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Abstract

The pathophysiology of acute post-stroke hypergiyta (PSH) is important as
hyperglycaemia affects the majority of stroke paseand is consistently associated with
poorer outcome in terms of survival, disability andrkers of brain injury such as infarct
expansion. There appears to be an interactiondaetlrain arterial patency and

hyperglycaemia that has not been fully charactdrise

This thesis initially reviews the literature on leyglycaemia and stroke before focusing on
animal models of PSH and clinical trials of insulieatment for PSH in two systematic
reviews with meta-analysis. The thesis then laikbe relationship between glucose
profiles and clinical outcome in a historical pagtidn receiving IV thrombolysis for acute
ischaemic stroke, specifically exploring alternatimdices of glycaemic state to compare
the optimal predictive index for functional outcom®measured by the modified Rankin
scale.

The main body of the thesis details a prospectbaeorational clinical study which
recruited 108 patients within 6 hours of acute a&hic stroke. These patients had careful
monitoring of blood glucose levels over a 48 hoenigrd and detail brain imaging

including CT perfusion scanning to examine theaschic penumbra, CT angiography on
admission and at 24-48 hours to document braimarfeatency with follow-up CT brain
imaging to assess outcome infarct volume. Theiogiship between 48 hour blood

glucose profiles, clinical outcome and imaging imgs$ is then explored.
The main findings of the thesis are summarizedwelo

« Animal models of PSH have shown that hyperglycaeracerbates infarct
volume in MCA occlusion models but studies are togfeneous, and do not
address the common clinical problem of PSH becthesehave used either the

streptozotocin model of type | diabetes or extrgnmnéyh glucose loads.

* Animal models show that insulin has a non-significand significantly

heterogeneous effect on infarct growth.
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Clinical trials of insulin for post stroke hypergbemia have shown no benefit in
terms of improved functional outcomes or mortalitinsulin is associated with an

increased risk of hypoglycaemia.

In a historical cohort mean capillary blood glucoser 48 hours was more
predictive of clinical outcome that admission blagdcose or two consecutive

elevated glucose measurements.

A high proportion of acute stroke patients havéoad glucose level above
7mmol/L within 6 hours of onset. Different patterof blood glucose levels define

different populations.

Higher admission and mean glucose levels corraldtelarger infarct volumes.
Larger core perfusion lesion volumes are associaitttla greater risk of mortality.
Admission hyperglycaemia is more harmful than hgpheaemia after 6 hours.

In patients with angiographic evidence of an aatescclusion infarct volume
varies significantly with glycaemic status. In sopopulations late

hyperglycaemia is associated with better imagingaues.

Tandem occlusions are associated with bad outcaftersischaemic stroke.
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Definitions/abbreviations

Abbreviation
1.5T MRI
3T MRI
95% ClI
ABG

ADA

ADL

AF

AlF
ANOVA
AOL
ASPECTS
ASTRAL
BMI

BP
CAMARADES
CAN
CASES
CASL

CBF

CBF

CBG

CBV

CCs

CGMS
CLOTBUST
CNS

Definition

1.5 Tesla MRI

3 Tesla MRI

95% Confidence Interval

Admission Blood Glucose
American Diabetes Association
Activities of daily living

Atrial Fibrillation
Arterial Input Function
Analysis of variance
Arterial Occlusive Lesion

Alberta Stroke Program Early CT score
Acute Stroke Registry and Analysis in Lanisa
Body Mass Index

Blood Pressure

Collaborative Approach to Meta-Analysis and ReviwAnimal Data in Experimental Stroke
Cardiovascular autonomic neuropathy
Canadian Activase for Stroke Effectivenesslyst
Continuous Arterial Spin Labelling

Cerebral Blood Flow

Cerebral Blood Flow

Capillary Blood Glucose

Cerebral Blood Volume

Causative Classification of Stroke

Continuous Glucose Monitoring System

Combined Lysis Of Thrombus in Brain ischemia usiggs$cranial Ultrasound and Systemic tPA

Central Nervous System



CSF

CT

CTA
CTP
DEFUSE
DIGAMI
DM

DWI
ECASS
ECG
eGOS
END
EPITHET
FBG
GIST UK
GKIl regime
GLIAS
GLUT-1
GSP

H
HbA1C
HG
HOMA
HR

ICA

ICH

ICU

IFG

IGF
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Cerebro-spinal fluid

Computerised Tomography

CT angiography

CT perfusion

Diffusion and Perfusion Imaging Evaluation for Umstanding Stroke Evaluation
Diabetes-Mellitus Insulin-Glucose Infusion Acute Myocardial Infarction
Diabetes Mellitus

Diffusion Weighted Imaging (MRI)

European Cooperative Acute Stroke Study

Electrocardiogram

Extended Glasgow Outcome Score

Early Neurological Deterioration
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1 Introduction — sugar and stroke

1.1 Fundamental concepts in Stroke
1.1.1 Epidemiology — stroke is important

Stroke is the third leading cause of death worldvatter coronary disease and cancer.
Every year an estimated 150.000 people in the Uk laastroke. It is also the most

common cause of severe disabifitflhe Stoke Association (www.stroke.org) @stimate

that more than 250,000 people in the UK live witkadilities due to stroke.

The UK economy is also drained by stroke. Onenestidy estimated that the societal
cost of stroke in the UK amount to £8.9 billioneay. Stroke treatment accounts for

approximately 5% of total NHS expenditire.

1.1.2 Pathophysiology of stroke

An ischaemic stroke occurs when the blood suppthédorain is interrupted resulting in
destruction of brain tissue. Stroke is a syndrofend organ damage with many different
causes. The most common causes are atherothrorbbtiemi' * intracranial small vessel
diseas&’ and cardiac embolisatibri. Atrial fibrillation is the most common cause of

cardiac embolisation in the developed witd

Different systems for stroke aetiological subtyfassification have been used to
categorise the probable cause of an ischaemicesinolinical reseact: *° Classification

of stroke subtype may be useful in different scesar Subtyping may be necessary for a
clinical trial or to clearly define populationsam epidemiological or genetic study. Stroke
subtyping may also be important in clinical deaisinaking*® The merits of different
classification systems have been debated.

The TOAST system (Trial of Org 10172 in Acute Sedkeatment) was widely used in
many papers* **TOAST uses five subtypes of ischaemic stroke @agery
atherosclerosis, cardioembolism, small-vessel santy) stroke of other determined
aetiology and stroke of undetermined aetiologyl&ssify strokes. There were several
weaknesses in TOAST,; the classification of lacugtiaenke was inexact, patients with 2 co-
existing definite causes of stroke would be clasgias ‘stroke of undetermined aetiology’

and TOAST was accused of discouraging detailechdistic investigation®



23

More recently the computerised Causative Classifinaof Stroke (CCS) system has been
shown to allow reliable classification of strokdégpes by using an evidence-based
algorithm® CCS is a revision of TOAST in which the ‘undeteret cause’ category was
subdivided and recent advances in diagnostic teclesihave been consideréthe
computerised version of CCS is available for acdderse online?®

The A-S-C-O system attempts to phenotype stfdk&.stands for atherosclerosis, S stands
for small vessel disease, C for cardiac sourceCafat other. Each phenotype is scored

for probability. The quality of evidence to suppeach diagnosis is also graded. A-S-C-O
has been praised for it's comprehensive appréaaithough it does not always reduce the

incidence of ‘undetermined’ causes of stréke.

One study comparing A-S-C-O, CCS and TOAST condutat no classification system
was clearly superic?

Clinically, stroke syndromes can be classifiedtmy arterial blood supply of the area of

brain that has been injured to produce a neurchbgieficit> 2*

1.1.3 Ischaemic Penumbra

The concept of the ischaemic penumbra is importatite development of modern acute
stroke therapies. The penumbra was first definezhimal studies, initially using réts
and later primaté8in experiments that identified areas of electrinattivity after the
onset of focal ischaemia implying that areas @ugswere dysfunctional but not dead.
This tissue was distinct from the infarct core whiad no activity and was dead. When
blood flow was restored to these penumbral areegyeee of functional improvement was
observed but the core tissue was unable to redgitrieal activity” Earlier human
studies looked at the effect of systemic hypotensio cerebral blood flow (CBF) and
noted that focal neurological signs appear when &B§& below 31.5 ml/100g/miff.
Further animal studies showed that cellular suhava functional recovery of neurons
was related to both residual blood flow and duratibischaemia® ?° It was recognised
that urgent revascularisation might be importaatapeutically for stroke patients. The

concept of a therapeutic window in acute strokattment was establishéd.

Positron emission tomography studies looking atlwet blood flow and oxygen
consumption in humans within 18 hours of a firsheemic stroke revealed 3 patterns of

perfusion and oxygen consumption. The first pattdrgreatly reduced perfusion and
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oxygen consumption suggested tissue infarctionpaedicted a poor clinical outcome.

The second pattern showed a moderate to largesp@nfreduction and a moderate or large
reduction in oxygen consumption and was felt toesent the ischaemic penumbra. This
pattern was associated with variable outcomes. tHihe pattern showed an increase in
perfusion associated with some areas of reducddsi@n with normal or slightly reduced
oxygen consumption. This pattern probably represktissue oligaemia and predicted a
good outcomé Later PET studies confirmed the existence of mby viable areas of

tissue up to 17 hours after an ischaemic stfoke.

1.1.4 Stroke thrombolysis

The concept of stroke thrombolysis has existedgdone time although initial trials with
urokinase and streptokinase were unsucce¥sfdl Thrombolysis aims to re-open an

occluded artery, restore blood flow and save tbleamic penumbra.

The National Institute of Neurological Disordersia®troke rt-PA Stroke Study Group was
the first clinical trial to show that the use afdle plasminogen activator in acute
ischaemic stroke was associated with an improvieétal outcome’ Initially stroke
thrombolysis was considered safe below 3 hoursraue recent trials such as ECASS-III
(European Cooperative Acute Stroke Study Ill) abglenvational studies have suggested
that good outcomes are likely up to 4.5 holif€. The IST-3 trial suggested treatment up
to 6 hours may be beneficiil.

1.2 Pre-stroke hyperglycemia

The physiological state of a patient does not bagthe moment that they have a stroke.
A patient may have had abnormal glucose metabdbssome time before they have a
stroke. Post-stroke hyperglycaemia cannot be gssmliwithout some consideration of

pre-stroke hyperglycaemia.

1.2.1 Hyperglycemia as a risk factor for cardiovasc  ular events

Abnormal blood glucose levels are associated witlnereased risk of cardiovascular
events such as myocardial infarction or strokevadeaced in a large meta-analysis of 20
studies combined data from 95783 patients over yigads which found a relationship

between blood glucose levels and the risk of caatioular event®
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A 2004 paper by Tanne and colleagues exploredrikdétween fasting plasma glucose
levels and the risk of incident ischaemic strékesing data from 13999 patients who were
screened for inclusion in a cardiovascular dissasendary prevention randomised control
trial. All patients had a fasting blood glucosedkechecked at the baseline of the trial.
From this prospectively recruited cohort they waloe to identify 576 verified cases of
ischaemic stroke or TIA. The median fasting gleckevel was between 90 and 99mg/dl.
When compared to this group patients with a loweod glucose (80-89mg/dl) had a
greater risk of stroke with an odds ratio of 1.23% CI 1.02-1.6) while patients with
higher glucose levels had an even higher riskrokst A patient with fasting blood
glucose levels above 140mg/dl had an odds ratiagkrof ischaemic stroke of 2.82 (95%
Cl12.32-3.43). There appears to be a J-shapee d¢onthe relationship between fasting
blood glucose and risk of ischaemic stroke (seear€id below).

3.5 -

Adjusted DR

Fasting Plasma Glucose categories (mgidl)
<80 BO-8% 3085 100108 110125 126140 =140

Adjusted relative odds (95% Cl) for ischemic cersbrovascular
disease by categories of fasting glucose levals. Ralative odds of

20 to 99 mg/dlL, which constitutes the largest category, is
defined as 1.

Figure 1 - The relationship between fasting blood g  lucose and ischaemic stroke risk (Tanne
2004)

A similar J-shaped curve was also seen in a metlysia of 102 studies that examined the
relationship between diabetes mellitus, fastingpla glucose and vascular outcomes such
as ischaemic strok& (Figure 2 below) with lowest risk at 5.2mmol/L aindreased risk at
lower and higher levels of fasting plasma glucdskre studies are needed to elucidate
the link between lower fasting glucose levels aasicular risk.
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A large Korean study using data from 652,901 men identified 10954 stsokA linear
relationship between fasting blood glucose level ask of stroke was observed for

glucose levels above 5.6mmol/L. The p-value f@s linear trend was <0.0001.

In an analysis of data from 13116 non-diabetic mehe Whitehall study there appears to
be a relationship between increasing post oraloglei¢olerance test glucose level and
death from strok&* Risk of death from stroke began to increase asgallenge glucose
levels increased above 4.6mmol/L. For every 1mimakrease in plasma glucose above
this level there was an increase in the adjussédaf stroke (Hazard ratio 1.17, 95% ClI
1.04-1.31).

Hyvarinen and colleagues combined data from 21 #d@mts enrolled in 13 cohort studies
to look at the relationship between fasting plagho@ose and plasma glucose level at 2
hours after an oral glucose lo&dIn men an elevated post-challenge glucose leweém
strongly predicted mortality than fasting plasmacgise. In women fasting plasma

glucose level was a stronger predictor of death.

Hyperglycemia also appears to be a risk factopési-operative stroke during carotid
endartectomy. One retrospective observationalystudmined the records of 1201
patients who underwent endartectoffiyAll of these patients had a blood glucose level
checked at least 3h hours before the start of pleeation. When the blood glucose levels
were dichotomised at 200mg/dl (11.1mmol/l) it wasrd that pre-operative glucose
readings above this level were associated witmareased odd ratio of stroke (OR 2.78,
95% confidence interval 1.37-5.67, p=0.005). Hgbaremia was also associated with an

increased risk of Ml or death.

1.2.2 Hyperglycemia and clinical outcomes in critic al care

Hyperglycemia is also associated with poor outcomesitically unwell patient groups.

In a large retrospective cohort study Falcigila aalleagues looked at data from 259040
patients in 173 American intensive care ufiitd¥hen compared with normoglycemic
patients, hyperglycemic patients are at an incoeask of death with the risk increasing as
the plasma glucose level increases. This effadtsvavith reason for admission to the
intensive care unit. For stroke patients a blododage level of above 300mg/dI
(16.6mmol/l) is associated with a risk of deathhwathazard ratio of 8.49 (95% CI 4.46-
16.2, P<0.0001).



28

1.2.3 Insulin resistance

Insulin resistance is an abnormal physiologicaksiawhich a normal amount of insulin
produces a subnormal physiological response. dlieggandard for the identification of
insulin resistance is a euglycemic hyperinsulin@ectamp. Most patients with Type II
Diabetes Mellitus have insulin resistance. In stugly of 72 non-diabetic patients with a
recent TIA or stroke 36 patients had impaired imssénsitivity*® In another study 52% of
patients were found on investigation to have imstésistance or previously unknown
diabetes after a TIA or stroKg.

Homeostasis model assessment or HOMA is an accamdtéess inconvenient method of
assessing insulin sensitivityA model is used to predict the homeostatic coneéintrs of
glucose and insulin based on fasting blood sangllewing researchers to estimate insulin
sensitivity and3-cell functior’™. In a paper published in 2000 Hanson and collesgu
established that HOMA results correlated with eagigic hyperinsulinaemic clamp

results to an acceptable degrée.

Pathophysiologically, insulin resistance appeatsetadetermined by defective muscle

glycogen synthesi®

1.2.4 Insulin Resistance and risk of stroke

Insulin resistance has been posited as a riskrfatterothrombotic strok&. As part of a
cohort study looking at cardiovascular diseaseonthern Sweden 94 cases of first ever
stroke in patients without diabetes were foundaweehelevated pre-stroke proinsulin
levels® In the Helsinki Policeman population study hypsulinaemia was associated
with increased stroke risk (age-adjusted hazard,ratl2; 95% CI, 1.28 to 3.49) although

this was not independent of other risk factors aashbesity®

In another Finnish study the patients with the bBrghsulin levels appeared to have a
greater risk of stroke but when adjusted for ligdels, blood pressure and obesity this

effect was no longer statistically significaft.

In a 1999 paper, Folsom and colleagfiésund that an elevated fasting plasma insulin
level increased the risk of stroke after correctmmother risk factors with a relative risk
ratio of 1.14 (Cl 1.01-1.3, p=0.03). When the ighquartile of insulin levels was

compared with the lowest quartile the correctedtines risk increased to 2.11.
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A 1999 paper by Wannamethee and colleagues lodkéeé association between non-
fasting insulin concentrations and risk of strékeMen with diabetes were at a
significantly increased risk of stroke. There vaés an apparent J-shaped relationship
between non-fasting insulin levels and stroke wigk the lowest risk seen in patients with
insulin levels of between 6.65 and 9.8 mU/L.

Several papers have suggested that insulin resestscharacterised by a homeostasis
model assessment (HOMA) is associated with riskcitlent ischaemic strol8 Patients
with higher insulin levels may be at a greater ngkschaemic stroke (HR 2.83, 95% CI
1.34-5.99%* Insulin resistance may be a modifiable risk fafo stroke that should
trigger pharmacological interventiéh. The evidence for this is not completely consisten
as demonstrated in a 2009 paper by Tanne and go#s® insulin sensitivity status was
assessed using HOMA. Incident strokes occurrdditi2938 patients but there was no

apparent increased risk of stroke with increasedlin resistance in this population.

Elevated pro-insulin levels may be associated waiitfincreased risk of stroRe.In a
prospective cohort study 94 patients with firstragehaemic stroke and 178 randomly-
selected controls were compared. The higheskg@ttipro-insulin levels was associated
with an increased risk of stroke after adjustmenwther risk factors (OR 3.4, 95% CI 1.4
to 8.4). The risk was even greater in women witth adds ratio of 13.7 (95% CI 1.3 to
146).

1.2.5 Impaired Glucose Tolerance and Risk of Stroke

We cannot be sure that impaired glucose toleramegisk factor for stroke.

Impaired glucose tolerance as defined by an otelagle tolerance test was not associated
with the risk of stroke in a 1998 pagiérin this study 6547 adults had an oral glucose
tolerance test to define if they had normal gluaos¢abolism, impaired glucose tolerance
or diabetes. The prevalence of stroke was 1.82eimormal group, 2.17% in the
impaired glucose tolerance group and 4.96% in thieedic group. In this study impaired
glucose tolerance was associated with an adjustiedatio of 0.9 (95% CI 0.5-1.6) for
non-fatal stroke while diabetes mellitus was asgedi with an adjusted risk ratio of 1.6
(95% CI 1 — 2.6). Similar results were seen i@&Finnish study where stroke occurred
more frequently in patients with impaired glucoslkertance although this was not
statistically significant (RR 1.48, 95% CI 0.91-2,4€=0.12)*
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A secondary analysis of data from the Dutch TlAalTsuggests that impaired glucose
tolerance may be associated with recurrent stnolkeepopulation of patients who have
experienced a minor stroke or TfA.In this study 3127 patients were enrolled. Cér
years 272 patients had a stroke. Impaired glutmseeance (IGT) was diagnosed on a non-
fasting glucose sample and defined as a glucost¢ débetween 7.8 and 11mmol/L. IGT
was associated with an increased risk of recusteoke (HR 1.8, 95% CI 1.1 to 3).
Diabetes was associated with an even greaterHiBKX 8, 95% CI 1.9-4.1). Interestingly
patients with blood glucose levels below 4.6mmaliéo had an increased stroke risk (HR
1.5,95% Cl 1 to 2.2).

Impaired glucose tolerance has been identifiedraskdactor for stroke in a Japanese
population as described in a 2008 paper by Oizumiicalleagued’ Glucose tolerance at
baseline was defined in a cohort of 2938. Impagiiedose tolerance was associated with
an increased risk of stroke (OR 1.87, 95% CI 1.08Pas was diabetes mellitus (OR 3.57,
95% CI 3.21-3.98).

It has also been reported that the ‘metabolic symeY is associated with an increased risk
of incident stroke or TIA® The ‘metabolic syndrome’ is a controversial gntiith debate
over the existence and definition of the syndréh&.In 2005 the American Diabetes
Association and the European Association for thelof Diabetes issued a joint
statement to say that the metabolic syndrome wpseitisely defined and that it's
pathogenesis was uncert&ifiThis statement concluded that there is not enough

information available to clearly define this syna and that the term may not be useful.

1.2.6 Insulin resistance as a risk factor for carot  id artery disease

An association between insulin resistance and icbkaotery disease has been reported. A
Swedish study from 1967 found a relationship betwaaggiographically defined disease of
the major cerebral blood vessels and impaired gkitolerance as defined by an oral
glucose tolerance teSt. More severe disease was associated with a geetart of

disease on angiogram.

The Insulin Resistance and Atherosclerosis StUgf8) found a significant relationship
between carotid intima thickness and insulin rasis¢ in white or Hispanic people but not
in black peoplé? Carotid intima thickness was generally greatantaverage in

hyperglycemic or diabetic peopf&.Similar findings have been made in other stuffies.
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Diabetic patients have a high prevalence of camntiery occlusive diseaSavith 20%
found to have a degree of carotid artery occludigease in one study. Measures of
hyperglycemia did not appear to be related to chbsease although higher systolic
blood pressure, higher cholesterol and reducedaitypwere. Another study found that
while diabetes mellitus predicted increased caiaticha-media thickness plasma insulin

levels did not’®

Insulin resistance may be an important pathophggiodl factor in atherothrombotic
stroke® In a small angiography study patients with attreambotic stroke had severe
insulin resistance and compensatory hyperinsulima@rhile the lacunar or cardioembolic
patients did not. Increased insulin resistancenddfby HOMA-IR is associated with

intracrainial atherosclerosis diagnosed on MR gitali subtraction angiograpHy.

The Lausanne Stroke Registry found a significalaticnship between large artery stroke
and diabetes mellitU8. In this study 31% of non-diabetic patients hadrge artery stroke
compared to 42% of diabetic patients (p<0.000m)this population diabetes mellitus is
associated with an increased risk of large arteoks with an odds ratio of 2.02 (95% ClI
1.31-3.02, p=0.002).

A study of 415 926 ischemic stroke patients fourat tarotid stenosis was significantly
more prevalent in diabetic patients (5.2% vs.4.2060001)"° It has also been suggested
that insulin resistance is a risk factor for suipichl cerebral infarction associated with

thickening of the carotid intimal medfa.

1.2.7 Insulin resistance and lacunar stroke

A 1996 study by Zunker and colleagues suggestsribalin levels are higher in patients
with ischaemic strok&" In a prospective study insulin levels were chedkepatients
with lacunar disease, subcortical arterioscleraticephalopathy and stroke due to large
vessel disease. Insulin levels were significahiijher in lacunar stroke patients than in
other groups. The authors conclude that elevaigdin levels may represent a

pathophysiological factor in the development okebeal small vessel disease.
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1.2.8 Diabetes and stroke

In a large meta-analysis recently publishedle Lancetndividual patient data from
698782 participants in 102 studies were combffiéd this cohort diabetes mellitus was
associated with an increased hazard ratio of 222i&€haemic stroke (95% CI 1.95-2.65)

An early description of this association was mad&d72 Paffenbarger published data
from a cohort study involving 3991 Longshoremen wiese followed up for 18.5 yeafs.
At baseline these men were assessed for cardidaasisk factors including diabetes
mellitus and impaired glucose tolerance. Paffegdyafound that patients with impaired
glucose tolerance had a risk ratio of 1.97 for lddéam stroke while patients with diabetes

mellitus had an even greater risk ratio of 2.96.

The Rochester Community StufiThe Honolulu Heart Programffeand large Britisi>
and Americaff studies have clearly established diabetes a& &agsor for stroke. A
similar picture has been seen in Swelfedapaf® and Hong Kon§® In the Hong Kong
study diagnosis of diabetes was previously unreisegnn 19% of patients who presented
with an ischaemic stroke. Diabetes is associaigdan increased risk of stroke after

myocardial infarction®®

Recurrent stroke also appears to be more likepatients with diabet&s as seen in the
Leigh Valley Stroke Programme where diabetes wasddo convey an increased relative
risk of 5.6 for recurrent stroke (p<0.0001).

1.2.9 Diabetes and outcome after stroke

Diabetes appears to be a poor prognostic marlstroke? Diabetic patients have an
increased risk of death and recurrent stroke oraawybal infarctior®> In one study
diabetes was associated with an increased incidgriceb weakness, dysarthria,
ischaemic stroke and lacunar strékeDiabetic patients also appeared to have higher 3
month Rankin scores and more severe Barthel scoféss paper was a large population
based study combining several European databases gmssible that some diagnostic

accuracy (for both lacunar stroke and diabetespbas compromised.

Tuttolomondo and colleagues did not report sigaificoutcome differences between
diabetic and non-diabetic patients in their 2008ep& Diabetic patients in this cohort

had better scores on the Scandinavian Stroke 8watenon-diabetics. The authors felt
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that this may be due to the higher prevalenceafrlar stroke in the diabetic population.

Lacunar strokes may result in lower levels of dildgb

In a 2007 Spanish language paper Ortega-Casarrabibsolleagues looked at patient
outcomes in a cohort of 2213 stroke patients, @91906) of whom had a history of
diabetes? In this cohort patients with diabetes had sigaifitly higher rates of in-hospital
complications (OR: 1.377; Cl 95%: 1.053-1.799) sashurinary tract infection, multi-
organ failure, neurological deterioration and reent stroke. Despite these findings there
did not seem to be any association between diabst#gus and severity of initial stroke,
mortality, length of hospital stay or stroke out@m

Another study suggests that diabetes does not segrfluence the motor or functional
outcome of patients who enter rehabilitation adtéirst ischaemic strok®. In a

prospective observational study 395 patients wesessed for diabetes and entered into a
rehabilitation programme. Both the diabetic and-d@betic patients were observed to
make a significant and progressive improvementliatacome measures (P<0.01) with no
differences between groups. The paper does nditidypstate that outcomes were
assessed by research staff blinded to the diagtetigs of the patients so there is a
possibility that a degree of bias could have distbthese results. However these results
suggest that a mechanism other then poor rehaioititpotential may be responsible for

the poor clinical outcomes after stroke.

In another study using data from VISTA (the Virtlralernational Stroke Trial Archive)
predictive models were developed for cardiac daathserious cardiac events after
stroke®® Diabetes was found to predict a cardiac everit it odds ratio of 2.11 (95% ClI
1.39-3.21, p<0.0001).

A very large American study assessed the qualitaoé and clinical outcomes amongst
diabetic patients admitted to hospital after ahasanic stroké? In this study data were
obtained from 415 926 ischemic stroke patients #dchio 1070 American hospitals
between 2003 and 2008. In this cohort 130 817 j312d diabetes. Patients with diabetes
who presented within two hours of stroke onset viese likely to receive treatment with
alteplase than non-diabetics (adjusted odds radi®; 5% CI, 0.79-0.88, p<0.0001).
Patients with diabetes also had an increased fidkath (adjusted OR, 1.12; 95% ClI,
1.08-1.15).
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In a prospective observational study involving pé#ients with diabetes who had suffered
a stroke there was no apparent link between glycaeomtrol as assessed by HbAlc and

risk of recurrent strok& These results may be misleading as the majofipatients in

this cohort had well controlled diabetes and thea size of 142 patients is small. Tight
glycaemic control would need to have a very larffece on the risk of recurrent stroke for

that effect to be detectable in a cohort of 142epéd.

Risk factors such as diabetes are often underetieatpatients who have experienced a
stroke'® In one large study 4.5% of patients had no treatrfte their diabetes. This
study suggested that undertreatment of modifiablefactors for stroke is a global

problem.

Treatment of risk factors does appear to be beakfar ischaemic stroke patients who
have diabetes. In a subgroup analysis of the &apiml Protection Against Recurrent
Stroke Study (PROGRESS) outcomes for diabetic amddmabetic patients were
compared® In patients with diabetes treatment with perinilapduced the relative risk
of recurrent stroke by 38% (95% CI 8-58) while onrdiabetic patients there was a
relative risk reduction of 28% (95%CI 16-39). Téevas no evidence of heterogeneity
between these results (P homogeneity = 0.5). &asons for this benefit are uncertain.

1.2.10 The prevalence of diabetes in stroke patient s

The prevalence of diabetes in stroke patients nmelybe underestimated. In a study
population of stroke survivors at least 6 montheraheir stroke glycaemic status was
categorised using both a fasting blood glucose &amm an oral glucose tolerance t&st.
The fasting plasma glucose level was found to laasensitivity of only 49% for
predicting abnormalities in the glucose tolerarest.t In this population of stroke

survivors 77% were found to have abnormal glucosgahbolism.

1.2.11 Post mortem studies of stroke in diabetes

Post mortem studies have shown that diabetesasiagsd with an increase in the
frequency and severity of cerebral atheroscleiosidél age group$®® Pathological studies
from the first generation of Type 1 diabetics tegbafter the discovery of insulin in 1922
showed ‘softening’ in the brains of all the patestudied® One paper reported 16
patients with a duration of diabetes of betweemd® 36 years who had died before the

age of 40°°* Fourteen of these sixteen patients had some logizal symptoms while 4
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had clinical strokes. Evidence from post-mortenss aluggests that stroke occurs much
more frequently in diabetic patients than non-dihgatients:®> Non-diabetics over the
age of 85 were less likely to have evidence ofkstithan diabetic patients in younger age

groups.

1.2.12 Type of stroke in diabetes

The characteristics of first ever stroke in diabetitients were examined in a study of the
Lausanne Stroke Registfy. This registry included 3690 ischaemic strokeeyas,

including 572 patients with diabetes mellitus. IAsve discussed in an earlier paragraph
large artery disease was significantly more comama cause of stroke in the diabetic
patients. Diabetes was also associated with ehigfevalence of subcortical infarction
(OR 1.34, 95% CI1 1.11-1.62, p=0.009) and a grdegdguency of small vessel disease (OR
1.78, 95% Cl 1.31-3.82, p=0.012). Cardioembolioksts were not associated with
diabetes. The registry also includes intra-cetdmamorrhage patients and there was

lower relative prevalence of ICH among patienthwiiabetes.

Tuttolomondo and colleagues analysed the prevalehdeferent stroke sub-types defined
by the TOAST criteria in 102 diabetic and 204 naabetic stroke patientS. A higher

incidence of lacunar stroke was observed amongbetic patients even after adjustment
for hypertension (adjusted OR 3.37, 95% CI 1.9-5p83®.0001). Differences in incidence

of other TOAST subtypes were non-significant.

Patients with diabetes appear to be at an incraasdedf recurrent lacunar stroke. In a
prospective study of lacunar stroke quantified WitR1. A total of 175 patients presenting
with a first ever lacunar stroke were includedha study. Diabetes mellitus was
associated with the presence of multiple lacurrakes (OR 2.43, 95% CI 1.09-5.4,
P=0.026).

Diabetes also seems to be associated with sulallicecebral infarction&%n a Japanese
prospective observational studies 360 hypertensatients with no history of stroke
underwent MRI scanning. In this population 24@rsilcerebral infarcts were identified on
MRI. Silent cerebral infarctions were found in 82¥%the diabetic patients compared to
58% of the non-diabetic patients (p<0.001). Muldtigilent cerebral infarctions were also

more common in the diabetic population (p<0.001).
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Diabetes may be associated with an increased gresa@lbf asymptomatic intracranial
large vessel occlusive dised8€ln a prospective study of 510 patients referred to
vascular imaging laboratory for carotid duplex aémahscranial Doppler ultrasound 66
patients (12.9%) were found to have asymptomatiadcnanial arterial occlusions.
Diabetes was present in 28% of these patients Q@{.

1.2.13 Cerebral blood flow in diabetic stroke

In a 1978 study Dandona and colleagues comparetire¢tblood flow in diabetics and
non-diabeticg® A group of 59 patients with diabetes mellitus anchistory of stroke was
recruited. Twenty-eight non-diabetics with no bigtof stroke were used as a control
group. Cerebral blood flow was measured usind 88xenon gamma camera technique
developed by David Wyper and colleagues at thatinstof Neurological Sciences in
Glasgow'®

After challenge with carbon dioxide cerebral bldlmav increased in all of the control
patients but decreased in 26 of the diabetic pEti@md remained static in 10 more diabetic
patients. The authors conclude that these resuliisate that patients with diabetes have
impaired cerebrovascular reserve and are at aedsed risk of strok€® A similar 2003
paper by Kadoi and colleagues found an inverseetagion between absolute carbon
dioxide reactivity and glycosylated haemoglobir @.69, p<0.0013*° Several

subsequent papers have attempted to further ceasscterebrovascular reactivity in
diabetic patients'**"In patients with longstanding type 2 diabetesvésodilatatory

ability of cerebral arterioles is diminish&4.

In a 1990 longitudinal study comparing cerebrabliflow in both diabetic and non-
diabetic stroke patients cerebral blood flow watsdvenaintained in treated diabetics than
in non-diabetic subjecfs® However there was a greater incidence of cognitaaine in

the diabetic patients despite the maintenancerebcal blood flow.

In a 2007 paper Last and colleagues aimed to eteaiha regional effects of type 2
diabetes on cerebral tissue volumes and cerelwatiflow (CBF) regulationt** Diabetic
patients and normal controls had their regionalnbvalumes and vasoreactivity
determined by anatomical imaging and continuowriattspin labelling (CASL) of blood
flow using 3 Tesla MRI. Diabetic patients wereriduo have smaller volumes of both

gray and white matter. Baseline cerebral blood fleas reduced in diabetic patients.
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Higher HbAlc levels were associated with lower beseblood flow and greater CSF

volumes in the temporal region.

Mankovsky and colleagues observed impaired ceralotaregulation in a cohort of
diabetic patients with known cardiovascular autormomeuropathy or orthostatic
hypotensiort*® Cerebral blood flow was assessed with transdr@uppler ultrasound in
both diabetic patients and normal controls. Ceidtlpod flow velocity was markedly
reduced in patients with diabetes after one mintistanding suggesting that cerebral
autoregulation was impaired in this group. Thiglddoe a mechanism explaining the
worse outcome often seen in patients with diabeftes ischaemic stroke. If vascular
autoregulation is impaired collateral blood supplieay be slowly recruited worsening the
anatomical hypoperfusion and resulting in accedetgenumbral loss. Several small
prospective studies have suggested that impairethizd vasomotor reactivity was a

predictive factor for stroke in patients with asyompatic carotid stenosfs> 119 12

Another study compared vascular reactivity in diabeatients with normal controfé? In
an attempt to investigate the effect of diabetebawsal cerebrovascular endothelial
function 14 patients with type 2 diabetes and %&b controls had their cerebral blood
flow monitored during exposure to the nitric oxglgthase (NOS) inhibitor NG-
monomethyl-L-arginine (L-NMMA). In the non-diabetgroup cerebrovascular blood
flow there was an appropriate response to the L-NMwhile cerebrovascular reactivity

was markedly impaired in the diabetic group.

Cardiovascular autonomic neuropathy (CAN) is asgedi with an increased risk of
incident ischaemic stroké! Patients with known Type Il diabetes mellitus &vassessed
for cardiovascular autonomic neuropathy and giv€A&l score. Patients were followed
up over a 7 year period and data on subsequeratasuhb stroke were collected. Patients
with higher CAN scores were found to be at a graadk of incident ischaemic stroke
after Cox proportional hazard regression analysifusted HR 2.7, 95% CI 1.3-5.5,
p=0.006). The presence of cardiovascular autonoeucopathy may be associated with

cerebrovascular autonomic neuropathy. Some arsitudles support this hypothesfé.
123

1.2.14 Special risk factors for stroke in Type 2 Di  abetes Mellitus

Some studies have tried to define clinical markieas may predict stroke risk in patients

with diabetes mellitus. In a small prospectiveestational study 133 patients with non-
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insulin dependent diabetes mellitus were followpdar 10 years?* In this cohort 19
patients had an ischaemic stroke. Toyry and agliea found that pre-existing
parasympathetic neuropathy was a strong indepepdedictor for later ischaemic stroke
with an odds ratio of 6.7 (95% 1.5-29.9, p=0.018)levsympathetic autonomic
neuropathy was associated with a slightly lowes (B8R 1.2, 95% CI 1.01-1.2, p=0.042).
Interestingly the use of beta-blockers was alsanglly predictive although this was
probably confounded by underlying cardiac dise&¥e, 6.7; 95% ClI, 2.1 to 21.5).

Diabetic autonomic neuropathy also emerged askdacsor for stroke in a prospective
study that included 950 patients with known typdigbetes mellitu$® In this population
diabetic autonomic neuropathy conveyed an increaskaf stroke with an OR of 2.2
after multivariate analysis (95% CI 1.1-4.44).

Asymmetrical retinopathy may be a marker of aneased risk of stroke in diabetic
patients:?® Theoretically, diabetic retinopathy should be syeminal and asymmetry may
represent localised ischaemic retinopathy duepimblem with the extraoccular blood
supply representing an increased risk of ischasinike. Lino and colleagues performed
a prospective study of 142 patients with diabetatlibas, monitoring them for retinopathy
and incident ischaemic stroke over a period of@ye Ischaemic stroke occurred in
41.7% of patients with asymmetrical retinopathy paned to only 7.7% of patients with
symmetrical retinopathy and 7.7% of those with etinopathy (p<0.005%).

1.2.15 Glycosylated haemoglobin

Glycosylated haemoglobin (HbAlc) levels indicate éxposure of a red blood cell to
glucose over approximately 120 dd$5.More recently HbAlc has suggested as a means
of diagnosing diabeté4® For many years it has been known that strokelArg

associated with an elevated HbA1c level even ireptg with no clinical history of

diabetes mellitus*® In their 1982 study Riddle and Hart found tha¥6@f stroke/TIA
patients had an elevated HbAlc level and when cogdpaith various control groups the
prevalence of an elevated HbAlc level was greltar in a healthy non-stroke community

and similar to populations that attended diabeliegs.
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1.2.16 Glycosylated haemoglobin and prognosis in st roke

It has been suggested that patients with an el@vatel of glycosylated haemoglobin
(HbAlc) have a worse prognosis after a stroke atjhdhis has not been a universal

finding.

In a letter to the BMJ in 1985 Oppenheimer andeaglies suggested that the relationship
between post-stroke hyperglycaemia and poor outdorsteoke could be explained by the
elevated HbA1c of many patieft$ Oppenheimer suggested that the negative effécts o
PSH may just represent the natural history of stiakdiabetes. The next year Cox and
colleagues published a similar study which suggettat patients with a raised HbAlc
and post stroke hyperglycaemia had better outcdina¢shose who had a normal HbAlc
and hyperglycaemit!

Topic and colleagues prospectively studied theagyuic status of 148 patients in a 1989
paper'*? They evaluated long term glycaemic status witHblevels. Patients with an
HbAlc of above 8.6% were assumed to be diabetitth@ basis 16% of patients had
unrecognised diabetes in addition to 13% who hanhvkndiabetes. Patients with an
elevated HbA1c had worse clinical outcomes. Pttiasith normoglycemia had better
outcomes. Outcomes in patients with transient fglpeemia had poor outcomes although

these were not as bad as the diabetic subgroup.

In the 1987 study by Gray and colleagues 86 adutkespatients had their glycaemic
status prospectively assessed with blood glucodeHam1c levels=** No significant
correlation between HbA1c level and outcome wasdau this group.

In a 1992 prospective observational study Murras @ileagues collected data from 99
stroke patient$®* These patients had HbA1lc levels checked to éskaglycaemic status
before they had a stroke. In this group 76 patiardre classified as having a normal
glycaemic status before the stroke (HbAlc<7) wBBeéhad abnormal glycaemic
metabolism (HbAlc above 7). There did not appedetany relationship between HbAlc
and mortality, severity of hemiparesis, functiooatcome or infarct size. However in
non-diabetic patients the fasting blood glucoselleerrelated strongly with the severity of
hemiparesis and predicted stroke outcome.

In a small prospective study carried out in 198%byer and colleagues there was no

significant correlation between mortality and HbAt 58 patients were enrolled in this
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study, 28 of whom died. While there was a tenddacgead patients to have higher
HbA1c values the confidence intervals of the twougs overlapped and the study was too

small to produce a definitive answer.

A cohort study published in 1994 by Moss and cgjiess looked at the association
between glycaemia and cause specific mortalitydiahetic population®® HbAlc levels
were checked at baseline in a population of 178Betic patients who were followed up
for a median period of 8.3 years. In this popolatibAlc was significantly associated
with risk of mortality. Higher HbAlc levels werssociated with a hazard ratio of 1.17 for
mortality related to stroke (95% CI 1.05 — 1.30).

Data from the UK Prospective Diabetes Study (UKPB&jgest that patients with a higher
HbAlc are at a greater risk of having a fatal 6k UKPDS was a prospective study
which recruited 5102 patients with a new diagno$iSype Il diabetes mellitus. Patients
were followed up for a median of 7 years. Durinig time 234 patients had an ischaemic
stroke with enough available covariate data folyama (34 further strokes occurred but
insufficient data were available). Forty-eightipats had a fatal stroke. The risk of fatal
stroke increased as HbAlc levels increased withizard ratio of 1.37 for every 1%
increase in HbAlc (95% CI 1.09-1.72, P=0.0071).

More recently in an abstract presented at the HutBpean Stroke conference Juttler and
colleagues have suggested that HbAlc levels stygrgdict the risk of haemorrhagic
transformation after thrombolytic treatmétit. In a prospective observational study 800
consecutive patients had various measures of glyicagatus tested. HbAlc levels
appeared to have the strongest predictive valuedemorrhagic transformation and
symptomatic intracerebral haemorrhage independemtstory of diabetes or acute blood

glucose levels.

