, of which two compared glucose levels before and after the introduction of IIT and one 
small randomized controlled trial.27;311-314 In all identified studies, patients were admitted to an 
ICU. Glucose levels targets varied somewhat between the studies with upper limits of glucose 
levels ranging from 6 to 7.8 mmol/L and lower limits ranging from 4.4 to 5.0 mmol/L. The 
cut-off level used to define hypoglycemia varied between studies (3.5 to 4.4 mmol/L). None 
of the studies reported neurological deterioration during hypoglycemia; however, the warning 
symptoms of hypoglycemia might be less clear in patients with aneurysmal SAH than in other 
patients, as these symptoms are similar to some stroke comorbidities.139 One uncontrolled 
pilot study showed that IIT was feasible but was accompanied by hypoglycemic episodes.311 
In the only randomized trial that was designed to test the applicability of IIT, 78 patients were 
enrolled. IIT reduced the mean glucose from 8.0 to 5.0 mmol/L, but increased hypoglycemic 
episodes from 3.5 to 10.5%.312 IIT reduced the infection rate from 42 to 27% (p<0.001), but 
did not improve clinical outcome, although the number of included patients was too small to 
reliably address this. Currently a phase II safety study with hypoglycemia as primary outcome 
by the same research group aims to randomize 800 neurosurgical ICU patients between IIT and 
regular care.240We identified two sequential observation studies comparing clinical outcome in 
aneurysmal SAH patients before and after the introduction of IIT.27;313The first study (total n=332) 
used a prospective database, with retrospective review of patient characteristics and clinical 
outcome data.27 After the introduction of IIT, mean blood glucose levels decreased from 8.9 to 
8.0 mmol/L, while the percentage of glucose measurements that fell in the hypoglycemic range 
increased from 2.4 to 12.7%. At baseline, IIT -treated patients more often had hypertension, 
DM and cerebral infarction. Still, clinical outcome was better in IIT- treated patients compared 
to non-IIT- treated patients (OR for poor outcome, 0.25; 95% confidence interval, 0.08 to 0.80), 
although this difference was not significant after adjusting for temporal trend, i.e. taking into 
account that other variables than IIT could improved clinical outcome. The second study that 
compared clinical outcome in aneurysmal SAH patients before and after the introduction of 
IIT was larger (N=834), but clinical data were collected retrospectively.313 IIT achieved only a 
small reduction in the mean glucose (0.2 mmol/L) and glucose measurements that fell in the 
hypoglycemic increased from 1.5 to 7.1%. In this study IIT was not accompanied by a reduction 
of in-hospital mortality. However, the study lacked data on baseline aneurysmal SAH severity, 
while patients receiving IIT more often had intraventricular or parenchymal hematoma, which 
suggests more severe aneurysmal SAH in this group. In conclusion, currently there is no 
evidence that hyperglycemia in aneurysmal SAH patients should be lowered actively. Moreover, 
IIT is accompanied by an increase in hypoglycemic episodes which should raise concerns about 
the safety of this therapy. 

risk	oF	iNteNsive	iNsUliN	therAPy:	hyPoGlycemiA.
As noted earlier, ITT is invariably accompanied by hypoglycemic episodes, which is posing 
a potential risk to aneurysmal SAH patients subjected to this therapy. The brain relies on 
the continuous delivery of glucose via the blood to maintain normal metabolic function. 
Moreover, various studies indicate that under conditions of acute brain injury glucose 
utilization is increased. 315-317 Thus, it is conceivable that hypoglycemia on top of pre-existing 
cerebral damage and the increased glucose utilization is even more detrimental than for the 
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healthy brain (double hit theory).140 Besides simple deprivation of energy, another interesting 
explanation for hypoglycemia to be detrimental to the brain is the occurrence of cortical 
spreading depression (CSD), a slowly moving wave that leads to intracellular calcium overload 
and depression of synaptic activity.318 Such depolarization waves occur frequently in patients 
with aneurysmal SAH.319;320 In focal ischemia of nonhuman primates, even mild hypoglycemia 
promoted the occurrence of CSDs.319;320 More recently, in a patient with aneurysmal SAH, a 
severe cluster of CSDs was associated with (IIT induced) hypoglycemia.319;320 Interestingly, CSD 
can by itself also lead to the depletion of extracellular cerebral glucose levels thereby further 
jeopardizing brain tissue.321 Although IIT was never proven to be beneficial for neurologic 
critically ill patients, various IIT protocols, often with different glycemic targets, are being used 
on ICU’s worldwide also for this particular patient group (see Table 1). This has driven various 
research groups to investigate the metabolic consequences of IIT in patients with brain injury 
with the use of microdialysis.225;322-325 This technique, for which a micro-catheter is inserted into 
the brain parenchyma, allows in vitro monitoring of regional brain metabolites such as glucose, 
lactate, glutamate and glycerol. 326 Observations from these studies increase our understanding 
of regional metabolic changes in response to changes in serum blood glucose levels, and 
potentially contribute to rational glycemic targets that should be aimed for with IIT. Various 
studies have shown that brain injury, including aneurysmal SAH, is accompanied by metabolic 
derangements that indicate distress such as increased glutamate, glycerol and lactate/ 
pyruvate ratio.317;322;324 In patients with traumatic brain injury, IIT induced low levels of blood 
glucose were associated with reduced cerebral glucose availability and increased prevalence of 
metabolic distress.317;324 For patients with aneurysmal SAH this association appears less clear. 
Various studies have shown that levels of systemic glucose do not necessarily correlate with 
cerebral glucose levels after aneurysmal SAH,322;323 although in the largest study, including 
178 aneurysmal SAH patients, it was shown that when mean inpatient blood glucose levels 
exceeded 7.8 mmol/L, cerebral glucose levels also increased.323 The same group also reported 
that extracellular cerebral glucose levels decreased 3 hours after initiation of despite stable 
blood glucose levels.327 Moreover, episodes of low cerebral glucose occurred somewhat more 
frequent in IIT treated patients than in patients not treated with insulin.322;327 Unfortunately in 
these studies no episodes of serum hypoglycemia were monitored, which could have provided 
insight into cerebral metabolites during such condition. Recently, another group reported that 
abrupt reductions of blood glucose of more than 25% rather than an absolute decrease in blood 
glucose levels were associated with brain metabolic crisis (defined as an increased lactate/ 
pyruvate ratio) occurring hours thereafter.328 Although the studies that used microdialysis are 
generally small, often retrospective and without randomization for patients with or without 
IIT, they do emphasize that IIT is not without risk. In this respect, especially the observations 
that low levels of serum glucose are sometimes also accompanied by low extracellular glucose 
levels and that abrupt reductions of glucose levels are accompanied by brain metabolic crisis 
should warrant caution in executing IIT in these patients.

coNclUsioNs	AND	FUtUre	DirectioNs
For a long time hyperglycemia was thought to be an adaptive beneficial response to critical 
illness to provide those organs that predominantly rely on glucose as metabolic substrate 