1.2.17 Glycosylated haemoglobin and risk of stroke

In a large prospective observational study invajvi9489 patients Myint and colleagues
examined the relationship between HbAlc levelsrisidof stroke**® They did not find a
linear relationship such as that between bloodafa@nd coronary heart disease. Instead
they found a threshold relationship. In patienithan HbAlc of between 5.5% and 6.9%
had an adjusted relative stroke risk of 0.83 (95%.64-1.27) while patients with an
HbAlc above 7% had a adjusted relative risk of 2836 Cl 1.4 — 5.74).



41

A 2004 meta-analysis conducted by Selvin and cgllea looked at the relationship
between an increase in HbA1c level of 1% and risitoke’*° Data from 3 studies
involving 5962 patients were pooled and the reéatigk of stroke in a diabetic patient was
found to increase by 1.17 for every 1% increadgbAlc level (95% CI 1.09-1.25).

Selvin and colleagues subsequently tried to askes®lationship between HbAlc and risk
of stroke in diabetic and non-diabetic patientannanalysis of data from the
Atherosclerosis Risk in Communities (ARIC) stUdyARIC was a large cohort study
including 15792 patients. At the second stagéefstudy 10866 patients without diabetes
and 1635 patients with diabetes had HbAlc levetslobd. After follow-up of
approximately 10 years 89 of the diabetic patianis 167 of the non-diabetic patients had
ischaemic strokes. In non-diabetic patients a Hblgtel in the highest tertile conveyed a
relative risk of stroke of 1.58 (95% CI 0.94-2.6@)en compared with patients with
HbAlc levels in the lowest tertile. In diabetidipats a HbAlc level in the highest tertile
conveyed a relative risk of stroke of 4.71 (95%2@®@9-8.25) when compared with patients
with HbAlc levels in the lowest tertile. The pagencludes that an elevated HbAlc may

be an independent risk factor for stroke in bo#bdtic and non-diabetic individuals.

In a 2008 paper a prospectively recruited cohofi4z5 Hong Kong Chinese patients with
type 2 diabetes mellitus were followed for a mebb.87 years to further establish risk
factors for ischaemic strok& In this study there appeared to be an additsleaf stroke

in patients with both microalbuminuria and an etedaHbAlc level of above 6.2%.

1.3 Post-stroke Hyperglycaemia

The phenomenon of post-stroke hyperglycaemia (RSeEmmon with up to 68% of

acute stroke patients having a plasma glucose otnatien >6.0mmol/L*324

1.3.1 Early observations of post-stroke hyperglycem ia

Observations of abnormal glucose metabolism irkstpatients have been made for many
years. In a 1967 paper Jakobson performed gluotes@nce tests in a series of 52 stroke
patients, 47 of whom had stroke disease confirnmeibgraphically’’ He found that 42%
of patients with cerebrovascular disease had abasiagincose metabolism compared to

17% of a control group who had no evidence of strok
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Another early observational study on post-strokeenglycemia was published by
Melamed in 1976 Melamed knew that in experimental models of strimiduction of
acute cerebral ischemia would often be followedrbgsient generalised metabolic
abnormalities including marked hyperglycertita.**°Melamed examined the notes of
stroke patients (including those with intracerelbi@morrhage) admitted to a neurology
unit over a six year period. In a cohort of 398ds he identified 79 (20%) who had
known diabetes mellitus and 108 (28%) without knaliabetes who had what he
described as ‘reactive hyperglycemia’. He alseda@ 54% mortality rate in the ‘reactive
hyperglycemia’ group, compared to 35% mortalityhia diabetic group and only 17%

mortality in the non-hyperglycemic group.

In a 1978 paper Abu-Zeid and colleagues studiedrmstic factors in 1484 stroke patients
including 952 patients with ischaemic strdRe.In this cohort admission blood glucose
level was correlated with survival. Patients vathlood glucose level of less than
5.55mmol/L were more likely to survive in both tsleort term and the long term
(p<0.005).

1.3.2 The relationship between blood glucose level after stroke and
outcome

Woo and colleagues performed a prospective obsenatstudy correlating admission
blood glucose levels with neurological outcome 52 acute stroke patient¥. This 1988
paper included patients with intracerebral haenamehas well as ischaemic strokes.
Patients with admission hyperglycemia were morelyiko be dead at 6 weeks irrespective
of stroke subtype and diabetic status (p<0.05pnly non-diabetic patients are considered
mortality is significantly higher at both 1 weelk<({O05) and at 6 weeks (p<0.05). If only
intracerebral haemorrhage is considered the edigotars to be even more marked
irrespective of prior diabetic status (significameeels; 1 week p<0.01, 6 weeks 0<0.005,
3 months p<0.005).

In a follow on study Woo and colleagues recruitddreher 216 acute stroke patients
(again including intracerebral haemorrhaffé)n this study HbAlc levels were measured
in all patients and an oral glucose tolerancewast performed in survivors where
possible. Plasma glucose levels did not correldtte HbAlc levels. There was a non-
significant trend towards surviving patients havinigher HbA1c levels if known diabetic
patients were included in the analysis. If diabpatients were excluded from analysis
there was a non-significant trend towards lower BHbkevels in survivors. HbAlc levels
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did not correlate with mortality. A relationshiptwveen admission hyperglycemia and
mortality was only seen in intracerebral haemorehaatients. The authors suggest that
hyperglycemia in the presence of a normal HbAlc negyesent a ‘stress’ response and

suggest that attempts at lowering plasma bloodogkeienay be unnecessary.

A further prospective study included 304 patiethi®} of whom had an ischaemic stroke or
lacunar infarctiort>® In this study 74% of patients with stress hypgreiia died

compared to 23% of patients with diabetes melking 24% of patients with normal
glucose metabolism. Patients who died had thedsigmean glucose levels. In this study
the relationship between stress hyperglycemia aathdvas only significant when the

ICH patient data were analysed with the ischaetnoks patient data.

In a 1992 prospective observational study Toni@ltagues recruited 327 ischaemic
stroke patients within 12 hours of onset of fins¢eischaemic strok€> Glucose levels
were checked as soon as patients were admittenstotal and before any treatments were
started. Patients were split into three groupahelic patients, non-diabetic
hyperglycaemic patients and normoglycaemic patieDiabetic patients included patients
who had persistently elevated glucose levels duadmission and required anti-diabetic
treatment. No glycosylated haemoglobin levels veliecked so it is possible that the
diabetic group included patients with persisterdtgsiroke hyperglycemia but no previous

glycaemic abnormality.

A plain CT brain scan was performed within 12 haafrstroke onset and repeated at 21
days. Admission glucose levels and initial strekeerity were compared with clinical
outcome and final stroke lesion seen on CT. 2lob%e patients were diabetic and all of
these patients were hyperglycaemic at admissiofurther 28.5% were hyperglycaemic at
admission with no history of diabetes. There wasarrelation between admission
glucose level and final infarct size. Initial satyeof neurological deficit was predictive of
final infarct size. Mortality at 30 days was highe the diabetic group at 38.6%
compared to 22.6% mortality in the hyperglycaentn-diabetic group and 9.2% in the
normoglycaemic group (p<0.00%%

In 1993 De Falco and colleagues published a sttid@# patients with ischaemic stroke
where they found a correlation between blood gladesgel within 12 hours of stroke onset
and cerebral infarct siZz8° The correlation between infarct size and bloatgse level

was highly significant. Interestingly the relatstrp between glucose level and infarct size
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was more significant in the non-diabetic patieptsO(0373) than in the diabetic patients
(p=0.056). The authors felt that the effect of érghycemia on infarct size may be

mediated by ‘vascular insufficiency’.

In a paper from the North Manhattan Stroke Studyliphed in 1994 glucose level
predicted stroke mortality and recurrence of isahiaestroke>” In this prospective cohort
study 323 patients were followed for a mean ofy&&rs. Hyperglycemia (defined as a
blood glucose level above 140mg/dl) was observed8% of patients. An elevated blood
glucose level in the first 48 hours after onset aasndependent predictor of recurrent
ischaemic stroke with a relative risk ratio of p& 50mg/dl (2.7mmol/L). Hyperglycemia
was also a significant predictor of mortality afaeljustment for age with a risk ratio of 1.7
(95% Cl 1.4-2.8).

Hyperglycaemia in acute stroke predicts a pooraut®?> 144 146,147, 157-166 5 5
Vi Y

Australian retrospective cohort study 416 patiechsitted to a tertiary referral centre were
identified*®* Patients were divided into 4 groups; normogly@emeérmoglycemic
diabetics, hyperglycemic diabetics and hyperglycemoin-diabetics. Hyperglycemia was
defined as a blood glucose of above 8mmol/L. Hylgeagmia without a history of diabetes
was an independent predictor of in-hospital mdstah this cohort with an odds ratio of 3
(95% CI 1.1-8.3, p=0.035). The risk of in-hospitadrtality was lowest in normoglycemic
patients. It is interesting to note that hyperglyic diabetic patients had a better outcome

than hyperglycemic patients without known diabetes.

Another Australian prospective study looked atdestvhich predicted prolonged hospital
admissions and disability° Diabetes was found to be a significant prediofdsoth
disability and prolonged admission in this populatof 257 ischaemic stroke patients.
Unfortunately data on hyperglycemia were only aldé for 173 patients. Hyperglycemia
did appear to predict severe disability with p=@.02

A retrospective study published by Stead and cgllea in 2009 correlated glucose levels
checked in the emergency department with patiettboves:®® Data from 447 patients
were analysed. In this cohort hyperglycemia, defias an admission blood glucose of
>7.2mmol/L was associated with greater stroke $gv@=0.002) and greater functional
impairment. As seen in several other studies lgjpeemia without a prior history of
diabetes was associated with the worst stroke gg¥Bx0.0001) and functional

impairment (P<0.001). There was no relationshiggvben hyperglycemia and infarct
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volume. ltis interesting to note that the intieagile range for HbAlc levels in the
‘hyperglycemia without diabetes’ group in this pae5.7-6.8 suggesting that potentially
more than a quarter of the patients in this commay have undiagnosed diabetes based on

recent discussions on the use of glycosylated hglerio to diagnose diabet&s.

Some studies suggest that the effect of hyperglimemoutcome is less significant when
other factors are considered. In a prospectivertali 185 acute stroke patients the
unadjusted risk of death was significant with adshtio of 5 (95% CI 2.3-10.7,
p<0.001). However when other factors such asatge/ fibrillation and stroke severity
were taken into account the effect of hyperglycewsa not significant (OR 1.2, 95% CI
0.4-3.5)1’

Post-stroke hyperglycemia may also be associatddearly recurrence of ischaemic
stroke. In an 1989 paper Sacco and colleaguespiesgdectively collected data from the
NINDS Stroke Data Bank to look for factors that npagdict early recurrence of
ischaemic strok&® Data from 1273 patients were used. Hyperglycetafmed as a
glucose level above 140mg/dl (6.66mmol/L) was prese36% of patients and was
associated with a 6.36% risk of recurrent strak@gared to a risk of 2.07% in patients
with lower blood glucose levels (p=0.001). Multilde logistic regression suggested that

the risk was even greater if a patient was botrehgpsive and hyperglycemic.

In a retrospective cohort of 811 patients admittedn acute stroke unit, admission
glucose levels were correlated with clinical outeoat 3 months?’ This cohort included
105 patients with haemorrhagic stroke. Sixty-oagemts with known diabetes mellitus
were excluded from outcome analysis. As HbAlc m@schecked it is not possible to be
sure if any patients had previous dysglycaemiaerAddjusting for other variables
hyperglycemia (defined as a random glucose on aioni®f >8mmol/L) was associated
with a relative hazard ratio for death at 3 mormh$.87 (95% CI 1.43 to 2.45, p<0.0001).

Another retrospective study was published by Wilkaand colleagues in 206%A cohort
of 656 acute stroke patients was identified. Btiste hyperglycemia, defined as a serum
blood glucose level above 130mg/dl, was presed0i of patients. The mean blood
glucose level in the hyperglycemic group was sigaiitly higher than the mean glucose
level of the normoglycemic group (207mg/dl vs. 1@7adh p<0.0001). Mortality was
significantly higher in hyperglycemic patients baih30 days and at 1 year. The mean
length of hospital admission was 7.2 days in theehglycemic group and 6 days in the
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normoglycemic group (P=0.015). There was als@uaifstant difference in the cost of
hospital admissions for the two groups, with theliae cost of an admission for a
normoglycemic patient being $5262 compared to aiamecbst of $6611 for
hyperglycemic patients (p<0.001). Hyperglycemia wanificantly associated with
mortality at 1 year with a hazard ratio of 1.7549&1 1.14-2.67, p=0.01).

A large Chinese prospective study published in 200®ang and colleagues fits in with
this general trend® In this study glucose data were collected on iat&nts with
ischaemic stroke and 1760 patients with haemorchstgbke. The study outcomes were
in-hospital death or dependency. Dependency wiasedieas a modified Rankin score
above 22’172 patients were categorised by glucose levels;r@dl/L, 6.1-6.9mmol/L,
7-7.7mmol/L, 7.8-11mmol/L and >11.1mmol/L. Normgggmia was defined as a glucose
level below 6.1mmol/L and multivariate adjusted sdatios for the risk of death or
dependency were calculated for each glycaemic oateg

In the ischaemic stroke cohort a blood glucose bi6s9mmol/L was associated with an
odds ratio of 0.53 (95% CI 0.23-1.27, p=0.154)dnfavourable outcomes. However a
blood glucose level of 7-7.7mmol/L was associatét @ higher risk of mortality or
morbidity (OR 2.22, 95% CI 1.21-4.11, p=0.010).

Ntaios and colleagues examined the relationshiwdesi blood glucose and clinical
outcome in a cohort of 1446 patients enrolled emAlcute Stroke Registry and Analysis in
Lausanne (ASTRALJ ?In this cohort some patients with a plasma gludese! of above
10mmol/L were treated with insulin. Glucose lewstye correlated with Rankin score at
12 months and NIHSS score at 24 hours. For badpants glucose appeared to have a J-
shaped relationship. The relationship betweenocge@nd 12 month Rankin was J-shaped
with best outcomes related to a glucose level pf@pmately Smmol/L and poorer
outcomes observed at higher and lower glucosedevklsimilar relationship existed for

24 hour NIHSS and glucose. This study does nataoprecise data on which patients
were treated with insulin and individual clinicaltoomes so the possibility that insulin

may have been related to poor outcomes in somenpaitannot be discounted.

Hyperglycemia may be particularly associated wittegative outcome in elderly stroke
patients with an altered level of conciousn€8sin a retrospective study examining data
from 469 patients with a median age of 80 were geduaccording to admission blood

glucose level. Mortality was greatest in the higjhertile of blood glucose (levels above
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7.2mmol/L) with the greatest odds ratio for motiaieen in patients with hyperglycemia
and decreased consciousness (OR 9.6, 95% CI 1.6%-52

This negative association appears to continue @pyars-"> A correlation has also been
noted between acute hyperglycaemia and reduced/alof MRI perfusion-diffusion
mismatch tissue (the ischaemic penumbra), greai@rihfarct size and poorer final

outcome'’®

Hyperglycemia may be associated with a reducedofightra-cerebral haemorrhage in a
stroke population that has not been treated witlpkise'’” In a combined analysis of
data from 12648 patients originally enrolled intgigriginal studies blood glucose levels
above 7mmol/L were associated with a reduced fiskibsequent ICH (HR 0.33, 95% ClI
0.14-0.74).

In Table 1.1 there is a summary of studies thabnted an odds ratio for increased
mortality with PSH.
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Table 1-1 Odds ratio for mortality with post strok e hyperglycaemia

Study Number | Glucose level Odds ratio for Confidence | p-

of patients| (mmol/L) increased mortality | interval value
Zuliani*™ | 469 7.2 9.6 1.65t052.5 nl/a
Wand " 2178 7t07.7 2.22 1.21t0 4.11 0.010
Ahmed”™ | 15336 6.66 1.24 1.07to 1.44 0.004
Williams™®* | 656 7.2 1.75 1.14t02.67| 0.01
Weir™®’ 811 8 1.87 1.43t0 2.45] <0.001
Wong®" [ 185 7 5 2.31010.7 | <0.001
Wand® 416 8 3 1.1t08.3 0.035
Sacco®’ 323 6.66 1.7 1.410 2.8 n/a

1.3.3 Post-Stroke Hyperglycemia as a risk factor fo  r a bad outcome
after thrombolytic treatment

In stroke thrombolysis hyperglycaemia is a riskdador a negative outcordér 17918

Diabetes was found to be a risk factor haemorrhiagnsformation after thrombolysis in

early trials with streptokinasé.

This effect is not always clear-cut. In one seaE268 consecutive acute stroke patients
treated with alteplase elevated glucose levelsovehat hospital were not significantly
associated with adverse clinical outcorisThere was a trend towards increased
mortality in hyperglycaemic patients but this was+significant (OR 1.71 per 100mg/dI
increase, 95% CI1 0.92 to 3.13, P=0.06). This trdidchot correlate with intra-cerebral
haemorrhage or disability at discharge. The asgtbbthis paper acknowledge that the
sample size in this paper was relatively small thiadl more significant results may be seen

in a larger population.

In one prospective observational cohort study Saiga@nd colleagues looked at 216 acute
stroke patients treated with altepld&e They looked for factors related to a lack of icli
improvement at 24 hours. Admission glucose lewaisget to treatment time and cortical

involvement on imaging were associated with a matcome. A blood glucose level of
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8mmol/L or greater was associated with a increasiels$ ratio for a poor 24 hour outcome
of 2.89 (95% CI 1.4-5.99) after adjusting for agex and stroke severity. Lack of

improvement at 24 hours predicted a poor 3 montbosoe and death.

In an analysis of 16049 patients treated with spand entered into the SITS database
admission glucose level was recorded in 15336 piati€® In this prospectively recruited
cohort hyperglycemia considered as a continuousiarwas independently associated
with higher mortality (p<0.001), worse functionaltoome (p<0.001) and increased risk of
symptomatic intracerebral haemorrhage (p=0.005heMa threshold of 120mg/dl was
applied to use glucose as a categorical varialppetgyycemia was associated with an
increased odds ratio for mortality (OR 1.24, 95%1@7-1.44, p=0.004) and a decreased
odds ratio for good functional outcome (OR 0.58,951 0.48-0.70, p<0.001).
Symptomatic intracerebral haemorrhage was moréyléteglucose levels of above
180mg/dl (OR 2.86, 95% CI 1.69-4.83, p<0.001).

In a small Norwegian study involving 127 patiemtsated with alteplase hyperglycemia
after treatment was associated with an increas&dfia poor outcome (OR 1.33, 95% CI
1.02 — 1.74, p=0.03)compared to hyperglycemia lecti@atment (OR 1.04, 95% CI 0.75-
1.2, p=0.8)"%

In a Swiss cohort of 325 patients treated withpddtee, hyperglycemia was again found to
be associated with an increased risk of a pooromgcat 3 months with an odds ratio of
1.29 (95% CI 1.07-1.55, p=0.00%.

Prior diabetes may not be a valid reason to witthtielombolytic therapy in acute
stroke'® Mishra and colleagues combined data from the $Et8base with data from the
Virtual International Stroke Trials Archive (VISTA)Diabetic patients treated with
alteplase were more likely to have a favourable@ut than those not treated although

this was not statistically significant (OR 1.3, 98%1.05-1.6, p=0.1).

In the Third International Stroke Trial (IST-3) tikevas no significant relationship

between glucose levels and the chances of being afid independent at follow-dp.
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1.3.4 Post-Stroke Hyperglycemia causing increased r  ates of
intracerebral hemorrhage after thrombolysis

Jaillard and co-authors produced a post-hoc arsatysdata from the MAST-E
(Multicentre Acute Stroke Trial) streptokinase $troke thrombolysis study in 1989.In
this analysis diabetes was predictive of haemorchiagnsformation after streptokinase but

they did not present data on hyperglycemia.

Hyperglycaemia increases the risk of intracerehaamorrhage after thrombolydfg: 18°
Some of these studies are summarised in Tableld.2n Italian prospective observational
study 1125 ischemic stroke patients were admitiealdtroke unit and 67 of these patients
were treated with rt-PA Their admission blood glucose levels were divitfed three
groups. Patients with the highest blood glucosel$e(above 8.3mmol/l) had a
parenchymal haemorrhage rate of 6.4% comparedateaf 2.1% in patients with glucose
levels below 6.1mmol/L (p<0.05). In this group tieéationship between blood glucose

level and risk of haemorrhagic transformation appe:#o be linear.

In secondary analysis of data from 748 patienttdawith alteplase in the second
European Cooperative Acute Stroke Study (ECASBdisistent hyperglycemia at 24
hours was associated with poor neurological regoyror functional outcome, increased
90 day mortality and parenchymal haemorrh¥geThe odds ratio for mortality at 90 days
with persistent hyperglycemia was 7.61 (95% CI 3-:23.9) while the odds ratio for
parenchymal haemorrhage was 6.64 (95% CI 2.511).TPhe authors concluded that in
addition to isolated glucose level at time of htalpadmission the pattern of glucose
change should be considered when predicting stat@mme'** Persistent hyperglycemia
was more deleterious in patients who were not kntmare diabetic. Another paper has
suggested that fluctuations in blood glucose lepeld stroke may be due to regression to

the mean, a statistical artefatt.

In a 2002 paper Tanne and colleagues looked affideal205 patients treated with rt-
PA® In this group 72 patients had symptomatic inai@l haemorrhage while a further
86 had asymptomatic ICH. Glucose was associatddamiincreased risk of any
intracerebral haemorrhage with the risk increaby@n odds ratio of 1.36 (95%CI 1.11-
1.67) for every increase in plasma glucose lev@.88mmol/L. A pre-existing diagnosis

of diabetes mellitus was also associated with sgmatic intracranial haemorrhage.
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Table 1-2 Risk of ICH with increasing blood glucose levels

Study Number of Odds ratio for ICH Confidence P value
patients interval
Tanné”! 1205 1.36 1.11to 1.67 0.005
Poppe® 1098 1.69 0.95t0 3 0.003
Ahmed "® 15336 2.86 (with glucose above1.69 to 4.83 <0.001
18mg/dl)

Yong ** 748 6.64 2.51to0 14.1 <0.0001
MacDougalt** | 312 1.23 (per mmol/L) 1.03 to 1.48 0.024

Similar results were seen in a Canadian paper shddiin 2009 by Poppe and
colleagues® In a prospective, observational study data fr@®8lpatients were
collected. Hyperglycemia was defined as a bloodage level above 8mmol/L. After
adjusted multivariate regression hyperglycemia associated with an increased risk of
symptomatic intra-cranial haemorrhage (OR 1.69, €9%.95-3, p=0.03), a reduced
chance of a good outcome (OR 0.7, 95% CI 0.5-6:0,J®1) and an increased risk of
death (OR 1.5, 95% CI 1.2-1.9, p<0.001). Thislgtalso analysed the relationship
between glucose as a continuous measurement acmhweifinding that increasing plasma

glucose levels inversely correlated with the likebd of a favourable outcome.

In an abstract presented at the European Strok&efémaee in 2010 Jittler and colleagues
looked for glycaemic parameters that predict imgeebral haemorrhage after
thrombolysis'* In a series of 800 consecutive patients treaidtalteplase predictors of
haemorrhage were identified with multivariate resgren. HbAlc levels were most
strongly predictive of subsequent haemorrhagicsfilamation and symptomatic
intracerebral haemorrhage. These findings mayatdithat long term glycaemic status

may be the greatest predictor of outcome.
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1.3.5 Effect of post stroke hyperglycemia in intra-  arterial treatment for
acute stroke

In the PROACT Il (PROlyse for Acute Cerebral Thramambolism) randomised control
trial hyperglycemia was associated with an incréask of symptomatic intracerebral
haemorrhage (sICHJ? In this study 36% of patients with a baselingobl glucose of
above 200mg/dl had sICH compared to only 9% ofdéhwish lower blood glucose levels.
The relative risk of sICH with hyperglycemia wag 495% CI1 1.04 - 11.7, p=0.022).

Hyperglycemia is also associated with a poor outconpatients treated with multimodal
reperfusion therapy including endovascular recaatitn of acute strok€* In a
retrospective observational study published by \&rd colleagues in 2007 data from 185
patients were collected. A heterogeneous seleofiamerventions was used in this cohort
including stenting devices, angioplasty devicesyisig devices and intra-arterial
administration of both urokinase and alteplasem&patients were also pre-treated with
intravenous alteplase. The outcome measuressrstindy were haemorrhagic infarction
and parenchymal haemorrhage as defined in anogiper3® In this cohort haemorrhagic
infarction was associated with the extent of visitthanges seen on the initial plain CT
scan while parenchymal haemorrhage was associdtie@ssociated with alteplase or
urokinase treatment and tandem occlusions as wélyperglycemia. Hyperglycemia
conveyed an increased odd ratio of 2.8 for paremethyraemorrhage (95% CI 1.1-7.7,
p=0.043).

Another retrospective observational study lookihgsk factors for haemorrhagic
transformation after intra-arterial thrombolysissygublished by Kidwelét alin 20023

In this study mean glucose levels were higher tirepts who suffered from haemorrhagic
transformation after treatment (p=0.04) and higitiirin those with symptomatic
intracerebral haemorrhage (p=0.02). In a multatermodel there was no significant

association between hyperglycemia and haemorrhagisformation.

1.3.6 Effect of post-stroke hyperglycemia on recana lization rates after
treatment with alteplase

Hyperglycaemia appears to be more harmful if preefore blood vessel recanalization
post-thrombolysig® *"1%n a Spanish study recanalization rates aftemthialysis were
evaluated in a prospectively recruited series & d@ute stroke patient® Complete

Recanalization was observed in 32% of patientsiea who recanalized had lower
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admission glucose levels (127 vs146 mg/dl, p=0.@B8pugh HbAlc levels were the
same. An admission glucose level of above 158 hi§/dmmol/L) was an independent
predictor of no recanalization with an odds rafi@ & (95% CI 1.3 to 42.3, p=0.027).

Other less powerful independent predictors incluglatelet count above 219 000/ml and
proximal MCA occlusion. The authors suggest tltate hyperglycemia has more of an
effect that chronic hyperglycemia on recanalizatiaes although causality cannot really
be established in this study. They also statethigae was no apparent graded response to
glucose level but an apparent threshold effectdduced recanalization at levels of
approximately 160mg/dl (8.9mmol/L). Ribo and caliees hypothesise that at this level
an anti-fibrinolytic effect may be triggered by gition of key proteins in the fibrinolysis

chain.

Similar findings were seen in another small prospe®bservational study that recruited
27 patients$® In this cohort of patients treated with alteplas@s-cranial Doppler
ultrasound was used to assess recanalization@ir® bnd 24 hours. The group of
patients that did not recanalize had higher glutesels (mean glucose 8.16mmol/L vs.
6.25mmol/L, P=0.5).

1.3.7 Relationship between post-stroke hyperglycemi  a and arterial
patency

In a later study the Barcelona group recruited dtfepts in an attempt to evaluate the
effect of glucose burden on MRI DW!I lesion growtiréelation to the duration of ischemia.
197 Al of the patients were treated with t-PA and Isadial TCD recordings to monitor for
recanalization and define total occlusion time.eyhad continuous glucose monitoring
via a subcutaneous probe which recorded a gluevetévery 5 minutes. It is important
to note that these patients were subjected tota&isig insulin sliding scale which aimed
to maintain blood glucose below 140mg/dl (7.7mmpl/Patients had MRI on admission
(MR angiography, perfusion weighted imaging andudibn weighted imaging) followed
with a second MRI-DWI scan at between 24 and 36$iolesion growth was the

difference in size between the first and second IBAlbns.

In this study a poor clinical outcome was definedha improvement of less than 50% in
NIHSS. Hyperglycemia during arterial occlusion i@snd to be the only independent
predictor of a poor outcome with an odds ratio @8295% CI 3.77 to 108.8, P < 0.001).
DWI lesion growth correlated with total occlusiomé (p=0.007) and hyperglycemia
(p=0.01).
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The discussion in this paper notes that:

‘...after adjusting for total time of ischemia, thgsatients with suboptimal glucose control

despite tight insulin treatment experienced a woligécal outcome...’.

It is impossible to firmly conclude that hyperglyeia and not insulin exposure is
responsible for the poor clinical outcome in thpaBents. Despite the clear problems with

causality in this paper the authors then state;

‘A tight subcutaneous insulin sliding scale showete insufficient to maintain
normoglycemia in as high as 51% of all patientsrefore more intense glucose control

measures, such as intravenous insulin, should f&dered in future studies.’

This paper does suggest that hyperglycemia durtegia occlusion is associated with
poor clinical outcomes and DWI lesion growth bug tlse of insulin reduces the validity of

the authors’ conclusions.

1.3.8 Hyperglycemia may attenuate the effects of al  teplase on
reducing infarct growth

The EPITHET (Echoplanar Imaging Thrombolytic Evaior Trial) authors suggest that
diabetes and hyperglycemia may attenuate the sftéct-PA on infarct evolutiof’ 2°3
EPITHET was a small randomised control trial whatlocated patients to alteplase or
placebo between 3-6 hours after stroke onset.tal &b 101 patients were enrolled in the
trial, 22 of whom were known to be diabetic. Themze no significant differences in

baseline DWI and PWI lesion size between diabetttrson-diabetic patients.

Fifty-two patients were randomised to alteplasattrent while 48 received placebo.
Eleven diabetics were allocated to each grougheractive treatment group there was
evidence of infarct attenuation in the non-diatsetitio had a median relative infarct
growth of 0.96 (IQR 0.58-1.74) compared to dialstto exhibited greater median
infarct growth (1.27, IQR 0.51-6.78). The diffecenn infarct growth between these
groups was significant (p=0.007). In the placetmug there was no significant difference
in infarct growth between diabetics and non-diatsetiAlteplase significantly attenuated

infarct growth in non-diabetics (p=0.012) but hadsignificant effect in diabetics (p=1).
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EPITHET was a small study and is only powered tmpce statistically significant results
when large differences between groups exist. Nerdnces in reperfusion or
recanalization rates were apparent between digbatid non-diabetics. The authors
hypothesise that recanalization and reperfusion ocayr at a slower rate in diabetics

explaining the greater relative mean infarct growth

The interaction between hyperglycemia and pooramss from thrombolysis may be

mediated by impaired collateral circulation in d#tbs.

The EPITHET authors hypothesise that alteplaseddd attenuate infarct growth due to a
lack of collateral circulation in diabetic patieAt3 They suggest that diabetes may impair
the development of collateral circulation. Thes$eais echo the earlier work of Taatial

that | will discuss in a later sectigH'

1.3.9 Could blood glucose be controlled before admi nistering
thrombolytic therapy?

In one prospective observational study two hypem=gynic patients were treated with
insulin by their family doctor before being giveRA. These patients had better clinical
and radiological outcomes than similar hyperglyciagmatients’® While these
observational data are interesting we do not knogugh about the underlying
pathophysiological reasons for the poor alteplaspanse seen in diabetic and
hyperglycemic patients. There is currently noichhevidence to support the routine use
of insulin in acute ischaemic stroke as | discassy systematic review of the evidence in
Chapter 4. The animal evidence for the use oflimssialso of limited value and cannot

justify clinical trials at present (see Chaptef%).

1.3.10 Different effects of hyperglycemia in stroke and TIA

Two papers have suggested that hyperglycemia mag/lkas of a deleterious effect on

patients who suffer a transient ischaemic attdtk®’

Both studies were fairly small and may not haveughostatistical power to conclusively
state that hyperglycemia has no effect on mortalitgr TIA. Previous studies have
suggested that patients with known diabetes wheeptedo an emergency department with
symptoms of TIA are at an increased risk of subseistroke within 90 days (OR 2, 95%
Cl 1.4-2.9, p<0.0013%
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In a 2010 paper Thuy and colleagues retrospectloeked at 194 patients who had
presented with TIK® In this cohort 27.8% of patients were hyperglyie(defined as
blood glucose levels above 7mmol/L) and 22% weabelic. In this cohort acute
hyperglycemia was not associated with mortalitgraftlA. Thuy and colleagues
acknowledge that there was a low death rate ingitwisp which may make the result less

statistically valid.

In another retrospective cohort study Kostulas@iltagues examined data from 509
patients presenting to Karolinska University Hoajit Swedert’® This cohort included
114 (22%) patients with TIA. Hyperglycemia was etved in 28% of patients with
ischaemic stroke and 18% of patients with TIA. Meamission blood glucose level was
lower in patients with TIA (P=0.0002). Admissiopperglycemia did not appear to have

any effect on mortality rates in TIA patients.

It has also been suggested that stroke may be eoarmon than TIA in diabetic

patients’® #°This observation was reported by Weinberger afidagues in 1983 when
they studied factors contributing to stroke in @ats with carotid atheroscleroéfS. In a
cohort of patients attending a vascular laboratoryrterial assessment they noted that the

incidence of stroke as opposed to TIA was twichighk in patients with diabetes.

In a secondary analysis of data from the Dutch 3ti&ly diabetes was found to be an
independent predictor of major stroke after TIAninor stroke?™* In these data
hyperglycemia did not predict stroke in multivagi@nalysis although diabetes continued
to be predictive even after CT and ECG findingsesteken into account. After an initial
TIA diabetes is associated with a hazard ratio.bff@r subsequent stroke (95% CI 1.5-
2.9).

In a 1988 paper published by Lithner and colleagi&Ssconsecutive unselected patients
presenting to a stroke unit were prospectivelyistit® These patients were divided into
a diabetic group of 75 and a non-diabetic group5#. Transient cerebral ischemia was
observed in 4% of the diabetics compared to 14%ehon-diabetics (p<0.01). Cerebral
embolism was observed in 32% of the diabetics coetp 22% of non-diabetics
(p<0.05). Stroke was more common in diabetic p&i¢han non-diabetic patients while
TIA was more common in non-diabetic patients thradiabetic patients. Several
possibilities could explain this difference. Patgewith diabetes may be more susceptible

to cerebral ischaemia and may therefore be moedyli develop a stroke when cerebral
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blood flow is compromised. It is also possibletffiBA symptoms are misdiagnosed in

diabetic patients (for example as the effectsarigrent hypoglycaemia).

This issue was also considered by Fritz and callesgn a 1987 papét This paper
examined the hypothesis that diabetes mellitusigpedes the brain to irreversible
ischaemic damage as opposed to reversible transayemic symptoms. In a
prospectively collected observational series of patients presenting with TIA or minor
stroke, 54 had diabetes. In this group 388 patieatl a TIA but only 6.7% of TIA

patients had diabetes. However 28/54 patients digthetes had strokes compared to only
109/471 patients without diabetes. Patients widbetes were more likely to present with
a stroke (p<0.0001)

Interestingly in a prospective observational stpdilished by Matz and colleagues in
2006 it appears that diabetic patients have morereNIHSS scores than non-diabetic
patients:>® The Matz study was a prospective observationalysthat carefully defined
the dysglycaemia of stroke patients. Patients wiagsified as having diabetes, impaired
glucose tolerance, transient hyperglycemia and oglysemia. The median NIHSS on
admission in the diabetic group was 7.2+/-6.6 caegh#o 4.6 +/- 3.1 for patients with
impaired glucose tolerance, 4.2 +/- 4.4 for patenth transient hyperglycemia and 3.7

+/- 3.6 for patients who were always normoglyce(pi0.001).

1.3.11 Measuring blood glucose after stroke

The accurate assessment of glucose levels andeglycatatus after a stroke can be
difficult. Plasma glucose is a constantly changhgsiological variable that will alter
with many internal and external factors. The mgjaf papers that discuss post-stroke
hyperglycemia deal with admission blood glucosel@nd can only provide a point

estimate of glucose exposure.

Several studies use repeated capillary blood giipmsasurements and this may give a
better estimate of average glucose expo&uré-* Other studies have used constant
glucose monitoring which gives an accurate glugwséle but is invasive and costfy*
213> Glycosylated haemoglobin levels can give a histbpicture of glycaemic status but
they are insensitive to acute changes.

One paper, published in 2002 by Bhalla and colleagavaluated Glycated Serum Proteins

for predicting outcome after acute strék&Glycated Serum Proteins (GSP) reflect plasma
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glucose levels over the preceding two weeks. Albumone protein that may be used as a
GSP. In a prospective study 167 patients had G8P levels checked within 24 hours of
admission. GSP levels were subsequently rechebkelhys later. For patients whose
GSP levels increased, every 1% increase in GSIslenareased the odds ratio of death by
3 months by 1.28 (95% CI 1.1 to 1.62, p=0.04). sThtio was obtained after multiple
logistic regression analysis and was independeatiofission plasma glucose, age, stroke

severity, stroke subtype and serum albumin change

1.4 Hypotheses on the pathophysiology of post-stro ke
hyperglycaemia

While post-stroke hyperglycaemia has been recodric@esome time its pathological basis
has been uncleaf® It is also possible that an individual patientsiapse metabolism may

alter over time after a stroke&’

1.4.1 Post-Stroke Hyperglycemia as a stress respons e

Several hypotheses on the origin of PSH have béesnaed. PSH may be a stress
response which reflects a severe strdfe&°This idea was put forward by Woo and
colleagues in a 1988 paper that noted a lack aéladion between HbAlc levels and
plasma glucose levels after an acute stfok&his disparity was also observed by Gray
and colleagues in their 1987 pap&r.

In a small 1991 study of 23 patients, only 15 obwhhad complete data, O’Neill and
colleagues prospectively collected a series ofdkamples for glucose, insulin, c-peptide,
catecholamine, cortisol, glucagons and lactatd4évln this small sample of 15 patients
glucose levels varied with insulin, cortisol andadgon levels leading the authors to
conclude that post stroke hyperglycemia probalflgcts the intensity of a stress hormone
response. The authors admit that their populasie®oo small to establish any significant
statistical associations between hormonal levélgoge and stroke outcomes. The
conclusions of the O’Neill paper on a link betwestress and glucose levels are probably
premature as PSH is seen in all types of strokedard not appear to correlate with stroke

severity™*’

Tracey and colleagues carried out a similar stndy993°?° They analysed data on blood
glucose, HbAlc and cortisol levels from 66 prospety recruited acute stroke patients.
Patients were followed up at 3 months with a p@inscan. Plasma glucose levels were
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higher in patients who died during the study (p26)0 Mean cortisol levels were also
higher in patients who died. After multivariateafysis only age and cortisol levels were
significantly associated with mortality. Infardtes correlated more strongly with cortisol
levels than with glucose levels or insulin levdth@ugh all of these relationships were

significant.

Another study published by van Kooten and colleagnel 993 found that catecholamine
levels were not associated with hyperglycaemidais $tudy prospectively recruited 91
stroke patients presenting within 24 hours of strokset. All patients had catecholamine
levels checked. Norepinephrine levels were assatiaith severity of stroke and
hypertensiorf®* No significant association was found betweerdalamine levels and
blood glucose levels or glycosylated haemoglobiele In a 2001 study by Sander and
colleagues that included 112 acute stroke pattbete was no significant difference in
average plasma glucose levels of patients who leaddhephrine levels below 300pg/mL
compared with those who had levels above 300pgfihln their 1997 paper Weir and
colleagues argue that post-stroke hyperglycemiaatdre a pure stress response as it still
predicts final outcome in a statistical model tiakies other prognostic factors into

account*’

More recently copeptin has been proposed as a pstigrbiomarker in acute illnes%’
Copeptin has recently been shown to predict rentirsehaemic events after TIA while
cortisol does not?* It may be interesting to look for a relationshigtween copeptin and

post stroke hyperglycemia in the future.

It has also been noted that pre-operative hypeeghya is associated with an elevated risk
of stroke in patients undergoing carotid endartegtas described in a paper by McGirt
and colleagues that | have already discu8$éd. this group of patients had pre-existent
hyperglycemia it suggests that in at least somescpast-stroke hyperglycemia is not
related to a stress response. This relationshipdes pre-operative hyperglycemia and

stroke was also independent of the presence oéttiab

1.4.2 Post-stroke hyperglycemia due to a specificn  euroanatomical
lesion

Another possibility is that specific neuroanatorhiegions cause acute stress
hyperglycaemia although this has not been confiryeldter studie$®® 2*® This concept

was partly based on earlier observations on thexffof specific neuroanatomical lesions
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on the glucose metabolism of anim&§2%® In a classical experiment in 1854 Claude
Bernard noticed that damage to the floor of thetfouentricle would produce
glycosuria?®’ In a study including 31 patients who had acute Mifusion weighted
imaging within 24 hours of stroke onset Allport asalleagues found that patients with
insular cortex ischemia had a higher mean gludusiepatients who had no insular cortex
damage&? Moreton and colleagues tried to correlate insctatex hypoperfusion on CT
perfusion imaging in a retrospective study lookin@5 patienté”® They found no

relationship between hyperglycemia and insularesontypoperfusion.

A retrospective analysis of data from 966 patiemthe Canadian Activase for Stroke
Effectiveness Study (CASES) found that insulareeodamage was not an independent

predictor of hyperglycemia or hypertension.
Post-stroke hyperglycemia may reflect a hyperglguaestate immediately before stroke

1.4.3 Post-Stroke Hyperglycemia as undiagnosed Type 2 Diabetes
Mellitus

Post-stroke hyperglycaemia may represent undiagrtype 2 diabetes mellitd&° In

1985 Oppenheimer and colleagues carried out a ectisp observational study comparing
glycosylated haemoglobin levels with outcome arpla glucosE® They found that a
highly significant correlation existed between ptasglucose levels and HbAlc levels.
They also observed a significant relationship betwdiabetes mellitus and early death
after stroke. They concluded that pre-stroke amabglucose metabolism may be a major
determinant of post-stroke hyperglycemia. Theydtlgpsised that the poor outcomes for

hyperglycemic stroke patients may reflect the chhcourse of stroke in diabetes mellitus.

Studies suggest that up to one third of acute stpakients have diabetes mellitus but that
in patients with post stroke hyperglycaemia onlg-tiirds of survivors have impaired
glucose tolerance or diabetes mellitus diagnosd@ ateeks>* Certainly in non-stroke
populations the prevalence of undetected type l2etiis mellitus is significarit?
Retrospective studies have suggested that marigiahs do not screen acute stroke

patients for unrecognised Type || DE

A 1989 study by Topic and colleagues which prospelst observed glucose metabolism
in acute stroke patients found that while 41% digréis were hyperglycemic after an acute

stroke only 29% had diabetes as defined by an &lé\glycosylated haemoglobin levéf.
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Insulin resistance may be a mechanism for poskasthgperglycemia in cases where
patients do not have clinically overt diabetes mel A 2002 review paper found six
methodologically sound papers that supported tipotmesis that insulin resistance may be
a prevalent risk factor for strok&" This review was followed by a prospective
observational study aiming to establish the prexadeof insulin resistance in a cohort of
non-diabetic patients presenting with TIA or nosatiling stroké® Of the 72 participants

in this study 36 (50%, 95% C.l 38% to 62%) had erk of insulin resistance. However
subgroup analysis of an 18 year follow up studydpan suggests that diabetes is a risk
factor for stroke while insulin resistance is ABt.

In a prospective observational study publisheddi@®52Vancheri and colleagues formally
assessed glucose metabolism in a cohort of 10@ atnake patients® Patients with

known diabetes were excluded as were patients alicatens such as beta-blockers or
diuretics which may interfere with glucose metatwli Patients had a glucose tolerance
test at discharge from their acute admission. limsund HbAlc levels were also measured
and insulin resistance was assessed using HOMAseltests were repeated at 3 months

after discharge.

At discharge based upon the results of the oralagie tolerance test 45.8% of patients had
diabetes mellitus, 38.5% had impaired glucose aoleg and 15.6% had normal
metabolism. In the same group of patients at 3th®86% had diabetes mellitus, 26%
had impaired glucose tolerance and 35% had norratbolism. Among the patients with
abnormal glucose metabolism at 3 month follow up%3had a normal HbAlc (below
5.7%) at baseline. These results suggest that therhigh prevalence of unrecognised
diabetes mellitus in acute stroke populations aatlthe glycaemic status of patients may

change over time.

A Japanese study assessed glucose metabolism isch2£mic stroke patients. An
existing diagnosis of diabetes mellitus was prese@b5 patients (36%). Oral glucose
tolerance testing was performed in 113 patientse rEmaining patients were unable to
undertake a glucose tolerance test. Previousliagndsed diabetes was discovered in
28% of patients suggesting that the overall prenadeof diabetes mellitus in this cohort is
at least 42%. A further 39 patients had impairfeda@se tolerance. The prevalence of
both diabetes and impaired glucose tolerance ketylio be higher in this cohort if

patients who were unable to be tested were incluékdients with previously undiagnosed
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diabetes were more likely to have had an atherothatic stroke (64.3%) than a lacunar

stroke (32.1%) or a cardioembolic stroke (3.6%).

In a similar study published by Dave and colleagne®10 a prospective observational
study attempted to evaluate the prevalence andgoeslof persistent hyperglycemia in
non-diabetic patients with strok&. Patients were prospectively assessed with an oral
glucose tolerance test within 5 days of admissiornthis study 107 patients were initially
recruited. Abnormal glucose function was appaieBb patients (61%), 24% of whom
had diabetes mellitus while 37% had impaired gladoterance. After 3 months 44 of the
dysglycaemic patients were re-investigated withexitn OGTT or with HbAlc if on
hypoglycaemic treatment. At this point 26 patigb®%) had normal glucose tolerance, 6
(14%) had diabetes and 12 (27%) had impaired geutasrance.

Interestingly 23% of the patients who had diabétesed on the acute OGTT had normal
glucose tolerance at follow-up. One patient who ingpaired glucose tolerance acutely
developed clinical diabetes. These results reffexipossibility that the glycaemic status

of a stroke patient may change between the acuimdpend convalescence.

A causal relationship between glycaemic statussaruke outcome has been considered.
It has been observed that hyperglycaemic patieitk®ut a history of diabetes mellitus
appear to have larger infarcts on CT imaging aatittrere is a correlation between
admission glucose concentration and poor strokeome?*® MRI studies support this

observatiort’®

1.5 The definition of post-stroke hyperglycaemia

It is not known if there is a clear cut-off levelvehich blood glucose becomes pathogenic
and we do not know the best way to measure bloacbgk level to accurately predict
prognosis. Many different levels of blood gluchsere been suggested for

hyperglycaemia as can be seen in Table 1.3.
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Stroke Hyperglycaemia
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Author Year PSH level | PSH level| Number of | Percentage Percentage
mmol/L mg/dl patient: with PSF with DM
Abu-Zeid™ 1978 5.55 100 1484 51 n/a
Scotf™ 1999 6 108 303 50 n/a
Gray™ 2004 6 108 452 n/a 15.3
Gray™' 2004 6 108 582 n/a 14
Lindsberg™ 2004 6 108 n/a n/a n/a
Gray™* 2007 6 108 933 16.5
Wong™* 2008 6 108 124 n/a 0
Mazight* 2009 6 108 477 n/a 88
Cazzaté™ 1991 6.1 110 76 71 22.4
Capes™ 2001 6.1 110 n/a n/a n/a
Band™ 2005 6.1 110 512 40 n/a
Johnstort* 2009 6.1 110 74 n/a 59
Paciaron’ 2009 6.1 110 1125 42.4 20.7
Wang " 2009 6.1 110 2178 40.1 11.3
Dziedzi¢™’ 2010 6.1 110 302 36.4 0
Benedetti™ 1993 6.4 115 94 50.5 17.2
Jorgenseft® 2001 6.5 117 396 n/a n/a
Pulsinell’* 1983 6.6 120 107 + 31 n/a n/a
Levy”™* 1985 6.6 120 214 56 n/a
Toni™ 1992 6.6 120 327 28.5 215
Toni™™ 1994 6.6 120 82 n/a n/a
Lavy”™’ 1973 6.66 120 1522 n/a 20
Chalelg™ 2004 6.66 120 27 66.6 n/a
Melamed™ 1976 6.7 120 392 48% 20
Matchef™ 1992 6.7 120 146 n/a 23
de Falco™ = 1993 6.7 120 104 51.9 33.6
Bell>* 1994 6.7 120 n/a n/a n/a
Ahmed ™ 2010 6.7 120 16049 44 17.3
Topic™* 1989 7 126 148 59 29
Dutch TIA trial 1993 7 126 302 n/a n/a

study grou?*!
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Sultef™® 1998 7 126 41 36.5 n/a
Scott* 1999 7 126 53 100 15.1
Milionis*’ 2005 7 126 163 7 28
Stollbergef™ 2005 7 126 992 n/a 30
Wong®' 2005 7 126 186 37.8 19
Allport™ 2006 7 126 59 81 36
Walter$™ 2006 7 126 25 100 n/a
Moretorf* 2007 7 126 35 51.4 11.4
Ortega- 2007 7 126 2213 n/a 29.9
Casarrubic®

Uyttenboogaaft® | 2007 7 126 1375 51.1 20.9
Kruyt™ 2008 7 126 113 38 30
Dziedzi¢™ 2009 7 126 689 13.6 22.2
Gunarathn&* 2009 7 126 60 n/a 46.5
Kruyt™ 2009 7 126 10 100 20
Scott™ 2010 7 126 224 45 25
StaszewskP® 2010 7 126 50 100 0
Thuy”' 2010 7 126 194 27.8 22
Muir®®’ 2011 7 126 2649 53.7 14
Lindegard® 1987 7.2 130 1379 78.5 32
Williams™® 2002 7.2 130 656 40 52
Gentile®™ 2006 7.2 130 960 38.9 36.4
Zuliani™™ 2006 7.2 130 469 n/a 25.8
Stead” 2009 7.2 130 447 34.2 25.7
Folsom® 1999 6.655 191

Sacco™ 1989 7.7 140 1273 36 26
Hier" 1991 7.7 140 1273 27.9 26.1
Sacco” 1994 7.7 140 323 38.1 28.5
Alvarez-Sabiff* | 2003 7.7 140 73 42.5 23
Bravata™ 2003 7.7 140 90 33

Alvarez-Sabin” | 2004 7.7 140 138 37.3 20.3
Dora " 2004 7.7 140 46 43.4 15.2
Yong™* 2008 7.7 140 748 32.8 21.5
Kim?®" 2009 7.7 139 115 50 40.9
Mankovsky " 1996 7.77 140 41 0 53.7
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Martini 2’ 2006 7.77 140 117 27.7 22.2
Ribo™’ 2007 7.77 140 47 51 19
Woo™ 1990 7.8 140 174 31.6 27
Kiers ¢ 1992 7.8 140 176 34 28.4
Milia"® 2010 7.9 143 n/a n/a
Cox*! 1986 8 144 81 16

Gray™ 1987 8 144 86 22 8
Gray"”’ 1989 8 144 200 22.8 8.5
Van KooteR? 1993 8 144 91 43 24.2
Counself’® 1997 8 144 n/a 0
Weirt* 1997 8 144 645 25.1 8.8
Wang® 2001 8 144 416 26 20
Wand " 2001 8 144 440 n/a n/a
Parson¥*® 2002 8 144 63 34.9 28.6
Spratt®™ 2003 8 144 257 43 27
Saposnik”’ 2004 8 144 216 n/a 23.1
Dienef™ 2008 8 144 4946 23.6 22.1
Kostulas”™ 2009 8 144 509 26 18
Poppé® 2009 8 144 1098 27 15.1
Putaald® 2010 8 144 851 43.6 13.3
Berger™ 1986 8.3 150 39 30.7 35.9
Leigh™ 2004 8.3 150 201 n/a 23
Brund™ 2008 8.3 150 46 100 91
Fuente®! 2009 8.6 155 476 37.2 25
Fuente&® 2010 8.6 155 476 n/a n/a
Ribo™ 2005 8.7 158 139 nl/a 38
Brund® 2004 9.4 170 24 n/a 100
EIS" 2002 9.9 178.2 31 45.2 0
Woo™ 1988 11 198 252 7.9 12.3
Di Bontio®™® 2003 11 198 286 n/a 49.6
Kase™ 2001 111 200 110 10 14.5
Mcgirt* 2006 11.1 200 1201 10.7 27
Al-Himyar*® 2007 11.1 200 50 12 n/a
Vora™® 2007 111 200 185 23.2 22.7
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As the table demonstrates, plasma glucose valangggafrom 5.55 to 11.1mmol/L have
been used to define post stroke hyperglycaemias Viriation in definition leads to the

differing incidences that are proposed for PSH.

More methodical attempts have been made to defdté Hruentes and colleagues took an
alternative approach in another prospective obsienal study involving 476 patient§!

In an attempt to establish the capillary glucosell¢hat best predicts poor outcome
capillary blood glucose was measured 3 times daily8 hours. They calculated that a
glucose value of 155 mg/dl (8.6mmol/l) or abovary time during the first 48 hours was
associated with a 2.7 times increase in the riskgbor outcome (95% CI 1.79 — 8.1).

In a similar study presented as an abstract gttinepean Stroke Conference Milia and
colleagues attempted to establish a threshold \thhatebest predicts short term mortality
after stroke’”® Data from 851 patients were included and an adamigsiood glucose level
of 143mg/dl was found to be most predictive witbeasitivity and specificity of 72%.

A consensus statement on the definition of posksthyperglycaemia may be valuable.

Future research would be more cohesive if reseesethere using the same definition.

1.6 Uncertainties regarding post stroke hyperglycae mia

There are several interesting issues around pagteshyperglycaemia that may merit

further investigation in the future.

1.6.1 Could the effects of post-stroke hyperglycemi a be mediated by
collateral blood supply?

Toni and colleagues attempted to look for a retesiop between glycaemic status,
collateral cerebral blood flow and clinical outcaffie They prospectively recruited 82
patients all of whom underwent cerebral angiograpitlgin 4 hours of stroke onset. The
patients were divided into 3 groups by glycaemétust; diabetics, patients with transient
hyperglycemia and patients who were normoglycermatldimes. The ‘diabetic’ group
had slightly ambiguous inclusion criteria as prergly seen in the 1992 paper by this

group*®®

Using the cerebral angiogram the site of the attexclusion was defined and collateral

blood flow was assessed. Patients with no artedelusion, carotid disease only or
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complete carotid occlusion were excluded from theys Patients were followed up with

a repeat CT scan and clinical assessment at day 30.

Nine patients were classified as diabetic, 40 wetassified as hyperglycemic and 33 were
classified as normoglycemic. In the diabetic grthgmain serum blood glucose was
15mmol/L, in the hyperglycemic group the mean ghecwas 7.84 and in the
normoglycemic group the mean was 5.5. At day 3 89the diabetic patients were
dead, 72% of the hyperglycemic patients were deddbd% of the normoglycemic
patients had died (P<0.05). Collateral blood syp@s present in 33% of diabetic
patients, 55% of hyperglycemic patients and 66%oosmoglycemic patients. Patients
with good collateral blood supply had smaller tieapected infarcts at 30 day follow-up.
However smaller infarcts were more likely to bersgenormoglycemic patients (82%)
than hyperglycemic patients (64%). No diabeticgrdas had smaller than expected
infarcts. In patients without a collateral bloagply infarcts were usually of the expected

size and no significant differences were obsenatd/éen glycaemic groups.

The authors hypothesise that diabetes may redeceffiectiveness of the collateral blood
supply. This could be due to a functional problanth reduced autonomic recruitment of
collateral blood vessels, or due to an anatomivattage of blood vessels due to diabetic
arteriopathy. This hypothesis is similar to theted hypothesis of De Silva and the

EPITHET investigators that | have discussed inatier sectiorf®

1.6.2 Gender Differences in relation to Post-Strok e Hyperglycemia

One study suggested that admission hyperglycemyaomig be associated with brain
infarction and higher 5 year mortality in femafé$This study is part of a larger French
stroke genetics study which excluded anyone witir@aucasian parents. Patients could
be enrolled in the study within one week of strolRée quantification of hyperglycemia
was based on one fasting blood glucose sampleco&iated haemoglobin values were

not checked in this study.

1.6.3 Post-Stroke Hyperglycemia as a protective me  chanism

It has also been suggested that post-stroke hypaehia may be a protective mechanism
although the current weight of evidence does nppstt this ide&®’ In a 2007 letter to
Brain Metso and Murros highlighted the argument thatabsociation between

hyperglycemia and poor outcome does prove causdlitgy highlight that our knowledge
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of the pre-stroke glycaemic status of a patieoftsn incomplete and that it may be
dangerous to assume that hyperglycemia in itseléismental. They cite the results of
the GIST-UK study, where patients with the greatedtiction in serum glucose levels
during the acute phase of stroke died, as evidiEmahis hypothesis. They also express
concern at contemporary guidelines that advocaeadrhent of hyperglycemia and

espouse the principle pfimum non nocereFirst do no harm.

1.6.4 Post-Stroke hyperglycemia may have different effects on
different stroke sub-types

In a secondary analysis of data collected prosgagtior two clinical trials of luceluzole

in acute stroke Uyttenboogaart and colleagues feudidhotomous relationship between
hyperglycemia and clinical outcome when lacunarks&s were compared to non-lacunar
strokes?® Data from 168 lacunar stroke patients and 120%lacunar patients were
available. Hyperglycemia defined as a blood glecsove 8mmol/L was associated with
a lower chance of a good outcome (mRs<2) at 3 nsanthon-lacunar stroke (OR for
good outcome 0.60; 95% CI 0.41-0.88, P=0.009). ¢él@win lacunar patients
hyperglycemia was associated with a good outconReZ@0, 95% CI 1.01- 7.13,
P=0.048).

1.6.5 Associations between post-stroke hyperglycem ila and cerebral
oedema

In a 1986 paper Berger and Hakim retrospectivehermeed the cases of 39 patients to
study the effect of serum glucose levels on clirécal radiological progression after
stroke®®? All patients had at least two CT scans duringrthdimission and an average
glucose level over the first 30 days of the admissvas calculated. Patients were
divided into tertiles of mean glucose level. Istbohort there was a significant trend in
the association between rising mean glucose learglghe proportion of scans showing
midline shift or ventricular compression. When thabetic and non-diabetic patients were
separated the trend for worse clinical outcomedeath was not significant in the diabetic
patients but continued to be significant in the-ddabetic patients (p<0.005). Younger
patients were also more likely to have bad outcowigshigher average glucose levels
(p<0.001).
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1.6.6 Markers of neuronal damage and PSH

Neuron specific enolase (NSE) is a marker of birgury that is released into the
peripheral blood and the cerebro-spinal fluidhds been suggested that elevated NSE
levels may be a biomarker for on-going neuronal @igenn stroke patients. One small
prospective observational study recruited 41 ptiesno had their NSE levels checked
within 24 hours of stroke ons&f There appeared to be a correlation between hig6e&r
levels and higher blood glucose levels. The astBaggest that this correlation lends
further weight to the hypothesis that hyperglycepr@amotes neuronal necrosis during the

acute stage of ischemic stroke.

1.6.7 Could post-stroke hyperglycaemia be a hyperca  tabolic state
associated with acute starvation?

Acute stroke can be associated with acute starvédtswallowing is impaired. When food
or other exogenous energy sources are not availabdleody has to mobilise endogenous
stores via gluconeogenesis and glucose sparingiiotamn blood glucose at an adequate

level to nourish the brain. Synthesis of proteid &at is curtailed during fasting.

In a 1985 paper Bjorkman and Eriksson demonstthtdnsulin resistance had increased
after 60 hours of fasting in normal subje@fs Euglycemic 1-mU insulin and
hyperglycemic glucose clamp studies were undertakesubjects after overnight fasting
and prolonged (60 hour) fasting. A greater degfaasulin resistance was apparent after

a longer period of fasting.

A study similar to this would be difficult to perfo in unstable acute stroke patients. The
subjects enrolled in the Bjorkman and Erikssonstudre healthy and non-obese making
them not directly comparable to the average stpakent. However it is possible that
acute insulin resistance will develop in some srpétients if they are undernourished for
the first few days of their hospital admission.

Acute stroke is a hypercatabolic state. In a 20)ger Chalela and colleagues reported a
prospective observational study that aimed to assi&®gen balance in acute stroke
patients> In patients with an acute illness who require tfgesling the Harris-Benedict
Equation is used to measure Resting Energy ExperditAdjustments for clinical
conditions that elevate energy expenditure are maithe'stress factors’. There is no

‘stress factor’ available for acute stroke. Cleakehd colleagues wanted to validate the
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Harris-Benedict Equation in stroke patients whauresgl enteral nutrition by analysing
their nitrogen balance. Twenty seven patients wesspectively recruited. Post stroke
hyperglycemia was seen in 66% of these patientaedative nitrogen balance was seen in
44% of patients suggesting that they were catab®ic evidence of catabolism or
anabolism was seen in 16% of patients while theaneimg 40% showed evidence of

anabolism.

Enteral feeding determined by the Harris-BenedaudEion underestimates the
requirements of acute stroke patients in a sigmfigproportion of patients as anabolism
was only achieved in 40% of patients. Stroke pagieequiring enteral support were being
underfed. This was a small group and there wasgroficant correlation between

glycaemic status and catabolism.

Johanssen and colleagues attempted to assesatienships between circulating levels
of pro-inflammatory cytokines, adrenocortical homas and leptin in the acute stroke
period?® Multiple blood samples collected over the firstaf/s post-stroke were collected
in 12 patients and compared with 10 healthy costrdl significant correlation was
observed between IL-6 and cortisol in the first thays after stroke (P<0.05). The diurnal
rhythm of leptin levels was abnormal in half of etients by the end of the week. Leptin
is thought to be a key factor in neuroendocrinaibeg with reciprocal connections to
several hormone systems. Leptin is also thoughetmvolved in the neuroendocrine

response to fasting’

Catabolism is associated with loss of lean bodysm&sarlotti and colleagues have
suggested that an increase in the rate of create)oretion may be a marker of the onset

of catabolisnt™*

1.6.8 ‘Glucose Kinetics’ - which pattern of post-s  troke hyperglycemia
IS most harmful?

As the majority of patients are hyperglycemic ahsgoint after a stroke it may be
important to consider ‘glucose kinetics’ or thetpat of blood glucose levels that is most

harmful.

In a prospective observational study Dziedzic asltbagues looked at the pattern of blood
glucose levels in a cohort of non-diabetic patievite had experienced their first ever
stroke®*” A total of 302 patients had fasting blood gluctesels checked on days 1, 2, 3, 5
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and 7 after admission. The patients were therddd/into 4 groups — patients that were
normoglycaemic at all times, patients who werdatijt normoglycaemic and then became
hyperglycemic, patients who were initially hyperggynic before becoming
normoglycemic and patients who were hyperglycemalldaimes. After multivariable
adjustment post-admission hyperglycemia was as®akcvaith a higher risk of death
regardless of admission glucose level (HR 1.80, €3%.39-2.86, P<0.01).
Hyperglycemia at all times was associated withgiteatest risk of death (HR 4.83, 95%
Cl11.93-12.06, P<0.01) and late onset hyperglyceafiex admission normoglycemia was
also associated with an increased risk of death 1R, 95% CI 1.06- 2.54, p=0.04).

Patients who became normoglycemic after admissyperglycemia had a lower risk of
death than those who were persistently hyperglyc€rir 0.21 95%CI 0.08-0.52).
Spontaneous normalisation of blood glucose appedre associated with better clinical
outcomes. The authors conclude that hyperglycémsaa causative role in the poor
outcomes associated with post stroke hyperglycamigthat patients should be given

glucose lowering treatment for extended periodsiiare clinical trials.

Wong and colleagues put forward a different hypsithen glucose kinetics in a 2008
paper published iNeurology™™® In a prospectively recruited cohort of 124 noabitic
patients they checked capillary blood glucose katla frequency of at least every 4 hours
for the first 48 hours after admission. No thromghio therapy was given to any patient in
the study. After statistical analysis the autraoscluded that observed variation in
capillary blood glucose levels in non-diabetic k&rpatients was due to regression to the
mean. Regression to the mean is a statisticalgghenon where random values above and
below a mean value will gradually drift back toarerage value over time. Regression to
the mean occurs when repeated measurements areofrthdesame subject or unit of
observatiorf>? Observed values have a random error which produmesystematic
fluctuations in observed values of a measuremeich(as glucose levels) which vary
around a true mean. Mean glucose levels of indalipatients appeared to be static for

the duration of the study.

Regression to the mean may give the impressiorgthabse levels are normalising when
all that is being witnessed is actually just aistabl phenomenon. The authors believe
that the mean glucose level is more important #nal glucose levels at any one time.
They also noted that serial glucose measuremeatsiginer in patients with more severe

stroke.
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The hypothesis put forward by Womegalis interesting but it is important to note thagyth
excluded patients with known diabetes from theidgtand they did not attempt to define

glycaemic status in study participants. The stsidg of 124 is also relatively small.

1.6.9 How should we treat post-stroke hyperglycemi  a?

There is no consensus on the treatment of podtestrgperglycemia. The academic
community are not really sure that any treatmemdsgcated. Clinical guidelines make
various suggestions for the initiation of hypoglgoac treatment but these guidelines are
not evidence baséd> 2%

In a 2008 paper Casaubon and colleagues surveyephgicians involved in the clinical
care of stroke patientS> The results of the survey reflected the therdpewtcertainty of
clinicians with a great deal of variability in dial practice. Intensive care physicians
treat hyperglycemia in stroke patients most aggrelsswhile emergency care physicians

were the most conservative group.

Insulin treatment has inherent risks. In a lebethe journal Critical Care Medicine in
2005 Strong and colleagues suggest that lowerimgdoglucose with insulin may be
associated with an increased risk of brain injufjey observed the ‘complete
disappearance’ of glucose in the brain dialsyatetrmumatic brain injury patient treated
with insulin. Strong et al suggest that this ewmitks in conjunction with evidence that
spontaneous depolarization events are relatedw@xtracellular glucose levels and poor
outcomes, should encourage clinicians to avoid glypaemia in acute stroke and brain
injury patients>>® 2°” A safe ‘lower limit’ for blood glucose in acuteake patients may

exist.

One retrospective observational study of 960 ptiesth thromboembolic stroke
suggested that post stroke hyperglycemia (gluc@sgmmol/L) was associated with a
higher mortality rate than normoglycemia (OR 39%%Cl 1.45 to 6.85; p = 0.004Y° In
this cohort persistent PSH over 48 hours had an kigher risk of death (OR = 6.54; 95%
Cl=2.411t017.87; p <0.001). Patients withialihyperglycemia that was later
normalised had lower mortality than those with mtesit PSH (OR = 0.22; 95% CI = 0.05
to 0.96; p < 0.05). These results suggest tha¢ iy be some benefit in normalising

blood glucose levels after stroke.
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A recent randomised control study on the use afaga, potassium and insulin infusions
to control post-stroke hyperglycaemia was negatiMeis may be because the mean onset
of therapy was 12 hours post strdk& Further pilot studies of the use of intensivailits
therapy for post-stroke hyperglycemia have beenpteted and larger randomised control
trials may be carried out in the futurg; 283 2%

In a post-hoc analysis of the GLIAS observatiomadlg Fuentes and colleagues assessed
the treatment of persistent post-stroke hyperglyaéhiin this cohort of 476 patients, 291
received treatment for hyperglycemia while 117 wdemstified as having persistent post
stroke hyperglycemia defined as 2 or more bloodage readings above 155mg/dl. In

114 patients hyperglycemia persisted despite tre@tm

Persistent hyperglycemia was an independent poedi€fpoor outcome in this study but
given the high level of treatment for hyperglycemig possible that the intervention may
have had some negative effects on the patientthidristudy up to 97.5% of patients with
persistent post-stroke hyperglycemia were treatiéiu wo clear benefit. The authors
conclude that better protocols are required fomtla@agement of PSH but as yet there is
no good evidence that lowering blood glucose ibelal. Indeed if the data from the
ASTRAL study are correct hypoglycaemia may be amha as hyperglycemid’®

Data from the retrospective study by Gentile anlteagues did suggest that treatment for
PSH resulted in lower rates of mortality but evidefrom published clinical trials does

not currently support thig'® 269299

Intensive insulin protocols have been used in sdwdinical environments with variable
results®°>%* patients on these protocols appear to be maelylik become
hypoglycaemic according to the results of metayaest > °° At least one trial has been

stopped early due to safety concerns about hypagip@®®’

Other, less acute studies such as the Insulin fRasks Intervention After Stroke (IRIS)
trial are ongoing. IRIS is a randomised contriall tireating patients with pioglitazone or
placebo if they have biochemical evidence of imstdisistance. Pioglitazone is a
thiaziolidnedione or ‘insulin sensitizer’ whichused in the treatment of Type Il Diabetes
Mellitus. Pioglitazone reduces blood glucose arsdilin levels while increasing HDL-
cholesterol. The PROactive (PROspective pioglitAzlinical Trial In macroVascular

Events) study identified an apparent reductioresurrent strokes in patients with Type I
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DM who were treated with pioglitazofi&: **° The IRIS trial hopes to replicate this
beneficial effect in patients with insulin resistarmany of whom may demonstrate post-
stroke hyperglycaemia. As | have discussed eaitisulin resistance has been reported in
up to 50% of patients in a preliminary observatl@tady by some of the IRIS
investigators® Further information on the IRIS trial can be fduat the study website
(http://iristrial.org/index.htnjl

Several animal models of post-stroke hyperglycdmige used insulin to reduce the size of
experimentally induced infarcts. Unfortunatelystestudies are highly heterogeneous
with varying results$°**?| discuss the limitations of the available evideirt chapter 3.

1.7 Pre-clinical science and post-stroke hyperglyca  emia
1.7.1 Animal models of post-stroke hyperglycemia

Many of our theories about the pathophysiologyadtgstroke hyperglycemia and
potential treatments for PSH are based on animdetso Animal models of ischaemic
stroke are useful because smaller observationadhwstudies cannot easily control for the

severity of the initial stroke.

While many studies suggest that hyperglycemia as®e infarct growth in animal models

of stroke others suggest that high blood glucosg esbeneficiaf "

Heterogeneity is a major problem in the use of ahimodels for PSH. These studies
involve different strains and species of animal slod’he method of induction of
hyperglycemia may also be problematic as many @xjets use streptozotocin which
produces a model of type 1 diabetes mellitus thet no be relevant to most human cases
of PSH.

| have conducted a systematic review of model®cdlfcerebral ischemia and

hyperglycemia and this is included in Chapter 3.

1.7.2 Glucose metabolism in the normal brain

In a healthy individual the brain consumes 20-25%tal body glucose. The brain relies
on a constant supply of blood glucose to functiommally. Brain tissue requires 5mg of
glucose per 100mg per minute to function normalifais works out as a requirement of

approximately 1409 of glucose per day. Glucoseirements are higher in more
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metabolically active areas of the brain such agteg matter?° In hypoglycaemic
conditions the brain can function with glycogéhGlycogen is converted into lactate

which is then used as energy by the brain.

1.7.3 ‘The ‘glucose paradox’ of cerebral ischaemia’ - Why does
hyperglycemia worsen cerebral ischemia?

Glucose is thought to be the main source of engngghe brain. It had been suggested
that no other substrate could enter the brainrgel@nough levels to meet cerebral energy
requirement§?> More recently it has been observed that the Ingaitain can also use

lactate for energy?

The ‘glucose paradox’ of cerebral ischaemia refethe observed phenomenon that pre-

ischaemic hyperglycaemia aggravates post-ischaeméome®?*

This was initially
described in 1977 by Myers and Yamaguchi who ndttbat administration of glucose

immediately before cardiac arrest results in madespread neurological injuf§®

The mechanism of this glucose related neurologigaty is uncertain. Lactic acidosis has
been suggested as one probable mechanism. Othathleges include an increased release
of glucocorticoids, beta-amyloid precursor protensncreased superoxide and nitric

oxide productiorf?®

1.7.4 Lactic acidosis

The lactic acidosis hypothesis is that pre-ischadmperglycaemia results in elevated
lactic acid levels during ischaemia and increaselsaemic brain damage. This situation is
described as a paradox because the brain requuiassg to function normally. Why
should glucose, the normal fuel of brain cells,ssadamage under ischaemic

circumstances?

Ischaemic or anaerobic energy metabolism is lesgygrefficient and produces lactate and
acidic free hydrogen ions. Under anaerobic cooilétj such as cerebral ischemia,
glycolysis is the only process capable of produ@ngugh adenosine triphosphate (ATP)
to meet the energy requirements of the brain. Wnjhscose is available in large quantities
glycolysis could not last for more than a few mesitAs glucose is the sole substrate of
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the glycolytic pathway, higher glucose levels m#sat glycolytic ATP is produced for a
longer period. Lactate is the main product of glysis. Persistent anaerobic metabolism

results in intracellular acidosis.

At the end of an ischemic episode, and upon reperilre-oxygenation, aerobic
conditions (and often a shortage of glucose) existder these circumstances lactate can
easily enter the tricarboxylic acid cycle via pyater to maintain ATP production as
efficiently as glucose. The "Pasteur Effect’ pmeeanon, the significant increase in
glucose consumption that occurs upon the exhaustiorygen supplies is the regulatory
mechanism responsible for lactate production. phasess, which supplies ATP to
oxygen-deprived tissue, has been thought to cdigséemise of that very tissue under

ischemic conditions.

It has been assumed that lactic acidosis is hanmfaéurons although this had not been
conclusively provert?” Schurr and colleagues noted that there is sosmediance

between in vivo and in vitro models of hyperglycemérebral ischemi* 3%’

For some time researchers using in vitro modelgeweagble to reproduce the aggravation
of cerebral ischemia by pre-ischaemic hyperglycemyperglycemia actually appears to
be neuroprotective in some mod&&y3° These in vitro studies model global cerebral
ischemia (i.e. cardiac arrest) suggesting thahtheotoxic effects of lactic acidosis may

be mediated by the cerebrovascular blood supply

However one in vitro study suggests that glucossmbination with acidosis is harmful
to neuronal cells while lactate does not have #meeseffect®" Cronberg and colleagues
used a murine hippocampal slice model of in vis@hemia. The synergistic mechanism

by which glucose and acidosis combine to causeonalidamage is still unknown.

In a 2009 paper Berthet and colleagues suggesa¢thttiate may actually be
neuroprotective after focal cerebral ischeffifaln an in vitro experiment they found that
lactate protected against neuronal death whenwelis deprived of oxygen and glucose.
A subsequent in vivo experiment found that an itipecof lactate into the cerebral
ventricles at the time of reperfusion after midckeebral artery occlusion resulted in a
significant decrease in infarct size. When lacteds given 1 hour after reperfusion it did
not reduce infarct size but neurological outconnegsroved.
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In animal experiments it has been observed thangdocal cerebral ischaemia that the
ischaemic penumbra exhibits heterogeneous develapohetracellular cortical acidosis.
In a 1999 paper Anderson and colleagues attemptedt two hypotheses; firstly they
wanted to confirm that this acidosis was due tegbe utilization and secondly they
wanted to confirm that intracellular acidosis le&mfarction of potentially salvageable
tissue®*® Experimental ischaemia was induced in rabbitsgiai3-vessel occlusion model
and hyperglycemia was produced using an intravedexose solution. In vivo
fluorescent imaging was used to assess brain gitnal cortical blood flow and NADH.

Final infarct volume was measured pathologically.

Anderson et al observed that pre-ischaemic hypeeghya resulted in more pronounced
intracellular acidosis and reduced NADH regeneratidhey conclude that hyperglycemia
worsens intracellular brain acidosis and mitoch@diunction in the ischaemic penumbra
supporting the hypothesis that the evolution oflasis in the penumbra is related to

glucose metabolism.

1.7.5 Other mechanisms by which hyperglycemia may e  xacerbate
ischaemic brain damage

If lactate metabolism is beneficial it has beengasged that the harmful effects of
hyperglycaemia may be mediated by sterdfdsit has been hypothesised that
hyperglycemia (or glucose loading) results in agrant increase in the release of
glucocorticoids resulting in a worse outcome. hatamodel of global cerebral ischemia
Schurr and colleagues used metyrapone, a cortroogtasynthesis inhibitor, to reduce
steroid levels. A significantly lower level of @ged neuronal damage was seen in these

animals.

In a global ischemia model hyperglycemia has been $o induce early intraneuronal
expression op-amyloid precursor protein. Rats that were expdsatextrose at the time
of ischemia had very widesprepeéamyloid precursor immunoreactivity while
normoglycemic rats only had very weak staininghas$ been suggested thaamyloid
precursor protein or its metabolites may be invélvethe process of ischaemic brain

injury.3*

In a rat model of focal cerebral ischemia Ste-Mand colleagues found that

hyperglycemia at the time of ischemia resultednirearly rise in superoxide and nitric
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oxide production. This may in turn lead to an @age in production of hydroxyl radical

formation leading to neuronal cell damage.

1.7.6 Imaging biomarkers for brain metabolism

While data from animal models may suggest possitdehanisms by which
hyperglycemia may exacerbate the ischemic brairadanof human stroke such studies
will never give us definitive answers. Human sésdwill never give us tissue for
histological data so imaging biomarkers of brairtabelism have been used in an attempt

to elucidate the situation.

The 2003 paper by Smith et al examined cerebrahlmoéism using FDG-PET
(18fluorodeoxyglucose positron emission tomogra@ognning and suggested that lactate
may be a preferred substrate in the healthy humain® In healthy human subjects

who were infused with lactate whilst undergoing B®G-PET scan. Whole brain glucose
uptake was significantly reduced by approximatélyelduring lactate infusion suggesting

that the euglycaemic brain may preferentially meligb lactate if available.

In a 2002 paper Parsons and colleagues used mageminance spectroscopy to explore
the relationship between hyperglycemia, lactic esisland clinical outcome in human
acute stroke patients® MR spectroscopy was used in 33 patients to agisess
relationship between acute blood glucose leveldaatdte production in ischaemic areas
of brain. All of the patients initially had MRI sassment of perfusion-diffusion mismatch
to estimate penumbral volume. Higher acute bldadage levels in patients with
perfusion-diffusion mismatch were associated wrdmater sub-acute lactate production
and reduced salvage of mismatch tissue. In patigith no evidence of mismatch there
was no correlation of blood glucose with outcomesuees and no evidence of lactate
production. The authors concluded that acute lgypegmia increases brain lactate
production and facilitates the infarction of penuailtissue.

McCormick and colleagues subsequently underto@ndamised placebo controlled trial
of a GKI (glucose, potassium and insulin) infusiortontrol blood glucose levels in acute
stroke patientd®® Infarct growth was assessed between admissiotharskeventh day
after the stroke. MR spectroscopy was used tesadaetate production. The use of the
GKI infusion was found to reduce blood glucose Isand brain lactate levels but had no

effect on infarct growth.
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The work of McCormick and colleagues suggeststale hyperglycemia may be related
to lactate levels, increased lactate levels aréh@obnly factor that contributes to infarct

growth. These results may correlate with the tesafl Cronbergs’ in vitro worf*

It may be interesting to use MR spectroscopy toitnopH changes in relation to

hyperglycemia in acute stroke patients althoughwuould be a complex imaging process.

There are limitations to MR spectroscopy technighes should be considered. MR
spectroscopy does not directly quantify lactateleand instead expresses a
lactate:creatine or lactate:choline ratib.lt is of course possible that all of the brain
metabolites used for MR spectroscopy are alteremglgtroke possibly skewing results.
For practical reasons the MR spectroscopy voxelplased in the DWI (‘core’) lesion as
opposed to the mismatch (‘penumbral’) region irtsitidies. It is possible that lactate

may have behaved differently in the mismatch region
At present there is no conclusive solution to tBkeitose paradox’.

1.7.7 Positron Emission Tomography studies on PSH

In a 1990 paper Kushner and colleagues used pogitnission tomography (PET)
scanning to look at the relationship between hylgeegnia within 12 hours of stroke
onset, structural brain damage assessed using €Bram metabolic disruptiotic They
were able to study 39 patients who had an apprepdbiaod glucose measurement.
Patients had PET imaging within 7 days of stroksebn In this study hyperglycemia was
defined as a blood glucose level of above 6.7mrRok. the PET scanning 18F-
fluorodeoxyglucose (FDG) was used to delineatelbratenetabolism.

In patients with low initial blood glucose levelEPimaging was normal or only slightly
abnormal. In patients with high blood glucose Is\aegreater degree of metabolic
abnormality was observed. In both qualitative gndntitative analysis of PET images
hyperglycemia was associated with either lobar oltifobar hypometabolism. There was

no statistically significant relationship betweaaltes and abnormal metabolism.

In a 1993 study Heiss and colleagues looked tlaioekhip between cerebral glucose
metabolism as assessed by PET scanning and fuakctiottome®®® Patients with
diabetes were excluded from this study as diabatgshave a confounding effect on

cerebral glucose transport and metabolism. Sixtpatients were prospectively recruited
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and scanned at an average of 9.2 days after sti&gents were followed up for an
average of 50.5 months to assess final functionlomne. Good global, ipsilateral and
contralateral glucose metabolism were significarglgted to better final functional
outcomes (P=0.001). Multiple regression analysigaled that cerebral glucose
metabolism correlated more with functional outcambypertensive patients (P=0.016).

1.7.8 The effect of hyperglycemia on haemostasis

It has been suggested that hyperglycemia may hpa¢halogical effect on haemostasis.
Fibrinogen is associated with primary haemostasisiacreased fibrinogen levels are
associated with atherosclerosis and incident vasevents**3** Permeability of the

fibrin clot may be reduced in hyperglycaemic oritic patient§**>*° Fibrin clots

formed by diabetic patients have a denser, lessusastructure than those of control
subjects. Similar changes are seen in vitro anglerplain the reduced efficacy of tissue
plasminogen activator in hyperglycaemic patiéhts**® These structural changes may be
related to poor glycaemic control and exposuredh tevels of blood glucosé?

Improving glycaemic control may reduce the cardsadar risk associated with

fibrinogen®>°

Ozkul and colleagues looked at the interaction betwinsulin resistance and coagulation
in the acute phase of ischaemic strdKePatients were prospectively identified aftertfirs
ischaemic stroke. Patients with diabetes or othedegisting conditions that may interfere
with coagulation were excluded. They found thatt€in C and Protein S levels were
significantly lower in insulin resistant patientscethat levels of these anticoagulants
correlated with HOMA levels. A negative correlatizvas observed between NIHSS and
Protein S levels. The authors suggest that thefiignt associations between insulin
resistance and haemostatic markers may worseressmlerity by creating a procoagulant
state.

Lindahl et al reported an association between ingakistance and low fibrinolytic
activity in a sub-study of patients enrolled in 8wwedish MONICA (MONItoring of
trends and determinants in CArdiovascular diseagtady>>* They investigated 756
patients by checking fasting insulin and glucoseleas well as PAI-1 activity and tPA
activity. Subjects within the highest tertile asulin resistance had higher PAI-1 activity

and lower tPA activity.
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Evidence of a relationship between insulin resistaand impaired haemostasis has also
been seen in the Framingham Offspring CoffSrnsulin levels and haemostatic factors
were measured in 2962 study participants. Meagldenf haemostatic factors were
observed to increase with insulin levels. Levélbaih PAI-1 and tPA antigens were
significantly higher in patients with highest insulevels. The authors suggest that

patients with insulin resistance may be at an eed risk of acute thrombotic disease.