HYPERGLYCEMIA IN ANEURYSMAL SAH

9

107

such as the brain. With the publication of the landmark Leuven trials, however, this concept 
has changed dramatically and IIT was implemented worldwide for all kinds of critically ill 
patients, including patients with brain injury. It is important, however, to realize that today 
IIT was proven only in mono-center studies and for a subgroup of critically ill patients. In 
addition, more recently a large multicenter study could not prove a beneficial effect from IIT 
and IIT was even associated with an increased risk of severe hypoglycemia and subsequent 
poor clinical outcome.8 Therefore, although hyperglycemia, especially if persistent during 
the clinical course, clearly predicts poor clinical outcome in aneurysmal SAH patients, care 
should be taken in extrapolating previous positive data to aneurysmal SAH patients. The most 
recent guidelines for the treatment of aneurysmal SAH state that it is imperative to avoid 
hyperglycemia.329 However, it is unclear which glucose levels should be targeted and how this 
has to be accomplished. Only a large scale randomized controlled trial that investigated the 
clinical benefit of IIT in aneurysmal SAH patients will be able to resolve this issue.
Before initiating such a trial, however, it is important to improve glycemic control in phase 
II studies with special reference to safety. In these studies, focus should be not only on the 
lowering of glucose levels, but, and perhaps even more so, on the prevention of hypoglycemia 
related to this therapy. As for the question which glucose targets should be aimed at, there is 
no unambiguous answer. On the one hand, when IIT does not achieve a substantial lowering 
of blood glucose levels compared with standard ICU therapy this treatment is not likely to 
result in a clinical benefit.31;115 On the other hand, the most recent trials in non-aneurysmal 
SAH patients have shown that IIT targeting blood glucose levels in a low physiological range 
(4.4 to 6.1 mmol/L) is associated with serious hypoglycemic episodes (glucose < 2.2 mmol/L) 
and subsequent worse clinical outcome.8;24 A recent cohort study in aneurysmal SAH patients 
emphasized this, by demonstrating that not high, but IIT induced nadir levels of blood glucose, 
were associated with poor clinical outcome.314 Possibly, as in other critically ill patients, there 
is a U-shaped admission glycemia- mortality risk curve in aneurysmal SAH patients with both 
low and high blood glucose levels relating to worse outcome.330 Ideally, glucose levels in the flat 
part of this curve should be targeted. From the studies we identified, however, strict glucose 
control in aneurysmal SAH patients appears difficult to establish without a risk of (serious) 
hypoglycemia. The definition of an optimal and safe glycemic target range is as yet unclear 
and may not be uniform among patients and even vary for individual patients at various 
time points during the clinical course. Future studies that monitor brain metabolites with 
microdialysis and CSDs with electrocorticography could perhaps facilitate the identification 
of a safe glycemic range from a brain’s metabolic perspective,331 although this would not be 
easy to implement in clinical practice, as currently most ruptured aneurysms are treated with 
endovascular coiling, and the occurrence of a hydrocephalus, the other intervention providing 
the possibility to insert a microdialysis catheter, occurs in only 30% of patients.332 All studies 
we identified on ITT were performed in the ICU setting. Patients with clinically less severe 
aneurysmal SAH are sometimes admitted to a stroke unit. In contrast to an ICU, a stroke 
unit often lacks the highly intensive treatment facilities available on the ICU. For instance, 
the lack of direct access to frequent arterial blood glucose monitoring and fewer personnel 
per patient to execute laborious treatment algorithms could render glycemic control even 
more challenging than on the ICU facility. In view of this, if it is decided to actively lower 
treat hyperglycemia in aneurysmal SAH patients as is recommended by the guidelines, the 
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best advice seems to institute a multidisciplinary team, including stroke and diabetes experts 
to facilitate the implementation of glucose lowering protocols with the aim to lower blood 
glucose levels only if this can be done without subsequent hypoglycemia. Such a protocol 
should probably include close monitoring of blood glucose levels with a high rate of insulin 
adjustments (i.e. every one- or two hours). Continuous glucose monitoring devices that 
are now becoming available and the use of computerized treatment algorithms have the 
potential to facilitate this, but the safety of these devices will have to be investigated first.333 
In conclusion, target levels of blood glucose will remain arbitrary until a randomized control 
trial has investigated the clinical benefit of IIT. Before such a trial can start, focus should be 
on how IIT can be improved both in terms of efficacy but perhaps more important in terms of 
safety.
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iNtroDUctioN

At the time the Glucose Lowering in Acute Stroke Study project was designed in a collaborative 
research proposal of the departments of neurology of the Academic Medical Center in 
Amsterdam and the University Medical Center of Utrecht, in 2003, the primary objective 
was to perform a randomized clinical trial (RCT) to investigate the clinical benefit of glucose-
lowering treatment in acute (ischemic) stroke patients. This was driven by the observations 
that hyperglycemia after stroke is a strong predictor of poor clinical outcome, that several 
pathophysiological mechanisms could account for this, and that glucose-lowering treatment 
reduced poor clinical outcome in other groups of critically ill patients. Seven years later, the 
concept of glucose-lowering treatment in critically ill patients has changed considerably. Most 
notably, the clinical evidence that critically ill patients benefit from glucose-lowering treatment 
appears to be less convincing. This has posed some important questions: should we still treat 
hyperglycemia after stroke, and if so decided, how can this be done safely and efficiently? 

In this final chapter we will briefly discuss these questions. First we outline the developments 
that have sparked the debate on glucose-lowering treatment in critically ill patients and 
describe the current situation for stroke patients. Finally we will provide some indications for 
the design of a trial to investigate the clinical effect of glucose-lowering treatment in stroke 
patients.

hyPerGlycemiA,	“to	treAt	or	Not	to	treAt”?	
One of the most important trials that investigated glucose-lowering treatment, also called “the 
Leuven trial“ demonstrated that by targeting blood glucose levels between 4.4 to 6.1 mmol/L 
on the intensive care unit (ICU), case fatality could be reduced by a relative 43%.6 Several 
trials followed that could not always reproduce these positive findings,24;120;334 thus sparking 
the debate on the applicability of glucose-lowering treatment. The factor considered to be 
the most important in explaining the differential results between the positive findings in the 
Leuven trial and the subsequent negative findings in some other trials, was a lack of power to 
detect a reasonable case fatality  difference in the negative studies. To address this, the NICE-
SUGAR (Normoglycemia in Intensive Care Evaluation and Survival Using Glucose Algorithm 
Regulation) trial was designed to randomize over 6000 patients.8 Contrary to the expectations, 
NICE-SUGAR revealed that glycemic control was associated with a relative increase in mortality. 
Several methodological differences between the Leuven trial and the NICE-SUGAR trial have 
been put forward to account for this.330 Probably the most important explanation can be found 
in the differences in glycemic control. By the time the NICE-SUGAR trial was initiated, usual 
care concerning glycemic control had changed considerably. Therefore, instead of tolerating 
hyperglycemia, a policy of insulin therapy to target intermediate blood glucose levels was 
chosen for the control group, in line with what had been widely adopted in clinical practice. 
As a consequence, the NICE-SUGAR trial was executed in the “flatter” part of the J-shaped 
admission glucose-clinical outcome curve (figure) compared to the Leuven trial. Therefore, 
the control group in the NICE-SUGAR trial already could have benefited from reducing blood 
glucose other than the control group in the Leuven trial, thereby rendering the contrast in 
clinical benefit less pronounced. Furthermore, the degree of success in maintaining glucose 
levels in the target range in the intervention group as well as the degree of overlap with the 
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control group, varied greatly. In the Leuven trial, 70% of the patients in the intervention group 
were on average on target, whereas this was less than 50% in the NICE-SUGAR trial. Moreover, 
the mean glucose levels in the intervention groups of the trials (both targeting glucose levels 
between 4.4 to 6.1 mmol/L) fell within the target range in the Leuven trial (5.7 mmol/L), while 
in the NICE-SUGAR trial this fell outside the target range (6.4 mmol/L). The importance of 
this difference was demonstrated in a recent meta-analysis. The pooled studies that actually 
managed to achieve blood glucose within target levels showed a reduced case fatality, whereas 
the pooled studies that did not succeed in this did not.115;335 Another important point is the 
increased occurrence of serious hypoglycemic episodes (glucose level below 2.2 mmol/L) in the 
NICE-SUGAR trial. With a 13-fold higher rate in the intervention than in the control group this 
was much more pronounced than in the Leuven trial (6-fold higher in the intervention than in 
the control group). Finally, recent studies in patients treated with glucose-lowering treatment 
have revealed that fluctuating glucose levels (also called glucose variability) are an even 
stronger predictor of poor clinical outcome than mean glucose levels.336-338 Post-hoc analysis 
that investigated if glucose variability could indeed (partly) explain the differential outcomes 