1.7.9 Vascular effects of hyperglycemia

Martini and Kent reviewed the vascular effects ygbdrglycemia in 2007 and concluded
that hyperglycemia results in a pro-vasoconstrgtpro-thrombotic and pro-inflammatory
phenotype which may make the cerebral vasculauireevable to reperfusion injurfy?
Martini and Kent believe that the vascular injumatt results from hyperglycemia is one of
the main factors that limits the utility of othetterventions that aim to provide

neuroprotection

Hyperglycemia is known to induce various biochemateanges within endothelial
cells®*® The GLUT-1 transporter moves glucose from th@tlstream into cell&® In
vitro studies suggest that the GLUT-1 transporterascular endothelial cells is not insulin
sensitive so hyperglycemia in the blood streamltgguintracellular hyperglycemi&’
Intracellular hyperglycemia is thought to resulmiany of the biological abnormalities
seen in diabetes. Several biochemical pathwayadcieated by intracellular
hyperglycemia>® Hyperglycemia seems to produce an increase itiveazxygen species
(ROS). Reactive oxygen species cause DNA damagétirey in poly(ADP-ribose)
polymerase (PARP) activation which in turn decredbe activity of the key glycolytic
enzyme glyceraldehyde-3 phosphate dehydrogenase@®&A Inhibition of GAPDH
activates 4 pathways that damage c8is’™®

Hyperglycemia does not appear to be the major eht@nt of macrovascular disease in
diabetes mellitud>® Macrovascular disease may be more linked to dé#ures of
diabetes such as insulin resistance and subsefjaeriaitty acid deposition in endothelial

cells.

1.7.10 Effect of blood glucose on fibrinolysis

Type 2 diabetes mellitus is thought to be assatiaith abnormalities of haemostatic

factors in the circulation. The fibrinolysis inltidr plasminogen activator inhibitor-1
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(PAI-1) appears to be closely related to insulsigence>***Mansfield and colleagues
attempted to investigate the relationship betwethlFevels and stroke in diabetic and
non-diabetic patients? Mansfieldet al performed a case control study where 4 cohorts of
patients were recruited: 40 diabetic patients witbhke, 80 diabetic patients without
stroke, 80 stroke patients without diabetes andoffirols without stroke or diabetes. In
this population PAI-1 levels were highest in diabeatients without stroke. In this
subgroup levels were significantly higher thanither stroke patients without diabetes or
normal controls (P<0.0005). Circulation tissuespltnogen antigen activator levels were
also checked. Levels of t-PA antigen were lowgratients with diabetes who had
experienced a stroke when compared with diabettrals without a stroke. The authors
conclude that these results do not support a hggatéd relationship between impaired
fibrinolytic function and incident ischaemic strokepatients with type 2 diabetes mellitus.
This conclusion may be wrong if antigen levels dwacutely after stroke although at
least one study suggests this is not the ¥ds&he authors admit that patients with the

highest PAI-1 levels may be under-representedigndtindy if they die soon after stroke.

In 1993 Nordt and colleagues reported in vitro Esidvhere they attempted to determine if
PAI-1 secretion is dependent on glucose le¥8IA significant increase in the secretion
of PAI-1 was observed as plasma glucose leveleasad. This effect of glucose on the

synthesis of PAI-1 by endothelial cells may conttéto reduced local fibrinolysis.

In human studies patients with type 2 diabetes haea found to have significantly higher
t-PA antigen and PAI-1 levels than normal contrét<orrelations have been found
between PAI-1 levels, insulin levels, body mas®indnd apolipoprotein B although only
the correlation between PAI-1 and insulin remaiafter adjustmert®™® Similar

correlations have been observed in obese pafieh#s.small study compared tissue
specimens from the mammary arteries of diabeticremddiabetic patients who were
undergoing coronary artery bypass graftiffgPAI-1 immunofluoresence was increased in
the arterial wall of diabetic patients. An anirsddy published by the same group
suggests that acute hyperglycemia and acute hyodinaemia decrease plasma
fibrinolytic activity and increase PAI-1 activif§’

Historically reduced reperfusion rates have been sediabetic patients who have been
thrombolysed for myocardial infarctidf® Abnormal platelet aggregation in diabetes may

also partially explain poorer outcomes from throfybis in these patienf§2=>"*
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1.8 Imaging techniques in acute stroke

Brain imaging is very important in the clinical dieosis and management of patients with
stroke. Brain imaging is also very important iroke research. There has been some
debate about the best form of imaging in acutekstpatients’? Clinical scoring systems
to predict the cause of a stroke are unrelidble.

1.8.1 PlainCT

Non-contrast computerised tomography (NCCT/ pl&iT) was first used by
neuroradiologists over 35 years &40.CT was soon used in the diagnosis of strke.

CT imaging was correlated with post-mortem dafa.

All suspected stroke patients should have a CThlasisoon as possible after admis$ién.

Haemorrhage is instantly visible on &f.

Early changes can be seen on CT in ischaemic steresoon after presentatidfi;*®?

There has been some debate about the value ofdhasges but they do appear to be
clinically useful®®® Scoring systems such as the ASPECTS score aitetdgdo help
clinicians predict clinical outcome based on e&@lyappearance&? It is also possible in
some cases to see a ‘hyperdense’ middle cerelbeay @n a plain CT scan which can

represent arterial occlusigfr: 3¢

As time progresses an infarct becomes more clearyarcated and hypoattenuated on CT
after a few day2®’ Visible infarction on CT is associated with a pamctional

outcome®®

1.8.2 CT angiography

CT angiography (CTA) has been used to evaluatadgrdanial arterial anatomy and has
been compared with conventional angiography andavgiography’®® CTA can add
useful information to non-contrast CT in acute &sic stroke. It can reveal the location
and size of an occluded arterial segment as walllewing evaluation of collateral blood

flow.3%°

In the era of cerebral revascularisation it is imigat to be able to clearly define the degree

of revascularisation in research studies. Therdvao distinct aspects to revascularisation
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— recanalization and reperfusion. Recanalizataplies that the primary arterial occlusive
lesion (AOL) has been destroyed opening the origirtary. In recanalization it is still
possible that clot fragments have embolised t@bsteries causing further occlusion.
Reperfusion implies that distal arteries are patéins possible for distal arteries to be
reperfused while the proximal occlusive lesion baly been partially removed.

Various scoring methods have been developed taoaldie degree of recanalization and
reperfusion after revascularization. The AOL redeation score has been developed in
interventional neuroradiology stroke tridf$.The AOL score is detailed in table 1.4. This
score was initially defined using conventional beat angiography but it can be applied to

CT cerebral angiography.

Table 1-4 The AOL recanalization score

Score AOL Recanalization

0 No recanalization of the primary

occlusive lesion

I Incomplete or partial recanalization of the
primary occlusive lesion with no distal

flow

Il Incomplete or partial recanalization of the
primary occlusive lesion with any distal

flow

1l Complete recanalization of the primary

occlusion with any distal flow

Reperfusion has been described in interventionaksttrials using the TIMI (thrombolysis
in myocardial infarction) scor&” The TIMI score is detailed in Table 1.5. The TIM
score was developed using conventional angiographyis not intended for use with CT

angiography.
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Table 1-5 The TIMI (Thrombolysis in Myocardial Infa  rction) score

Score TIMI reperfusion
0 No perfusion
1 Perfusion past the initial occlusion but no

distal branch filling

2 Perfusion with incomplete or slow dista
branch filling
3 Full perfusion with filling of all distal

branches including M3, 4

CT angiography requires administration of intraugoontrast which has been associated
with worsening renal failure. Current Royal Colegf Radiologists guidelines advise
caution in the use of IV contrast although there een some debate as to the real level of
risk involved>®® This relative contraindication can limit use of @ngiography and

perfusion CT in some patients.

There has been some concern that iodinated contesinhibit fibrinolysis in acute
stroke however a recent systematic review doesumggest that this is a serious

problem3*

1.8.3 Perfusion CT

Imaging techniques that allow us to quantify ceaébtood flow may be valuable
clinically. Such techniques could define the infad core tissue of a stroke and the

ischaemic penumbra. This knowledge may make thobysls decisions easier.
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Imaging methods such as positron emission tomogrépBT), single photon emission
computed tomography (SPECT), magnetic resonance {(iM&ging and stable xenon CT
have been used to measure cerebral blood flow (@Bé)cerebral blood volume (CBV)
for research purposes. These techniques are expemsl often not practical for many

clinical uses.

Previous research has shown that stable xenon\&§ giquantitative and accurate map of
cerebral blood flow?® Perfusion CT studies and xenon CT studies hage beown to
provide similar estimates of regional cerebral diflow allowing some validation of
perfusion CT technique’s® Earlier research had validated the use of CTuganh for the
assessment of cerebral blood flow in anim&isPerfusion CT has also been found to have

the potential to provide similar perfusion map®®T in some studies®

Perfusion CT uses contrast dye as an intravastalzr with the CT scanner detecting
brain blood flow. Tracking the contrast bolus afomeasurement of CBF and CBV as
well as meant transit time (MTT) and time to pe@KkR) of contrast. The change in signal
intensity in Hounsfield units is proportional teethoncentration of the dye in the pixel
imaged. Repeated scanning allows the creatioixef poncentration against time curves
which can be used to generate the different penfusiaps®® **° It is thought that a
prolonged MTT suggests penumbral tissue while aced CBV represents core infarcted

tissue?®

Clinically, CT perfusion has been found to be maceurate at predicting final outcome
than plain CT when using the ASPECTS sé8teAn example of CT perfusion imaging

can be seen in Figure 3
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Figure 3 - CT perfusion images from the POSH study



1.8.4 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is another commaskd imaging modality for
stroke. An MRI machine consists of a magnet, magigeadient coils, a radio frequency
transmitter and receiver, and a computer that otsthe acquisition of signals and

computes the MR images.

MRI produces images by utilizing the propertiegtaimic nuclei, principally those of
hydrogen in water molecules. A high intensity metgnfield forces the nuclei to align
before a radio-frequency pulse displaces the nérdm their position. When the pulse
stops the nuclei return to their original statéeasing energy in the form of a radio
frequency signal. A computer then analysis thesanance’ signal and converts it into a
grey scale imag®? Imaging can be weighted in different ways to dretisualise different

tissue types.

MRI lets us examine the response of magnetisedetissa radio frequency pulse and

abnormal tissue will return abnormal signals.

MRI will produce good quality brain imaging but scéng times are longer than for CT
and many patients cannot enter the scanner duetal mplants or pacemakers.
Monitoring critically ill patients can be difficulh an MRI scanner and CT is often quicker

and safer.

1.8.5 MRI Diffusion Weighted Imaging

Acute ischaemic stroke results in cytotoxic oedemdfusion weighted imaging looks at
the rate if diffusion of water through tissue Heacells will only let water diffuse in
certain ways. Cytotoxic oedema will alter the aiéibn of water through the cell. This
will result in a high diffusion weighted signal thaill make even very small strokes easy
today in the first 5-10 days after ons&t.
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1.8.6 Transcranial Doppler Ultrasound

Transcranial Doppler (TCD) ultrasound is a non-give, portable tool that can be used to
evaluate blood flow in cerebral blood vessels.d@&ihave shown that transcranial
Doppler findings predict angiographic findintf8. The TIBI score has been developed to
grade flow in cerebral blood vesséls. The technique is operator dependant and requires

training and experience to perform and interprstiits.

TCD has been validated against CT angiography aviansitivity of 79.1% and a
specificity of 94.3%. TCD can also give usefubimhation about embolisation and
arterial blood flow that is unavailable from CT imfraphy?°® Power Motion Doppler
(PMD) TCD was also compared to CT angiography wtlaer prospective observational
study of 100 patients within 24 hours of acutels8” PMD-TCD had 95.6% sensitivity
and 94.5% specificity for middle cerebral arterglasion when compared with CT
angiography as a gold standard.

TCD is commonly used to screen children with sicld# disease for stroke risk. It is also
used after spontaneous subarachnoid haemorrhagenitor for angiographic vasospasm.
TCD can be used for perioperative monitoring dugagptid endartectomy and coronary
artery bypass graftin® TCD is also very reliable when used in the déecof patent

foramen ovale (PFCY?

Some studies have looked at the use of TCD forthommbolysis to augment altepl&se

“1 The initial CLOTBUST (Combined Lysis of ThrombinsBrain Ischemia Using
Transcranial Ultrasound and Systemic t-PA) triglgasted a non-significant trend towards
increased arterial recanalization with continuo@®Texposure. There was also a non-

significant trend towards an increased rate ofveppwith TCD compared with placebo.

The subsequent TUCSON (Transcranial Ultrasoundimdal SONothrombolysis) trial
looked at the use of intravenous microspheres gaonaat TCD sonothrombolysis and
improve recanalization rates. The trial was a oamded, single blinded dose escalation
study aiming to find a safe dose of microsphetéstortunately the study was stopped
prematurely due to an excess of intracerebral herbiage with the first microsphere dose
increase€’™ The trial was stopped at a very early stage bysfionsor and the numbers
recruited were very small. Three of 11 patienth&higher dose group had symptomatic
intracerebral haemorrhage but in such a small ¢adumh numbers could be entirely due to

chance'®

89
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1.8.7 Arterial patency in acute stroke and early ne  urological
deterioration after thrombolysis

As described above arterial patency can be assesaedte stroke using CTA and TCD.
There is interest in investigating the patencylobt vessels after stroke thrombolysis as it

is possible that some arteries may re-occlude.

In the initial NINDS stroke thrombolysis trial 1386 patients showed an early clinical
deterioration after initial improvemefit’ This group of patients has a poorer long term

prognosis.

A proportion of the patients who had early neuradabdeterioration (END) would have
had intracerebral haemorrhage. Some patients @ag/ malignant cerebral infarction
which can be treated with decompressive craniotdiitl’ Other patients may have early
neurological deterioration due to haemodynamimiadt® Some patients appear to have a

further ischaemic stroke in a different arteriatitery due to atrial fibrillatiorf:*

Arterial reocclusion after initial recanalizatioashbeen observed using T¢1.In one
observational study of a consecutive series ofdi@pts treated with t-PA were monitored
using TCD. Forty-seven patients were seen to edzanafter thrombolytic therapy.
Sixteen patients (34%) were seen to reocclude iafiteal recanalization. Mortality was
higher in the group of patients with reocclusio8%3 than in the group with stable

recanalization (8%). This difference was significavith a p value of <0.05.

As mentioned previously, there appears to be daoakhip between early recanalization in

the presence of hyperglycaemia and a poor climigedome!?® 197 198.271

In one prospective observational study lookingcaite deterioration after recanalization
(with IV t-PA or an intra-arterial procedure) thevas a strong correlation between
hyperglycaemia and a poor outcom®e.Acute deterioration was defined as an increase in
NIHSS of 4 or more points at 24 hours. Of 2018 treated within 6 hours of symptom
onset 13% worsened, 39% improved and 48% were ngeldaat 24 hours.
Hyperglycaemia, defined as blood glucose above fH&dIniB.3mmol/l), was more severe
in patients who deteriorated even if an occludessgkrecanalized. Hyperglycaemia was
associated with an odds ratio of 6.47 for a poacaue (P= 0.004).

Similar results were seen in a series of papers icSpanish centr&® 17271

90
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1.9 Clinical assessment scales and stroke research

In both clinical practice and research clinicaleassnent scales are useful to record
neurological functional deficits. Such scaleswllinicians to communicate stroke
severity and help guide clinical decision makimg.research these scales can be used to
gauge homogeneity of a study population and tosags&tient outcomes. It is important
that scales should be valid, reliable and easgé&u A valid test accurately describes a
phenomenon or disease. A reliable scale is repibldubetween users and consistent for

scale item4?* A good scale should be reliable on an interoteseamd intraobserver basis.

There are three main types of stroke assessmdat S6kobal outcome scales assign
patients to broad categories. They are simplesasg to use but often not reproducible.
They may be insensitiV€? The modified Rankin Scale is an exampi&€?® Physical
deficit scales describe stroke related deficit bameneurological examination. The
National Institute of Health Stroke Scale is a ptgisdeficit scalé?* *?* Activities of
daily living (ADL) scales measure function neededihdependent living. They score
basic biological functions such as continence antersomplex tasks like food

preparatiorf?> The Barthel Index is an ADL scdl&.

1.9.1 The National Institute of Health Stroke Scale

The National Institute of Health Stroke Scale (N8J$ used both clinically and for
research purposes. It is used to guide strokenthotysis decision?> It was initially
published in 1989 to clinically measure the seyeasftan acute stroke for therapeutic trials.
It was based on three earlier sc&lé€$he NIHSS initially had a good positive predictive
value for imaging outcomes and final outcorff@When independent observers compared
it with other neurological scoring scales it wasrfd to have the best predictive vaféé.

The initial scale had moderate to substantial aftserver agreemefft®

The NIHSS scale was later modified to simplifyute while improving reliability and
sensitivity*?° Training in the use of the NIHSS is straightfordvand can be done using
various audiovisual materials, some of which awlable on the internéf® The NIHSS

scale is now used in most acute stroke trials.
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2 Materials and methods

2.1 Introduction

This chapter provides a detailed description ofpghigents and general methods used in the
clinical studies presented in this thesis. Methoglp and endpoints that are only relevant
to a single chapter are described in that chapter.

The main study was entitled Post Stroke Hyperglyaeand Brain Arterial Patency. The

study was referred to by the acronym POSH whiclhilluse later in the text.

2.2 Patient recruitment

Study participants were prospectively recruitedrfipatients referred to the Acute Stroke
Service at the Southern General Hospital in Glasgetween the*lof January 2009 and
the 3 of December 2011. All patients who presentedhéounit within six hours of an
acute stroke were considered for the study. Whaemajority of patients included in the
study were domiciled in the immediate Glasgow &@ae patients were referred from the
wider West of Scotland region.

The study was designed to prospectively recruitdd€lfie stroke patients within 6 hours of
stroke onset. We aimed to define the interactioeaoly and delayed hyperglycaemia with

arterial patency and brain perfusion in these ptgie

2.3 Exclusion Criteria

Exclusion criteria included a non-stroke diagndsig. primary intracerebral haemorrhage,
tumour, subarachnoid haemorrhage or epilepsy), krssmsitivity to iodinated contrast
materials (previous contrast reactions or sevdteras), an inability to lie flat for the
duration of additional imaging (e.g. severe cardialare, desaturation on lying flat, high
risk of aspiration) and any intercurrent illnesattivas likely to limit survival to less than
30 days. Patients with severe renal failure weodueed as they could not have iodinated
contrast material. Pregnant women were not appeshfor the study to avoid radiation

exposure.

Patients enrolled in the study were treated witbpddse if appropriate. In some cases

patients were enrolled in a concurrent clinicalltdaf thrombolytic therapy and randomised
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for treatment with desmotoplase or placebo. Agekstseverity and past history of

dysglycaemia are not exclusion criteria for thisdst

Informed consent for the study was sought whersiples If a patient was unable to
consent due to their neurological condition infodhassent was obtained from the next-of-
kin.

Patient data were collected on admission usingaifspally designed case report form.
This form was designed to record information regaydhe past medical history of the

patient and to prospectively record clinical datary the study period.

2.4 Ethical approval

Ethical approval was granted for this study byappropriate NHS Research Ethics
Committee.

2.5 Timetable of Study Procedures

Before the trial began a timetable of the studyqgwol was established. Many of the data
recorded were generated by routine clinical practithe additional procedures that were
study specific are detailed in Table 2.1. A floadof the study is included in Figure 4.



Table 2-1 Timetable of POSH study procedures
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Procedure Baseline (<6h) | 6-24h 24- 72h Day Day
48h 7 30

Informed consent or assent v

from next of kin

Non-contrast CT brain x *

CT Perfusion *

CT Angiography x v

NIHSS x * v v v

Blood Sample — biomarkers v

Blood sample — HbAlc, x

glucose

Blood sample — U&Es x *

Capillary Blood Glucose x x x

Modified Rankin Scale v

Oral glucose tolerance test v

v' denotes study-specific procedure

x denotes clinically routine procedure, data captured for study

* denotes procedure clinically routine in some patients
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Pathophysiology of acute post-stroke hyperglycaemia in
relation to brain perfusion and arterial patency

Acute Ischaemic Stroke <6h
after onset
>18 years of age

Consent or Assent
Brain Imaging with CT, CTA, CTP (8
slice)

Blood Samples for Biomarkers, HbA1lc,
U&Es

NIH stroke scale

Capillary blood glucose 4 hourly for 48h
NIH stroke scale at 24h

l

Exclusions :

1. Known non-stroke diagnosis (eg
PICH, tumour, SAH, epilepsy)

2. Known sensitivity to iodinated contrast
media (including previous contrast
reactions or severe asthma)

3. Inability to lie in a recumbent position
for the duration of additional imaging (eg
severe cardiac failure, desaturation on
lying flat, high risk of aspiration)

4. Intercurrent iliness likely to limit
survival to less than 30 days

48-72h

Blood for U&Es

Repeat Brain Imaging with CT, limited intracranial CTA

l

Day 7
NIH stroke scale

l

Day 30
Modified Rankin Scale Structured Interview
Glucose tolerance test

Figure 4 - POSH study procedures flowchart
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2.6 Clinical assessment

All patients were clinically assessed by the chhimedical team. Severity of stroke was
graded using the National Institute of Health Ser&8cale (NIHSS* “?° The NIHSS was
repeated at 24 hours in all patients and if possiBllhours and 7 days to assess clinical
change in stroke severity. At day 30 patients vigvged to return to the hospital for
clinical assessment and an oral glucose tolerast€it not known to be diabetic).

Clinical outcome was assessed using the modifiekiRéScale and the NIHSS. If a
patient was unable to return to the hospital on3atheir clinical condition was assessed
by a research nurse (AW) using the modified Rasdale structured interview (mRS-SI)

TZ, 431

during a telephone cal If a patient was uncontactable their clinicatistavas

established from doctors involved in their caren@dical notes.

2.7 Blood samples

Blood samples were taken on admission for glucglyepsylated haemoglobin (HbA1c)
and renal function. Additional blood was storedl&ter analysis.

2.8 Blood capillary glucose monitoring

Capillary blood glucose levels are checked as @aemat routine every four hours in the
Acute Stroke Unit. These data were recorded irsthdy proforma. Where possible, the

initial ambulance capillary glucose level was refeat.

Serial capillary blood glucose concentrations wesed to define groups: admission
hyperglycaemia (blood glucose >7mmol/l within 6hstfbke onset), delayed
hyperglycaemia (blood glucose >7mmol/l 6-48h adteoke onset), and normoglycaemia

(blood glucose always below 7mmol/l).

2.9 Imaging protocol

Multimodal CT examination was obtained using a Migitector Scanner (Philips
Brilliance 64 Slice). Whole brain non-contrast Casaacquired first (5 mm slice thickness
FOV 218 x 218 mm,120kv, 171 mA or 0.9 mm slice khiess, FOV 250x250mm, 120 kV,
404 mA).

This was followed by CT perfusion with 40mm slalvexage (8x5mm slices, FOV 25cm,

80kVp, 476 mAs, 2 second cycle time, 30 cycleshgisi 50 ml contrast bolus
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administered at 5mls/second (350 Xenetix) via gdagauge venous cannula, usually

placed in the antecubital fossa.

Finally a CT angiogram was performed from aortwhatio the top of the lateral ventricles
(0.67 mm slice thickness, 120 kV, 475 mA) usingusdracking to enable correct timing

of image acquisition.

Follow up imaging consisted of whole brain non-cast CT followed by intracranial CTA
from base of skull to the top of the lateral vesi&s. If the initial occlusion was
extracranial, the subacute CTA was extended ubegame protocol as the admission
CTA. Follow-up CTA was only performed in patiemigh an arterial occlusion on initial
CTA.

2.10 Image Analysis

CTP was processed using commercially availableveo#t (MIStar, Apollo Medical
Imaging Technology, Melbourne, Australia) providihgerfusion parameters for analysis,
Cerebral Blood Flow (CBF), Cerebral Blood VolumeB{), Mean transit time (MTT) and
Delay (DT). Motion correction was automatically &pg after loading the CTP dataset.
Arterial input function (AIF) and venous output fitions (VOF) were selected semi-
automatically after placing a region of interesO(Rin the anterior cerebral artery and

superior saggital sinus respectively.

Core volumes and penumbra volumes were measurdtedhprocessed perfusion slices.
This measurement was partially automated. The &fupion thresholds used came from
the Parsons group in Australia. Core tissue wésateas having a delay time of > or = to
2 seconds and a cerebral blood flow (CBF) of <4@énumbral tissue was defined by a
delay time of > or = to 2 seconds with a CBF of entbran 409432

Final infarct volume was measured on non-contrdsintages. The non-contrast CT
images were co-registered with the CTP images ubm@D fusion tool in the MIStar
software. The infarct volume was initially measline the co-registered slices. The total

infarct volume visible in all CT slices was thenasared.

All scan volumes were measured by two observers @il XH). For final analysis mean

volumes were used.
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Inter-rater and intra-rater reliability was assédssging an anonymised set of CTP scans.

This set included scans from the POSH cohort akagedcans from two other prospective
studies. Two observers (NM and XH) blinded to pheparation of this set measured core
and penumbra volumes on these scans. Inter-rdiegniliey was assessed using both intra-
class correlation coefficients and weighted Coh&aippa in Stats Direct.

2.10.1 Reliability Results in test population

For perfusion core the intra-class correlation ffiient was 0.89 with 95% limits of
agreement being -6.6 to 19.8. These results stjgsone observer thought core volume

was larger than the other in several cases.

Agreement Plot (95% limits of agreement)
difference
30

T o

20

,_.
o
1
(o))
(o]

-10 T T T T T T T T T T T T T T T T T T T 1

mean

Figure 5 Agreement plot of inter-observer perfusion core volume



For penumbra the intra-class correlation co-effitigas 0.89 with 95% limits of

agreement -24.3 to 15.7.
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Figure 6 Agreement plot for inter-observer perfusio n penumbra volume
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For co-registered 24-48h infarct volume the intiss correlation co-efficient was 0.67

with 95% limits of agreement being -88.3 to 99.4.

Agreement Plot (95% limits of agreement)
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Figure 7 Agreement plot for inter-observer co-regis tered 24-48h infarct volume
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For final infarct volume looking at all slices th#ra-class correlation co-efficient was
0.92 with 95% limits of agreement being -80.8 t0669

Agreement Plot (95% limits of agreement)
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Figure 8 Agreement plot for inter-observer total 24  -48h infarct volume

For arterial patency weighted Kappa was 0.689 (€3%.52 to 0.859).

2.10.2 Inter-observer agreement for POSH scans

Inter-observer agreement was reassessed in the BQI®it. For perfusion core the intra-

class correlation co-efficient was 0.93 with 95%its of agreement -20.5 to 13.8.



Agreement Plot (95% limits of agreement)
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Figure 9 — Agreement plot of inter-observer perfusi ~ on core volume in POSH cohort

For penumbra volume on perfusion imaging the iotegs correlation co-efficient was

0.84 with 95% limits of agreement -23.7 to 30.1.
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Figure 10 Agreement plot of inter-observer perfusio n penumbra volume in POSH cohort

For co-registered 24-48h infarct volume the inti@ss correlation co-efficient was 0.91

with 95% limits of agreement being -49.3 to 45.9.



103

Agreement Plot (95% limits of agreement)
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Figure 11 - Agreement plot of inter-observer co-reg  istered 24-48h infarct volume in POSH

cohort

For final infarct volume looking at all slices th#ra-class correlation co-efficient was
0.94 with 95% limits of agreement being -70.8 t0348



104

Agreement Plot (95% limits of agreement)
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Figure 12 Agreement plot for inter-observer total 2 ~ 4-48h infarct volume in POSH cohort

For the presence of arterial occlusion in the P@8Ikbrt the weighted Kappa for
agreement was 0.782 (p<0.001, 95% CI 0.61 to 0.B6}.recanalization the weighted
Kappa was 0.777 (p<0.001, 95% CI 0.59 to 0.97).

2.11 Statistical analysis

Details of statistical analysis will be given irdigidual chapters. Clinical data were
prospectively entered into a spreadsheet by orsopdNM). Statistical analysis was
mainly performed using PASW IBM SPSS statistics§SFhicago, lllinois, USA, v 16-
19). Where other packages have been used | hawé tius in the text.
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3 Animal models of post stroke hyperglycaemia

3.1 Introduction
3.1.1 The rationale for animal models of stroke

Animal models of human disease are often useditopgahophysiological information
that cannot be obtained from human experimentd@ddvelop new therapeutic

strategies.

In animal models we can control the severity, daratiocation and cause of cerebral
ischaemia. We can also control for variationsarebral anatomy and co-morbid diseases
in a way that is impossible in clinical researc¢hs lalso possible to manipulate
physiological variables to ensure that experimesitakes can be reproduced if

necessar{>>

3.1.2 Problems with translational research in strok e

Preclinical evaluation of any new potential therapynportant. It is essential to know
about any potential for toxicity before a new commpa is used in humans. It is also

important to have evidence that any new compounglhmage some therapeutic value.

A drug will usually be tested in animals beforesitised in a clinical trial. While this has
not always been the case historically new compotimatshave never been used in humans
are routinely tested in animals first. Animal seglmay indicate potential human
therapeutic efficacy. Unfortunately there haverbemny cases of a failure to translate the

positive results of animal studies into successinical trials***

The 1999 Stroke Therapy Academic Industry RoundtéBT AIR) guidelines were created
to help with the translation of positive experinamteuroprotective trials into useful
clinical treatment§>® They have subsequently been updated after $eaideal major

stroke trialg*®

These recommendations were as follows -
1. Define the dose-response curve

2. Define the time window in a well-characterizeddal
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3. Blinded, physiologically controlled reproducilgidies

4. Histological and functional outcomes assessatehcand long-term
5. Initial rodent studies, then consider gyrencéplspecies

6. Permanent occlusion then transient in most cases

In the years since the initial STAIR guidelines evpublished no successful new
treatments for acute ischaemic stroke have emengédhe guidelines are as yet
unvalidated. The compound NXY-059 was thought tblfail the STAIR criteria but still

failed to be clinically usefuf®’

Pre-clinical research that has failed to translat®workable clinical treatments has been
re-examined. Systematic review and meta-analydiasic research has suggested that
publication bias exists and that pre-clinical reskanay have flawed methodology in

some case¥&?® 439

It is possible that experimental studies have mctided enough animals to have
statistically significant results. Historicallyregle size calculations have not always been
included in basic scientific research papers ahdstbeen suggested that many studies
have just not been large enough to ensure thatiyesesults have evolved from anything
other than chanc¥?

More recently several journals have decided to cnhsider basic research papers for
publication if there are clear descriptions of skngize calculations, inclusion and
exclusion criteria, randomization, allocation caalogent, reporting of animals excluded
from analysis, blinded assessment of outcome gmuttiag of potential conflicts of
interest and study fundirf§**** While more basic studies containing observatiopifdt

or hypothesis generating data should still be gkl it should be made clear that these

are only preliminary studies.

There may also be an issue with the choice of dsimsed for individual studies. Most

experiments use young, male animals with no otbenorbidities. As the majority of

! For stroke recovery drugs an appropriate time window for histological studies may be several
days or weeks after ischaemia to allow the drug to take effect. Behavioural studies should be
carried out in the same time frame,
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acute ischaemic strokes occur in older humans watious risk factors who are more
likely to develop complications than young fit ra#sn update of the STAIR
recommendations suggests that studies should bategpin older animals with co-morbid
disease to better mimic the target human populati€fficacy studies should also be
carried out in female animal& Infarcts may be influenced by a multitude of fasto

including anaesthetic agents and all of these sssheuld be considerétf:

3.1.3 Models of ischaemia

Stroke is a heterogeneous human disease so ayvafrestimal models are viable in basic
research.

A variety of different types of models of cerehislhemia exist. Ischaemia can be global
(as in a cardiac arrest), hemispheric (as if a comoparotid artery has been occluded) or
focal (which may mimic a stroke in the vascularitery of the middle cerebral arter$/y>
Focal ischaemic models are most appropriate fordmuischaemic stroke. It is probably

sensible to chose different models for lacunarkstias opposed to cortical strok8.

3.1.4 MCAO models

Several models of ischaemic middle cerebral alf@A) stroke exist. Some models
have been in use since the 1930sThe most widely used models involve unilateral
middle cerebral artery occlusion (MCAO) in ratsceor cats. These models can involve
permanent occlusion of the MCA (pMCAO) or transieatlusion (tMCAO). Arterial
occlusion can be induced by surgical ligation arteazation of the MCA, intraluminal
passage of a nylon suture or injection of an agmls thrombus into the common carotid

artery.

The surgical method of MCA occlusion developed lynliraet alin 1981 has also been
widely used**® This technique involves a subtemporal approachedCA with
diathermy to occlude the blood vessel. This methleo allows access to more proximal
regions of the MCA and creates infarctions thatsamglar to those produced by
intraluminal suture. Infarctions are usually segitin 4 hours of vessel occlusion. The
technique has been refined to identify anatomites sn the MCA that will produce
consistent infarcts when occlud&d.
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The intraluminal suture MCAO method is probably thest frequently used model of
experimental ischaemic stdR& *** This technique is minimally invasive and caruked
to induce both permanent and transient ischaenaacontrolled manner. The model
involves inserting a monofilament into the interoatotid artery until blood flow is
occluded in the MCA. Various technical modificatsohave been developed to improve
the modef®? Filament size is known to influence infarct s{Z& Problems with this
technique include the risk of blood vessel ruptaggerthermia and inadequate vascular

occlusion.

In cats a transorbital approach can be {ell> This technique minimises manipulation

and disturbance of the brain.

Experimental infarct volumes need to be consistéiie size of an infarct varies with the
duration of ischaemia. For infarcts to be of aodpcible model at least 60 to 90 minutes

of ischaemia are required.

Other models of MCA occlusion include photothronibasodels where a cortical infarct

is induced by the systemic injection of a photoactye before irradiation with a light
beam of a specific wavelengtf. As the infarct is created quickly it is unliketyat any
ischaemic penumbra exists in this moélEndothelin-1 can be used to vasoconstrict the
MCA causing cerebral infarction but this methodwat less control than surgical

technique$>®

There are several other surgical models which atloalusion of the MCA. These models
are often invasive and require craniotomy. Theylaused in a variety of specfg¥*®*

Table 3-1 Examples of benefits and drawbacks of ani  mal models of MCA occlusion

Animal Model Benefits Drawback®

Squirrel Transorbital approach | Anatomy similar to Ethical concerns

Monkey*® | to occlude MCA human Expensive
Reproducible infarct | Requires transorbital
size surgery

Gyrencephalic brain | Anaesthetics may hav
impact on infarct

[{%)

growth
Miniature Focal cerebral ischemia Reproducible Larger and more
Pig*®° Cheaper than primates expensive than rats

Less ethical concerns

Caf® Retro-orbital extradural Easier physiological Ethhiconcerns
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approach for occluding monitoring Requires orbital
MCA surgery
Dog'®® Occlusion of Good control of infarct| Extensive collateral
intracranial trunk development is cerebral circulation
arteries possible Ethical concerns
Consistent results Expensive
Larger than rats
Requires craniectomy

3.1.5 Embolic models

Embolic stroke models exi&t° Human and homologous rat emboli have been used
although infarct size may be variafé.*®® Human atherosclerotic plaques have been
used to create emboli that are subsequently irjente rats*®°A thoracotomy is often
required to inject embofi’® Artificial embolic materials have been used alifjio these
may be less relevant to human stroke than clotcbasmoli*’* *"*Multiple infarcts may

be formed which makes precise reproducibility sfdes difficult?’® *’* Not all animals
will develop infarction even in more modern mod&fsWhen microspheres are used the
evolution of infarcts appears to be prolon§€dThese models are often in non-rodent

specied/®47®

3.1.6 Choice of species

The rat is often used as an animal model of stfokeeveral reasons. The cerebrovascular
anatomy and physiology of the rat is similar to fiinThe vascular anatomy of the gerbil,
the cat and the dog are less similar to man. Talllsummarises a few benefits and
drawbacks of different models. Different straimsad are fairly homogenous within a

strain making reproducible studies possible. Ther®t as yet a standardised rat model.
Intra-arterial suture occlusion models result irsame hemispheric infarction with short
animal survival time$ In stroke recovery trials a more focal surgicahtgque such as

the Tamura method may be bett& While the rat is a useful model species it is not

perfect.

There are arguments that a distinct role existgfionate models of stroke recovéry.
There are differences between the human brainfencbtient brain that may lead to a
different response to a similar ischaemic instilhese differences are less apparent when
the human brain is compared to the non-human peifmatin. It would be easier to

estimate human drug doses based on primate data ikausing rodent data. However
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there are no standardised well recognised primatgeis of stroke recovery (as with
rodents) and there are significant ethical concezgarding the use of primates in medical

research in western culturés,

3.1.7 Models of hyperglycaemia - Streptozotocin

Streptozotocin is a broad spectrum antibiotic wimes initially identified as an agent to
create a model of type 1 diabetes mellitus in 186%? Streptozotocin causes pancreatic
islet cell destruction resulting in an insulin @éfncy which mimics human type 1 DM.

The severity of the diabetes is dose depentfént.

3.1.8 Models of hyperglycaemia - Dextrose infusions

Hyperglycaemia can also be induced by the infusianjection of a dextrose solution.
Animals can be infused with variable strengthsefttbse ranging from 5% to 50%. This
will produce well controlled levels of hyperglycamnalthough it may not precisely mimic
a natural pathophysiological state.

Neither the streptozotocin model, nor the dextinBesion model is likely to accurately

reflect the pathophysiology of post-stroke hypecgbmia.

3.1.9 Models of insulin resistance and Type Il Diab  etes Mellitus

It is possible that models of insulin resistancé&ype 1l Diabetes may be more relevant in
the experimental observation of post-stroke hypeagmia. The majority of human
patients with PSH do not have type 1 diabetes tasland are not infused with highly
concentrated dextrose solutions. Models have Heeeloped for the ‘metabolic

syndrome’ which may be more useful

The Zucker rat has been used as a model of metayoldrome. Normally rats do not
develop atherosclerosis meaning that in the pastwere considered to be poor models of
cardiovascular disease. More recently genetimatels of cardiovascular disease have
been developed.

The fatty Zucker rat was first described in 1881 The Zucker rat strain has a
spontaneous mutant geria ¢r fatty) that affects the action of the adipoqgyeptide
hormone leptin. Leptin is a key element in theutation of food intake through the

inhibition of the release of hypothalamic neurojmptY. The Zucker also has a degree of
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glucose intolerance, variable hyperglycaemia, hygatinaemia, insulin resistance and a
tendency to obesit}?> **® These features are only seen in the homozyfpdfasanimals
and are not seen the heterozygousara/the homozygous Fa/F¥. The heterozygote
and homozygous Fa/Fa Zucker rats are lean and olietly normal.

The Zucker rat may be more representative of tieeagye human stroke patient and may
be a better model for post-stroke hyperglycaemaa #imimals treated with streptozotocin

or dextrose infusions.

3.1.10 The need to re-examine the basic scientific evidence for
post-stroke hyperglycemia

The rationale for the UK Glucose Insulin Strokeal (iGIST-UK) was at least partially
based on animal modéfd 313 315 48gjnce the publication of GIST-UK, a number of
studies in other clinical groups have raised camcabout the safety of insulin treatment in
acutely hyperglycaemic patiefts 2% 23 284298 Ag G|ST-UK was negative with a
significantly worse outcome in patients whose blgagose fell by more than 2mmol/l

there is a need to reconsider some of the origjasic experimental studié¥.

We elected to explore the data on pathophysiolddyperglycaemia in acute stroke, and
undertook a systematic review of the literature aneda-analysis of studies in
hyperglycaemia in animal models of focal ischaemiuced by middle cerebral occlusion
(MCAO).

3.1.11 Assessment of quality of papers in basic sci  entific
research

Several checklists have been proposed to helpsagseguality of papers in basic
scientific reseach'® Ideally a paper should make it clear exactly whegsearcher has

done to the extent that a reader could reprodueeriginal experiment.

3.2 Methods
3.2.1 Systematic review

Studies of hyperglycemia in animal models of MCA@&rwvidentified from OVID medline
(1950- March 2009) and EMBASE (1980-March 2009he Bearch strategy is specified in
appendix 1.
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Titles were screened for relevance and abstractIfpotentially relevant papers were
read by one investigator. We also performed haadches of abstracts of scientific
meetings including the 2008 World Stroke Conferettoe 1981 - 2009 International
Stroke Conferences, the 2005-2009 Brain meetihgs1992 - 2009 European Stroke
Conference and Marburg Conferences from 1994-a8sareened reference lists of

identified publications.

3.2.2 Inclusion criteria

We included models of focal ischaemia induced bgdiei cerebral artery occlusion
(MCAOQ) where data were presented on infarct voludeéined either histologically or on
brain imaging. The subset of papers that included dn the use of insulin, while meeting
other inclusion criteria, was identified for addital analysis. We excluded models of

global or forebrain ischemia, and studies whosa dat not include volumetric data.

3.2.3 Data extraction

We extracted data from the included papers on epgsirain, gender and weight of
animals; model and timing of ischemia; presencabsence of reperfusion; number of
animals and experimental groups; experimentalwetgirons; method of induction and
timing of hyperglycemia; level of hyperglycemiasuiin use: timing of outcomes; method

of measuring infarct and mean final infarct sizd atandard deviation.

Studies that clearly reported method of inducingdrglycemia and volume of final

infarction with standard deviation were includedurther analyses.