Clinical outcome assessed with the modified Rankin scale; Adapted from Ntaios et al; Stroke 2010 PMID: 
20724712. Glucose in mmol/L

Figure	1	|	Association	between	admission	glucose	and	clinical	outcome	in	ischemic	stroke	patients.
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Figure 1|  Association between admission glucose and clinical outcome in ischemic stroke patients. 
Adapted from Ntaios et al; Stroke 2010 PMID: 20724712 
Clinical outcome assessed with the modified Rankin scale; glucose in mmol/L. 
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between the Leuven and NICE-SUGAR trials have to be awaited. Meanwhile, glucose-lowering 
treatment is still recommended on ICUs, although in general more lenient treatment regimes 
than in the Leuven trial are used.

To date, glucose-lowering treatment specifically for stroke patients has been investigated in only 
one large RCT.31 This trial, which included 633 patients, did not favor insulin treatment, but was 
hampered by several important shortcomings. The design was pragmatic and a heterogeneous 
group of stroke patients was included. For example, 22% of the patients had lacunar infarcts and 
13% had a primary intracerebral hemorrhage. This heterogeneity might have diluted a treatment 
effect, because the association between hyperglycemia and clinical outcome differs according to 
stroke subtype, and might be absent or even reversed in lacunar stroke as we confirmed in the 
study presented in chapter 3.61;62;339 Moreover, treatment lasted for just 24 hours. It is conceivable 
that a substantial portion of the patients remained fasting during this period. Glucose levels tend 
to rise after these first 24 hours, and as we noted in chapter 4,340 especially	postprandial glucose 
surges contribute to hyperglycemia. Therefore, increased levels of glucose after the intervention 
period could have offset a possible treatment effect.340 Finally, only a small contrast in mean 
blood glucose levels (0.57 mmol/l) relative to the regular care group was established with the 
intervention, which casts doubts on the expected clinical effect when projected to the admission 
glucose-clinical outcome curve shown in the figure. In addition to this trial, some smaller trials and 
retrospective studies have been published both in acute ischemic stroke and in acute aneurysmal 
subarachnoid hemorrhage (SAH) patients, but no definite conclusions can be drawn due to lack 
of statistical power (chapters 2 and 9).124;341  

It appears from the currently available data that blood glucose is not just an innocent bystander 
after stroke since altering its levels has been shown to affect clinical outcome in both directions. 
This has led to the statement in stroke guidelines that hyperglycemia (defined as glucose >7.8 
mmol/l) should be actively treated.125;126 In practice, stroke physicians manage hyperglycemia 
with a high degree of variability.127;342 Often hyperglycemia is accepted initially and if persistent, 
a sliding scale insulin regime is used to lower blood glucose levels. These sliding scale regimes, 
however, are not associated with improved control, and increase the risk of hypoglycemia and 
glucose variability.131 In view of this, it is doubtful whether recommendations on glycemic control 
are met in clinical practice. Against this background, a clinical trial to investigate if adequate 
and safe glucose-lowering treatment is beneficial for clinical outcome in stroke patients could 
still be of clinical value. In fact, from an investigators’ point of view, stroke patients constitute 
an interesting patient group as the possible contrast in mean blood glucose levels that can 
be established between the intervention group and controls is relatively large. However, it 
is important to first optimize glycemic control in terms of safety and efficiency. This appears 
particularly true for patients with acute ischemic stroke other than patients aneurysmal SAH 
who are often admitted to an intensive care unit with considerably more expertise and facilities 
for glycemic control.
Insight into the mechanisms that lead to increased blood glucose levels in stroke patients can 
potentially facilitate glycemic control in future studies. In patients with acute ischemic stroke 
and in patients with acute aneurysmal SAH, several common factors appear to contribute to 
hyperglycemia (chapters 5 and 9).124;341 Most notably, an increased stress response and possibly 
an increased inflammatory response contribute to hyperglycemia in both patient groups. 
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However, there are also some important differences concerning glucose metabolism between 
these patient groups. In acute ischemic stroke (undiscovered) insulin resistance prior to the 
ictus contributes substantially to hyperglycemia, whereas in aneurysmal SAH abnormalities of 
glucose metabolism are transient. Interestingly, in the latter group primary pancreatic β-cell 
dysfunction rather than insulin resistance appears to be an important cause of hyperglycemia 
(chapter 9).
For acute ischemic stroke patients, we are currently performing a small trial to further address 
glycemic control. Elaborating on the study presented in chapter 5 which showed that continuous 
tube feeding and a computerized treatment algorithm can improve glycemic control,134 we aim 
to improve this therapy in terms of safety and feasibility. Patients are randomized for treatment 
with vildagliptin, (Galvus®) or placebo in a double blind fashion. Vildagliptin has been shown to 
reduce the number of hypoglycemic episodes as an add-on therapy to insulin.343 In addition to 
this, patients are also randomized for continuous tube feeding- or regular feeding as we want 
confirm the previous observation that continuous tube feeding is indeed essential for reaching 
preset glycemic targets. In addition, we use a continuous glucose monitoring device with the 
aim of decreasing the number of fingerpicks needed to monitor blood glucose levels.

GlUcose	loWeriNG	iN	stroke,	“iNDicAtioNs	For	A	FUtUre	triAl”	
Provided that glucose control can be established efficiently and safely, a RCT has to resolve the 
question whether stroke patients will benefit from glucose-lowering treatment. We will attempt 
to provide some indications for the design of such a trial in acute ischemic stroke patients. With 
regard to patients with aneurysmal SAH, the potential benefit that can be achieved with glycemic 
control is probably smaller since the majority of these patients are admitted to ICU’s and therefore 
already subjected to (tight) glycemic control. Still, a substantial portion of these patients will not 
be subjected to glycemic control, and as we highlighted in chapter 9, glycemic control in these 
patients is challenging leaving room for glycemic control improvement. We will, however, focus 
on the design of a RCT to investigate the clinical benefit of glucose-lowering treatment in acute 
ischemic stroke patients.

PAtieNt	eliGibility
Ischemic stroke is a heterogeneous disorder and hyperglycemia relates differently to clinical 
outcome in various subtypes of ischemic stroke. Hence, the effect of glucose-lowering 
treatment is likely to be differential for these subtypes. Although ideally it would be desirable 
for treatment efficacy to be proven in all patient groups, inclusion of patients for whom less 
clinical benefit is expected would dilute the number of end points reached, necessitating 
a much larger sample size. Besides this, such dilution would mean that more patients than 
otherwise are exposed to an as yet unproven therapy. 