If published data were incomplete, we contacteti@nstto obtain further informatioi®
495

3.2.4 Meta-analysis

Data on infarct volume were recorded. To allowdiferent species in studies, the effect
size was normalised to the mean of the controlg(assumed 100%) before analysis in
Review Manager 5.0.2 (Cochrane Collaboration) aatsBirect, version 2.7.3
(StatsDirect Ltd, Cheshire, UK) by means of a DexSiian-Laird random effects model
that expresses the difference between groups asghted mean difference (WMD) for

effect size, and 95% confidence interval. The dicgce of difference between groups
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was assessed by partitioning heterogeneity and tisenchi-squared distribution with n-1

degrees of freedom where n equals the number apgro

Several stratified analyses were planned. We lbd#ea differential effect due to either
streptozotocin or dextrose. The insulin studiesevetratified by control group
(normoglycaemic or hyperglycemic). We also compageananent and transient MCAO
models. In order to allow for multiple comparisams adjusted the significance level using

the Bonferroni method to p<0.02.

3.2.5 Study Quality

We assessed the quality of the individual papeatyaad in this study using a modified
version of the CAMARADES (Collaborative ApproachNieta-Analysis and Review of
Animal Data in Experimental Stroke) scéf& **° omitting a score for neuroprotective

properties of anaesthetic agents used, and thergieging a maximum score of 10 points.

3.2.6 Assessment of bias

Funnel plots comparing standard error of the mezatrent effect against effect size for
each study were obtained and analysed by Eggetisoa¢o identify possible publication

bias*%.
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3.3 Results

3.3.1 Identification of papers

The initial search produced 1482 titles that wereened to identify 178 abstracts that
were read in detail. From these abstracts, 57rpapere initially identified for data
extraction. A further 15 papers were identifiediand searches.

Twenty-two papers reported data in a format suitétn meta-analysi&? 313 316, 319, 488, 497-

*12 " One further paper was included when an authwikicontacted us with additional
data for analysi§™. Six papers had insufficient data to include ia theta-analysis (see
Table 3.1). The remaining papers did not repdarat size, but included measurement of
cerebral blood flow**>* brain biochemistry analysi&®, blood brain barrier functiott”,
genetic analysis, evaluation of tissue energy state*® °* behavioural test€° and

immunohistochemical analysis.

From the 23 papers included, a total of 36 diffecmparisons of infarct size between
hyperglycemia and normoglycemic controls after MC€re described (see Table 3.2).
These experiments used a total of 664 animalstwdrcases 2 comparisons used the same
control group. This is noted below table 2. Hypgecgmia was induced with dextrose
infusion or injection in seven cat and one rabkgeximents. In rats, streptozotocin was
used in 18 comparisons while dextrose infusion ugesl in 10. One study had useable
data on infarct size but was excluded from analgsig used a photosensitising model to

induce local infarction instead of MCA®?

Streptozotocin was given 48 hours before the erpart in 8 papers. In other studies
streptozotocin was administered at earlier tim@sh@urs earlier in 2 studies; 4 days
earlier in 1 study; 7 days earlier in 1 study; t#eks earlier in 3 studies and i 4 months
earlier in 1 study: note that these numbers daddtup to 18 as some studies included

more than one comparison group).

Dextrose infusions were started between 15 andvii@Qtes (median time 30 minutes)
before MCA occlusion in the comparisons where hglyeemia was induced before
occlusion. Dextrose infusion concentration variedrf 10% to 50%. In the comparisons
where hyperglycemia was induced after MCAO this d@ase with an injection of 50%
dextrose 5 to 20 minutes post ictus.



115

In 9 papers the frequency of monitoring of bloodagise was unclear. Glucose
concentration was reported at the time of artegalusion and at an unstated time after
occlusion in the remaining papers. Peak blood glec@lues ranged from 18.4 to
31.2mmol/l in hyperglycaemic groups, and from 4€.61.2mmol/l in control groups. In
the hyperglycaemic groups the mean blood glucose28® mmol/l (95%CI 22.4-25.3).
In the control groups the mean glucose was 8mr(@846Cl 7.3-8.7)

3.3.2 Study Quality

Study quality was generally low based on the medifftAMARADES score (median

3/10, range 1-6 points). All papers were publisimepeer reviewed journals. Blood
pressure monitoring was documented in 20/24 papleite temperature monitoring was
documented in 22/24. Random allocation of anirtmkxperimental groups was
documented in only 6/24 papers, while blinded assest of outcome was only detailed in
7/24. No papers documented blinded inductiondfesia, sample size calculations or a
clear conflict of interest statement. The comptpiality score table is included as

Appendix 2.

3.3.3 Assessment of Bias

Funnel plots (Figure 13, graphs A-C) suggestediplespublication bias, with paucity of
small, negative studies (particularly using thetinzotocin model), but formal statistical

analysis was not significant (Egger’s bias tes8Z35% CIl =-1.53 to 7.29, p = 0.1925)
496
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Bias Assessment Plots

Graph A Graph B

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Graph A is a bias assessment plot
for all hyperglycaemic studies.
Graph B is a bias assessment plot
for studies using streptozotocin.
Graph C is a bias assessment plot
for studies using dextrose

zzzzzzzzz

Graph C

Figure 13 - Bias Assessment Plot for Effect of Hype  rglycaemia on Infarct Size

3.3.4 Measurement of effect size

Infarct size was quantified by tissue staining & Briphenyltetrazolium Chloride [TTC]

in 9 studies, cresyl violet in 4 studies, and hexyin and eosin in 11 studies) or
magnetic resonance imaging (MRI). Two histologydsta used both cresyl violet and
hematoxylin and eosin staining. One study repootdg MRI measurement, and three
others undertook both MRI and histology. Wherthliechniques were used, we included
MRI data as reported by the original authors. rctffaolume was measured at times

ranging from 3 hours after arterial occlusion upR tweeks.

3.3.5 Streptozotocin Model and Dextrose Infusion Mo dels

Hyperglycaemic animals had significantly largeiairats (effect size 94, 95% confidence
interval 69.1 - 118.9, p<0.00001), but streptozimiezas associated with greater
exacerbation of infarct volume compared to dextadeae (effect size 140.3, Cl 104.8-
175.9, p<0.00001 versus 48.3, Cl 14.8-81.9, p=0.00here was significant statistical
heterogeneity between studies with chi-squaredlequ£08.7 with 32 degrees of
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freedom (p<0.00001). There was also statistichidihce between sub-groups (chi-
squared =186.3, df =1, p<0.00001). See Figureela@b

Hyperglycemic Normoglycemic Mean Difference Mean Diffe  rence
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI 1V, Random, 95% CI
1.1.1 Streptozoticin Treated animals
Bomont 1995b 185 19 10 110 23 10 32% 75.00 [56.51, 93.49] -
Duverger 1988a 1452 128 10 106.6 45 7 4.0% 38.60[29.99, 47.21] -
Duverger 1988b 872 131 6 622 109 8 37% 25.00[12.08, 37.92] -
Huang 1996a 1556 353 8 575 154 8 25% 98.10[71.41,124.79] —
Huang 1996b 179.3 32 8 245 97 8  2.8% 154.80[131.63,177.97] ’
Kittaka 1996a 995 316 12 706 105 12 32% 28.90[10.06, 47.74] -
Li 2004 27 3.2 8 151 15 8 43% 11.90 [9.45, 14.35] -
Nedergaard 1986a 29.9 9 4 4 4 4 4.0% 25.90 [16.25, 35.55] -
Nedergaard 1986b 63 20 5 23 12 5 31% 40.00 [19.56, 60.44] -
Nedergaard 1986¢ 9 10 4 4 3 4 3.9% 5.00[-5.23, 15.23] T
Nedergaard 1987a 61 45 21 58 35 17 2.6% 3.00[-22.44, 28.44] I
Nedergaard 1987b 91 2 1 0 0 0 Not estimable
Quast 1997a 44 335 8 235 173 10 2.6% 20.50 [-5.07, 46.07] T
Quast 1997b 672 275 13 201 157 10 33% 47.10[29.26, 64.94] -
Slivka 1991b 213 38 12 214 36 11 23% -1.00 [-31.25, 29.25] - 1
Wei 1997 2187 474 12 41 127 12 2.5% 177.70[149.94, 205.46] ’
Wei 1998 2033 61.2 5 7312 32.64 5 09% 130.18[69.38,190.98] —
Subtotal (95% CI) 157 139 49.0%  51.80 [35.09, 68.52] -
Heterogeneity: Tau? = 1030.33; Chi2 = 419.29, df = 15 (P < 0.00001); 12 = 96%
Test for overall effect: Z = 6.08 (P < 0.00001)
1.1.2 Dextrose treated animals
Araki 1992 298 108 7 339 128 8 38% -4.10[-16.04, 7.84] -
Berger 1989 10.8 24 7 12 22 6 33% -1.20 [-18.89, 16.49] -1
Bomont 1995a 161 18 10 110 9 10 38% 51.00 [38.53, 63.47] -
Combs 1990a 30.5 7.6 5 338 28 5 41% -3.30[-10.40, 3.80] -T
de Courten-Myer 1988 29.5 65 11 102 34 8 43% 19.30[14.79, 23.81] -
de Courten-Myer 1989a 0.2 01 17 12 04 20 43% -1.00[-1.18, -0.82]
de Courten-Myer 1989b 41 9 20 14 4 20 43% 27.00 [22.68, 31.32] -
de Courten-Myer 1994a 441 287 13 136 129 13 34% 30.50 [13.40, 47.60] -
de Courten-Myer 1994b 4.6 63 13 13 7 13 42% -8.40 [-13.52, -3.28] -
Kittaka 1996b 773 189 12 0 0 0 Not estimable
Kraft 1990 33.1 28 12 34 46 12 4A3% -0.90[-3.95, 2.15] 7
Liu 2007a 277 532 12 0 0 0 Not estimable
Liu 2007b 468 1198 12 0 0 0 Not estimable
Martin 2006 29451 97 12 14449 5473 12 0.9% 150.02[87.00, 213.04] -
Nedergaard 1987c 67 27 5 125 4 14 2.8% 54.50 [30.74, 78.26) -
Slivka 1991a 129 37 13 141 18 12 29% -12.00[-34.54,10.54] .
Wei 2003 406.89 112.17 9 140.95 65.49 5 0.4% 265.94[172.85, 359.03] ’
Zasslow 1989 12 2 10 28 5 10 43% -16.00[-19.34,-12.66] -
Subtotal (95% CI) 200 168 51.0% 12.08[4.61, 19.56] 2 3
Heterogeneity: Tau? = 160.06; Chi2 = 480.96, df = 14 (P < 0.00001); I = 97%
Test for overall effect: Z = 3.17 (P = 0.002)
Total (95% CI) 357 307 100.0%  30.49[23.90, 37.08] L

Heterogeneity: Tau? = 260.55; Chi2 = 1236.00, df = 30 (P < 0.00001); 12 = 98%
Test for overall effect: Z = 9.07 (P < 0.00001)
Test for subaroun differences: Chi2 = 335.75. df = 1 (P < 0.00001). I2 = 99.7%

1 1 1 1
50 25 0 25 50
Favours experimental ~ Favours control

Figure 14 Meta-analysis of effect of hyperglycaeomanfarct size

3.3.6 Permanent versus Transient MCAO

The streptozotocin model was associated with lardarcts in both transient and
permanent MCAO. In 9 comparisons involving 190 imeotocin-treated animals with
permanent MCAO, the effect estimate for infarcesias 55.2 (95% CI 31.2 to 79.1,
p<0.0001). There was statistically significantdnegeneity between studies (chi-squared
=99.3, df=8, p<0.00001). In 8 comparisons invalvirl5 streptozotocin treated animals
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with transient MCAO the effect estimate for infastze was 319.1 (95% CI 191 to 447,
p<0.000001). There was statistically significaniehegeneity between studies (chi-
squared =116.6, df=7, p<0.00001)

In 10 comparisons involving 227 dextrose-treatadhats with permanent MCAO the
effect size was less than for STZ at 43.1 (95%005 to 86.2, p=0.05) with statistically
significant inter-study heterogeneity (chi-squaxrebl9, df=9, p<0.00001), and in 6
comparisons involving 140 animals with dextrosedited hyperglycaemia and transient
MCAO there was no significant effect on infarctesieffect size 19.2, 95% Cl1.-42.9 to
81.2, p = 0.54). There was statistically significheterogeneity between studies (chi-
squared = 149.8, df = 5, p<0.00001)

3.3.7 Effects of Insulin Treatment

In comparing insulin treatment with either hypegglgmic or normoglycaemic control

groups, infarct volume was smaller with insulint hot significantly so.

Insulin did not significantly reduce infarct sizE0(comparisons, n=194, effect size -13.4,
95% CI -41 to -5, p = 0.01) and results were hgieneous in a statistically significant
manner (chi-squared = 54.8, df=7, p<0.00001). (Bd#e 3.3 and figure 15)



Insulin No Insulin Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
3.3.1 Insulin vs Hyperglycemia with pMCAO
Bomont 1995¢ 131 14 10 18 19 10 125% -54.00[-68.63,-39.37] -
Combs 1990b 383 84 5 305 76 5 12.9% 7.80[-2.13,17.73] ™
de Courten-Myer 1994c 252 188 10 411 287 12 119%  -15.90[-35.89, 4.09] -
Subtotal (95% Cl) 25 27 37.2% -20.53[-60.75, 19.70] el
Heterogeneity: Tau2 = 1202.88; Chi2 = 47.09, df = 2 (P < 0.00001); 12 = 96%
Test for overall effect: Z=1.00 (P = 0.32)
3.3.2 Insulin Vs hyperglycemia and rMCAO
de Courten-Myer 1994d 323 237 10 46 63 10 124%  27.70[12.50,42.90] -
Subtotal (95% CI) 10 10 124%  27.70[12.50, 42.90] ‘
Heterogeneity: Not applicable
Test for overall effect: Z = 3.57 (P = 0.0004)
3.3.3 Insulin Vs normoglycemia and pMCAO
Izumi 1992 60 10 14 111 12 13 13.0% -51.00[-59.37,-42.63] -
Nedergaard 1987d 199 19 14 58 35 17 11.9% -38.10[-57.49,-18.71] -
Subtotal (95% CI) 28 30 24.9% -47.64 [-58.74,-36.54] 2 2
Heterogeneity: Tau?2 = 25.17; Chiz= 1.43, df = 1 (P = 0.23); I2= 30%
Test for overall effect: Z = 8.41 (P < 0.00001)
3.3.4 Insulin Vs normoglycemia and rMCAO
Hamilton 1995a 96.5 125 10 1136 178 10 126% -17.10[-30.58,-3.62] —
Hamilton 1995b 519 77 10 0 0 0 Not estimable
Zhu 2004a 27 12 12 26 12 10 129% 1.00[-9.07, 11.07] T
Zhu 2004b 26 8 12 0 0 0 Not estimable
Subtotal (95% Cl) 44 20 254% -7.47[-25.17,10.23] -
Heterogeneity: Tau2 = 126.95; Chiz = 4.44, df = 1 (P = 0.04); 12= 78%
Test for overall effect: Z=0.83 (P = 0.41)
Total (95% ClI) 107 87 100.0% -17.37[-38.72,3.97] -
Heterogeneity: Tau? = 895.43; Chi2 = 161.47, df = 7 (P < 0.00001); 12 = 96% F 00 50 5 550 100=
Test for overall effect: 2= 1.60 (P = 0.11) Favours experimental  Favours control

Figure 15 Meta-analysis of effect of insulin onardt growth
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3.4 Discussion

Whilst a large body of clinical observational ewide indicates that hyperglycaemia in the
acute phase of stroke is associated with pooreomes™® typically defined by death or
dependence 90 days after the event, few clinicaliss have addressed the mechanism by
which this may occut™® **¢ Many mechanistic proposals are based on infeseth@avn

from animal models of focal ischaemia. In particuthe rationale for acute intervention to
lower blood glucose (usually by administrationmgulin) is based on an assumption that
the adverse effect of hyperglycaemia relates préuamiy to exacerbation of acute infarct
evolution. However, insulin treatment carries digant risks, particularly hypoglycaemia
(Finfer and Heritier 2009; Griesdad¢ al2009) and the clinical evidence supporting an
acute effect of hyperglycaemia is mainly observatl@and open to alternative
interpretations. Data relating hyperglycaemia tdyaafarct volume can alternatively be
explained by “stress” hyperglycaemia resulting fnmore severe infarcts, for example.
Recent observations that hyperglycaemia carrieglehrisk of symptomatic intracerebral
haemorrhage in patients treated with intravenoiepkase may be confounded by a similar
effect’’® 182 An association of glucose concentration withdsetoncentration in the
infarct core, and with infarct growth in a smallselovational study using MRI (Parsons et
al 2002) is mechanistically plausible, but withaatintervention arm, could not discount
the possibility that the relationship with bloodigbse is not causal. In addition, the
assumption that lactate itself is toxic in the esmic brain is not necessarily correct, with
other evidence suggesting that lactate is insteadiysced as an alternative metabolic
substrate and is beneficigf' **2 Only one small clinical trial has attempted tol@ss

these mechanistic hypotheses using advanced imagidgound that insulin treatment
reduced blood glucose and lactate concentratitnaim, but had no effect on infarct
growth3®

Our systematic review yields findings that sugdleat existing animal model data have
limited relevance to the clinical situation, andttfurther studies may therefore be required

in order to inform clinical study design.

First, while hyperglycaemia at the time of focalhaemia onset increases infarct size, this
Is predominantly due to its large effect in thegtozotocin rat model, which simulates
Type 1 Diabetes Mellitu¥°. Hyperglycaemia induced by dextrose infusion hesiah
smaller effect on infarct size, although still sfgrant. Significant heterogeneity of effect

size was present among both STZ and dextrose matleite the animal data may be
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informative with respect to a biological effecthofperglycaemia on acute infarct volume,
the clinical inferences that can be drawn are Viariged. Dextrose infusion models
typically administered hypertonic solution (20-5@%xtrose) to give blood glucose
exceeding 20mmol/l, a level considerably greatantis typically encountered in clinical
practice (fewer than 2% of subjects in one studgyl so the clinical relevance of findings
in this model system is unclear. While only a mityoof stroke patients have established
diabetes mellitus (overwhelmingly type 2 diabetad)jgh proportion of patients with
acute hyperglycaemia after stroke are found to liawvecognised insulin resistance when
followed (impaired glucose tolerance, metabolicdkpme, or undiagnosed type 2
diabetesf*" *2! No study of infarct volume used animals that nidlde insulin resistant

phenotype typical of patient populations.

The underlying mechanism for the difference inlfinéarct size between dextrose models
and STZ models is uncertain. In models of globethémia the anatomical distribution and
severity of brain damage in the STZ model is simibethat seen in animals acutely
infused with dextrose®®. It has been suggested that STZ may increasatbef

apoptosis in models of focal cerebral ischerAta The diabetic state induced by STZ may
damage the microvasculature of the rat brain oaimpe compensatory mechanisms that
would normally protect from ischemia. The differenn effect size raises a central

question of whether the adverse effect arises fimh glucose, or from lack of insulin.

The effect of insulin was non-significant, althougle effect size estimate is consistent
with reduction in infarct volume. However, as inauhay reduce infarct volume when
compared with normoglycaemic control groups, fiassible that insulin does not act via
reducing blood glucose in these model systemsyancannot infer that reducing blood
glucose (as opposed to administering insulin) igares an effective intervention. As the
results of these studies are heterogeneous a defgraation is necessary when

interpreting them.

To allow for comparisons involving different spesend models we used weighted mean
differences in infarct volume normalised to the mealume of the control groufy* 2>
Given the small group sizes, and the possible sxatuof animals that either died or
exhibited no evidence of infarction from group ma&aarct volume measurements -
commented on in only a handful of studies — themitade of the effect size can be

regarded only as an approximation.
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Methodological quality of animal experiments isgngicant concern as several reviews
suggest that studies that do not report items aadilinding of outcomes and
randomisation are more prone to bias than moreaigostudie$*°. Quality scores have
been based on criteria developed for pre-clinigalwation of therapeutic interventions
(e.g. the STAIR criteria) which have gone throughesal iterations over time, rather than
physiological studies such as those predominaapignted here. The median quality score
using a slightly modified system used by the CAMABES group**® was only 3 (out of a
possible 10), and only two papers scored 6, whikehy reflects a predominance of older
papers and different standards of documentatioptgsiological studies (e.g. items such
as conflict of interest statements are not likelp& perceived as necessary, in contrast to
drug treatment studies). The feasibility of bliglin some circumstances — such as
streptozotocin pre-treated animals, and dextrdsisions in animals monitored by regular

blood sampling — is also unclear.

We did not identify significant publication bias Byconventional analysis, but a recent

5265 estimate

publication highlights alternative methods suclt@®-and-fill' analysis
the effect of publication bias on efficacy outconresystematic reviews and meta-analysis
of animal models of strok&”. This method estimates the number of unpublishedies

that may exist based upon the estimated propodfiampublished data from the Egger
Regression. While this approach suggested that opé sixth of studies were unpublished
(with effect sizes potentially altered by one thitide relevance of publication bias to
physiological studies rather than therapeutic agenot clearly established. Even with an
effect of this magnitude on overall estimates, hglyeaemia would have a highly

significant adverse effect on infarct volume.

In summary, while animal focal ischaemia modelsdat# exacerbation of infarct volume
by acute hyperglycaemia, this effect reflects dipaarly detrimental effect in a model of
type | (insulin deficient) diabetes, with both aadlar effect size and considerable
heterogeneity in acute hyperglycaemia induced byrdse infusion, which may represent
a situation analogous to “stress hyperglycaemia’siidy has reported the effects of
hyperglycaemia in an insulin resistant model, whschotentially the most clinically
relevant scenario. Few studies have investigateeftiect of insulin on infarct volume,
and since the concentrations of blood glucose iedilc the model systems have generally
greatly exceeded those relevant to clinical practice have no adequate data to support
current clinical guidelines suggesting interventartoncentrations of >140mg/dl
(7.7mmol/l) or greatet™*
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Whilst a large body of clinical observational evide indicates that hyperglycaemia in the
acute phase of stroke is associated with pooreoms, typically defined by death or
dependence 90 days after the event, few studiesdddressed the mechanism by which
this may occur. Many mechanistic proposals aredasdanferences drawn from animal
models of focal ischaemia. In particular, the nadie for acute intervention to lower blood
glucose (usually by administration of insulin) eskd on an assumption that the adverse
effect of hyperglycaemia relates predominantlyxacerbation of acute infarct evolution.
However, insulin treatment carries significant sis&knd the clinical evidence supporting an
acute effect of hyperglycaemia is predominantlyepbational and open to alternative

interpretations.

Data relating hyperglycaemia to early infarct votuoan alternatively be explained by
“stress” hyperglycaemia resulting from more sevefarcts, for example. Recent
observations that hyperglycaemia carries a higekraf symptomatic intracerebral
haemorrhage in patients treated with intravenoiepkase may be confounded by a similar
effect. An association of glucose concentratiorhwactate concentration in the infarct
core, and with infarct growth in a small observasibstudy using MRI is mechanistically
plausible, but without an intervention arm, coutit discount the possibility that the
relationship with blood glucose is not causal.dditon, the assumption that lactate itself
is toxic in the ischaemic brain is not necessardgrect, with other evidence suggesting
that lactate is instead produced as an alternatiatabolic substrate and is beneficidl >*
Only one small clinical trial has attempted to addrthese mechanistic hypotheses using
advanced imaging, and found that insulin treatmediced blood glucose and lactate

concentration in brain, but had no effect on infgrowth >

Our systematic review yields findings that sugdleat existing animal model data have
limited relevance to the clinical situation, andttfurther studies may therefore be required

in order to inform clinical study design.

First, while hyperglycaemia at the time of focaliaemia onset increases infarct size, this
Is predominantly due to its large effect in thegtozotocin rat model, which simulates
Type 1 Diabetes Mellitu&® Hyperglycaemia induced by dextrose infusion hemiah
smaller effect on infarct size, although still sfgrant. Significant heterogeneity of effect
size was present among both STZ and dextrose mddedsdextrose infusion models
typically administered hypertonic solution (20-5@%xtrose) to give blood glucose

exceeding 20mmol/l, a level considerably greatantis typically encountered in clinical
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practice (fewer than 2% of subjects in one studgyl so the clinical relevance of findings
in this model system is unclear. While only a mityoof stroke patients have established
diabetes mellitus (overwhelmingly type 2 diabetad)igh proportion of patients with
acute hyperglycaemia after stroke are found to liawvecognised insulin resistance when
followed (impaired glucose tolerance, metabolicckpme, or undiagnosed type 2
diabetesf*" **!No study of infarct volume used animals that mdaHelinsulin resistant

phenotype typical of patient populations.

The effect of insulin was non-significant, althougle effect size estimate is consistent
with reduction in infarct volume. However, as inauhay reduce infarct volume when
compared with normoglycaemic control groups, fiassible that insulin does not act via
reducing blood glucose in these model systemsyancannot infer that reducing blood
glucose (as opposed to administering insulin) isgares an effective intervention. As the
results of these studies are heterogeneous a defgraation is necessary when

interpreting them.

In summary, while animal focal ischaemia modelsdatk exacerbation of infarct volume
by acute hyperglycaemia, this effect reflects dipaarly detrimental effect in a model of
type | (insulin deficient) diabetes, with both aadlar effect size and considerable
heterogeneity in acute hyperglycaemia induced byrdse infusion, which may represent
a situation analogous to “stress hyperglycaemia’stlidy has reported the effects of
hyperglycaemia in an insulin resistant model, whschotentially the most clinically
relevant scenario. Few studies have investigateeftiect of insulin on infarct volume,
and since the concentrations of blood glucose iedilc the model systems have generally
greatly exceeded those relevant to clinical practice have no adequate data to support
current clinical guidelines suggesting interventartoncentrations of >140mg/dl
(7.7mmol/l) or greatet™*
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Study Hyperglycemic No. Size No. Animals Size infarct Reason
agent Animals  Infarct Hyperglycemia  Hyperglycemia  for
Normal  Normal exclusion
Glucose  Glucose

Kamada STz 6 100 6 300 graph Incomplete

2007*%° graph data on
infarct size

Rizk STz 6 3.02+/- 6 Approx 10x No report

2006 2.4 greater of infarct
size

Gisselsson  DEX Unclear 115 Unclear 125 graph Incomplete

1999*% graph data on
animal
numbers
and infarct
size

Li 1998a°” DEX None None 26 50 Incomplete
data on
animal
numbers
and infarct
size

Quast STz 7 60 graph 7 400 graph Incomplete

1995*% data on
infarct size

Zhang STz 6 100 6 500 graph Incomplete

2003 graph data on

infarct size




Comparison

Araki 1992
Berger 1989
Bomont 1995a
Bomont 1995b
Combs 1990

De Courten-
Myer 1989a

De Courten-
Myer 1989b

De Courten-
Myer 1994a

De Courten-
Myer 1988

De Courten-
Myer 1994b

Duverger
1988a

Duverger
1988b

Huang 1996a
Huang 1996b
Kraft 1990

Li 2004

Liu 2007a

Liu 2007b

Nedergaard
1986a

Nedergaard
1986b

Nedergaard
1986¢

Nedergaard
1987a

Nedergaard
1987b

Nedergaard
1987c

Quast 1997a
Quast 1997b°
Slivka 1991a
Slivka 1991b
Wei 1997
Wei 1998
Wei 2003
Zasslow 1989
Martin 2006
Kittakal996a
Kittakal996b

Table 3-3 Characteristics of studies included in th

Hyperglycemic
agent

Dextrose
Dextrose
Dextrose
Streptozotocin
Dextrose
Dextrose

Dextrose

Dextrose

Dextrose

Dextrose

Streptozotocin
Streptozotocin

Streptozotocin
Streptozotocin
Dextrose
Streptozotocin
Dextrose
Dextrose
Streptozotocin

Streptozotocin
Streptozotocin

Streptozotocin
(2 davs)
Streptozotocin
(4 months)
Dextrose

Streptozotocin
Streptozotocin
Dextrose
Streptozotocin
Streptozotocin
Streptozotocin
Dextrose
Dextrose
Dextrose
Streptozotocin
Dextrose

Permanent
or
reversible
MCAO

Reversible
Permanent
Permanent
Permanent
Permanent
Reversible

Permanent

Permanent

Permanent

Reversible

Permanent

Permanent

Permanent
Reversible
Permanent
Permanent
Permanent
Reversible

Reversible
(10min)

Reversible
(15min)

Reversible
(5min)
Permanent

Permanent

Permanent

Permanent
Reversible
Permanent
Permanent
Reversible
Reversible
Reversible
Permanent
Reversible
Reversible
Reversible

Species

Cat
Rat
Rat
Rat
Cat
Cat

Cat

Cat

Cat

Rat

Rat

Rat

Rat
Rat
Rabbit
Rat
Rat
Rat
Rat

Rat

Rat

Rat

Rat

Rat

Rat
Rat
Rat
Rat
Rat
Rat
Rat
Cat
Rat
Rat
Rat

Strain

Fischer

Wistar

SHR
SHR

Time of
induction of
hyperglycemia
with dextrose

After
Before

Before

Before
Before

Before

Before

Before

Before

Before

Unclear
Unclear

After

Before

Before
Before
Before

Before

e study

Experimental
glucose level
(mmol/I)

Above 27
19.2

30.8

30.1
25.5

22

22
12.9-24.7
20
18.2-22.5
25.3

30.6

25

25.8

Above 22.8
24.3

22.4

22.7

Above 20

Above 20
Above 20
25
28
32

26.5
26.5
22.2
26.4
20.9
25.6
19.6
31.2
18.4
15.5
14.8
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Control
glucose
level
(mmol/1)
Below 8.9
8.2
Below11.1
Below11.1
12

6

elow 9.2

6.5

Below 9.4

8.3

8.8

8.1

8

Below 9.2
6.1

4.8

4.8

Below 9.2

Below 9.5

Below 9.5

7.3

7.3

7.3

8.8
6.1
7.2
4.5
11.6
8.6
4.3

4.3%
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Table 3-4 Details of insulin Studies
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4 A Systematic review of therapeutic
interventions for Post-Stroke Hyperglycemia
in Humans

4.1 Introduction

Although clear causality between post stroke hylgeegnia and poor clinical
outcome has not been established there have beensattempts to control blood

glucose levels with the intention of improving atial outcome.

The majority of these attempts have relied upomtxtavenous infusion of insulin
running at a rate that varies in proportion toltéhel of blood glucose as measured
using a capillary blood glucose monitoring machii¢hile this approach may appear
to be mechanistically sensible in some ways thexe@veral problems with this
system, some that are universal to all patientssanak that are specific to patients
who have suffered from a stroke

These include

Dysphagia — many stroke patients are unable td@wand cannot have a normal
diet. This can result in malnutrition and an iraed risk of hypoglycaemia when
exposed to insulin. If feeding is instituted viaasogastric tube the patient may

become hyperglycaemic again.

Inability to speak — Stroke may cause aphasia sadlgria making it difficult for
patients to express themselves. A patient withmamcation problems may be
unable to tell clinical staff of symptoms of hypgchemia that may require alteration

of an insulin infusion rate.

Reduced level of consciousness — in a severe sarpiéient may have a reduced
level of consciousness. In a drowsy patient tmemgms of hypoglycaemia may be
masked by the effects of stroke. This situatiory maanalogous to the risk of

nocturnal hypoglycaemia in insulin treated diabetedlitus.
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These stroke related problems may increase thefialpatient becoming

hypoglycaemic without any overt physical symptomsigns.

4.1.1 Definition of hypoglycaemia

Hypoglycaemia is considered present when bloodogieitevel is below 2.8mmol/L
(50 mg/dl). Although 3.3 or 3.9mmol/L (60 or 70 mk/is commonly cited as the
lower limit of normal glucose, different valuesytgally below 40, 50, 60, or

70 mg/dL) have been defined as low for differerpydations, clinical purposes, or
circumstances. A normal healthy person can occalyonave a glucose level in the

hypoglycemic range without symptoms or disease.

Most cases of hypoglycaemia are due to exogenaudinnradministration although it
can be seen in fasting, severe liver disease autinoma. Many prescription drugs

can cause hypoglycaemia as a side effect.

4.1.2 Risk and consequences of hypoglycaemia

The use of intravenous insulin puts a patientskt of hypoglycaemia with resultant
neurological injury and other complications. ldgfpy/caemia can quickly cause
coma, cardiac dysrhthymia and death. Neurologigadptoms can include altered
mental function, seizures, visual disturbance, epekisturbance, ataxia and focal
motor deficits. Indeed acute stroke patients ghalways be checked for

hypoglycaemia before a diagnosis of stroke is made.

A small functional magnetic resonance imaging stingglving 6 patients showed a
generally decreased level of activity in motor aredéien plasma blood glucose level

was experimentally lowered to 2.5mmol/l for approately 40 minute3*

4.1.3 The use of intensive insulin regimes in other patient groups

The vogue for the use of intensive insulin reginmesritically ill patients was kick-
started in 2001 with the publication of a studyMan den Berghe and colleagues in
theNew England Journal of Mediciri&® This study involved mechanically

ventilated patients admitted to a surgical inteasiare unit (ICU) and was performed
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on a prospective, randomised controlled basisot&l bf 1548 patients were enrolled
into this study before being randomly allocate@itber intensive therapy (target
blood glucose 80-110mg/dl) or conventional ther@psulin infusion only starting if
blood glucose exceeded 215mg/dl with a target 6f2@0mg/dl).

Van den Berghet alfound that mortality dropped from 8% in the convemal care
group to 4.6% in the intensive insulin group (p<4).0'he paper concluded that

intensive insulin therapy improved outcomes in @isal intensive care unit. This
paper is highly cited (2553 times by 2/2/2010) aad had a visible impact on the

medical literature and clinical practice as seehRigure 16.

S
TEBS 1933 1943 1973 1588 o

Figure 16 Graphical representation of citation map for Van Den Berghe et al 2001 from
ISI Web of Science (accessed 2/2/2010)

More recently a meta-analysis performed by Griesdald co-authors was published
in 2009>%' This meta-analysis included 26 trials involvintptal of 13 567 patients.
The pooled relative risk (RR) of death with intemsinsulin therapy compared with
conventional therapy was 0.93 (95% confidence waldC1] 0.83—-1.04). Only 14
trials reported hypoglycaemia and among thesesttid pooled RR with intensive
insulin therapy was 6.0 (95% CI 4.5-8.0). Diffarargets of intensive insulin
therapy (glucose level 6.1 mmol/L v.< 8.3 mmol/L) did not influence either
mortality or risk of hypoglycaemia. The paper dades that intensive insulin
therapy significantly increases the risk of hypaglgmia with no overall mortality

benefit for critically ill patients.
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Another recent meta-analysis looked at 29 randahgsatrol trials including 3 of the
trials discussed later in this chapter. A totaB482 patients were included in these
trials. There was no difference in hospital matgddetween tight glucose control and
usual care (21.6% vs. 23.3%; RR, 0.93; 95% con@denterval 0.85-1.03). Tight
glucose control was associated with a significaimityeased risk of hypoglycaemia
(glucose < 40mg/dL; 13.7% vs. 2.5%; RR, 5.13; 9504.09-6.43)*°°

A post-hoc analysis of the DIGAMI data suggestet tiypoglycaemia during initial
hospitalisation after myocardial infarction was aaisk factor for mortality or
morbidity in patients with type Il Diabetes Mellg@although hypoglycaemic episodes

were more prevalent in patients who were at rislofber reason¥’

In a retrospective cohort study of 2582 patienth Wipe 1| DM treated on general
medical wards hypoglycaemia was observed in 7.7%@ofissions>® Multivariate
analysis of this cohort suggested that each additiday on which a hypoglycaemic
event occurred increased the odds of inpatienhd®aB5.3% (p=0.009) and the risk
of death within a year by 65.8% (p=0.0003). Ingattideath was more likely with
lower levels of hypoglycaemia with risk of deatlkr@asing threefold for every

10mg/dl drop in lowest blood glucose level

In a series of papers published in Critical Caralidiee in 2006 Vriesendorp and
colleagues looked at the consequences of andats&rk for hypoglycaemia in an
intensive care unit* >* The hypoglycaemic population of 156 studied vemssmall
to clearly identify a causal link between hypogleaa and poor outcome although
there were 3 cases where a causal link was likeigk factors for hypoglycaemia
were found to include continuous intravenous hadtraifon, decrease in nutrition
without adjustment of insulin dose, diabetes medliinsulin use, sepsis and inotropic

support were associated with hypoglycaemia.

Another study attempted to identify risk factors igpoglycaemia in
medical/surgical intensive care unit (ICU) patiesutsl to assess the association
between hypoglycaemia and mortality in this groipin this paper hypoglycaemia
was defined as a blood glucose level below 2.2nimdlie 523 patients in the study

had been enrolled in a randomised control trialr@lpatients with an admission
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blood glucose of above 6.1mmol/L and assignedth@eintensive or conventional

insulin therapy.

Hypoglycaemia was observed in 16% of patients aasl mwvore common in the
intensive insulin group (adjusted odds ratio, 5096 confidence interval, 17.36 —
147.78;p < 0.0001). After adjustment for potential confoungdfactors
hypoglycaemia was not significantly associated witlteased mortality (adjusted
hazard ratio, 1.31; 95% ClI, 0.70 —2.460.40) although patients with an admission
glucose of below 10mmol/L had an increased moytalith hypoglycaemidadjusted
hazard ratio, 4.43; 95% ClI, 1.36—14.44; p =0.00here was also a non-significant
trend towards increased mortality with blood glebglow 1.2mmol/l{adjusted
hazard ratio, 2.56; 95% CI, .85-7.78; 0.10).

A 2006 combined analysis by Van den Berghe an@éaglies used the pooled data set
from both the original 2001 New England JournalVigdicine paper and from a later
2006 paper in the same jourfit.3** >3” This combined analysis supported their
original findings. As these positive results aog¢ supported by later meta-analysis
and these randomised control trials have beendiagesingle centre it is possible to
hypothesise that the host intensive care unit neagflparticularly high quality and

may be undertaking additional procedures that atearried out elsewhere. All
patients were given 200-300g of intravenous gludase admission to ICU and
additional nutrition (enteral or parenteral) wasstd as soon as possible.

From the evidence that is currently available hab believe that intensive insulin
therapy should be used routinely in intensive ceriedue to an uncertain clinical
benefit and an increased risk of hypoglycaemiae ddncerns that | have over the use
of such treatment regimes in ICU are also apple#éblstroke units.

In 2011 new guidelines were published by the AnaeriCollege of Physicians
making recommendations for the use of intensivalingherapy for the management
of glycaemic control in hospitalized patients. The first recommendation was that
intensive insulin therapy should not be used insmmgical ICU/medical ICU patients
with or without diabetes mellitus. This was a sg@ecommendation based on

moderate quality evidence. The second recommeandaias that intensive insulin
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therapy should not be used to normalise blood gleidevels in surgical or medical
ICU patients with or without diabetes mellitus. elimal recommendation was that if
insulin therapy is used in these patients a tabigetd glucose level of 7.8 to
11.1mmol/L would be appropriate.

Summary of the American College of Physiclans Guideline on the
Use of Intensive Insulin Therapy for the Management of Glycemic Control in Hospitalized Patients

Disease or condition Inpatient hyperglycemia

Target audience Intemists, hospitalists, and other dinicians

Target patient Adufts with inpatient hyperglycemia

population

Interventions Intensive insulin therapy

Cutoomes Mortality

Recommendations Recommendation 1: ACP recommends not using intensive insulin therapy to stncily control blood giucose in
non-SICUSMICU patients with or without dizbetes mellitus (Grade: strong recommendation, moderate-quality
evidence).

Recommendation 2: ACP recommends not using intensive insulin therapy to nomalize blood glucose in
SICUSMICU patients with or without diabetes mellitus (Grade: strong recommendation, high-guality evidence).

Recommendafion 3: ACP recommends a target blood ghecose level of 7.8 to 11.1 mmol/L {140 to 200 mg/dL) if
Insulin therapy Is used In SICU/MICK patients {Grade: weak recommendation, moderate-quality evidence).

Clinical considerations = This guideline refers to hospitalized patients with hyperglycemia

= Crifically ill medical and surgical patients who are hyperglycemic have a higher morality rae.

= Most clinicians agree that prevention of hyperglycemia 1= an important intervention.

= The range of optimal glucose level s controversial. A few studies show that [T improves mortality, whereas
muist have shown that patients who recefve IIT have no reduction in mortality and have a significantly increased
risk for severe hypoglycemia

IIT = intensive insulin therapy; MICU = medical intensive care unie; SICU = surgical intensive care wnit,

Figure 17 — The American College of Physicians guid  elines on the use of intensive

insulin therapy for glycaemic control in hospitaliz ed patients

4.1.4 Insulin and the insulin receptor

Insulin is a hormone of metabolic homeostasisithassential for human life. Insulin
promotes the uptake of blood glucose into liversabeland fat cells. Glucose is
stored as glycogen in the liver and the musclésisulin is not present the body uses
fat for energy and glucose levels in the bloodastreise. In Type | diabetes mellitus
there is a deficiency of endogenous insulin whl@ype |l diabetes mellitus insulin
may be present at a normal or increased levehautarget tissues are insensitive to

insulin.

Insulin is a small protein containing 51 amino ac&hd has a molecular weight of

5808 D> Insulin is a polypeptide hormone that is syntbesiin the B cells of the



islets of Langerhans (located in the pancreasjially proinsulin is produced before
it is cleaved into mature insulin and C-peptidesulin secretion is principally
regulated by glucose although insulin release tamlee stimulated by some amino
acids and inhibited by epinephrine.

Insulin binds to a receptor on the cell surfacee insulin receptor is a tyrosine
kinase receptor which phosphorylates other prowitisn the cel®* One such
protein is the ‘insulin receptor substrate 1’ (IRSprotein which increases the
number of high affinity glucose transporter (GLUMdlecules on the outer
membrane of insulin responsive tiss@&sGLUTA4 is transported from intracellular
vesicles to the cell surface of muscle or adipsseié cells where it potentiates the

uptake of glucose from the blood into these c&fls.

4.1.5 Vascular effects of insulin

Insulin is thought to have certain vascular effestdoth the vascular endothelium
and the vascular smooth muscle cells (VSMCs). lim$ias vasodilatory effects and
may inhibit apoptosis of vascular endothelium. &Sscinsulin may have damaging
effects on large arteries. Insulin may cause VSKQmntract in the short term.
Over longer periods of time hyperinsulinaemia marysitise VSMCs promoting

hypertension and atherogene$is.

4.1.6 Central nervous system effects of insulin

Historically it was thought that insulin had noedit effect on the brain and only

impacted on central nervous system (CNS) functiprbducing peripheral
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hypoglycaemia. This view was challenged in 197@nvHavrankova and colleagues

identified insulin receptors in the braiff.

A positron emission tomography study used 18-flemg/glucose to examine the

effects of basal insulin levels on global and eegi brain glucose uptake in 8 healthy

men>* Endogenous insulin production was suppressedsaithatostatin and
subjects were given an insulin infusion followedéagaline infusion. Insulin
appeared to regulate human brain glucose uptakst, pnominently in the cortical

areas.
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It is now thought that insulin may have CNS effagtsch influence both glucose and
energy homeostasis and it has been suggestechthbharmal CNS response to
insulin may have a key role in the relationshipamsn Type 1l Diabetes Mellitus and
obesity>*® Indeed, a link between the brain and diabetesimitially hypothesised in
1854 when the renowned French physiologist Clauete&d observed that diabetes
(glucosuria) could be induced in animals by punotuthe floor of the fourth
ventricle??” Supporters of this idea argue that unless bissu¢ is spared from the
tissue insulin insensitivity features of Type Il Dk action of insulin on the CNS
must be abnormaf” Figures 17 and 18 illustrate the role that tharbis thought to

play in the regulation of blood glucose.
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Figure 18 — The role of the brain in the regulation ~ of glucose levels (Schwartz et al
2005)
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Figure 19 - Possible role of the brain in the relat  ionship between glucose, insulin, Type
548

Il diabetes and obesity (Schwartz et al 2005)
As well as having a prominent role in metabolic leastasis insulin may also have a
role in the regulation of neuronal survival, leaghand memor{?‘.19 Both Type 1 and

Type 2 diabetes mellitus are associated with cognghanges. Type 2 DM is clearly
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associated with accelerated cognitive decline atjhahe underlying mechanism is
unclear. In the 1999 Rotterdam study Ott and cgliea established that patients with
DM had almost double the risk of developing denee(rlative risk [RR] 1.9 [1.3 to
2.8]) and that patients treated with insulin wertha greatest risk (RR 4.3 [1.7 to
10.5])>° This increased risk with insulin treatment mafjer the severity of the
underlying diabetes or it could be due to sideat$fef the insulin treatment. A later
systematic review supports the findings of thigigtalthough the underlying
pathological mechanism remains uncl&ar.

In a 2009 paper from the Journal of the Americardigld Association, Whitmer and
colleagues looked for an association between hypagimia and increased risk of
dementia in a population of patients with Type i&fetes Mellitus>? This paper

was a longitudinal cohort study involving 16667igats with Type 11 DM between
1980 and 2007. One episode of hypoglycaemia wsasceded with an increased risk
of developing dementia (HR, 1.42; 95% CI, 1.12-)wBile two or more episodes
were associated with an even greater risk (HR,;28% CI, 1.57-3.55). Obviously
we cannot say that hypoglycaemia causes demendia iasbility to recognise the

warning signs of hypoglycaemia may just be an e@dyure of dementia.

4.1.7 Insulin therapy in stroke patients

Therapeutic interventions to lower blood glucoseehalied upon insulin infusion, or
subcutaneous injection with dose adjusted accgrdircapillary blood glucose
monitoring, but no single regime is generally agrapon>>3 Both European and
American guidelines recommend active interventmlotver blood glucose, but
acknowledge inadequate evidence, and differ irr §pEcific management advitg:
294 The largest single randomised, controlled tiRACT) of glycaemic control after
stroke to date was the Glucose-Insulin Stroke T@8T-UK), which used combined
glucose, potassium and insulin (GKI) infusion, avab neutraf* Other pilot studies

using intensive insulin therapy for post-stroke érghycemia have been

Completedz.%’ 259, 283, 554

We undertook a systematic review of the publisheta dn insulin treatment of post-

stroke hyperglycemia. We examine the feasibilitgt aafety of insulin treatment for
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PSH. We have also combined data from the publistezdture to examine the effect

of insulin on patient outcomes in PSH.

4.2 Methods
4.2.1 Identification of papers

We identified relevant papers with Ovid and Embsessrches with a search strategy
as detailed in appendix 1. Additional studies wdeatified from reference lists and
conference abstracts for additional relevant sgidi&/e checked the Stroke Trials
Registry for relevant ongoing triald> We used the ISI Web of Science citation index

to identify papers citing studies that were alreaiintified.

4.2.2 Data extraction

Data on study populations, care setting, insulgimes, time-to-initiation of
treatment, total insulin doses, change in bloodage and hypoglycaemia incidence

were extracted, together with data on mortality famttional outcome.

4.2.3 Meta-analysis

Meta-analysis was performed to look for the relailups between insulin exposure

and mortality or clinical outcome.

Data from studies with clearly defined control gueuhat reported at least mortality
rates were combined. The reporting of clinical outes was heterogeneous so we
defined favourable clinical outcome as modified Rarscore (mMRS) 0-2 or Extended
Glasgow Outcome Score (eGOS) favourable (modersabitity and good

outcome).to produce a dichotomised ‘good’ clinicalcome.

StatsDirect, version 2.7.3 (StatsDirect Ltd, ChesHUK) was used to generate a
DerSimonian-Laird random effects model that exprsedbe difference between
groups as an odds ratio, and 95% confidence irterva
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4.3 Results
4.3.1 Papers identified

We identified 17 studies involving 2587 patiefits2°¢: 273 283, 284, 298, 299, 554, 536-561
These included one randomised control trial (ROM38 patients, 9 pilot studies
containing between 10 and 116 patients, and 6 tshaies, one of which included
851 patients. One RCT involved a mixed populatibneuroscience intensive care
unit patients with a subset of 15 stroke patiéfft<One paper used the control group
from another paper by the same grétfp>*°There were 1421 patients in RCTs and
1038 in cohort studies

Data from some recently completed or ongoing tuadse not available for analysis
at the time of this search. Information on thstselies (GRACE, Insulinfaré?)® can
be obtained at http://www.strokecenter.org/trials/

4.3.2 Study populations

The study populations are described in Table ZHirteen studies included only
patients with acute ischaemic stroke although Gi8d one other study also included
patients with intracerebral haemorrhage. One situclyded ischaemic stroke
patients as a subgroup of neuro-intensive caremtati Eight studies included
patients with type Il diabetes mellitus whilst exdihg diabetic patients who were
dependent on insulin. The proportion of patients WM varied from 0% to 91%
whilst the lower limit of plasma blood glucose foclusion varied between 5.6

mmol/l and 9.4mmol/I.



Table 4-1 Characteristics of included studies
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Study (year) Type Setting Number Number Glucose Target Mean Treatment
of of with level for glucose onset to duration
study Patients diabetes inclusion range treatment (h)

GIST**(2007)  RCT Ward 933 154 6 4-7 13.3 24

(16.5)
Walters™ RCT Ward 25 13 (52) 8 5-8 9.1 48
(2006)
THIS™® (2008)  RCT Ward 46 42 (91) 83 <7.2 <12 Up to 72
GRASP™™® RCT Ward 74 44 (59) 6.1 3.8-61 12.3tight 120
(2009) tight
MISS” (2008) RCT ~ Ward 40 13 Unclear 4.4-61 172 120

(32 5) intensive

19.5 control

SELESTIAL™  RCT Ward 40 12(30) 7 4-7 20.8 24-72
(2010)
Vriesendorp™™  RCT Ward 33 10(30) 6.1 Not 13.2 basal 120
(2009) specified
Scott' (1999)  RCT Ward 53 10 7 4-7 <24 24

(19.9)
Staszewski”®  RCT ICU 50 0 7 45-7 <12 24
(2011)
Bruno™™ Cohort Ward 24 21 9.4 39-72 Unclear  Upto72
(2004) (87.5)
Kruyt™* Cohort Ward 10 2 (20) 6.1 44-61 <24 120
(2009)
Putaala™ Cohort Ward 851 113 8 <8 ‘with tpa’ At least 48
(2010) (13.3)
Azevedo™ Cohort ICU 34 Unclear  Unclear <7.7 Unclear Unclear
(2009)
Kim’” (2009)  Cohort ICU 115 47 (41) 5.6 44-72 <48 24
Kanji*** (2009)  Cohort ICU 15/100 O 9.1 7-9 Unclear At least 24
Fukuda™’ Cohort ICU 116 Unclear 8.3 <8.3 Unclear Unclear
(2006)
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4.3.3 Level of care

In 5 studies patients were managed in ICU whilderemaining 11 studies patients

were managed in stroke unit or on a ward.

4.3.4 Description of insulin regimes

Five studies used a Glucose-Potassium Insulin (&¢ime while 10 used variable
rate insulin IV infusions (Table 4.2). One cohstidy used subcutaneous insulin
injections for glucose levels above 8mmol/L switchto an IV infusion if glucose

was above 16mmol/L.

All of the infusion protocols required frequent nitoning of capillary blood glucose.
Initially CBG was checked every 1-2 hours with gvsulin infusion. In all cases
CBG was checked at least every 2 hours. Dosetatgnss were required frequently
for GKI regimes: in GIST, 41.2% of patients reguirat least one dose change; in
SELESTIAL, a mean of 4.8 dose changes per patiastrequired. RCTs using

insulin sliding scales have not reported how redyldoses are adjusted.

Control groups in RCTs were heterogeneda<>*



Table 4-2 Properties of insulin protocols and glyca

Study

GIST**

556
Walters

THIS trial®®

284
Bruno

MISS trial®®®

SELESTIAL®™*

Vriesendorp
564

Scott™

GRASP**®

.266
Staszewski

Kruyt264

558
Azevedo

Kim*"?
Fukuda>’

Ka nji561

281
Putaala

Method of
insulin
delivery
GKI

VI

VI

VI
VI
GKI

VI

GKI

GKIl

VI
VI

GKI
VI
VI

SCand IVI

Definition of
hypoglycaemia

(mmol/L)
<4

Not stated
3.33 - 4.44 (moderate)
<3.33 (severe)
<3
<3.3
<4

Not stated

<4

<3

<3.3
<35

Not stated

<4.4
Not stated
Mild <5

Not stated

emic outcomes

Incidence of

hypoglycaemia (%)

16

35

46

25

80
3.8(basal)
1.65 (meal)

17.9

30 tight
4 loose
8
20
Group A -10
Group B—-46
79.1
Not stated
2 (severe)

Not stated
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Glucose
monitoring

(hours)
2

2

1-2

1-2

1-2

1-4

1-4
1-2

Not stated

2
Not stated
1-2

1

GKI — glucose, potassium and insulin infusion, IVl — intravenous insulin infusion SC —

subcutaneous insulin
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4.3.5 Glycaemic outcomes

Hypoglycaemia incidence was not reported for ewtugy, and definitions varied.
Three papers reported only symptomatic hyperglyeaemhile 11 studies reported
incidence of biochemical hypoglycaemia using 7edéht definitions, ranging from
<2.2mmol/l to <Smmol/l. (Table 4.2) Symptomatic logbycaemia rates varied
between 2% and 46%. In an ITU setting symptontatpoglycaemia was present in
between 2% and 9.6% of cases. In a ward settangatie varied from 4% to 46%.
Biochemical hypoglycaemia was seen in between 4847811 % of patients treated

with insulin. In GIST the hypoglycaemia rate w84 .

Different studies report variable effects of inauin glucose level. These differences
could be due to many factors such as monitoringatians or protocol violations.
Where stated the mean difference in blood gluceseden insulin and control arms
varied from 0.57mmol/L in GIST to 3.7mmol/L in THISMlean daily insulin dose

varied from 13.3 units over 24 hours to 81.6 uoitsr 24 hours.

4.3.6 Meta-analysis of mortality outcomes

Only RCTs were included in the meta-analysis. Mitytdata were reported in 8
studies, and functional outcomes in eight studiesf, which used the modified

Rankin Scale and one of which used the extendesg@G¥a Outcome Scale.



Insulin had a neutral effect on mortality, oddsadt16 (95% CI 0.89 to 1.51, p=
0.286, figure 19).

Odds ratio meta-analysis plot [random effects]

GIST . 1.139 (0.849, 1.530)

Walters 3.000 (0.024, infinity)

THIS trial § 2.627 (0.090, infinity)

MISS trial 2.250 (0.273, 27.481)

Selestial / 3.298 (0.112, infinity)

GRASP 3.429 (0.247, 187.342)
Staszewski 0.440 (0.007, 9.140)
Scott Gist Pilot 1999 0.708 (0.179, 2.774)
combined [random] -\—> 1.156 (0.885, 1.510)
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odds ratio (95% confidence interval)

Figure 20 - Meta-analysis of effect of insulin trea  tment on mortality

Insulin also had a neutral effect on favourablecfiomal outcome (odds ratio for
favourable clinical outcome 1.03 (95% CI 0.69 t64] p=0.8845, figure 20).
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Odds ratio meta-analysis plot [random effects]
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Figure 21 - Meta-analysis of effect of insulin trea  tment on clinical outcome



146

4.4 Discussion

Hyperglycaemia is consistently associated with pagcomes after stroke, and active
intervention to lower blood glucose is recommenidga@ll major international
guidelines on stroke care, although with poor gsaafeevidence supporting these
recommendation¥’® The small number of patients included in RCTs medigct in
part the inclusion of protocols for glucose monitgrand intervention in routine
stroke unit care, but also may relate to the camalale workload involved in
delivering intensive insulin protocols, which isatf a consequence of the potential
risks of hypoglycaemi&® The only RCT designed to have sufficient sizeel@bly
detect even a large effect of intervention on chhbutcomes, the UK Glucose-
Insulin Stroke Trial (GIST), recruited only arouade third of the planned sample
size, in addition to achieving only very minor retlans in glucose concentration in
the active treatment arm compared to the control’47 All other RCTs were small,
predominantly single centre studies, and were dedras pilot trials only. There was
marked heterogeneity of target populations, treatmegimes (insulin delivery
method, target glucose concentration, duration,maoditoring frequency) and
outcome reporting. Systematic review of the avéalalata should therefore be
interpreted with caution, but highlights a numbgissues that will require to be

addressed by planned trials.

4.4.1 Safety and feasibility

Effects of insulin on both mortality and functiomatovery were neutral, but with
confidence intervals that include the possibilitiesh of significant benefit and
significant harm. This is consistent with the aleseof any clear effect on outcome in
a non-randomised cohort of acute thrombolysis ptgien whom the majority of
hyperglycaemic patients were treated with instifin.

However, the wider context of trials investigatingensive insulin regimes for
glycaemic control is important to consider. Metalgsis of intensive insulin therapy
in critically ill patients suggests that there saverall mortality benefit and an
increased risk of hypoglycaenti#. All insulin regimes are labour intensive and
require close monitoring of patients. Even withtensive care or stroke unit

environments, and as part of an RCT, the incidef@@ochemical hypoglycaemia in
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stroke patients was reported to be between 4% aid In the large meta-analysis
published by Weiner and colleagues examining slesrof tight glucose control in
critically ill adults there was a significantly ireased risk of hypoglycaemia (glucose
<2.2mmol/L, 13.7% vs. 2.5%, RR 5.13, 95% CI 4.08 #8)3°° Since

hypoglycaemia may itself exacerbate brain injuinys ts a potentially serious side
effect. The potential harm from biochemical (asaggu to symptomatic)
hypoglycaemia needs also to be considéfgdn the GIST-UK trial, patients who
had a decrease in plasma glucose of 2mmol/L or imdtes first 24 hours were more
likely to die than those who had a decrease oftlems 2mmol/L (34% vs. 22%; OR
1.15 (0.86-1.51); p=0.009). Other insulin regimasehachieved greater reductions in
glucose, for example by a mean of 3.7mmol/L inTRES trial, but at the penalty of
an incidence of biochemical hypoglycaemia of 35Pkis was not prevented by
hourly monitoring and symptomatic hypoglycaemiawaly reported in 13% of

cases.

It may be possible in future to improve safety gy tise of real-time continuous
glucose monitoring, but this is expensive and ridely available* Computerised
protocols have also been developed and may betosegbrove the safety of insulin

infusions in the future®’

4.4.2 Efficacy of regimes

Stroke trials to date have arguably largely fatedchieve their main biochemical
goals, and therefore may differ from trials in attieerapeutic areas, which have
either targeted patients with higher blood gluoosecentrations, or have more
aggressively maintained blood glucose within acamange, or botf%® 3% 303The
populations involved in stroke trials have gengraid only mild hyperglycaemia at
the time of trial entry, and in addition have do@amed significant decrease in blood
glucose over time in control groups, probably asm@sequence of lack of oral intake
and avoidance of intravenous fluids containing ssigehese factors have ensured
that in most trials there was only a small differeim glycaemic control between
intervention and control arms. In GIST-UK the meggucose concentration at entry
was 8.43mmol/L, and the mean difference in gluamseentration between GKI-

treated patients and controls after 24 hours attment was only 0.57mmolA*?
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The timing of initiation of insulin may be importamut is difficult to define from
existing literature. Arguments that favour verylgantervention are supported by
observational data from thrombolysis trials andsteigs, that indicate a poorer

outcome when hyperglycaemia precedes IV thrombsty&i®

possibly due to
accelerated ischaemic damage by hyperglycaemrasept before blood vessel
recanalization post-thrombolysi¥. **®Exacerbation of infarct growth by
hyperglycaemia also supports the relevance of dy ieluence on the evolution of
ischaemic damag®® In addition, any neuroprotective effect of insuliould be
expected to be of greatest benefit if commencelg.earguably, therefore, a mean
time to start insulin of at least 9.1 hours afteolse onset in the reviewed trials may
have missed the potential therapeutic window. Siheanajority of the trials
included here were intended only as pilot studigl tiomarkers such as glycaemic
control as the primary end-point, conclusions rdoay effects on clinical end-points
must be regarded with caution. On the other hdreddéetrimental effect of
hyperglycaemia appears to include patients in whuoose is increased at any time
within a much longer period, up to 48h after oref@schaemia with sustained, rather
than isolated hyperglycaemia, and later time polmeng of much greater prognostic
relevance than “admission” hyperglycaerffa®: %" 2% |ater intervention is
undertaken, as may be justified in light of theatagdthen an additional factor to
consider is the very high proportion of patientsvimom isolated (>80%) or sustained
(>50%) hyperglycaemia is evident.

The mechanism by which hyperglycemia exacerbatémemic brain damage
remains unclear. A correlation of ischaemic legijoowth and infarct core lactate
concentration on MRI supports the hypothesis tRaterbation of lactate
accumulation due to anaerobic glycolysis in the fachyperglycaemia is a specific
mechanism for the harmful effect§.However, reduced lactate accumulation with
GKI infusion was not associated with attenuatiomédrct growth in the
SELESTIAL trial>**and there is doubt regarding the role of lactidasis, since
lactate may have neuroprotectant propetifemd under certain circumstances may
be the preferred energy substrate for the bf&imcidosis in the presence of
hyperglycemia and not lactgber semay be responsible for the aggravated cerebral
ischaemia seen with hyperglycenifa.
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4.4.3 Time of starting insulin

The timing of starting the insulin infusion may ibgortant. If insulin does have a
neuroprotective role in acute ischaemic strokeoitild be logical to predict that the
greatest benefit would be gained if insulin was exstered in the hyperacute phase
at the same time as tPA. While penumbra may gergito 12 hours after onset of
ischaemia the size of penumbra will diminish withd reducing any potential

neuroprotective benefit from insulin.

The mean time to start insulin was at best 9.1$atier stroke onset. There is a need
for further trials looking at the administrationiokulin in hyperglycaemic patients
who are due to receive thrombolytic therapy. Hgbgemia during ischaemia

rapidly accelerates brain damage in stroke pattesdsed with tPAY" In the
hyperacute setting a small bolus of insulin bef®v& administration may have a
protective benefit and further clinical trials invimg insulin boluses instead of

infusions may be useful.

4.4.4 Alternative approaches to the treatment of po st stroke
hyperglycemia

These data raise further questions about potérgi@iments for post-stroke

hyperglycaemia.

4.4.5 Should we be using insulin for post stroke hy perglycemia?

As | have already discussed in my chapter on aninualels of post stroke
hyperglycemia | do not believe that there is gooithal evidence on the relationship
between hyperglycemia and infarct growth. Thermeisainly not satisfactory animal
evidence on the use of insulin after stroke. idwel that some further basic scientific
work is really required before we expose more pégi¢o the potential risks of
hypoglycaemia from insulin therapy. The currentlexce from clinical trials in
stroke suggests that there is a clear danger adiypaemia in these patients without
any evidence of benefit. Indeed in GIST there apgetto be more benefit from a

saline infusion than from an insulin infusion. Tédedence from clinical trials of
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intensive insulin therapy in other clinical areastainly does not support routine use

of such protocols.

4.4.6 Glucagon-like peptide analogues

The future for the management of post-stroke hyipeagmia may lie in glucagons-
like peptide analogues and agonists such as liidgluGLP agonists work by
binding to a membrane GLP receptor increasing ingalease from pancreatic beta
cells.

GLP-1 analogues have been given in an infusioastetl, healthy subjects for 48
hours with no apparent increased risk of hypoglgtdaepisodes’® This industry
funded study involved 8 healthy subjects and washdomised, double-blind
placebo-controlled crossover study. Two hypoglytiaespisodes were seen during
GLP-1 infusion and 1 hypoglycaemic episode was segimg placebo infusion.
Hypoglycaemia was defined as plasma glucose lessdhequal to 2.8nM with
neuroglycopaenic symptoms. After the infusionhaf $tudy drug a 3 hour oral
glucose tolerance test was carried out to idepiifysible reactive hypoglycaemia on
re-feeding.

In another pilot study with a prospective open manised crossover design 8
clinically stable subjects with type 11 DM were giv insulin infusions and GLP-1
regimes to normalize blood glucose after breakfdsGLP-1 was found to achieve
normoglycaemia more rapidly than insulin. GLP-dogbroduces lower maximum
glucose levels and lower glucose levels at 2 hands4 hours. One symptomatic
episode of hypoglycaemia occurred in the insulougrand no symptomatic

hypoglycaemia was observed in the GLP-1 group.

4.4.7 Insulin or GLP-1 analogue bolus before tPA

Another therapeutic option may be to give a smalil® dose of insulin before
initiation of tPA therapy in patients who are clgdryperglycaemia (i.e. blood
glucose >10mmol/l). In such cases only a very bdwae of insulin may be
necessary and hopefully the risk of hypoglycaemsoeiated with insulin infusion
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would be reduced. It may even be more sengibiig/ta bolus of a GLP-1 analogue

in the acute situation to further reduce the paknsk of hypoglycaemia.

45 Conclusions

Despite the consistent association of hyperglycaemihe 48h after stroke with
higher risk of death or dependence, there is ndeene that insulin treatment is
associated with reduced mortality or favourablecfiomal outcome in randomised
controlled trials to date, although the majorityRE€Ts have not been designed as
efficacy trials, recruited only small numbers obgcts, and the confidence intervals
for clinical endpoints include the possibility adth significant benefit and significant
harm. All insulin regimes tested to date in strbk&e been labour-intensive,
requiring frequent monitoring and dose adjustmEhtid volumes infused are large
when insulin and dextrose are used in combinaggimes such as glucose-
potassium-insulin infusion. Differences in bloodgbse have been small in most
trials and the risk of biochemical hypoglycaemiademately high. There is wide
variation in treatment threshold, target, and danatand in reporting standards for
hypoglycaemia. Large differences in blood gludogee been achieved only in very

small numbers of patient
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5 The prognostic outcome of stroke based on
blood glucose measurement

5.1 Introduction

While it is known that post stroke hyperglycemiganmon and linked with poor clinical
outcomes there are still many uncertaintf@s**’ It is not known if there is a clear cut-off
level at which blood glucose becomes pathogenionando not know the best way to

measure blood glucose level to accurately predajmposis.

Depending on definition, between 50 and 80% ofgmdési may be classified as
hyperglycaemic¢?® Different methods of measuring glucose have hsed although it is

unclear which method is most practical and progoaky accurate

Historically interest has focused on the admissimod glucose level although blood
glucose is a constantly changing physiological petar and can change markedly in a
short period of timé®® The definition of ‘admission’ is vague and capresent an
uncertain period of time. Admission can mean ilme tat which a patient arrives in the
hospital emergency department or it can mean the &t which a patient arrives in an
Acute Stroke Unit. Indeed, sustained hyperglycepngalicts infarct expansion and
hyperglycemia within 48h is more prognostically imn@ant than single measures

Post-stroke hyperglycemia (PSH) predicts poor auérom stroke, but there is no

agreed definition of PSH. Hyperglycemia is an iretegent predictor of lesion growth and
poor functional outcome, although interventiondduce glucose levels does not appear to
affect lesion growtf’® 3%

The GLIAS study suggested that a blood glucose 35 mg/dL (>8.6mmol/L) at any
time within the first 48 hours from stroke onsetgdanot the isolated value of admission
glycaemia is associated with poor outcome indepathdef stroke severity, infarct

volume, diabetes, or ag¥
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5.1.1 The definition of post-stroke hyperglycemia

There is no clear, formally agreed definition ogpstroke hyperglycemia. In acute stroke
research there is some variation in definition yggdrglycemia. Blood glucose values
ranging from 6mmol/L to 11mmol/L have been usedéfine hyperglycemia?4? 243 246

8% | have discussed this in my introductory chapted | have tabulated 99 studies that
demonstrate the range of glucose values that hese lised to define PSH (see Table 1.1

in Chapter 1).

The American Diabetes Association defines diableyes fasting plasma glucose level of
greater than 7mmol/L. The guidelines also sugtpedtthis value should be used in

epidemiological studie¥?

Epidemiological studies looking at the prevalentadmission hyperglycemia in acute
stroke patients cannot guarantee that all patemet$asting and many may present
immediately after eating, increasing blood gluctmspostprandial levels. One may
conclude that admission blood glucose above 7mmslfiot automatically diagnostic of a
dysglycaemic state. Pragmatically a cut off vadliémM based on the ADA guidelines
may be sensible to use in studies while acknowtegltiiat various uncontrollable factors

will affect admission glucose level.

5.1.2 Continuous blood glucose measurement

One observational study from Australia looked atitifluence of hyperglycemia on infarct
growth®® In this study 25 patients underwent MRI scanniiithin 24 hours of stroke
onset (median imaging time — 15 hours). FollowMRI examinations were carried out at
approximately 5 and 85 days. Using a continuousage monitoring system (CGMS)
plasma glucose was monitored every 5 minutes fdrol2s. Additional capillary blood

glucose was monitored every 4 hours.

Baird and colleagues were able to ascertain tieatdan glucose produced by the CGMS
and the mean capillary blood glucose correlatetl wiarct volume change on acute and
sub-acute diffusion weighted MRI. Multiple regressanalysis was performed for change
in infarct volume as a continuous variable. Meapiltary glucose and mean CGMS
levels above 7mmol/L were found to be independantbles that appear to influence
infarct growth. Other variables included in thedabwere NIHSS score dichotomised at

13, prior glycaemic control represented by dichataa HbA1C, treatment with rt-PA and
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time to initial imaging. The relationship betwemean glucose level and infarct growth

appeared to be independent of these other varidfles

While this study is small it does provide some pgaegpathophysiological evidence to
support the hypothesis that persistent hyperglyaesmassociated with greater infarct
growth.

A later paper by the same group attempted to nmleeelg define the temporal profile of
hyperglycemia after stroke? A total of 59 patients were monitored with th&touous
glucose monitoring system for 72 hours. Monitordregan between 5 and 44 hours after
stroke onset and continued for a median of 69 hours

This paper found that at 8 hours after stroke oh86%o of 21 patients with known

diabetes and 50% of 38 patients without known degbad blood glucose levels above
7mmol/l. Presence of diabetes was defined byar tlistory or use of anti-diabetic
medication. After an early phase of hyperglycegiieose levels dropped in most patients
by 14-16 hours by which point only 11% of non-diaband 27% of diabetic patients were
hyperglycemic. There was a further late phaseypéhglycemia at between 48 and 88
hours after stroke onset that was observed in Z796m-diabetic and 78% of diabetic
patients. | have reproduced a figure from thisepdgelow (Figure 21). It was also noted
that 34% of the non-diabetic patients and 86% efdiabetic patients were

hyperglycaemic for at least a quarter of the maimtpperiod.
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5.1.3 The GLIAS approach

The Glycemia in Acute Stroke study (GLIAS) orgadisy the Spanish Society of
Neurology investigated the prognostic value of kay blood glucose levels in acute
stroke patient$®® A total of 476 patients were recruited into thedy within 24 hours of
stroke onset. The median time between stroke @mseemergency department arrival
was 5 hours. Capillary blood glucose was checkeddmission and 3 times per day over
the initial 48 hours.

The GLIAS study aimed to find the glucose threshalllie that had the highest predictive
power for a poor outcome. Receiver operating dtaritic curves were determined to
show the predictive value of maximum capillary gise values during the first 48 hours.
The area under the curve was 0.656 (95% confideneersal 0.592 to 0.720, p<0.01) and
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a glucose value of 155 mg/dl (8.6mmol/l) was idigedi as the optimum cut-off level for
poor outcome at 3 months. This level was assatiaith a hazard ratio of 2.7 (95% CI
1.42-5.24) for poor outcome after adjustment fatdes such as age, diabetes, admission
blood glucose level, infarct volume and baselimekst severity. There was also a hazard
ratio of 3.8 (95% CI 1.79-8.1) for death at 3 manth

5.1.4 Which blood glucose level best predicts outco me in stroke
thrombolysis patients?

The Australian studies make mechanistic senseaytime more plausible that a sustained
high average blood glucose level would affect pateeitcomes more profoundly than a
single high reading. While the GLIAS study dogsomt that patients with diabetes have a
higher mean glucose level over 48 hours and whitementioned that diabetes does not
correlate with poor outcome there is no explicalgsis of the relationship between mean

glucose level and outcome.

Neither of these studies focused on patients undggdV thrombolysis. The proportion
of patients treated with thrombolysis was not statethe GLIAS study while in the 2003
paper by Baird and colleagues only 16% received-A.*%* ®' Elevated blood glucose
pre-thrombolysis has been identified as a predimt@oor outcomes including outcome at
24 hours:®* mortality!® functional outcomé$® and symptomatic intracranial

haemorrhagé’® 182

We therefore undertook an analysis of the relabignbetween glucose profiles and
clinical outcome in a population receiving 1V thrbalysis for acute ischaemic stroke,
specifically exploring alternative indices of glyraic state to compare the optimal

predictive index for functional outcome as measturgthe modified Rankin scale.

5.2 Methods

Patients treated with r-tPA, between May 2003 anddxhber 2008, were identified from
our local Safe Implementation of Thrombolysis inoRe (SITS) databasé™ Capillary
blood glucose is checked as part of routine cliréeae every 4 hours in our unit. Case
notes were obtained where possible and glucoséepdaita were extracted. Additional
glycaemic indices (diabetic state, insulin treatmeiA1C level were noted where
available.
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Capillary blood glucose (CBG) was measured 4 hdianyl8h in acute patients. We
reviewed all patients with complete 48h CBG recomtie received IV rt-PA and
compared the relative risk (RR) of unfavourable @th modified Rankin score (mMRS)>1
using admission blood glucose (ABG), weighted m&im CBG (MCBG), and
hyperglycemia defined as two or more elevated CBIBBG) readings. Hyperglycemia
was defined as glucose >126mg/dl (7mmol/L). Addidlly patients with a single blood

glucose level of above 8.6mmol/L were identified.

Patient outcome was recorded with a 3 month matRankin score. Data on patient age,
pre-treatment National Institutes of Health Str&8laale (NIHSS) score and onset to

treatment time were also extracted from the datbas

Rankin scores were dichotomised to show favourableome (MRS<2) and poor outcome
(mMR=2).

5.2.1 Statistical analysis

Statistical analysis was performed using SPSS PS&Inc, Chicago, USA) and
STATSDIRECT (StatsDirect Ltd, Cheshire, UK) softearFisher’s exact test was used to
compare proportions in 2 by 2 tabulated data. Bitagistic regression analysis was

carried out using SPSS.
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Data from 69 patients were analysed. In this gi@patients (13%) had a diagnosis of

diabetes while 12 patients (17%) were treated sotine form of insulin infusion.

Glycosylated haemoglobin (HbAlc) was checked ipdtlents. In these 11 patients the
mean HbAlc was 7.3 (range 5.9-12.3). Outcomeiddtee form of a 3 month modified

Rankin score (MRS) were available for 67 patients.



159

Table 5-1 Population characteristics for patients i ncluded in study

Male 35 (50.7%)
Mean Age 68 (66-70)
Known DM 9 (13%)
Median NIHSS (IQR) 14 (7-19)
tPA treatment <3h 50 (72.5%)
Median time to t-PA treatment (minutes) 170 (165)17
Smoking History 18 (26.1%)
Known AF 20 (29%)
Hypertension 41 (59.4%)
Known cardiac failure 2 (2.9%)
Previous stroke 12 (17.4%)

The relative risk of mMRS>1 was greatest with MCBR(4.04, 95% CIl 1.46-14.46, p =
0.0013) compared to ABG (RR 3.49, 1.25-12.57, p0892) or THBG (RR 0.93, CI 0.64-
1.63, p=0.753). Using the GLIAS value of 8.6mmadlie RR was 0.97, CI 0.77-1.26,
p=0.811.

Relative risk of death was also greatest with MOBR 2.72, 1.35-5.35, p=0.0053)
compared to either ABG (RR 1.68, 0.77-3.59, p=0dr9)HBG (RR 1.54, 0.67-3.85,
p=0.33). Using the GLIAS value of 8.6mmol/L the RRas 1.27, Cl 0.58-2.88, p=0.557).
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Outcome data for each of the glucose measuremeunpsgiis graphically represented in
Figures 5.2-5.4.

5.4 Conclusion

In a stroke thrombolysis population, relative rigkboth unfavourable functional outcome
and death was greatest for mean capillary bloodogke over 48h compared to either

admission blood glucose or two elevated blood glageadings.

If outcome from stroke is dependent on amount ofgte exposure it seems logical that a
mean glucose value should have more prognostidisgmce than an arbitrary isolated
glucose value. Certainly the mean capillary gleceslue appears to have a greater
positive predictive value than an isolated admisgilnicose, two glucose values above 7 or
the presence of one glucose reading of greateradhagual to 8.6mmol/L, the cut-off

point identified by the GLIAS study* The results presented here are not definitives Th
is a small study population so it is difficult tdjast for other known prognostic factors that

could confound the outcomes.

We still do not know if a causal relationship egibetween PSH and outcome for stroke.
PSH is certainly associated with a poor outcomehmre is no reliable evidence that any

clinical intervention to alter glycaemic state impes outcomé, 10 242 283. 573

Ours study suggests that reliance on single adomdsood glucose readings to risk
stratify patients in randomised controls trialsreulin may be ill advised. Our small study
suggested that a mean 48 hour blood glucose vahyehelp risk stratify although we are
left with a therapeutic black hole. The relatiopdbetween mean capillary blood glucose,

admission blood glucose and outcomes is furtheloeag in Chapters 6 to 9.
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6 Demographics and clinical outcomes for stroke
patients recruited to the post-stroke
hyperglycaemia and brain arterial patency study
(POSH study)

6.1 Introduction

Post-stroke hyperglycaemia (PSH) is consistenig@ated with poorer outcome in terms of

survival, disability and markers of brain injurycéuas infarct expansion.

Even modest post-stroke hyperglycaemia (PSH) mceged with a three-fold increase in
odds of death at 30 days in non-diabetic pati&fitdowever, in most previous studies,
blood glucose (often single measurements) has éednated more than 12 hours after
stroke onset, and sometimes as late as 72h afiet. @everal studies have suggested that

the adverse prognostic impact of PSH may simplgecein association with stroke

severity?'® 219

Continuous monitoring of tissue glucose concerdratising a subcutaneous probe has
shown that the profile of glucose over the firsh4@ter stroke is a better predictor of

infarct expansion than point measureméfits.

In analysis of routine observational data from aerintensive glucose monitoring regime
commenced predominantly <6h after stroke onset @Bpatients develop PSH within 48h
of stroke. For those with complete data commenuiitigin 6h of onset, 100% of diabetics

and 75% of non-diabetics developed hyperglycaentigimthe first 48h after strok&?

Further, pre-stroke glycaemic status (defined lygagylated haemoglobin concentration
[HbA1c]), and not stroke severity, predicted PSH withia first 6 hours, whereas PSH 6-
48h after onset showed trends towards an assaciatib stroke severity. At later time-
points, complex interactions between stroke sexdrlbod glucose and feeding
emerged?

The detrimental effects of PSH may be restrictespecific groups of patients, defined by
pathophysiological processes, and that interventidower glucose may therefore be

unnecessary (and might indeed be harmful) in patisho do not share these featurés.
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Firstly, only patients with metabolically compromisbrain tissue (an ischaemic
penumbra) on MRI were susceptible to infarct exjzanwith PSH™®® *"®The likelihood of
a penumbra being present declines over the finshfeurs after stroke onset, and clinical
outcome correlates strongly with the volume of pebral tissue that is salvaged through
spontaneous or therapeutic reperfusion.

Secondly, PSH was associated with poorer outcotaeel&f alteplase only in patients with
early arterial recanalization (<3h after treatnéhthis might explain the association of PSH
with poorer outcome after IV thrombolysis overafiBoth these sets of data support a more
specific mechanism by which PSH may adversely enfae the probability of survival of the

ischaemic penumbra in patients within the first fesurs after stroke.

Animal model evidence of the adverse impact of hylgeaemia on infarct volume

evolution may have limited relevance to the clihpp@sentation due to very high glucose
concentrations and models representing type | thalpedominantly (Chapter 3). In
addition, evidence for the efficacy of insulin iregenting this adverse influence is
inconclusive?® A recent clinical trial of insulin treatment foBP! reported divergent effects
of treatment dependent on arterial patency, bessga@ated with greater infarct expansion in
patients with persistent occlusion, but less exparthan placebo in those with
recanalization* It appears therefore that early and late PSH rifer ¢h their causes and
pathophysiological significance, and that individoiain tissue vulnerability and vessel

status further influence the effects of PSH

In the post stroke hyperglycaemia and brain aftpatency study (POSH) we aimed to
investigate the relationship between post-strolgetylycaemia, infarct growth and brain
arterial patency. The main results of this studymesented and discussed over the next few
chapters. In this chapter | have presented thelihasiemographics and clinical outcomes
for the entire population of stroke patients reedinto the study. Later chapters
concentrate on smaller subgroups of patients basdde availability and quality of the

study imaging or on imaging findings.

6.2 Methods

The general methods for the POSH study are detmiledapter 2. Patients were recruited
prospectively as they were admitted to the Acutek&tUnit in the Institute of

Neurological Sciences at the Southern General khdspiGlasgow.
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6.2.1 Image analysis

The imaging for each patient was reviewed by tvaeaechers (NM and XH). Clinically
relevant data were additionally reported by expeeel neuroradiologists. Discrepancies in

imaging interpretation were adjudicated by an epered stroke neurologist (KM).

6.2.2 Statistical analysis

Differences between groups were analysed using AN@V scale variables and
Pearson’s chi squared for categorical variablés. slgnificant difference between groups
was discovered using ANOVA it was further analyasiohg the least significant difference
method.

Binary logistic regression analysis was also cdraet using SPSS to seek predictors of
mortality. Univariate analysis included age, adimisdlood glucose, mean capillary blood
glucose, atrial fibrillation, HbAlc, NIHSS scorgstolic and diastolic blood pressure and
thrombolytic treatment as a binary variable. Altighles with p<0.1 in univariate analysis
were entered into a forward stepwise conditionatleha=indings were confirmed in a

backwards stepping model beginning with all potdhtipredictive variables

Additionally we used SAS version 9.3 to performankin shift analysis using Cochran-
Mantel-Haenzel statistics to look for a relatiompshetween glycaemic status and outcome

while correcting for admission variables (NIHSSe)y*

6.3 Results

Between January’12009 and December 32011 the acute stroke unit admitted 2128
patients.

The study recruited 113 patients between theflanuary 2009 and the*3af December
2011. From this group 108 had a clinical diagno$ischaemic stroke. The baseline

demographics for this group are included in Tableb@low.

Serial capillary blood glucose concentrations wesed to define 3 subgroups: admission
hyperglycaemia (blood glucose >7mmol/l within 6hstfbke onset), delayed
hyperglycaemia (blood glucose >7mmol/l 6-48h adteoke onset), and normoglycaemia.