Patients with cortical (vs. lacunar) infarction and non-diabetic patients (vs. diabetic) appear to 
be much more adversely affected by high levels of blood glucose. Moreover, for patients with a 
very poor or more favorable prognosis (e.g. patients in a coma or with rapidly resolving deficits, 
respectively) the anticipated treatment effect would be much smaller. Therefore, it is more 
reasonable to select patients with moderate to severe cortical stroke (e.g. National Institutes 
of Health Stroke Scale (NIHSS) score 2-20) without a previous history of DM. Distinguishing 
patients with cortical infarcts from those with lacunar strokes on the basis of clinical signs alone 
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could be difficult in clinical practice, but standard criteria lists have been shown to distinguish 
between different stroke subtypes in the acute phase with reasonable accuracy.344 

Another important factor to be considered is the cut-off level of admission glucose that should 
be used to select patients for inclusion. The admission glucose-clinical outcome curve from 
the figure shows that glucose levels exceeding 7.3 mmol/L are associated with unfavorable 
outcome. The curve, however, was derived from a heterogeneous group of more than 1400 
acute ischemic stroke patients, including patients with DM or lacunar infarction. It would be 
interesting to construct this curve for patients with ischemic cortical stroke only and for patients 
with-or without a previous history of DM separately. Currently we intend to combine databases 
to obtain a more accurate estimate of the cut-off admission glucose levels that predict poor 
outcome for specific subsets of acute ischemic stroke patients.  

GlUcose-loWeriNG	treAtmeNt
It is unclear for how long blood glucose levels have to be lowered to be clinical effective. On the 
one hand, taking into account the pathophysiological perspective of the ischemic penumbra 
(chapter 5), a treatment duration of 24 to 48 hours after the ictus seems logical as beyond this 
time window the ischemic penumbra has most likely disappeared. On the other hand, from a 
clinical perspective, glucose levels often rise later in the clinical course and appear to be an 
even stronger predictor of poor outcome than single admission blood glucose levels.10;56 In 
addition, previous trials revealed that the glucose lowering related benefits experienced by 
patients increased when the treatment was continued for a minimum of three days (when 
compared with treatment lasting less than three days).121 Moreover, the putative beneficial 
effects of glucose lowering on secondary complications probably also extend beyond the acute 
phase of stroke.

Not only the duration, but also the target value of glucose-lowering treatment is unclear. Ideally, 
the target value of glucose-lowering treatment should be in the flat part of the admission 
glucose-clinical outcome curve depicted in the figure. It is possible that the nadir glucose in 
the figure (5.0 mmol/L) decreases for patients with cortical infarction without DM. For the 
time being, however, targeting these values with glucose-lowering treatment in stroke patients 
proved to be too difficult in terms of safety and efficacy.

oUtcome
When the Glucose Lowering in Acute Stroke Study (GLASS) was initiated, we also studied 
surrogate endpoints for a future RCT. We regarded cognition as a possible surrogate endpoint in 
acute ischemic stroke. However, we rejected this as we could not find an apparent association 
between increased levels of admission blood glucose and cognitive outcome (chapter 2).61 
Another potential surrogate endpoint for clinical outcome considered was (final) infarct size. 
High levels of blood glucose have been associated with increased infarct size in humans and 
in several experimental studies treatment with insulin reduced this expansion. However, in a 
recent trial, glucose-lowering therapy did not reduce infarct growth between baseline and day 
7, although also in this glucose-lowering therapy did not accomplish lowering of blood glucose 
levels.345 Further trials that use infarct expansion or final infarct size as a surrogate endpoint are 
currently under way and the results will have to be awaited. In patients with acute aneurysmal 
SAH, we found an association between high levels of fasting blood glucose in the first week 
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after the ictus and the occurrence of delayed cerebral ischemia (DCI).123 However, we could 
not pinpoint DCI as the key determinant in the association between high fasting glucose and 
poor clinical outcome which renders it less feasible as a surrogate marker for clinical outcome 
in a future trial that aims to investigate the clinical benefit of glucose-lowering  therapy  
(chapter 7).123 

In conclusion, as currently there appears to be no valid surrogate endpoint for clinical outcome, 
the most reasonable endpoint for a future RCT remains overall clinical outcome, in term of the 
way the patient can function at home and socially.

FiNAl	Note
It is clear from the currently available data that blood glucose is not just an innocent bystander 
during critical illness because altering its levels has been shown to affect clinical outcome in 
both directions.
To the clinical neurologist and neurosurgeon it might perhaps seem somewhat surprising 
that even though we dispose of insulin therapy since a long time, still today it remains such a 
challenge to (safely) manage in-patient glucose levels. Perhaps a historical view can put this a 
little into perspective.
Already in 1869 a Berlin student, Langerhans, identified the pancreatic cells that produce 
insulin and that were later called after him. However, it took another halve century before the 
Canadian Banting managed to isolate insulin from dogs (1921) which eventually earned him 
the Nobel price. Although the first patient was treated already a year after this, it took another 
halve century before the first synthetic “human” insulin was produced in a laboratory in 1977 
and the search for the optimal treatment for (ambulatory) patients with DM that started eight 
decades ago is still ongoing. Hence, it would be illusory to expect the definite answer from just 
a few studies on glucose-lowering treatment in the complex setting of critical illness.

For the time being, the question as to whether to actively treat or not to treat hyperglycemia in 
stroke patients remains elusive and is hampered by the fact that treatment has to be optimized 
first. Optimal glycemic control could perhaps be compared with the optimal course that was 
necessary when navigating through Homer’s Strait of Messina. In the Greek mythology this 
strait was sided on opposite sides by two sea monsters: Skylla and Charybdis. They were close 
enough to each other that they posed an inescapable threat to passing sailors; avoiding Skylla 
meant passing too closely to Charybdis and vice versa. In analogy, avoiding hyperglycemia 
could mean reaching too closely to hypoglycemia and vice versa.
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sUmmAry
Patients admitted with acute ischemic stroke or acute aneurysmal subarachnoid hemorrhage 
(SAH) often have increased levels of blood glucose on admission and throughout the clinical 
course. These high blood glucose levels, especially if persistent, appear to be strong and 
independent predictors of worse clinical outcome. Several pathophysiological mechanisms 
could account for a detrimental effect of hyperglycemia on clinical outcome. Clinical trials in 
critically ill patients with conditions other than stroke have shown a beneficial effect of glucose-
lowering therapy. Therefore, patients with acute ischemic stroke and patients with aneurysmal 
SAH might also potentially benefit from glucose-lowering therapy. This thesis, which is part of 
the Glucose Lowering in Acute Stroke Study (GLASS) project, consists of studies that deal with 
hyperglycemia and its treatment control in patients with acute ischemic stroke. The research 
presented concerns the association between glucose metabolism and various measures of 
clinical outcome, the improvement of glycemic control in terms of safety and efficacy and 
assessment of the current evidence on glucose-lowering therapy in stroke patients.