A recruitment flowchart in Figure 24 illustrate®ttifferent groups of patients.
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Figure 24 - Recruitment flowchart for patients in t

A 4

v

59 Admission
Hyperglycaemia
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One subgroup contained 17 patients who were nogrnagimic during their admission,

with blood glucose levels consistently below 7minolhe 59 patients in the second

subgroup were hyperglycaemic on admission withoadlucose level of 7mmol/L or

greater within 6 hours of stroke onset. The fewa@dgroup of 32 patients became

hyperglycaemic later during admission with a blghecose level of 7mmol/L or greater 6

or more hours after stroke onset.
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es of stroke patients recruited into the

POSH study
Group (n) All Hyperglycaemia

patients None (17) Admission Late (32)

(108) (59)
Male Gender (n/%) 66 (61.1) 10 (59) 34 (57) 22 (69)
Age * SD (mean/years) 69.7 + 62+14.3* 70.5+10.5 * 72+10.4 p=0.009
Admission blood glucose + SD 7.42 + 5.82+0.6 * 8.66 £3.92 * 6.03+1.48 p<0.001
(Mean mmol/L) 3.28 o **
Mean capillary blood glucose * 6.73+1.6 5.4+0.59* 7.41 £+ 1.64* 6.17+1.27  p<0.001
SD (Mean, mmol/L) *ok *k
HbA1c + SD (Mean) 59+11 54+05* 6.19+1.3 * 5.72+0.7  p=0.016
Pre-morbid Rankin (Median/IQR) 0 (0-0) 0 (0-0) 0(0-1) 0 (0-0)
Admission NIHSS (Median/IQR) 9 (5-18) 11 (4-17) 10 (6-19) 8 (5-16) p=0.701
Admission Blood pressure + SD 150/78 + 152/78 + 147/77 + 154/79 + p=0.442
(mmHg) 23/15 21/12 25/18 21/10
Smoking history (n/%) 50 (55.6) 10 (58.8) 32 (54.2) 18 (56.3) p=0.941
Previous stroke (n/%) 27 (25) 3(17.6) 14 (23.7) 10 (31.3) p=0.547
Previous TIA (n/%) 24 (22.2) 2(11.8) 12(20.3) 10 (31.3)  p=0.258
Atrial Fibrillation (n/%) 28 (25.8) 4 (23.5) 16 (27.1) 8 (25) p=0.947
Hyperlipidaemia (n/%) 53 (49.1) 7 (41.2) 32 (54.2) 14 (43.8) p=0.492
Diabetes (n/%) 20 (18.5) 0 18 (30.5) 2 (6.3) p=0.002
Impaired glucose tolerance (n/%) = 20 (18.5) 0 17 (28.8) 3(9.4) p=0.007
Peripheral vascular disease (n/%) = 11 (10.2) 1(5.9) 7(11.9) 3(9.4) p=0.76
Hypertension (n/%) 53 (49.1) 4 (23.5) 34 (57.6) 15 (46.9) p=0.044
Stroke on imaging (n/%) 93 (86.1) 13 (76.4) 54 (91.5) 26 (81.3) p=0.182
Occlusion (n/%) 71 (65.7) 10 (58.8) 41 (69.5) 20 (62.5) p=0.644
Recanalization (n/%) 39/67 4/10(40) 24/41 (58.5) 11/20(55) @ p=0.4
Thrombolytic treatment (n/%) 76 (70) 10 (58.8) 44 (74.6) 22 (69) p=0.44
Rankin 0-1 Day 30 (n/%) 17(15.7) 5(29.4) 8 (13.6) 4(12.5) p=0.48
Rankin 2-5 Day 30 (n/%) 79 (73.1) 11 (64.7) 43 (72.9) 25(78.1)
Rankin 6 Day 30 (n/%) 12 (11) 1(6) 8(14) 3(9)
Supra-aortic large artery 31(28.7) 4 (23.5) 18 (30.5) 9(28.1)
atherosclerosis (n/%)
Cardio-aortic embolism (n/%) 27 (25) 4 (23.5) 16 (27.1) 7 (21.8)
Small artery occlusion (n/%) 9(8.3) 2(11.8) 4 (6.8) 3(9.4)
Other causes (n/%) 5 (4.6) 2(11.8) 3(5.1) 0
Undetermined causes (n/%) 36 (33.3) 5(29.4) 18 (30.5) 13 (40.6)  P=0.754

Using LSD analysis there was a significant difference between the following groups - *AHG vs. EG,

** AHG vs. LHG, *** EG vs. LHG.




166

6.3.1 Differences in baseline characteristics

There were significant differences in age betwéendtgroups. Euglycaemic patients
were younger than those with admission hyperglyaemiater development of
hyperglycemia (p=0.009). There was also an expesigmificant difference in admission
blood glucose level (p<0.001) and mean capillaoptliglucose (p<0.001). Baseline
HbAlc level was also significantly different betwethe 3 groups (p=0.016). On post hoc
analysis a significant difference in HbAlc was sbetween the euglycaemic and

admission hyperglycaemia groups (p=0.009).

Scatter plot of age against mean glucose

R2 Linear = 0.013
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Figure 25 Scatter plot of mean glucose level agains  t age

While there was a significant difference betweea agd mean glucose across glycaemic
groups there was no statistical evidence of a @iioa between these two variables using
Pearson’s correlation coefficient (p=0.233). Sarly age did not correlate with HbAlc

(p=0.848) or admission blood glucose (p=0.835)aait/n there was a correlation between

age and systolic blood pressure (p=0.041).
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Diabetes strongly predicted admission hyperglycaambinary logistic regression
(p=0.003, OR 10.3, 95% CI 2.26 to 47.2) as did Hb&#t0.013, OR 2.1, 95% CI 1.16 to
3.64). Admission hyperglycaemia was not predittg@dmission blood pressure although
binary logistic regression for the absence of tohysof hypertension gave an odds ratio of
0.47 with p=0.053 (95% CI 0.22 to 1.01).

Significant differences were also seen betweenaglytc groups for past history of

diabetes mellitus (p=0.002) and impaired glucoterance (p=0.007).

40

307

2071

Admission NIHSS

107

I | I

T T T
Normglycemia at all times Admission hyperglycemia Late hyperglycemia

Glycaemic status

Figure 26 - Admission NIHSS in different glycaemic groups

There was no significant difference in median adiors NIHSS between glycaemic
groups (p=0.701) although there was a trend toldWESS scores in the late
hyperglycaemia group. This is illustrated in Fig@6.

6.3.2 Glucose Profiles

Detailed glucose profiles were collected for aél fJatients included in the study. The

median number of glucose readings per patient RasThe mean time to initial blood
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glucose measurement was 1 hour and 25 minutesdirake onset (standard deviation

1:02) and the maximum time to initial measuremeas$ W hours and 45 minutes.

The glucose kinetics of the three glycaemic graanesilustrated in Figure 27. The mean
glucose level of the euglycaemic group is consttéass than 6mmol/L. The admission
hyperglycaemia group have an initial mean glucesellof 8.96mmol/L falling to a nadir
of 6.49mmol/L at around 15 hours after stroke obgébre rising again. The late
hyperglycaemia group had a mean initial glucoselle¥’5.81mmol/L with levels staying

below 6mmol/L until 16 hours after stroke onset whevels began to rise.

A high proportion of patients became hyperglycaetnigng this study. The proportion of
hyperglycaemic patients increased with time andeim®ed as the threshold for
hyperglycaemia was reduced (see Figure 28). Witheshold of 7mmol/L 83% of
patients became hyperglycaemic within 48 hoursevaithreshold of 8mmol/L led to 63%
of patients being classified as hyperglycaemicrduthat period.

Repeated measures ANOVA revealed a significaneédiffce between groups based on
glycaemic status (p=0.001). There was a signifidi#fference on repeated measures
between the euglycaemic group and the admissioargiyzaemia group (mean difference
2.32,95% CIl 1.16 to 3.47, p<0.001) although thHkednce between the euglycaemic
group and the late hyperglycaemia group was noifgignt (mean difference 1.149, 95%
CI1-0.04 to 2.34, p=0.059).
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Error bar plot from POSH glucose profiles.sdw
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6.3.3 Treatment for Diabetes Mellitus

Of the 20 patients with diabetes mellitus 12 weeated with metformin. Five of these
patients were treated with metformin and gliclazidéree patients were treated with
gliclazide alone. Four patients were treated witulin. Two of these patients were

treated with insulin and metformin. Three patiemése on no treatment for DM.

No other patients in the cohort were treated fquenglycaemia. Where possible, patients
continued with their normal medications. One pdtieas given Lucozade for
hypoglycaemia (CBG 2.2mmol/L).

6.3.4 Swallow and fluid management

Initial screening for problems with swallowing weesrried out in the Acute Stroke Unit on
the day of admission. Seven patients (40%) iretigdycaemic group had an initial
swallowing problem, compared to 14 patients (4494he late hyperglycaemia group and
19 patients (32%) of the admission hyperglycaemoag Information was missing in
24% of the normoglycaemia group, 27% of the admisbiyperglycaemia group and 9%

of the late hyperglycaemia group.

Four normoglycaemic patients, fifteen admissiondngfycaemia patients and two late

hyperglycaemia patients were declared ‘nil by mbuth

Intravenous fluids were prescribed to 12 normogiyaie patients (70%), 43 admission
hyperglycaemia patients (73%) and 23 late hypeeggaa patients (73%). Two patients
in the admission hyperglycaemia group and one ipiatiethe late hyperglycaemia group
were given 5% dextrose solution. All other patenere given saline solution. The mean
volume of fluid given in 24 hours was 1853ml with significant difference in volumes

between groups (p=0.647) or infusion rate (p=0.647)

In chi-squared testing there was no significarfed#nce in scores for point 10 on the

NIHSS score (for dysarthria) between groups (p=0.85
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6.3.5 Cause of stroke

There were no significant differences in the caafsgroke between groups. In the cohort
as a whole 29% of strokes were due to supra-dartie artery atherosclerosis while 25%
were due to cardio-aortic embolism. One thirdtaoslsees were of undetermined aetiology
while smaller proportions were due to small ar@eglusion (8.3%) or other causes
(4.6%).

Cause of Stroke based on CCS classification system
Cause of Stroke

[ Supra-aortic large artery

atherosclerosis
E cardio-aortic embolism
& smal artery occlusion
W Cther causes:
B Undetermined causes

Figure 29 - Cause of stroke in general population u  sing CCS classification

6.3.6 Clinical outcomes

There were no significant differences in clinicat@mes between groups. Overall 11%
of patients died by day 30, 16% of patients hagoad’ outcome with modified Rankin
scores of between 0 and 1 while 73% of patientsah@dor’ outcome with Rankin scores
of 210 5.
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We subsequently performed a shift analysis usingh@m-Mantel-Haenszel statistics to
see if glycaemic status predicted outcome as grageihy 30 Rankin score. We corrected
the analysis for age and admission NIHSS but wadao significant relationship

between PSH and outcome Rankin score (p=0.308).

We also repeated the Cochran-Mantel-Haenszelaatmlysis to see if admission NIHSS
score was predicted by glucose group when corrdoteaje. Again there was no

significant relationship (p=0.457).

We also used the Cochran-Mantel-Haenszel shiftyaisaio see if glycaemic category was
predicted by admission NIHSS but again there wasignificant relationship (p=0.549).

Binary regression analysis suggested that NIHS&sgas a strong predictor of mortality
(P=0.001, OR 1.2, 95%CI 1.078-1.359) in combinatiaimn mean capillary blood glucose
(P=0.028, OR 2.36, 95%CI 1.1- 5.08) and HbAlc (B28, OR 0.19, 95% CI 0.046-
0.792). Other factors included in the regressidmdt have a significant effect.

6.4 Discussion

In this prospectively recruited series of strokégrds we found that a large proportion
(54.6%) of patients became hyperglycaemic withiro@rs of stroke onset. Another
29.6% became hyperglycaemic over the subsequemb4® and only 15.7% of patients
were observed to have glucose levels below 7mnadlAll times.

These three groups appear to be very distinctreTae significant differences in
admission glucose, mean capillary blood glucosetiméilc between groups. The glucose
kinetics of the 3 groups look different as graphyceepresented in Figure 6.3. In this
group post stroke hyperglycaemia does not appdag toregression to the mean as
suggested by Wong and colleagli®sin their study they excluded all patients with
diabetes which does not really reflect the realftyhe acute stroke patient. They also did
not check HbA1lc leaving prior glycaemic status rela reported history of diabetes

unexplored.

Repeated measures ANOVA confirmed that the eugigp@group and the late
hyperglycaemia group were significantly differefithe difference between the
euglycaemic group and the late hyperglycaemic gmap not significant (p=0.059)
although patients who were improving in some casmsdd have left hospital or
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transferred to another resulting in missing capillalood glucose values towards the end

of the first 48 hours and exclusion from the model.

Despite this high incidence of hyperglycaemia adteske only 18.5% of this cohort had
an existing diagnosis of diabetes mellitus andhtlean glycosylated haemoglobin level for
the group was only 5.9%. There was a significdiférgénce in mean glycosylated
haemoglobin levels between group with the largd&trénce existing between the
euglycaemic group and the admission hyperglycagnoiap. This would suggest that the
admission hyperglycaemia group had higher bloodaga levels over the weeks before
their strokes. It is possible that the patientd@nadmission hyperglycaemia group had
undiagnosed insulin resistance but we did notféss$ing insulin levels on admission so we

cannot perform a homeostasis model assessmergdssassulin sensitivity.

The incidence of hyperglycaemia alters dependintherthreshold chosen for
hyperglycaemia. In this population 96% of patiemése hyperglycaemic within 48 hours
if a threshold of 6mmol/L was chosen, 83% with resihold of 7mmol/L, 63% with a
threshold of 8mmol/L and 29% with a threshold ofmb@ol/L. If this was an acute study
31% of patients could have been recruited at 4b@mmol/L was the chosen threshold
and 45% of patients with a threshold of 7mmol/LhisTis in keeping with observations
from the VISTA databas®’

Some other observational studies have been unoléiae reporting of patients treated with
insulin or oral hypoglycaemic agents during thelgtperiod™®’ In this population only 4
patients with known DM were treated with insulirridg the admission. These patients
were in the admission hyperglycaemia group. Aligrds who were using oral

hypoglycaemic agents were in the admission hypeagimia group.

A very small proportion of the patients in thisdfthad strokes that were felt to be due to
small artery occlusion or other causes. This nmeag Eactor of the nature of the inclusion
criteria. All patients had to present to hospitihin 6 hours of stroke onset and a patient
with a small vessel or lacunar stroke may havedéssdeficit leading to a delayed
presentation. It is also possible that patientk small vessel occlusion were missed by
the screening researchers who did not think tlepthsenting symptoms and signs
represented an acute stroke. Almost all patiashtstéed to the Acute Stroke Unit at the

Southern General come in an emergency ambulanci ignabssible that doctors outside
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the unit would not feel that a patient with a mistoke related to small vessel disease

needed such urgent attention.

Some differences were seen between different gigitagroups. The euglycaemic
patients were significantly younger than hypergénog patients (p=0.009). The oldest
patients were those who developed hyperglycaenadaer time point in the admission.
The admission hyperglycaemia patients were mosedyiito have a past history of diabetes
mellitus or impaired glucose tolerance. They &lad significantly higher glycosylated
haemoglobin levels. The age related differencen sethese data may be explained by
the increasing prevalence of type 2 diabetes tshiith age’> Undiagnosed diabetes is

often offered as an explanation for post-strokesglycaemid>>>*

Known risk factors for stroke such as atrial filailon, hyperlipidaemia and hypertension
were not significantly different between groupsspige this the absence of a history of
hypertension trended towards reducing the riskdafiiasion hyperglycaemia (p=0.053,
OR 0.47,95% CI 0.22 to 1.01). In a meta-analgéis large volume of clinical trial data
from the VISTA archive a history of hypertensionssgeen to be predictive of post stroke

hyperglycaemia within 48 hours of stro¥@.

A non-significantly smaller proportion of patieritad definite stroke on imaging, proven
occlusions and thrombolytic treatment in the nortycgemia group compared to the other
groups. Baseline clinical stroke severity as asseby NIHSS scale was similar with no
significant statistical differences seen. Thers wathing to suggest that stroke severity

correlated with hyperglycaemia. This is in keepivith previous observatiorf§. 2% °7®

In the regression analysis we see NIHSS as a spnattjctor of 30 day mortality. This fits
with the role of the NIHSS as an indicator of bamebktroke severity. Mean capillary
blood glucose also appears to predict 30 day nityrees did HbAlc. This is in keeping
with previous studie¥® *"® Rankin shift analysis using Cochran-Mantel-Haehsz
statistics to correct for age and baseline NIHSSdit show any relationship between

glycaemic groups and 30 day outcome.
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7 Assessment of the relationship between infarct
growth and post stroke hyperglycaemia

7.1 Introduction

In this chapter | have tried to identify differesde the growth of irreversibly damaged
tissue (infarct) after a stroke between patientshom blood glucose remains consistently
normal after a stroke, patients in whom blood ghécis increased early (within 6 hours of

onset), and patients who develop hyperglycemiactgsafter stroke onset.

7.2 Methods

7.2.1 Baseline demographics

The baseline demographics have been representagéamalysed due to the change in
population size between this chapter and chapté&r&lysis of these demographics was

performed in the same way as before.

7.2.2 Image analysis

Scans from all patients were analysed independbégttywo observers (NM and XH), who
measured core and penumbra volume on CTP 24-2&8fctivolume on the co-registered
slices of the follow-up non-contrast CT (i.e. ligdtto the coverage of the CTP) and total
brain 24-48h infarct volume using all slices. Theam of the volumes measured by the two

observers was used in statistical analysis.

Infarct growth was calculated as 24-28h infarcumeé — core volume and expressed both

as absolute growth (ml) and as a percentage ofc@févolume.
Inter-observer agreement had already been estalllehdetailed in Chapter 2.

7.2.3 Statistical analysis

Differences between groups were analysed usingvayeANOVA for scale variables and
chi squared for categorical variables. If a sigaifit group effect was found by ANOVA,
post-hoc between-groups comparisons were undertakeg the least significant
difference (LSD) method
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Linear regression analysis was carried out usingste seek predictors of infarct growth,
penumbral salvage and final infarct volumes. Unataranalysis included age,
hypertension, Hbalc, atrial fibrillation, admissigiood glucose, NIHSS score, systolic
and diastolic blood pressure, thrombolytic treatimeoclusion status and evidence of
recanalization. All variables with p<0.1 in univate analysis were entered into a forward
stepwise conditional model. Findings were confirrred backwards stepping model

beginning with all potentially predictive variables

Binary logistic regression analysis was also cdraet using SPSS to seek predictors of
recanalization and 30 day mortality. Univariatelgsia included age, admission blood
glucose, mean capillary blood glucose, atrial fidtion, HbAlc, NIHSS score, systolic
and diastolic blood pressure and thrombolytic trestt as a binary variable. All variables
with p<0.1 in univariate analysis were entered mforward stepwise conditional model.
Findings were confirmed in a backwards steppingehbdginning with all potentially

predictive variables
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7.3 Results

7.3.1 Population in subgroup analysis

108 stroke
patients

|

104 with good quality CT
Perfusion imaging

4 CTP unusable

\ 4 \ 4 \ 4

17 Euglycaemic 56 Admission 31 late
at all times Hyperglycaemia Hyperglycaemia

Figure 30 — Recruitment flowchart for patients with good quality CTP imaging

In 4 patients, CT perfusion imaging could not becpssed due to movement artefact or
other technical problems, leaving 104 patients veithhaemic stroke and analysable CT
perfusion imaging. These patients were divided hsubgroups based on glycaemic
status. Fifty six patients had admission hypemgtyia, 31 subsequently developed
hyperglycemia and 17 were normoglycemic at all sme
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ng data for patients with CTP imaging

Group (n)

Male Gender (n/%)
Age % SD (mean/years)
Admission blood glucose + SD (Mean

mmol/L)
Mean capillary glucose + SD (Mean,

mmol/L)
HbA1c  SD (Mean)

Admission NIHSS (Median/IQR)
Admission Blood pressure + SD

(mmHg)
Diabetes (n/%)

Impaired glucose tolerance (n/%)
Thrombolytic treatment (n/%)
Occlusion on imaging (n/%)

Recanalization on imaging (n/%)

Supra-aortic large artery

atherosclerosis (n/%)
Cardio-aortic embolism (n/%)

Small artery occlusion (n/%)
Other causes (n/%)

Undetermined causes (n/%)

CT Perfusion Core volume (Meant

SD, ml)
CT Perfusion Penumbra volume

(Meanz SD, ml)
Total Perfusion Lesion Volume £ SD

(Mean, ml)
Co-registered 24-48h infarct volume =

sb (Mean, ml)
24-48h Infarct Volume + SD (Mean,

ml)
Infarct Growth + SD (Mean, ml)
Penumbral salvage + SD (Mean, ml)

Rankin 0-1 Day 30 (n/%)
Rankin 2-5 Day 30 (n/%)
Rankin 6 Day 30 (n/%)

All
patients

(104)
63 (60.6)

69.53
7.47 £33

6.75+1.6

59+1.1
9 (5-18)
151/78

19 (18.3)
19 (18.3)
73 (70.2)
67 (64.4)
37/67

(55)
28 (27)

26 (25)
9(8.7)
5 (4.8)
36 (34.6)
18.9 +

25.6
23+24.4

419+

45.3
419+

55.7
78.2

97.1
23.6+
0+41.8

17 (16.3)
75 (72.1)
12 (11.5)

None(17)

10 (59)
6214 *
5.82 0.6 *

5.4+0.59 *

5.4 0.5 *
11 (4-17)
152/78

+21/12
0

0
10 (59)
10 (58.8)
4/10(40)

4(23.5)

4(23.5)
2(11.8)
2 (11.8)
5(29.4)
20.2+19.5

25.9+26.5

46.1+40

33.5+£39.8

56 £ 66.5

14.6 £21.7
12.6 £32

5 (29.4)
11 (64.7)
1(6)

Hyperglycaemia

Admission

(56)
32(57.2)

70.5+10.5*
8.79 £3 .98 *

* %k

7.47 £1.66 *

* %k

6.2 1.4 % **
9.5 (6-19)
148/77 +

26/18
18 (32.1)

17 (30.4)
42 (75)
38 (67.9)
23/38 (60.5)

16 (29)

15 (26.8)
4(7.1)
3(5.4)

18 (32.1)

21.3+29.3

22.2+234

43.6 +48.4

51.9+63.2

85.3+11.7

31.1+46.1
-8.4 +48

8 (14.3)
40 (71.4)
8 (14.3)

Late (31)

21(68)
71.8 +10.5
6.05 + 0.67

* %k

6.17 +1.29

* %k

5.7 £0.7 **
8 (5-15)
155/80 +

21/10
1(3.2)

2 (6.5)
21(67.7)
19 (61.3)
10/19 (53)

8 (26)

7 (22.6)
3(9.7)
0
13 (42)
13.8+20.7

22.9+255

36.6 £43.1

28.5+45.6

443 +£76.9

14.7 £ 28.5
8.2+29.9

4(12.9)
24 (77.4)
3(9.7)

p=0.01
p<0.001

p<0.001

p=0.016
p=0.659
p=0.801

p<0.001

p=0.415
p=0.644
p=0.4

p=0.797

p=0.409

p=0.868

p=0.730

p=0.135

p=0.144

p=0.1

p=0.083
p=0.504

Using LSD analysis there was a significant difference between the following groups - *AHG vs. EG, ** AHG

vs. LHG, *** EG vs. LHG
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7.3.2 Baseline demographics

As seen in the entire study population, euglycagratents were significantly younger

than hyperglycaemic patients (p=0.01) in the CTiR*guoup.

Unsurprisingly the admission blood glucose leve$ wanificantly different between
groups (p<0.001). Prior glycaemic status as ddftmeglycosylated haemoglobin was
also significantly different between groups (p=@QI'here were also significantly more
patients in the admission hyperglycaemia group hdwba pre-existing diagnosis of

diabetes mellitus or impaired glucose toleranceteehdmission.

There were no significant differences in causetke between groups. (p=0.797)

There was no difference in baseline stroke sevastgssessed by NIHSS score (p=0.659).
Similar proportions of patients had angiographilemce of occlusion between the groups

(P=0.644) and similar proportions received thrormgboltreatment (p=0.415)

7.3.3 Occlusion counts

Overall 64% of patients had an occlusion on CTAirty-five patients had M1 occlusions
while 18 had M2 occlusion. Fifteen had an intra@bICA occlusion while 13 had
extracranial ICA occlusions. Twenty patients (19%j tandem occlusions (2 or more
sites of occlusion). There were no significantetgnces in occlusion counts between

glycaemic groups More details are available inl@ah2.
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Table 7-2 Site of occlusion

Occlusion = Overall Hyperglycaemia
(n/%)
None (n/%) = Admission (n/%) Late (n/%)
M1 35 (32) 6 (35) 18 (31) 11 (34) p=0.897
M2 18 (17) 2(12) 12 (20) 4(12.5) p=0.531
M3 7 (6.5) 1(6) 3 (5) 3(9) p=0.725
Extracranial 13 (12) 3(18) 6 (10) 4 (12.5) p=0.703
ICA
Intracranial | 15 (14) 3(18) 7 (12) 5(16) p=0.785
ICA
Vertebral 1(0.9) 1(6) 0 0 p=0.067
PCA 7 (6) 0 4(7) 2 (6) p=0.549
Tandem 20 (19) 3(18) 9 (15) 8 (25) p=0.518
occlusion

7.3.4 Infarct growth

There were no significant differences in baselifé@ore or penumbra volumes. There
were no significant differences in follow-up infax®lumes between groups. However,
despite the lack of statistical significance, measregistered follow-up infarct volumes
and mean total follow-up infarct volumes were langethe group with admission
hyperglycaemia. The admission hyperglycaemia gedsip appeared to have greater
infarct progression than the other groups. | h#lustrated the distribution of infarct

growth and 24-48 hour infarct volumes as box p(Btgures 7.3 and 7.4).

The difference between the mean infarct growtthenadmission hyperglycaemia group
and the late hyperglycaemia group was just nonHgignt, with p=0.058 in post-hoc
analysis.
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Figure 31 — Scatter plot of outcome infarct volume against mean glucose level
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Figure 32 - Natural log of 24-48 hour infarct volum e in glycaemic groups
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Figure 33 - Infarct growth in glycaemic groups
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Figure 34 - Infarct growth in relation to admission NIHSS

In linear regression, admission NIHSS (p<0.001,108, 95% CI1 0.86 to 2.76),

admission blood glucose (p=0.030, OR 2.493, 95%.23 to 4.74) and systolic blood
pressure (p=0.066, OR 0.268, 95% CI -0.18 to Oui5® predictive of infarct growth. R
squared was 0.234. Variables excluded in the fahaad backward regressions included
thrombolysis, Hbalc, diastolic blood pressure, gmes or absence of occlusion. When the
model was repeated, substituting mean capillargdijlucose (MCBG) for admission

blood glucose (ABG) R squared was 0.378. This miodiided admission NIHSS
(p<0.001, OR 2.08, 95% CI 1.34 to 2.81), mean bigladose (p=0.007, OR 5.17, 95% ClI
1.43 to 8.9) and admission systolic blood pres§u+€.004, OR 0.31, 95% CI1 0.11 to

0.57). Age was forced into this model to correctidaseline imbalances.

Table 7-3 Coefficients in backwards regression for Infarct growth

Variable P value Odds ratio| 95% Confidence interva

Admission NIHSS <0.001 2.02 1.29-2.75

Admission Systolic blood pressur®.008 | 0.3 0.08 - 0.53

Mean capillary blood glucose | 0.009 5.06 1.3-8.81
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7.3.5 Infarct growth in patients with initial core volumes of more than
10 ml

To look at infarct growth as a percentage we retstli the analysis to patients with a
baseline core volume of 10ml or greater to redbearifluence of measurement error.
When intra-observer reliability is assessed repkateasurements are often less consistent
on smaller volumes. The baseline demographicatames for this subset are shown in
table 7.4.

In this selected subpopulation of patients withedesions of 10ml or larger on perfusion
imaging there were significant differences in agd glucose levels (admission and mean)
as seen in the cohort as a whole. A high propoudidhese patients had an occlusion on
imaging (94%) with 100% of the admission hyperggm&a patients having an occlusion
compared to 91% of the late hyperglycaemia patients83% of the normoglycaemia
patients (p=0.09). Core lesions were smaller eértbrmoglycaemia group but not

significantly so.
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Table 7-4 - Baseline demographics, imaging outcomes and clinical outcomes for patients

with initial core volumes of more than 10ml

Group (n) All Hyperglycaemia
patients None (12) Admission Late (11)
(52) (29)
Male Gender (n/%) 28 (53.8) 10 (59) 32(57.2) 21(68)
Age t SD (mean/years) 70+£12.3 62.6 +14.9 * 73+10.6 * 70.1+£11 *** | p=0.044
%k k
Admission blood glucose * 7.54 £ 6.02+0.5* 8.81+ 4.55% 594+ 0.88** | p=0.02
SD (Mean mmol/L) 3.68 *x
Mean capillary glucose + 6.59+1.4 5.3+0.53 * 7.27+1.47 * 6.2 £0.66 ** p<0.001
SD (Mean, mmol/L) o
HbA1c  SD (Mean) 5.9+1.2 55+0.5* 6.3+1.6* ** 5.6+0.4 ** p=0
Admission NIHSS 16 (10-19) 13.5 (11- 18 (11.5-19.5) 11 (9-20) p=0.271
(Median/IQR) 18.75)
Admission Blood pressure 149/24 + 157/83+21/10 147/75 + 144/79 +22/10 p=0.408
+ SD (mmHg) 3/2 29/19
Thrombolytic treatment 45 (86.5) 9 (75) 27 (93.1) 9(81.8) p=0.265
(n/%)
Occlusion on imaging 49 (94.2) 10 (83) 29 (100) 10 (91) p=0.099
(n/%)
Recanalization on imaging 26/49 4/10 (40) 18/29 (62.1) 4/10 (40) p=0.147
(n/%) (53.1)
CT Perfusion Core volume 36.2126.6 28.6+17 39.8 £30.9 34.9+22.5 p=0.477
(Meant SD, ml)
CT Perfusion Penumbra 40.3 = 36.6+24.3 39.2 £20.6 47.3+25.1 p=0.484
volume (Meanz SD, ml) 22.3
Total Perfusion Lesion 76.5 + 65.3+31 78.9 £43.1 82.2+40.4 p=0.533
Volume + SD (Mean, ml) 39.9
Co-registered 24-48h 719+ 47.5+39.8 83.4 £ 68.5 68.3+57.4 p=0.233
infarct volume + sp (Mean, 61.5
ml)
24-48h Infarct Volume * 113.5+ 79.4 +66.4 135.7+129.4 92.4+95.3 p=0.273
SD (Mean, ml) 112.1
Infarct Growth + SD 36.8+ 21 +£23.3 44.6 £53.2 33.3+£40.5 p=0.314
(Mean. ml) 45.7
Infarct growth as --10.5+ 32.2 £27 -0.3+134 -83.9 +£418 p=0.408
percentage of core (%) 214
Penumbral salvage + SD 2+51 17.8+37 -4.4 + 60 14+ 46 p=0.386
(Mean, ml)
Rankin 0-1 Day 30 (n/%) 6 (11.5) 2 (16.7) 3(10.3) 1(9.1)
Rankin 2-5 Day 30 (n/%) 35 (67.3) 9 (75) 18 (62.1) 8(72.3)
Rankin 6 Day 30 (n/%) 11 (21.2) 1(8.3) 8 (27.6) 2(18.3) 0=0.70

Using LSD analysis there was a significant difference between the following groups - *AHG vs. EG,

** AHG vs. LHG, *** EG vs. LHG.
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Outcome infarct volumes were on average smalldr@mormoglycaemia group than the
other groups (79.4ml vs. 135.7ml and 92.4ml, p=B)27There was a non-significant trend
for patients in the normoglycaemia group to hawgaer percentage of infarct growth.
Logarithmic transformation did not make this redaghip significant.
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Figure 35 - Infarct growth in patients with an init  ial perfusion core volume of >10ml

| also looked for a relationship between mean tapiblood glucose and transformed
infarct growth as illustrated below (Figure 36).
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Figure 36 - Relationship between mean capillary blo  od glucose and transformed infarct

growth in patients with baseline core perfusion les ion >10ml

There was a trend towards a difference in mearsfitamed infarct growth although this
was not significant (p=0.16).

7.3.6 Penumbral salvage

As illustrated in the bar chart in Figure 37 themwss a tendency for less penumbra to be

salvaged in the admission hyperglycaemia groups ffend is non-significant.
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Figure 37 - Glycaemic status and imaging findings
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Figure 38 - Scatter plot of penumbral salvage and a  dmission blood glucose

7.3.7 Recanalization

Using binary logistic regression a model contairadgission blood glucose (p=0.005, OR
1.4, 95% CI 1.1 to 1.78), thrombolytic treatment@®05, OR 5.29, 95% CI 1.66 to 16.8)
and HbA1c (p=0.017, OR 0.41, 95%CI 0.19 to 0.853 madictive of recanalization in
70.1% of cases.

Table 7-5 Variables in backward regression for pred iction of recanalization

Variable p valug Odds ratio| 95% Confidence interval
HbAlc 0.017 | 0.41 0.19 - 0.85
Thrombolysis 0.005| 5.29 1.66 - 16.8
Admission blood glucose0.005 | 1.4 1.1-1.78
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7.3.8 Clinical outcomes

There were no significant differences in clinicatames between groups based on day 30
modified Rankin scores when analysed with a 3x3&ghiared test when mRs was split

into three groups. Modified Rankin score was ddddnto 0-1, 2-5 and 6 as well as 0-2, 3-
5 and 6 but was still non-significant. The digtitibn of Rankin scores between glycaemic
groups is illustrated in Figure 39. Rankin shifabysis using Cochran-Mantel-Haenszel
statistics found no significant relationship betwegycaemic status and outcome when

corrected for age and admission NIHSS (p=0.329).

Binary logistic regression showed that mean cotame was a predictor for mortality at
30 days with an odds ratio of 2.27 (95% CIl 1.4B.87, p<0.001,) per 10 ml in a model
that also included systolic blood pressure (OR ,0089.047, 95% CI1 0.9 to 0.99). This
model had a p value of <0.001.

Table 7-6 Variables in binary logistic regression f ~ or 30 day mortality

Variable P Odds 95% Confidence
value | ratio interval

Admission systolic blood pressure 0.04f 0.95 @D9

Core perfusion lesion volume (per 10 ml | <0.001| 2.27 1.41 - 3.67

increment)

| repeated this regression in the subset of patwiih a baseline core lesion of more than
10ml. Again a 10ml incremental increase in corein® was associated with increased
risk of day 30 mortality (p=0.007, OR 1.53, 95%I1C12 to 2.09).
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7.4 Discussion

This chapter explores infarct growth in relatiorbtood glucose. The core lesion defined
on CT perfusion imaging was compared with 24-48&arct volume on co-registered non-
contrast CT slices that covered the same areaaof bs the CT perfusion scan.

Several interesting correlations were observedjhéti admission glucose and higher mean
glucose were correlated with larger follow-up imtarolumes. Higher NIHSS scores
correlated with greater infarct growth. It wasoailsteresting to note that increasing core
volume correlated with mortality while increasing®lic blood pressure was associated
with reduced mortality.

Baseline demographics in the subgroup analysedusrpbpulation were similar to those
described in Chapter 6 despite the loss of 4 pistidue to inadequate CTP imaging. As
before, significant differences were seen betwdgragmic groups for age, admission
blood glucose level and prior glycaemic statuslean capillary blood glucose was
significantly different between admission hyperglgmia group and the other groups but
not between the euglycaemic group and the lateetgyycaemic group. Other baseline

clinical variables did not differ significantly axss groups.

No significant difference in infarct growth betwegmoups was seen although there was
certainly a trend towards increased infarct gromvtpatients with admission
hyperglycaemia when compared to the other grougow up infarct volumes also trend
towards being larger in patients with higher melaicgse levels. This trend was
consistent when analysis was restricted to patigittsa baseline core lesion volume of

more than 10ml.

Overall penumbral salvage was not significantlyedént between groups (p=0.075).
However, there was a trend towards less penumahage in the admission
hyperglycaemia group (AHG) compared to the lateehglycaemia group and the
normoglycaemia group (mean volume salvaged -8.4mipared to 8.2ml and 12.6ml,
post hoc p-values 0.076 and 0.07). Expressed atuabslifference in volume between
baseline and 24-48h scans, infarct growth wasetaggreat in the AHG group compared
to the LHG group, (mean AHG growth 31.1ml vs. me&is growth 14.7ml) but was just
non-significant (p=0.058).
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Interestingly in the group of patients with a basekore perfusion lesion of more than
10ml the highest percentage of infarct growth wesensn the normoglycaemia group

(32.2%) whilst the lowest percentage was seendnate hyperglycaemia group (-89.3%).

There is a definite trend towards patients with sdman hyperglycaemia having larger
final infarcts with greater infarct growth despsienilar baseline core volumes despite the
lack of clearly significant results. Future studshould reproduce this result in a larger

population to confirm a difference between thesrigs.

Both admission blood glucose and mean capillargdlglucose were correlated with 24-
48h infarct volume. A higher admission NIHSS wasaziated with greater infarct growth
while increased systolic blood pressure was aswatigith reduced infarct growth.
Admission blood glucose, HbAlc and thrombolyticréipy were predictors of

recanalization.

Admission hyperglycaemia was associated with redlpemumbral salvage although this
finding should be confirmed in other studies. Layperglycaemia does not appear to be as
damaging. The patients with late hyperglycaemia Wwéd baseline core volumes of more
than 10ml had the lowest percentage of infarct ¢gimovirhe late rise in glucose levels

could be an artefact of a patient recovering frostrake and returning to a normal diet.
Certainly hyperglycaemia developing only after @tsodoes not appear to have adversely

affected the evolution of brain ischaemia in thestents.

Despite looking at outcome Rankin scores with déife iterations and methods no
significant correlation between glycaemic group arfels was seen. The highest
proportion of patients died in the admission hyper@emia group while the smallest

proportion died in the normoglycaemia group.

Mortality was predicted by increasing core perfasiolume. The predictive value of
perfusion core lesions has been described baf6r&® It is interesting to note that
increasing admission systolic blood pressure wesaated with reduced mortality. It is
unclear why this may be although one could hypatleeahat this may be a healthy
physiological response where the brain is tryinmtwease cerebral blood flow to salvage
penumbral tissue. It is also possible that patienth higher blood pressure will distribute

rt-PA to a clot more efficiently.
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Core volumes were not significantly different beéneglycaemic groups although when
the analysis was restricted to baseline core vaduohdOml or greater a trend emerged for
the patients with admission hyperglycaemia to Haxkger core lesions. Repeated binary
regression analysis in this population demonstrétedelationship between increasing
core volume and risk of death.

Parsons and colleagtdé$performed acute MRI in 40 patients at a media#.5fhours

after stroke onset, a similar time point to thdéepas included in this study? and also
reported a correlation between acute (admissiop¢tglycaemia (glucose measured
within 1h of MRI) and reduced penumbral salvag&ststent with our observations using
different imaging methodology. While we also fougr@ater final infarct size among those
with admission hyperglycaemia, this was not stiafliy significant, and may reflect a
more heterogeneous population. Our larger pomuiaample had a lower median NIHSS
with a wider intra-quartile range. The mean agewfpopulation was lower at 69 (vs. 73)
and we had a larger intra-quartile age range (64s784-78). Many factors may make

our population different from the population in thestralian paper.

.The observation that hyperglycaemia is associttdincreased transformation of
penumbra into core has been made several fifhé8? ?°Certainly the EPITHET
investigators felt that the beneficial effects BPA were attenuated in diabef8%. The
results in this chapter do support the theory iyaerglycaemia may increase infarct
growth in many patients. They additionally sugdkat not all hyperglycaemia is bad and
that some patterns of hyperglycaemia may be bibider others.

In the population studied in this chapter recaadian was predicted by a model including
admission blood glucose, thrombolytic treatment ldbé1c. Recanalization will be

looked at in more detail in Chapter 8 and Chapter 9
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8 Infarct growth in the context of arterial patency
and glycaemic status

8.1 Introduction

The harmful effects of post stroke hyperglycemig @ restricted to specific groups of
patients, defined by pathophysiological procesEematment to lower glucose may be
unnecessary or even harmful in patients who dshate these features.

One important pathophysiological variable is thesgnce or absence of arterial occlusion.
Patients with an arterial occlusion have worse @ugs than those who do not. A
persistent arterial occlusion is associated withreooutcomes while recanalization

generally confers a better prognosis.

A recent clinical trial of insulin treatment for ASeported divergent effects of treatment
dependent on arterial patency, being associatddgmetater infarct expansion in patients
with persistent occlusion, but less expansion filanebo in those with recanalizativi.
The Insulinfarct study with compared a subcutanéoesigin treatment regime with an
intensive insulin infusion regime found that thermmtensive insulin regime was
associated with greater infarct growth in patievith arterial occlusiong®? It appears
therefore that early and late PSH may differ inrthauses and pathophysiological
significance, and that individual brain tissue \arbbility and vessel status further

influence the effects of PSH.

In this section of the study we aimed to defineittteraction of early and delayed

hyperglycaemia with arterial patency and brain y&dn in acute stroke patients.

8.2 Methods

As detailed previously all patients underwent Ctie# €TA on admission, in addition to
routine CT. Plain CT and CTA (limited to Intracrahvessels) were repeated at 24-48h to
establish final infarct volume and arterial patefgrsistent occlusion or recanalization).
Angiographic imaging was only repeated if there easlence of an occlusion on the

initial scan.
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8.2.1 Image analysis

The analysis of the CTP scans and the plain CTsseas performed as detailed in the
previous chapter. The admission and follow-up seagre again read by two observers
(NM and XH) who looked for presence or absencendadirderial occlusion on the
admission scan and for evidence of recanalizatighe follow-up imaging. If there was
any disparity between observers a final decisios made by an experienced stroke

neurologist who could also make reference to nagliotogy reports (KM).