In the	 First	 PArt of this thesis that deals with hyperglycemia and its treatment control 
in patients with acute ischemic stroke,	 chapter 2 reviews the available evidence linking 
hyperglycemia to a poor clinical outcome in patients with ischemic stroke.341 We highlighted the 
pathophysiological mechanisms that might underlie the deleterious effects of hyperglycemia 
on acute stroke prognosis and we systematically reviewed the literature concerning tight 
glycemic control after stroke. The most important finding is that establishing glycemic control 
in ischemic stroke patients is very challenging in terms of efficacy and safety. Hence, more 
phase two studies are essential before a large scale RCT is initiated to investigate the clinical 
benefit of glycemic control.
For a RCT, surrogate endpoints for clinical outcome could be helpful. In chapter 3 we investigated 
if cognitive outcome could serve as such a surrogate endpoint for clinical outcome. The findings 
of a cohort study including 113 first ever ischemic stroke patients are described.61 Patients were 
subjected to a neuropsychological examination in the acute phase and after six months follow-
up. The cohort was dichotomized into patients with glucose levels above (hyperglycemia) or 
below 7.0 mmol/L. We did not find an association between hyperglycemia and impaired cognitive 
outcome after six months. Therefore, cognition appears to be less feasible as a surrogate 
outcome measure for a future trial. In the same study, we confirmed that hyperglycemia 
predicts poor clinical outcome in patients with cortical stroke- but not in subcortical stroke, 
emphasizing that care should be taken in selecting patients for a future trial. In Chapters 4 and 
5, we describe two small multicenter studies that investigated different treatment regimes to 
control hyperglycemia in ischemic stroke patients. In the first study, ischemic stroke patients 
with hyperglycemia on admission were randomized to receive conventional treatment, strict 
glycemic control with intravenous insulin or strict glycemic control with subcutaneous meal 
related insulin.340 In addition, a group of ischemic stroke patients with a glucose level below 7.0 
mmol/L on admission served as controls. The results were somewhat disappointing as neither 
of the regimes resulted in lower glucose profiles compared to controls, while treatment was 
associated with increased hypoglycemia. The main reason for the persistently high blood 
glucose levels were the occurrences of postprandial hyperglycemic episodes. Therefore in the 
subsequent study we subjected patients to continuous tube feeding in addition to intravenous 
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insulin.134 In addition, we designed a web-based computerized treatment algorithm to assist 
the nursing staff in the execution of the protocol. With this regime, we managed to improve 
glycemic control substantially, maintaining blood glucose levels within a low physiological 
range (4.4 to 6.1) for five consecutive days. However, the intensive protocol also demanded 
that non-dysphagic patients had to be subjected to continuous tube feeding and that glucose 
levels had to be checked frequently with fingerpicks. Discomfort caused by the latter led to 
the withdrawal of informed consent of one patient. A more important drawback of the study 
was that glucose lowering was associated with hypoglycemic (glucose <3.0 mmol/L) episodes 
in 20% of patients, although no serious (glucose <2.2 mmol/L) hypoglycemic episodes were 
recorded. Currently we are randomizing patients in a trial that investigates if vildagliptin (a 
dipeptidyl peptidase-4 inhibitor) can reduce the number of hypoglycemic episodes when 
administered as an add-on to intravenous insulin. 

The secoND	PArt of this thesis concerns hyperglycemia in aneurysmal SAH. Chapter six is a 
systematic review and meta-analysis.254 We found that 69% of aneurysmal SAH patients have 
hyperglycemia on admission with a mean glucose of 9.3 mmol/L (range, 7.4 to 10.9 mmol/L). 
The pooled odds ratio for poor outcome associated with hyperglycemia was 3.1 (95% CI, 2.3 
to 4.3). Interestingly, this relation persisted when studies were grouped with a high- or low 
median cut-off to define hyperglycemia, indicating that glucose levels relate to poor clinical 
outcome independent of the cut-off used to define hyperglycemia. In chapter seven we sought 
to delineate the association between abnormalities of glucose metabolism and outcome in 
aneurysmal SAH patients.123 First we assessed if the relation between high levels of admission 
blood glucose and poor outcome would be independent of other baseline characteristics 
known to predict poor clinical outcome. Second, as mean fasting glucose levels within the 
first week are a more accurate reflection of glucose metabolism than single admission blood 
glucose levels, we also assessed the association between mean fasting glucose levels with 
clinical outcome. Finally, as high blood glucose levels have been associated with the occurrence 
of delayed cerebral ischemia (DCI), we assessed whether the association between glucose 
levels and outcome was mediated by the occurrence of DCI. We studied 265 consecutive 
aneurysmal SAH patients and confirmed an association between admission blood glucose 
levels with DCI and poor outcome, but these associations were not independent from other 
baseline predictors of poor clinical outcome such as severity of the aneurysmal SAH. However, 
the association between high mean fasting glucose levels with DCI and poor outcome were 
much stronger and remained after adjusting for other baseline predictors of poor outcome. 
The association between mean fasting glucose levels and poor outcome remained essentially 
the same after adjusting for DCI occurrence, indicating that DCI is not the major determinant in 
the association between high fasting glucose and poor clinical outcome.
In chapter eight we describe the result of a laboratory study that aimed to prospectively study 
disturbances of glucose metabolism inflicted by acute aneurysmal SAH upon patients without 
known abnormalities of glucose metabolism. In addition we explored possible correlations 
with markers of stress. We included thirteen consecutive aneurysmal SAH patients not known 
to have abnormalities of glucose metabolism. Blood samples were drawn in fasting conditions 
during the first three weeks after the aneurysmal SAH and we assessed measures of glucose 
metabolism such as fasting glucose, insulin and free fatty acids (FFA). With the Homeostatic 
model Assessment (HOMA) we constructed indices of pancreatic ß-cell function and insulin 
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resistance. In addition, patients were subjected to an oral glucose tolerance tests (OGTT) 
during the clinical course and after three months to assess glucose tolerance. We found 
that during the first days after the ictus an acute pancreatic ß-cell dysfunction with relative 
hypoinsulinemia appears to play an important role as the underlying cause of hyperglycemia. 
Later this is also accompanied by increased insulin resistance. Pancreatic ß-cell dysfunction was 
also associated with increased levels of cortisol, indicating that the stress reaction inflicted by 
the SAH is involved in ß-cell dysfunction and the development of hyperglycemia. The results 
from the OGTT showed transient abnormalities of glucose tolerance during the clinical course. 
The finding that pancreatic ß-cell dysfunction plays an important role as the underlying cause 
of hyperglycemia is interesting as it is generally assumed that insulin resistance is the major 
factor leading to hyperglycemia in critically ill patients. In Chapter nine we have reviewed the 
mechanisms involved in the pathophysiology of hyperglycemia in aneurysmal SAH patients and 
we discuss how hyperglycemia may contribute to poor clinical outcome in this patient group. 
In addition, we performed a systematic literature search on glucose-lowering treatment in 
aneurysmal SAH patients. We conclude that currently there is no evidence that hyperglycemia 
in aneurysmal SAH patients should be lowered actively and that glucose-lowering treatment 
is accompanied by an increase in hypoglycemic episodes raising concerns about the safety of 
this therapy.
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list	oF	AbbreviAtioNs
BBB  Blood Brain Barrier
CVA  Cerebrovascular Accident 
DCI  Delayed Cerebral Ischemia 
DM  Diabetes Mellitus
FFA  Free Fatty Acids
GLASS  Glucose Lowering in Acute Stroke Study
GOS  Glasgow Outcome Scale
HbA1c  Glycosylated hemoglobin 
HOMA  Homeostatic model Assessment
IR  Insulin Resistance
OGTT  Oral Glucose Tolerance Tests
HPA  Hypothalamic-Pituitary-Adrenal 
ICU  Intensive Care Unit
IIT  Intensive Insulin Therapy
IL  Interleukin
mRS  modified Rankin scale 
NIHSS  National Institutes of Health Stroke Scale
ROS  Reactive Oxygen Species
rtPA  recombinant tissue Plasminogen Activator
SAH  Subarachnoid Hemorrhage
TGC  Tight Glycemic Control
TIA  Transient Ischemic Attack
TNF  Tumor Necrosis Factor
WFNS  World Federation of Neurological Surgeons
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NeDerlANDse	iNtroDUctie	eN	sAmeNvAttiNG	
iNtroDUctie
Dit proefschrift gaat over hyperglycemie (een verhoogd bloedsuiker) bij twee acute 
hersenziekten: het acute herseninfarct en de acute aneurysmatische subarachnoïdale 
hersenbloeding (SAB).

het	acute	herseninfarct
Een acuut herseninfarct ontstaat door een bloedstolsel (trombus) van een slagader in de 
hersenen. Een deel van de hersenen komt daardoor zonder zuurstof en voedingsstoffen en 
ondervindt hiervan schade en gaat minder functioneren of sterft af. Een trombus kan locaal 
ontstaan of versleept zijn vanaf een ander deel van de slagaderlijke circulatie. Belangrijke 
risicofactoren voor het herseninfarct zijn hoge leeftijd, een hoge bloeddruk, een hoog 
cholesterol, hartritmestoornissen en roken. 

De typische patiënt met een herseninfarct (ongeveer 80% van alle beroertes) is vaker man 
dan vrouw en meestal ouder dan 65 jaar. Voordat het herseninfarct ontstaat, is de patiënt 
vaak al bekend met hart- en vaatziekten, zoals een hoge bloeddruk, een hoog cholesterol of 
suikerziekte (diabetes mellitus). Bij presentatie zijn er vaak neurologische uitvalsverschijnselen, 
zoals een eenzijdige verlamming of een fatische (=spraak) stoornis, zelden gepaard gaande met 
hoofdpijn.

De behandeling van het herseninfarct is in de acute fase gericht op het oplossen van de trombus 
met een trombolyticum, dit blijkt tot 4,5 uur na het herseninfarct nog effectief. Hierna is de 
behandeling vooral gericht op het verkleinen van de kans op een nieuw herseninfarct, door het 
voorschrijven van bloedplaatjes remmers en het bestrijden van risicofactoren. De prognose is 
relatief goed, hoewel ongeveer 20% van de patiënten aan het herseninfarct overlijd en veel 
patiënten blijvend beperkingen zal blijven ondervinden.1 

De	acute	aneurysmatische	subarachnoïdale	bloeding
Een acute aneurysmatische subarachnoidale bloeding, kortweg SAB, is een bloeding rond of 
in de hersenen onder het spinnenwebvlies (arachnoidea). Meestal treden deze bloedingen 
op vanuit een aneurysma- een ballon-vormige uitstulping- van een van de slagaders die 
aan de basis van de hersenen loopt. Als een aneurysma openbarst stroomt het bloed onder 
hoge druk in de ruimte rondom de hersenen, de zogenaamde subarachnoïdale ruimte. Hoe 
een aneurysma ontstaat is niet goed bekend, maar belangrijke risicofactoren zijn een hoge 
bloeddruk, roken en alcohol consumptie.

De typische patiënt met een SAB (ongeveer 5% van alle beroertes) is van tevoren meestal 
gezond, is vaker vrouw dan man en meestal jonger dan 65 jaar. Bij presentatie is er vaak sprake 
van zeer heftige acute hoofdpijn en een verlaagd bewustzijn meestal zonder andere acute 
neurologische uitvalsverschijnselen. 

De behandeling van een SAB is in de acute fase gericht op het afsluiten van het gebarsten 
aneurysma om een nieuwe bloeding te voorkomen. Dit kan op twee manieren: via een 
operatie door de neurochirurg (“clippen”), of via de slagaders door de interventieradioloog 
(“coilen”). In de eerste twee weken na de bloeding krijgt 20-30% van de patiënten alsnog 
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neurologische uitvalsverschijnselen ten gevolge van secundaire cerebrale (=in de hersenen) 
ischemie of infarcering.
De prognose is relatief slecht, 50% van de patiënten met een SAB overlijd, en veel patiënten 
behouden restverschijnselen zoals cognitieve stoornissen en epilepsie.3 

hyperglycemie
Bepaling van bloedglucose komt zeer veel voor. Desondanks bestaan er geen goede afspraken 
over wat een normaal, te hoog of te laag bloedglucose is. De definities hiervan kunnen dus 
verschillen per tijd, centrum, en afdeling. Hyperglycemie komt vaak voor bij patiënten die wegens 
een ernstige ziekte worden opgenomen. Dit wordt ook wel stress hyperglycemie genoemd.4 

Tot eind vorige eeuw werd acute hyperglycemie bij ernstig zieke patiënten beschouwd als een 
normale fysiologische, zelfs nuttige, reactie op een algemene stress reactie. Een verhoogd 
glucose, zo werd aangenomen, was zelfs noodzakelijk voor weefsels die alleen glucose als 
energiebron kunnen gebruiken, zoals de hersenen. Echter, diverse studies hebben laten zien 
dat er een duidelijke associatie is tussen hyperglycemie en een slecht klinisch herstel, die 
onafhankelijk is van het soort ziekte, de ernst van de ziekte of van andere factoren die een klinisch 
herstel voorspellen. Daarnaast hebben diverse experimentele studies laten zien dat acute 
hyperglycemie betrokken is bij diverse pathosfysiologische mechanismen. Om deze redenen 
werd een grote gerandomiseerde trial verricht. In deze trial, die in Leuven werd uitgevoerd, 
werd in een populatie ernstig zieke patiënten via loting besloten of hyperglycemie actief werd 
behandeld met insuline of niet.6 De resultaten van deze studie waren indrukwekkend. Actieve 
verlaging van bloedglucose met insuline leidde to een 43% relatieve verlaging van het risico op 
overlijden en een fors beter klinisch herstel. Dit leidde ertoe dat deze behandeling al snel werd 
ingevoerd op vrijwel alle intensive care afdelingen.

Glucose	lowering	in	Acute	stroke	study	project
De boven genoemde bevindingen, namelijk dat hyperglycemie vaak voorkomt, een sterke 
associatie heeft met een slecht klinisch herstel, en dat actieve verlaging van een te hoog 
bloedglucose met insuline leidt tot een beter klinisch herstel en minder overlijden heeft er toe 
geleid dat in 2003 het “Glucose Lowering in Acute Stroke Study (GLASS)” project werd gestart. 
Het belangrijkste doel van dit project is om te onderzoeken of de gunstige effecten van glucose 
verlaging met insuline ook te bereiken zijn voor patiënten die zijn opgenomen wegens een 
acute beroerte.
In de tussentijd echter is behandeling met insuline, met als doel de bloedglucose te 
verlagen, ter discussie komen te staan omdat diverse nieuwe studies gepubliceerd zijn die de 
indrukwekkende positieve resultaten van de eerdere studie niet wisten te evenaren. Sommige 
studies lieten zelfs een negatief effect zien van actieve glucose verlaging, waarbij een associatie 
gezien werd tussen hypoglycemie (een te laag bloedglucose) en een slecht klinisch herstel.8

Er zijn verschillende redenen aan te wijzen die de verschillen in de onderzoeksresultaten zouden 
kunnen verklaren. Een van de belangrijkste redenen is dat in de latere studies het standaard 
beleid ten aanzien van hyperglycemie veel strenger geworden was. Hierdoor was de potentiële 
winst die kon worden bereikt met bloedglucose verlaging kleiner dan in de eerdere studies. 
Daarnaast bleek de bloedglucose regulering in deze latere studies ook minder optimaal dan in 
de eerdere studie uit Leuven. In het bijzonder het relatieve voorkomen van hypoglycemie in 
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de behandelgroep bleek fors te zijn toegenomen. Deze ontwikkelingen samen met onze eigen 
bevindingen (hieronder samengevat) hebben er toe geleid dat het focus van het GLASS-project 
al snel verlegd werd. Het primaire doel blijft om een studie op te zetten die moet onderzoeken 
of patiënten met een acute beroerte baat hebben bij actieve glucose verlaging, echter, deze 
behandeling moet eerst geoptimaliseerd worden wat betreft effectiviteit en veiligheid.
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sAmeNvAttiNG
Deel	1	van dit proefschrift, gaat over hyperglycemie en de behandeling daarvan bij patiënten 
met een acuut herseninfarct. Hoofdstuk 2 geeft een overzicht van de huidige literatuur 
met betrekking tot hyperglycemie bij het acute herseninfarct.341 Er wordt in gegaan op 
verschillende mechanismen die kunnen leiden tot hyperglycemie bij deze patiëntengroep 
en de pathofysiologische mechanismen die kunnen leiden tot schade van hyperglycemie. 
Daarnaast is op systematische wijze literatuur verzameld en onderzocht waarin glucose 
verlagende behandeling werd toegepast bij patiënten met een herseninfarct. Hieruit blijkt 
dat deze behandeling erg lastig is om goed uit te voeren bij deze patiënten groep. Zowel 
het verlagen van hyperglycemie als het voorkomen van hypoglycemie bleek in geen van de 
studies op adequate wijze te kunnen worden bereikt. Om te onderzoeken of patiënten met een 
herseninfarct baat hebben bij glucose verlagende behandeling, zal deze dan ook eerst moeten 
worden geoptimaliseerd.
Hoofdstuk 3 is een cohort studie waarin wordt onderzocht of bij patiënten met een acuut 
herseninfarct de cognitieve vaardigheden gebruikt kunnen worden als uitkomstmaat om het 
effect van bloedglucose verlagende therapie te meten in een toekomstige trial.61 Hiervoor 
werd bij 113 patiënten met een herseninfarct een neuropsychologisch onderzoek verricht in 
de acute fase en na zes maanden. Vervolgens werd onderzocht of er een associatie was tussen 
het bloedglucose bij opname en de cognitieve vaardigheden direct na de beroerte en na zes 
maanden. Hiervoor werden geen aanwijzingen gevonden, waarmee cognitie dus niet valide 
lijkt als uitkomstmaat in een toekomstige trial. In dezelfde studie werd wel bevestigd dat de 
associatie tussen een hoog bloedglucose en een slecht herstel vooral geldt voor patiënten met 
een corticaal herseninfarct en niet zozeer voor patiënten met een subcorticaal herseninfarct. 
Dit kan van belang zijn voor het selecteren van patiënten voor een toekomstige trial.
In de hoofdstukken 4 en 5, worden twee kleine multi-centrische trials beschreven waarin 
verschillende glucose behandel algoritme worden onderzocht bij patiënten die werden 
opgenomen wegens een acuut herseninfarct. In de eerste studie (hoofdstuk 4) werden patiënten 
met een acuut herseninfarct en hyperglycemie gerandomiseerd voor intraveneuze continue 
insuline, subcutane maaltijd gerelateerde insuline of geen specifieke behandeling.340 Daarnaast 
was er een controle groep met patiënten met een acuut herseninfarct en normoglycemie bij 
opname. De resultaten waren enigszins teleurstellend omdat geen van de twee onderzochte 
glucose behandel algoritme resulteerde in een verlaging van het bloedglucose (ten opzichte van 
de controle groep), terwijl het aantal episoden met hypoglycemie wel toenam. De belangrijkste 
reden voor de slechte glucose regulatie waren maaltijd gerelateerde hyperglycemieeën. Om 
dit te verbeteren kregen patiënten in de volgende studie (hoofdstuk 5) standaard continue 
sondevoeding (naast continue intraveneuze insuline).134 Daarnaast werd het verplegend 
personeel geassisteerd met een web-based programma om het behandel algoritme uit te 
voeren. De resultaten van deze studie waren beter dan de eerdere studie. Het lukte nu wel lukte 
de bloedglucose binnen nauwe grenzen (4.4-6.1 mmol/L) te reguleren. Echter, ook bij deze 
studie nam het aantal hypoglycemieën toe ten opzichte van controles. Verder bleken patiënten 
last te hebben van de veelvuldige vingerprikjes om het glucose te bepalen. Momenteel zijn 
we bezig met een nieuwe trial waarbij we patiënten randomiseren voor vildagliptine (een 
dipeptidyl peptidase-4 remmer) of placebo naast continue intraveneuze insuline. Het is namelijk 
uit eerder onderzoek gebleken dat dit middel het aantal hypoglycemieën kan verminderen 
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wanneer het naast insuline wordt gegeven. Verder krijgen alle patiënten een continue glucose 
meter waarmee we hopen het aantal vingerprikjes te kunnen beperken. 

Deel	2	van dit proefschrift, gaat over hyperglycemie bij een subarachnoïdale bloeding. Hoofdstuk 
6	 is	een systematisch overzicht en meta-analyse van de associatie tussen hyperglycemie en 
klinisch herstel bij patiënten met een acute SAB.254 Hieruit blijkt dat gemiddeld 69% van de 
acute SAB patiënten hyperglycemie heeft bij opname, met een gemiddelde bloedglucose 
van 9.3 mmol/L. De samengestelde odds ratio voor slecht klinisch herstel geassocieerd met 
hyperglycemie was 3.1 (95% betrouwbaarheids interval: 2.3 - 4.3). De associatie tussen 
hyperglycemie en slecht klinisch herstel persisteerde wanneer studies gegroepeerd werden 
in studies met een hoog- of laag afkappunt om hyperglycemie te definiëren. Hieruit blijkt 
dat de associatie tussen opname bloedglucose en een slecht klinisch herstel in zekere mate 
onafhankelijk is van hoe hyperglycemie gedefinieerd is. Hoofdstuk 7 is een cohort studie 
waarin bij 265 patiënten met een acute SAB de associatie bepaald is tussen (i) het opname 
bloedglucose en het optreden van secundaire ischemische schade en klinisch herstel en (ii) het 
nuchtere bloedglucose gedurende de eerste week na opname met diezelfde uitkomst maten.123 
Het opname bloedglucose bleek met zowel secundaire ischemische schade als klinisch herstel. 
Echter, deze associaties verdwenen na correctie voor andere factoren die van invloed zijn op 
het klinisch herstel zoals de ernst van de SAB bij opname. Ook het nuchtere bloedglucose was 
geassocieerd met secundaire ischemische schade en klinisch herstel. Deze associatie bleek 
onafhankelijk te zijn van andere factoren die gerelateerd zijn aan het klinische herstel zoals de 
ernst van de SAB. Vervolgens werd gekeken of de associatie tussen nuchter bloedglucose en 
een slecht klinisch herstel afhankelijk was van het optreden van secundair ischemische schade. 
Dit bleek niet zo te zijn. Hieruit blijkt dat er naast secundair ischemische schade ook andere 
factoren zijn die de associatie tussen een hoog nuchtere bloedglucose en een slecht klinisch 
herstel verklaren.
Hoofdstuk 8 is een laboratorium studie waarin we prospectief onderzocht hebben welke 
stoornissen van het glucose metabolisme optreden bij een acute SAB. Tevens werd bekeken 
of (stoornissen van) het glucose metabolisme een associatie hadden met stress hormonen. Er 
werden 13 acute SAB patiënten geïncludeerd die vooraf niet bekend waren met stoornissen van 
de het glucose metabolisme. Gedurende de eerste drie weken werd nuchter bloed afgenomen 
waarin parameters van het glucose metabolisme en stress werden bepaald. Met behulp van 
het Homeostatic Model Assessment (HOMA) werden indices van de pancreas ß-cel functie 
en insuline resistentie berekend. Daarnaast kregen alle patiënten gedurende de opname en 
drie maanden na de opname een orale glucose tolerantie test. De resultaten laten zien dat 
bij deze patiënten groep hyperglycemie het gevolg is van een acuut gestoorde pancreas ß-cel 
functie met daarbij een relatief lage insuline productie. Na een aantal dagen was er ook sprake 
van insuline resistentie. Daarnaast blijkt de pancreas ß -cel functie een negatieve associatie te 
hebben met het stress hormoon cortisol. Dit duidt er op dat de aan de acute SAB gerelateerde 
stress reactie een directe invloed heeft op de productie van insuline in de pancreas ß-cel. 
De orale glucose tolerantie tests lieten zien dat er bij alle patiënten een voorbijgaande 
abnormale glucose tolerantie was tijdens de opname, die normaliseerde na drie maanden. 
Hoewel dit een kleine studie betreft waarvan de resultaten bevestigd moeten worden in een 
grotere studie, zijn de bevinding interessant. Tot nog werd er namelijk meestal vanuit gegaan 
dat insuline resistentie, en niet een stoornis van de pancreas ß-cel functie, de belangrijkste 
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oorzaak is voor hyperglycemie bij ernstig zieke patiënten. Hoofdstuk 9 geeft een overzicht van 
de huidige literatuur met betrekking tot hyperglycemie bij patiënten met een acute SAB.124 
Er wordt in gegaan op verschillende mechanismen die kunnen leiden tot hyperglycemie bij 
deze patiëntengroep en welke pathofysiologische mechanisme kunnen leiden tot schade van 
de hyperglycemie. Daarnaast is op systematische wijze de literatuur verzameld en onderzocht 
waarin glucose verlagende behandeling werd toegepast bij patiënten met een acute SAB. 
Hieruit blijkt dat er momenteel geen bewijs is dat patiënten met een acute SAB gebaat zijn 
bij glucose verlagende therapie en dat deze therapie ook bij deze patiënten groep gepaard 
gaat met het optreden van hypoglycemie. Net als bij patiënten met een acuut herseninfarct 
zal, alvorens een grote trial kan onderzoeken of patiënten gebaat zijn bij glucose verlagende 
therapie, deze therapie ook bij patiënten met een acute SAB moeten worden verbeterd, vooral 
wat betreft het voorkomen van hypoglycemieën, 

tot	slot
Een acuut herseninfarct en een acute SAB zijn twee verschillende aandoeningen en de patiënten 
die door hierdoor getroffen worden zijn vaak heel verschillend wat betreft voorgeschiedenis, 
leeftijd en presentatie. Hyperglycemie komt, zoals bij veel acute ernstige aandoeningen, echter 
bij beide aandoeningen frequent voor en is sterk geassocieerd met een slecht klinisch herstel. 
Of er ook een oorzakelijk verband is tussen hyperglycemie en het herstel van de patiënt is niet 
duidelijk. Omdat hyperglycemie in potentie behandelbaar is met insuline vormt het echter 
een interessante behandeloptie. In de praktijk echter blijkt de behandeling van hyperglycemie 
bij deze patiënten erg moeizaam. Zowel de effectiviteit (consequent verlagen van het 
bloedglucose), als de veiligheid (voorkómen van hypoglycemieën) blijken in de praktijk een 
punt van zorg. Optimalisering van glucose verlagende therapie door computer geassisteerde 
behandel algoritme, continue bloedglucose metingen en de toevoeging van anti-diabetica aan 
de continue insuline infusie bieden wellicht perspectieven voor de toekomst. 

De vraag of hyperglycemie nu wel of niet behandeld moet worden in deze patiënten groepen 
blijft helaas nog onbeantwoord. Europese en Amerikaanse richtlijnen raadden aan bloedglucose 
hoger dan 7-8 mmol/L actief te behandelen met insuline en het lijkt raadzaam om deze richtlijnen 
te volgen. Het is echter onduidelijk hoe deze streefwaarden in de klinische praktijk kunnen 
worden bereikt. De neuroloog zal zich moeten realiseren dat glucose verlagende therapie niet 
eenvoudig is en risico’s met zich mee brengt. Het veel gebruikte insuline bijspuit schema, dat in 
de praktijk ook wel een “wegspuitschema” wordt genoemd wordt in de praktijk waarschijnlijk 
veel gebruikt. Hierbij wordt volgens een vast schema subcutane insuline gegeven afhankelijk 
van de hoogte van de bloedglucose. Het lijkt echter niet raadzaam hyperglycemieeën op deze 
manier “weg te blijven spuiten” omdat daarmee de glucose regulering niet lijkt te verbeteren 
en de kans op hypoglycemieën toeneemt. Het beste advies lijkt dan ook om goede afspraken 
te maken met diabetes experts, patiënten met hyperglycemieeën goed te monitoren en te 
behandelen volgens een vooraf opgestelde behandel protocol uit te voeren. 

Dat glucose verlagende therapie in de praktijk weerbarstig is blijkt ook uit de geschiedenis. 
Al in 1869 werd door de Berlijnse student Langerhans de cellen geïdentificeerd die 
insuline produceren in het pancreas. Het kostte echter nog een halve eeuw voordat de 
Canadees Banting insuline wist te isoleren van honden (1921). Echter, tot op de dag van 
vandaag wordt er nog gezocht naar de optimale behandeling voor patiënten met DM in de 
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poliklinische praktijk. Het is daarom ook niet te verwachten dat het in de klinische setting, bij 
ernstig zieke patiënten, binnen enkele jaren wel zou lukken glucose optimaal te reguleren.  
Het reguleren van glucose kan wellicht vergeleken worden met navigatie door Homerus’ 
straat van Messina. In deze Griekse mythologie werd deze zeestraat geflankeerd door twee 
zee monsters: Skylla en Charybdis. Deze bevonden zich dusdanig dicht van elkaar dat ze voor 
de passerende zeilers een bedreiging vormde waar niet aan te ontkomen was. Vermijden van 
Skylla betekende te weinig afstand tot Charybdis en visa versa. In analogie, vermijden van 
hyperglycemie kan leiden tot hypoglycemie en visa versa.
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