8.2.2 Analysis of infarct growth

Infarct growth was defined as the difference betwawme perfusion volume lesion and
final co-registered infarct volume. Patients weirgded into groups based on glycaemic
status as described in the previous chapters. elgresips were further subdivided by

presence or absence of arterial occlusion andliigacanalization status.

8.2.3 Statistical analysis

Differences between groups were analysed using AN@V scale variables and chi
squared for categorical variables. If a significadifference between groups was
discovered using ANOVA it was further analysed gdime least significant difference
method.

Linear regression analysis was carried out usingsSt® seek predictors of infarct growth,
penumbral salvage and final infarct volumes. Unataranalysis included age,
hypertension, Hbalc, atrial fibrillation, admissigiood glucose, mean capillary blood
glucose, NIHSS score, systolic and diastolic blpoebsure, thrombolytic treatment,
occlusion status and evidence of recanalizatiohvaiables with p<0.1 in univariate
analysis were entered into a forward stepwise ¢mmdl model. Findings were confirmed

in a backwards stepping model beginning with ateptally predictive variables.

8.3 Results
8.3.1 Patients

104 patients had ischaemic strokes with analysablgerfusion imaging. These patients

were divided into 3 subgroups based on glycaeraitist
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8.3.2 Patients with occlusions

Sixty seven patients had angiographic evidencetefial occlusion while 37 patients had
no evidence of occlusion. Of the patients withlesions 38 (56.7%) were
hyperglycaemic on admission, 19 (28.4%) subsequéettame hyperglycaemic and 10
(14.9%) were euglycaemic at all times.

108 stroke
patients

|

104 with good quality CT
Perfusion imaging

4 CTP unusable

\ 4 \ 4 A 4

17 Euglycaemic 56 Admission 31 late

at all times Hyperglycaemia Hyperglycaemia

\ 4 A\ 4 Y A 4 \ 4 A 4

10 7 No 38 18 No 19 12 No
occlusion occlusion occlusion occlusion occlusion occlusion

Figure 40 - Flowchart for occlusion status



Table 8-1 Baseline demographics, clinical outcomes

and imaging data for patients with
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occlusions
Group (n) All (67) Hyperglycaemia
None (10) Admission (38) Late (19)
Male Gender (n/%) 40 (59.7.) 5 (50) 23 (60.5) 12(63.2)
Age 1 SD (mean/years) 71+£11.1 629+ 16.4 71.7 £10.5 * 73.8+6.7 p=0.032
%k kkk %k k k
Admission blood glucose + SD 7.52 + 5.99 +0.55 8.76 £ 4.05 * ** 5.93+0.81 p=0.002
(Mean mmol/L) 3.36 * *x
Mean capillary blood glucose+ = 6.6+1.29 5.23 +0.55 7.16 £1.33 * ** 6.22 +0.69 p<0.001
SD (Mean, mmol/L) *okkk *E Kk
HbA1c £ SD (Mean) 586t1.1 5.51+£0.58 6.1+£1.4 5.61£0.44 p=0.167
Admission NIHSS (Median/IQR) = 15 (8-19) 15 (11-20) 15.5 (8-19) 10 (8-18) p=0.646
Admission Blood pressure + SD 150/78 + 156/85 + 150/76 + 26/18 148/79 + p=0.721
(mmHg) 23/15 23/9 19/10
Diabetes (n/%) 9 (13.4) 0 9(23.7) 0 p=0.022
Impaired glucose tolerance 10 (14.9) 0 9(23.7) 1(5.3) p=0.092
(n/%)
Thrombolytic treatment (n/%) 56 (83.6) 8 (80) 35 (92.1) 13(68.4) p=0.076
Supra-aortic large artery 22 (32.8) 3(30) 11 (28.9) 8(25.8)
atherosclerosis (n/%)
Cardio-aortic embolism (n/%) 24 (35.8) 4 (40) 13 (34.2) 7 (22.6)
Small artery occlusion (n/%) 3(4.5) 0 0 3(9.7)
Other causes (n/%) 4 (6) 1(10) 3(7.9) 0
=0.795
Undetermined causes (n/%) 26(38.9) 2 (20) 11 (28.9) 13 (42) 4
Recanalization (n/%) 37 (55.2) 4 (40) 23 (60.5) 10 (52.6) p=0.488
CT Perfusion Core volume *SD 26.9 +27 27.9+16.4 31+31.3 18.2+20.4 p=0.242
(Mean, ml)
CT Perfusion Penumbra volume = 33 +234 349+22.7 32+225 339+26.6 p=0.925
1SD (Mean, ml)
Total Perfusion Lesion Volume 60 +43.8 62.8 £ 25 63 +47.5 52.1+445 p=0.664
+SD (Mean, ml)
Co-registered 24-48h infarct 55.54 + 33.5+£40.9 69.2 + 65.8 ** 33.4+40** = p=0.073
volume * SD (Mean. ml) 57.9
24-48h Infarct Volume +SD 89.3 56 + 69.9 115+ 120.6 ** 43.1 £ 55 ** p=0.041
(Mean, ml) 103.2
Infarct Growth + SD (Mean, ml) 29.4 + 14.6 +14.8 39 +48.5 ** 15.2+24.4 p=0.088
41.1 *k
Penumbral salvage + SD (Mean, = 4.4 £46.5 17.3+40.6 -6.2 +53.6 18.7+25.4 p=0.103
ml)
Rankin 0-1 Day 30 (n/%) 9 (13.4) 2(20) 5(13.2) 2(10.5)
Rankin 2-5 Day 30 (n/%) 46 (68.7) 7(70) 25 (65.8) 14 (73.7)
Rankin 6 Day 30 (n/%) 12 (17.9) 1(10) 8(21.1) 3 (15.8) p=0.80

Using LSD analysis there was a significant difference between the following groups - *AHG vs. EG,

** AHG vs. LHG, *** EG vs. LHG.
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8.3.3 Infarct growth in patients with occlusions

There was a significant difference in 24-48h infaxmume (p= 0.041) that was most
pronounced, in post hoc analysis, between patightswere hyperglycaemic on

admission and those who became hyperglycemicateatime (p=0.039).
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Error bars: 95% CI

Figure 41 - 24-48h total infarct volume in patients  with occlusions subdivided by glycaemic
status and recanalization
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Error bars: 95% CI

Figure 42 - Infarct growth in patients with arteria | occlusions divided by glycaemic status

and recanalization

There was no significant difference in recanalmatiates between groups (p=0.488) and

clinical outcomes were similar. Overall 55.2% afipnts recanalized.

Using the Pearson method significant correlatioasavfound between mean capillary
blood glucose and infarct growth (p=0.001), costgyied infarct volume (p<0.001), total
24-48h infarct volume (p<0.001) and penumbral sgvign=0.006).
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Figure 43 - Mean capillary blood glucose and infarc  t growth in patients with arterial

occlusions
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Figure 44 - Co-registered 24-48h infarct volume and  mean glucose in patients with

occlusions
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Figure 45 - Total 24-48h infarct volume and mean gl ucose in patients with occlusions
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Figure 46 - Scatter plot of penumbral salvage and m  ean glucose in patients with occlusions

Linear regression for infarct growth suggested aehcontaining admission NIHSS score
(p=0.003, OR 1.95, 95%CI 0.699 to 3.22), mean tapiblood glucose (p=0.003, OR
10.6, 95%CI 3.8 to 17.3) and admission systoliodlpressure (p=0.062, OR 0.36, 95%CI
-0.02 to 0.73). This model had an R squared &d9.3
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Recanalisation
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Figure 47 - Scatterplot of admission NIHSS against  infarct growth in patients with

occlusions

For penumbral salvage linear regression showedhtkan capillary blood glucose was
inversely associated with tissue salvage with afsadtio of 11.6 (p=0.006, 95%CI 3.5 to
19.8). The model was moderately predictive withgeared=0.111. Other factors that |
tried to fit into the model were not significant.

The linear regression model for 24-48h infarct waduhad R squared=0.532 with
predictive variables including mean capillary blagdcose (p<0.001, OR 31.1, 95%CI
16.6 to 45.7), admission NIHSS score (p<0.001, CGR%%CI 3.8 to 9.2) and admission
systolic blood pressure (p=0.021, OR 0.97, 95%21®.1.8).
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Figure 48 - 24-48h infarct volume against admission NIHSS in patients with occlusions
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Figure 49 - Change in NIHSS at 24 hours in relation  to recanalization status and penumbral

salvage

A scatter plot of change in NIHSS at 24 hours (@4riNIHSS — admission NIHSS)
suggests that a fall in NIHSS at 24 hours is assediwith increased penumbral salvage.

8.3.4 Recanalization in patients with occlusions

A binary logistic regression model for recanaliaatcorrectly predicted arterial patency in
67.7% of cases with a p value of 0.049. The modetained admission blood glucose
(p=0.023, OR 1.4, 95%CI 1.05 to 1.89) and HbA1d)Xp41, OR 0.43, 95%CI 0.19 to
0.97. Thrombolytic therapy was in the model buak ot have a significant effect.
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8.3.5 Patients without occlusions

Thirty seven patients had strokes without a radjiclally documented occlusion. Eighteen
of these patients were hyperglycaemic on admisdidimecame hyperglycaemic at a later
point and 7 were consistently euglycaemic.

The euglycaemic patients had a significantly lottbalc than patients who were
hyperglycaemic on admission (p=0.029). Patients whre hyperglycaemic were more
likely to have an existing diagnosis of diabetedlitas (p=0.008) or impaired glucose
tolerance (p=0.019). The late hyperglycaemia giwagba significantly higher admission
blood pressure than the admission hyperglycemiapg(p=0.039)
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Figure 50 - Perfusion core volumes by glycaemic sta  tus in patients without occlusions

There was a non-significant trend towards patieuis normoglycaemia having larger
core volumes (mean 19.9ml) than those with admmssiperglycaemia (0.9ml) or late

hyperglycaemia (6.7ml) in the absence of an ocotu§p=0.331). See Figure 50 above.
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There were no significant differences in lesionwoés, lesion growth, stroke aetiology or
clinical outcome between glycaemic groups in taingle.

M Core Volume
1000.0 [E 24-48h Infarct Volume
[ infarct Grow th
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1.0

Mean Volume (ml)

-1.07

-10.0 -

-100.0 T T
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Normoglycaemia at all Admission Late hyperglycaemia
times hyperglycaemia

Glycaemic status

Error bars: 95% CI

Figure 51 — Mean core volume, 24-48h infarct volume  and infarct growth by glycaemic status
in patients with no occlusions

While there was no significant difference in 24-48tarct volumes the bar chart (Figure
51) comparing volumes between glycaemic groupsesitgdhat core volumes were larger
in the normoglycaemic group. A scatter plot of mghicose against outcome infarct

volume suggested a trend towards larger infardis wer blood glucose levels in
patients who do not have occlusions.
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Figure 52 - Scatterplot of mean glucose against 24-  48h infarct volume in patients without

occlusions

One way ANOVA showed that 24-48h infarct volumesenggnificantly larger in patients
with admission hyperglycaemia and an occlusiondichhot recanalize than in patients
with recanalization or patients who had no docuee@micclusion (p=0.001). Post hoc
analysis showed significant differences in infa@iume between the no recanalization
group and the no occlusion group (p<0.001) and éetvthe no recanalization group and
the recanalization group (0.035). The differencanfarct volume was not significant
between the no occlusion group and the recanaizgfioup (p=0.056). There were no
significant differences in outcome infarct voluniesed on occlusion status amongst the

euglycaemia patients or the late hyperglycaemiipist
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ng data for patients with no occlusion

Group (n) All Hyperglycaemia
patients None (7) Admission (18) Late (12)
Male Gender (n/%) 23 (62.1) 5(71.4) 9 (50) 9 (75)
Age t SD (mean/years) 66.8 + 60.7 +11.8 68 £10.4 68.7+14.4 p=0.339
Admission blood glucose + SD 7.38 5.58 +0.63 8.85+3.93 * 6.22 +2.2 ** p=0.025
(Mean mmol/L) 3.32 * ok
Mean capillary blood glucose * 721 5.64 £ 0.6* 8.14 £ 2.08* 6.11+£0.96 ** = p=0.004
SD (Mean, mmol/L) ok
HbA1c £ SD (Mean) 59+1.1 5.27 +0.38* 6.37 1.3 * 5.8 £0.96 p=0.073
Admission NIHSS 6 (4-8) 5(3-9) 6 (4-8) 5.5 (4-8) p=0.847
(Median/IQR)
Admission Blood pressure £+ SD ~ 151/78 147/69 + 143/80 + 163/81 + p=0.105
(mmHg) 25/14 20/9 25/17 ** 24/10 **
Diabetes (n/%) 10 (26.5) 0 9 (50) 1(8.3) p=0.008
Impaired glucose tolerance 9 (24.3) 0 8 (44.4) 1(8.3) p=0.019
(n/%)
Thrombolytic treatment (n/%) 17 (46) 2 (28.6) 7 (38.9) 8 (66.7) p=0.193
Supra-aortic large artery 10 1(14.3) 5(27.8) 4(33.3) p=0.525
atherosclerosis (n/%)
Cardio-aortic embolism (n/%) 26 (70.3) 2 (28.6) 2 (11.1) 0(0)
Small artery occlusion (n/%) 9 (24.3) 1(14.3) 4(22.2) 3(25)
Other causes (n/%) 2 (5.4) 2(11.8) 0 0
Undetermined causes (n/%) 15 (40.5) 3 (42.9) 7 (38.9) 5(41.7)
CT Perfusion Core volume +SD = 435+ 14 9.19+19.1 0.9+1.67 6.7+19.9 p=0.331
(Mean/ml)
CT Perfusion Penumbra 5+13.1 12.9+27.8 1.6+£2.72 54+83 p=0.150
volume + SD (Mean/ml)
Total Perfusion Lesion Volume = 9.3+25.8 22.1+46.8 25+43 12.1+ 27.5 p=0.213
+ SD (Mean/ml)
Co-registered 24-48h infarct 17.27 +42 16.31+33.7 15.44 +37.6 20.6 £54.2 p=0.948
volume ¥SD (Mean/ml)
24-48h Infarct Volume * SD 30.2 2251473 22.49 £50.6 46.2 +46.2 p=0.654
(Mean/ml) 71.6
Infarct Growth + SD (Mean/ml) 129+ 7.11+14.6 14.55 + 36.3 13.9+35.3 p=0.875
32.3
Penumbral salvage + SD -7.9 £ 30.5 5.8+13.2 -12.9+35.1 -8.5+ 29.8 p=0.395
(Mean/ml)
Rankin 0-1 Day 30 (n/%) 8(21.6) 3 (42.9) 3(16.7) 2 (16.7)
Rankin 2-5 Day 30 (n/%) 29 (78.4) 4(57.1) 15 (83.3) 10 (83.3)
Rankin 6 Day 30 (n/%) 0 0 0 0 p=0.317

Using LSD analysis there was a significant difference between the following groups - *AHG vs. EG,

** AHG vs. LHG, *** EG vs. LHG
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8.3.6 Baseline characteristics compared with occlus ion group

Patients without occlusion have lower initial NIHS&res that patients with occlusions
(p<0.001). Patients without occlusion were siguaifitly less likely (p=0.02) to have atrial
fibrillation (5/37) than patients who had occlussq23/67). No significant differences
were otherwise detected in age, mean capillarydigpocose level, admission blood

glucose, HbAlc or blood pressure using ANOVA.

8.3.7 Comparison of day 30 modified Rankin score de  pending on
occlusion status

Generally the patients with no evidence of angipigi@occlusion had better day 30
clinical outcomes than those with occlusions. €iuared testing showed that patients
without occlusion were more likely to have a dayR&hkin score of 2 or less at 30 days
(p=0.004) and less likely to be dead at 30 day§.(@36).

The distribution of 30 day Rankin scores is illagéd in Figures 53 and 54 on the

following two pages.
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8.3.8 Patients with evidence of recanalization

Thirty-seven patients had radiological evidenceschnalization. Twenty-three of these
patients were hyperglycaemic on admission, 10 bedayperglycaemic later and 4 were
consistently euglycaemic. Overall there was naisaant difference in admission blood
glucose level between these groups although inlpastinalysis a statistically significant
difference in admission blood glucose level betwe&ients who were hyperglycaemic on

admission and those who became hyperglycaemic(lat€x012).

67 occlusions and
complete imaging

\ 4 \ 4 A 4

10 Euglycaemic 38 Admission 19 late
at all times Hyperglycaemia Hyperglycaemia
A 4 A 4 A
4 CTA 23 CTA 10 CTA
recanalization recanalization recanalization

Figure 55 - Flow chart for patients who had evidenc e of recanalization

In the population as a whole there was no stadilyisignificant difference in core
perfusion volumes. Post hoc analysis did sugdestdore perfusion lesions were
significantly larger in patients who were hyperglgmic on admission with a mean
volume of 26.1ml compared to a mean volume of 10iirpatients who became

hyperglycaemic later (p=0.035).
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Figure 56 - Core perfusion volumes varies with glyc ~ aemic status and final recanalization
status

While initial analysis showed no significant diféeice between groups for co-registered
24-48h infarct volume (p=0.127) and total infarotume (p=0.072) post hoc analysis
suggested that both co-registered 24-48h infarctwe and total 24-48h infarct volume
were significantly larger in the admission hypeoglgmia group when compared with the
late hyperglycaemia group (p=0.045, p=0.024).
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Figure 57 - 24-48h infarct volumes varies with glyc  aemic status and recanalization

While there was no overall significant differenoe24-48h total infarct volume between
groups post hoc analysis suggested a significéfiereince did exist between patients with
admission hyperglycaemia and patients with lateehylycaemia (p=0.024).

There were no significant differences in clinicat@mes at 30 days between groups.
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ng data from recanalization cohort

Group (n)

Male Gender (n/%)
Age t SD (mean/years)

Admission blood glucose + SD

(Mean mmol/L)
Mean capillary blood glucose *

SD (Mean, mmol/L)
HbA1c  SD (Mean)

Admission NIHSS (Median/IQR)

Admission Blood pressure + SD

(mmHg)
Diabetes (n/%)

Impaired glucose tolerance (n/%)
Thrombolytic treatment (n/%)
Supra-aortic large artery

atherosclerosis (n/%)
Cardio-aortic embolism (n/%)

Small artery occlusion (n/%)
Other causes (n/%)
Undetermined causes (n/%)

CT Perfusion Core volume + SD

(Mean, ml)
CT Perfusion Penumbra volume £

SD (Mean, ml)
Total Perfusion Lesion Volume *

SD (Mean, ml)
Co-registered Final infarct

volume + SD (Mean, ml)
Final Infarct Volume + SD (Mean,

ml)
Infarct Growth * SD (Mean, ml)

Penumbral salvage + SD (Mean,

ml)
Rankin 0-1 Day 30 (n/%)

Rankin 2-5 Day 30 (n/%)
Rankin 6 Day 30 (n/%)

All
patients

(37)
24 (64.9)

66.84 +

11.9
7.38+

4.18
6.5+ 1.2

59+13
6 (4-8)

151/78 +

21/13
10 (27)

9 (24.3)
32 (86.4)
11

13 (35.1)
0
3(8.1)
10 (27)
4.35+

19.2
5%235

9.34+

36.4
17.27 £

43.9
30.2 £

70.3
129+

38.8
7.9+51.7

6(16.2)
27 (73)
4(10.8)

None (4)

2 (50)
58.3+18.4

% %k %k

6.3 +0.45

5.23+ 0.71

5.43+0.8
18.5 (12.75-

22)
156/91 + 29/3

0
0

4 (100)

1(25)

2 (50)
0
1(25)
0
19.1+6.8

324+31

51.5+27.4

38.2+21.2

80.2£54.9

19.1+15.5

13.3+37.2

1(25)
3 (75)
0

Hyperglycaemia

Admission

(23)
13 (56.5)

70.4+11. 7

9.25+4.98

* %

6.94 + 1.29

6.1+1.6
16 (7-19)

142/72 +

21/12
4(17.4)

4(17.4)
21(91.3)
8(34.8)

7 (30.4)
0
2(8.7)

6 (26.1)
26.1+21.7

* %
294+22.1

55.4+38.1

53.2+49.7
* %k

84.7 £79 **

28.4 +46.6

2.3+62

7 (30.4)
14 (60.8)
2(8.7)

Late (10)

9 (90)
75.8£5.3

% % %k

6.01 £0.65

* %

599+13

5.4+ 1.6
8.5 (3.5-

12.25)
149/79 +

19/10
0

1(10)
7 (70)
2 (20)

4 (40)
0
0
4 (40
10.7£11.2

% %
27.8+£26.2

38.5+36.1

19.6+25.1
* %k

25+ 25.7 **

9+18.4

18.8+25

6 (60)
2 (20)
2 (20)

p=0.41

p=0.084

p=0.007

p=0.365
p=0.743

p=0.463

p=0.236
p=0.655
p=0.266
p=0.594

p=0.103

p=0.949

p=0.482

p=0.127

p=0.072

p=0.424

p=0.695

p=0.21

Using LSD analysis there was a significant difference between the following groups - *AHG vs. EG,

** AHG vs. LHG, *** EG vs. LHG
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8.3.9 Patients with occlusions who did not recanali ze

Thirty patients had occlusions but did not recamaliFifteen of these patients were
hyperglycaemic on admission, 9 became hyperglycaaim later point and 6 were never

observed to be hyperglycaemic.

Penumbral salvage was significantly different bemvgroups in this population
(p=0.036). A significant difference in penumbralv@ge was observed in post hoc
analysis between the admission hyperglycemia aedigperglycaemia groups (p=0.016)
although there was no significant difference betwi®al infarct sizes in these groups.
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Figure 58 - Penumbral salvage varies with glycaemic status and recanalization
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and imaging data from patients who

Group (n)

Male Gender (n/%)
Age t SD (mean/years)
Admission blood glucose + SD

(Mean mmol/L)
Mean capillary blood glucose * SD

(Mean, mmol/L)
HbA1c  SD (Mean)

Admission NIHSS (Median/IQR)

Admission Blood pressure + SD

(mmHg)
Diabetes (n/%)

Impaired glucose tolerance (n/%)
Thrombolytic treatment (n/%)
Supra-aortic large artery

atherosclerosis (n/%)
Cardio-aortic embolism (n/%)

Small artery occlusion (n/%)
Other causes (n/%)
Undetermined causes (n/%)
CT Perfusion Core volume *+ SD

(Mean, ml)
CT Perfusion Penumbra volume £

SD (Mean, ml)
Total Perfusion Lesion Volume £

SD (Mean. ml)
Co-registered Final infarct volume

+SD (Mean, ml)
Final Infarct Volume + SD (Mean,

ml)
Infarct Growth * SD (Mean, ml)

Penumbral salvage + SD (Mean,

ml)
Rankin 0-1 Day 30 (n/%)

Rankin 2-5 Day 30 (n/%)
Rankin 6 Day 30 (n/%)

All patients
(30)

23 (76.6)
66.8 +10.1

7.38%+1.9

6.7+ 1.4

5.9+0.8
6 (4-8)

151/78 +

24/18
10 (33.3)

9 (30)
24 (80)
7

11 (36.6)

0

1(3.33)
11 (36.6)
4.35+33.2

5+23

9.34 £49.6

17.27 £ 69

30.2 £129.7

12.9+42.7
-0.03 +£39.5

3(10)
19 (63.3)
8 (26.6)

None (6)

3 (50)
66+ 16

5.78+0.54

*

522 +

0.49
5.56+0.5

13.5 (8.5-

18.5)
156/81 +

21/10
0

0
4(66.7)
2 (33.3)

2(33.3)

0

0

2(33.3)
33.8+18.8

36.5+18.8
70.3+22.4
50.43 +
51.7

79 +83.6

209+31
19.9 + 46*

2(33.3)
3(50)
1(16.7)

Hyperglycaemia

Admission
(15)
10 (66.7)
73.9+8.2

8.05+2.03*

* %k

751+ 1.4

6.19+ 1.1
15 (8-19)

163/82 +

30/24
4 (33.3)

5(33.3)
14 (93.3)
3(20)

6 (40)
0
1(6.7)
5(33.3)
38.7¢

36+41.7

74.7 £23.3

93.86 + 80.5

161.38 £

157.5
55.2 +48.4

-19.1+35.7 *

* %k

1(6.7)
8 (53.3)
6 (40)

Late (9)

3(33.3)
71.67+7.7

5.85+1 **

6.5+ 0.93

5.84+0.5
15 (8.5-

20.5)
147/78 +

16/11
0

0
6 (66.7)
2(22,2)

3(33.3)
0

0

4 (44.4)
26.6 £ 25

40.6 + 26.9

67.2 +50

48.7 £48.9

63.2+72

63.2+£29.2
185+27.4

* %

0
8 (88.9)
1(11.1)

p=0.282

p=0.003

p=0.001

p=0.287
p=0.575

p=0.889

p=0.91
p=0.91
p=0.275

p=1

p=0.706

p=0.894

p=0.940

p=0.216

p=0.149

p=0.096
p=0.024

p=0.363

Using LSD analysis there was a significant difference between the following groups - *AHG vs. EG,

** AHG vs. LHG, *** EG vs. LHG
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8.4 Discussion

This chapter focuses on the interaction betweenialpatency, glycaemic status and
infarct growth. The most interesting finding whfesusing on patients with angiographic
evidence of arterial occlusion is the statisticallynificant difference in final infarct
volume seen between groups (p=0.041).

As seen in the previous chapter there is a trenth@obiggest different in final infarct
volumes to be between the patients who are hypsagiynic within 6 hours of stroke onset
and those who become hyperglycaemic at a laterpimmg (p=0.041 in post hoc analysis).
Indeed on post hoc analysis statistically signiftadifferences were also seen between
these two groups for co-registered final infarduwmee (p=0.027), total final infarct volume
(p=0.013) and infarct growth (p=0.039).

It is also interesting to note that there is ndisiaally significant difference in infarct
volumes or growth between the euglycaemic groupt@dther groups. This may be due
to the low number of patients in the euglycaemaugras only 10 patients with
documented occlusions were recruited. It is péssitat data from the euglycaemic group
has been skewed by a particularly severe strokevben | review the raw data | can see
that four patients in this group had final infavolumes of 110ml or greater with initial
NIHSS scores of 16 or more suggesting that theywet outliers. These patients all had
complete glucose profiles with 12 or more capillalyod glucose measurements within 48

hours. They appear to have been truly euglycaentiicsevere strokes.

While early hyperglycaemia does appear to havegatie impact on infarct growth these
data presented in this chapter do not supportdbiemthat euglycaemia automatically
makes things better. Indeed, if anything a lage m plasma blood glucose may be a good
sign. Certainly Ntaios and colleagues found tlyaiolglycaemia (a blood glucose below
3.7mmol/L) could be associated with worse outcomesute ischaemic strok& While
there were no patients who were found to be cardigthypoglycaemic several had
documented glucose levels below 4mmol/L, at leadtthe 10 patients were documented
as being ‘nil by mouth’ at some point while 6/1@ documented as having an impaired
swallow. All 10 of the euglycaemic patients weregeribed intravenous normal saline to
maintain hydration after their stroke. The fiveigats with the worst outcomes all had

dysarthria documented in their admission NIHSSesxor
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Mean capillary blood glucose strongly correlatethvinal infarct volume and related

variables in this population of patients with a d@ented arterial occlusion.

In the group of patients with arterial occlusiomear regression was able to create a
moderately predictive model for infarct growth caintng admission NIHSS score, mean
capillary blood glucose and admission systolic blpcessure. Several factors that | would
have expected to be in this model including throlytimtreatment and final recanalization
did not fit in this model. This could be explainggmissing values for some variables,
small total sample size (N=67) and the fact thiaigh proportion of patients (83.6%)
received thrombolytic treatment. There may alsa lsenfounding factor that | have been
unable to identify. Unusually admission blood gisie was associated with recanalization
which also suggests the presence of an unidentibetbunding factor. Again, it would be
interesting to repeat this analysis in anotherdapppulation to see if the model would
remain valid and if factors such as thrombolyteatment or recanalization status would

have a more significant effect.

The model for final infarct volume had a largerdtiared. This model contained the same
factors as before, again omitting thrombolytic tneent and recanalization. A further
binary logistic regression model (p=0.049) for aggaphic recanalization in this
population was made to include thrombolytic therajtigough thrombolysis was not a
significant variable in the model (p=0.27). Thedabwhich also contained admission
blood glucose level (p=0.023) and HbAlc (p=0.04d9dme more significant (p=0.037)
when thrombolysis was removed. It is possible ¢hyataemic status interferes with the
fibrinolytic activity of rt-PA and this has beenggested by pre-clinical studié¥. Ribo

and colleagues suggested in their 2005 paper thiéd dyperglycaemia may interfere with
the fibrinolytic proces$” The presence of HbAlc as a significant factdhis regression
model may hint that chronic dysglycaemia is impatrtao. Certainly clinical studies have

suggested that plasminogen activator may be irubit Type 2 diabetes mellitd®.

Initial analysis of patients who recanalized did stvow significant differences for
anything other than admission glucose (which hashhesed to select groups anyway) and
mean capillary blood glucose. Post hoc analysigssted that core perfusion lesions, co-
registered final infarct volume and total finalanét volume were all significantly larger in
the admission hyperglycaemia group compared téateehyperglycaemia group. In this
subgroup analysis the numbers in the glycaemicrsuipg are very small (10 late

hyperglycaemia patients and 4 normoglycaemia pbdieso it is not surprising that we
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have not seen any strongly significant resultse frand suggested by the post hoc analysis

would become clearer if this study were to be reggbm a larger population

Basic outcome comparisons between the patient®utitbcclusions and the patients with
occlusions suggest that you are more likely tondtb an occlusion and less likely to have
a good recovery. The only significant baselinéedénces between the groups are the

lower incidence of atrial fibrillation and lower $gline NIHSS score in the no occlusion

group.

One interesting trend that was observed in theptsiwithout occlusions was the
tendency for normoglycaemia to be associated \atthelr core perfusion lesions and larger
follow-up infarct volumes than patients who wergérglycaemic on admission or at a
later point. This could be in keeping with the ebstions of Uyttenboogaart and
colleagues found a dichotomous relationship betvigperglycemia and clinical outcome
when lacunar strokes were compared to non-lacuraies?®® Data from 168 lacunar
stroke patients and 1207 non-lacunar patients axagable. In their analysis
hyperglycemia (defined as a blood glucose above @mjnwvas associated with a lower
chance of a good outcome (mRs<2) at 3 months iAammar stroke (OR for good
outcome 0.60; 95% CI1 0.41-0.88, p=0.009). Howavéacunar patients hyperglycemia
was associated with a good outcome (OR 2.70, 95%Q1}+ 7.13, p=0.048).

Finally, when looking at the patients who did netanalize we see a statistically
significant difference in penumbral salvage betwgeups (p=0.024) with post hoc
analysis suggesting that this difference is magtitant between the admission

hyperglycaemia group and the late hyperglycaenoam(p=0.016).

These results, as a whole, suggest that in thepcesof arterial occlusion admission
hyperglycaemia reduces penumbral survival and asae final infarct volume. The
interesting new finding is the suggestion that latperglycaemia after 6 hours may be

associated with better imaging outcomes and imgt@enumbral survival.

Arterial patency appears to be a key determinatitefnteraction between the ischaemic
penumbra and blood glucose. The presence of dnsome makes admission
hyperglycaemia harmful although later hyperglycaemay be beneficial. The absence of
an occlusion may be associated with a beneficfatefrom admission hyperglycaemia.
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Taken in the context of the results of the SELESTtAal,>>* the INSULINFARCT

trial,*®> my reassessment of the animal evidence in chapteand the systematic review

of the clinical trials of insulin for post strokggerglycemia presented in chapter 4 there is
at present little justification for further humarats of insulin treatment for post-stroke
hyperglycaemia after the initial 6 hour window. yAmials of insulin for PSH within 6

hours of stroke onset should also be consideredozefully. Larger scale studies
examining the pathophysiology of post stroke hypyeagemia and its interaction with

brain arterial may be of more value in the firgtance
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9 Interaction between post stroke hyperglycaemia
and brain arterial patency in more homogenous
subpopulations - M1 occlusions only

9.1 Introduction

Heterogeneity of patients with stroke may obscuméobically relevant interactions due to
dilution of the sample. Effects may be evident mhare homogeneous patient population
can be identified. In previous studies an effeategtinalization on final infarct volume
was only seen in a subgroup analysis looking abktlusions’’® It has certainly been
suggested that neuroprotective stroke trials mag lfeled due to heterogeneous
populations of patients (among other issi&%pathophysiological mechanisms may be
obscured in a highly heterogeneous population artkis exploratory chapter | have tried

to focus on a more uniform patient group.

The EPITHET study showed that the site of arterca@lusion strongly predicts outcome in
treatment with intravenous thrombolya? In this study ICA occlusions were seen to be
associated with poor outcomes while MCA obstrudiaere associated with better
outcomes. A recent pilot study comparing teneetsphnd alteplase for the treatment of
acute ischaemic stroke had pre-determined stringeading inclusion criteria based on
site of occlusiori® An earlier pilot study found that differences icctusion sites between

treatment groups prevented accurate comparisdredfio drugs®

In order to explore the potential interaction ofigand delayed hyperglycaemia with
arterial patency and brain perfusion further, #malysis was restricted to those patients
with acute occlusion of the proximal segment ofrtfiddle cerebral artery (an M1
occlusion). This group represents a more homogengopulation with respect to the
expected volumes of ischaemia, clinical severggponse to IV rtPA treatment, and

outcomes.
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9.2 Methods
9.2.1 Image analysis

Analysis of CTP and plain CT was performed as tkxtan the previous chapter.
Admission and follow-up scans were again read lydtservers (NM and XH) for
presence of an arterial occlusion on the admisstan and for recanalization on follow-up
imaging. If there was any disparity between obsera final decision was made by an
experienced stroke neurologist who could also nmafexence to neuroradiology reports
(KM).

9.2.2 Case selection

In this chapter all analysis was carried out ongpds$ with CTA confirmed M1 occlusion.
Initially it looks at all patients with M1 occlugie before comparing patients with pure M1
occlusions against patients with tandem occlus{displus another arterial occlusion).
Finally it focuses on the pure M1 occlusions.

9.2.3 Analysis

Infarct growth was defined as the difference betwawme perfusion volume lesion and
final co-registered infarct volume. Patients weireded into groups based on glycaemic
status as described in the previous chapters.

9.2.4 Statistical analysis

Differences between groups were analysed using AN@V scale variables and
Pearson’s chi squared for categorical variablés. slgnificant difference between groups
was discovered using ANOVA it was further analyasiohg the least significant difference

method.

Linear regression analysis and binary logistic esgion analysis were carried out as in
previous chapters to seek predictors of infarctwging final infarct volumes and

recanalization.
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9.3 Results
9.3.1 Patient characteristics

Thirty three patients had CT angiographic evidesfcan M1 occlusion on baseline CTA.

5 non-strokes excluded
113 » 4 Migraine
Consented 1 Peripheral Nerve Palsy
; 4 CTP unusable
33 M1 occlusions and 37 No occlusion
complete imaging 38 Other site of occlusion
Y
v A 4 v
6 Euglycaemic at 17 Admission 10 late
all times Hyperglycaemia Hyperglycaemia

Figure 59 — Recruitment flowchart for patients with an M1 occlusion

Seventeen of these patients were hyperglycaemaclorission, 10 became
hyperglycaemic at a later point in the admissioth @nvere euglycaemic at all times.

Tandem occlusions were present in 16 patients.

In post hoc analysis there was a significant d#fifee in penumbral volume between the
patients who were euglycaemic at all times andytbep who became hyperglycemic at a
later point. The mean penumbral volume was sigguifily larger in the late hyperglycemia

group compared to the euglycaemic group.
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There was no significant difference in recanal@atiates between groups (p=0.447) and
clinical outcomes were not significantly differaaithough a larger proportion of patients
died in the hyperglycaemic groups compared to tmsistently euglycaemic group.

Overall 55% of patients recanalized while 85% reegithrombolytic treatment.

There was no significant difference in clinical cune as graded with the modified

Rankin scale at 30 day follow-up.

The data from these patients are summarized ireTalfl
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Group (n)

Male Gender (n/%)
Age t SD (mean/years)

Admission blood glucose + SD

(Mean mmol/L)
Mean capillary blood glucose *
SD (Mean, mmol/L)
HbA1c + SD (Mean)

Admission NIHSS (Median/IQR)

Admission Blood pressure + SD
(mmHg)

Diabetes (n/%)
Impaired glucose tolerance (n/%)
Thrombolytic treatment (n/%)
Supra-aortic large artery
atherosclerosis (n/%)
Cardio-aortic embolism (n/%)
Small artery occlusion (n/%)
Other causes (n/%)
Undetermined causes (n/%)
Recanalization (n/%)
Tandem occlusions (n/%)
Internal ICA occlusion (n/%)
External ICA occlusion (n/%)
CT Perfusion Core volume + SD

(Mean, ml)
CT Perfusion Penumbra volume ¢

SD (Mean, ml)
Total Perfusion Lesion Volume *

SD (Mean, ml)
Co-registered Final infarct

volume + SD (Mean, ml)
Final Infarct Volume + SD (Mean,

ml)
Infarct Growth * SD (Mean, ml)

Penumbral salvage + SD (Mean,

ml)
Rankin 0-1 Day 30 (n/%)
Rankin 2-5 Day 30 (n/%)
Rankin 6 Day 30 (n/%)

All patients
(33)

15 (45.4.)
715+

7.28+11.8

6.57 £1.31

5.7+0.8
15 (8-19)

150/78 +
26/17
3(9.1)
3(9.1)

28 (84.8)

10 (30.3)

15 (45.4)
0
0
8(24.2)
18 (54.5)
16 (48.5)
12 (36.4)
9(23.3)
41.1%30.2

42.1+22.4

83.2+41.9

77.5+67.2

118.9 +

120.8
37.2+46.6

8.8+49.6

4(12.1)
20 (60.6)
9(27.3)

Hyperglycaemia

None (6) Admission Late (10)
(17)
2(33.3) 7(41.2) 6 (60)
61.8+15.6 * 75.1+9* 71.1%

6.18£0.5 * 8.48+193* 591 +

* 0.91 **
5.3 +0.58* 7.23 +1.38% 6.21 +
%k %k 0-7**
5.6+0.7 5.9+0.9 5.44 +0.3
17 (12.5- 19 (13.5-21.5) 13.5
23.75) (9.75-
159/87 + 21/9 146/75 + 149/77 +
29/21 22/8
0 3(17.6) 0
0 3(17.6) 0
5(83.3) 15 (88.2) 8(80)
2 (33.3) 4(23.5) 4 (40)
3(50) 9 (52.9) 3 (30)
0 0 0
0 0 0
1(16.7) 4(23.5) 3 (30)
3(50) 11 (64.7) 4 (40)
4 (66) 6 (35.3) 6 (60)
3(50) 5(29.4) 4 (40)
2(33) 4 (23.5) 3 (30)
32.4+19.3 47.8+35.6 352
24.6
28.7+22.1 404+213  53+213
* %k %k %k %k k
61.1+28.8 88.1+47.3 88.1+
37.5
65.2+41.7 87 +78.1 68.7 +
62.1
114.1 + 69 135 +145.7 943+
101.6
32.8+24.8 40.9 +55.4 3354+
-4.1%37.1 1.2 £ 555 317
31.2
0 3(17.6) 1 (10)
5(83.3) 9 (52.9) 6 (60)
1(16.7) 5(29.4) 3 (30)

p=0.053
p<0.001

p=0.002

P=0.387
p=0.587

p=0.585

p=0.212

p=0.212
p=0.841

p=0.803

p=0.447
p=0.447
p=0.639
p=0.874
p=0.437
p=0.97
p=0.370
p=0.713

p=0.709

p=0.898
p=0.263

p=0.70

Using LSD analysis there was a significant difference between the following groups - *AHG vs. EG, ** AHG

vs. LHG, *** EG vs. LHG
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100.0

80.07

60.07

40.07

Penumbra Volume (ml)

20.071

T T T
Normglycemia at all times Admission hyperglycemia Late hyperglycemia

Glycaemic status

Figure 60 Boxplot of penumbral volume dependant on glycaemic status in patients with M1

occlusions

There was a non-significant trend for patients wibhmoglycaemia to have smaller
volumes of penumbral tissue than patients who katgission hyperglycaemia or late

hyperglycaemia.
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Recanalization
100.0

O No Recanalization
O Recanalization
~~~ No Recanalization
~~ Recanalization

No Recanalization: R? Linear =
0.191
Recanalization: R? Linear =
0.113

50.07

Penumbral Salvage (ml)
?

-50.071

-100.0

T T T T T
4.00 6.00 8.00 10.00 12.00

Mean Glucose (mmol/L)

Figure 61 - Relationship between mean glucose and p  enumbral salvage in patients with M1

occlusions
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Recanalization
200.0
O No Recanalization
O Recanalization
~~~ No Recanalization
~~ Recanalization
O No Recanalization: R? Linear =
150.0 0.294
Recanalization: R? Linear =
0.152
E
§ 100.0
]
S
o
I
S 50.0
(T2
£
.0
-50.0

T T T
4.00 6.00 8.00 10.00 12.00

Mean Glucose (mmol/L)

Figure 62 - Relationship between infarct growth and mean glucose in patients with M1

occlusions

A scatter plot suggests that there is a trend tdsvgreater infarct growth with increasing

mean glucose levels.
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Angiographic Outcome M Core Volume

[ Penumbra Volume
. . B : Co-registered 24-48h Infarct
No Recanalization Recanalization OV olume
Jll 24-48h Infarct Volume
1000.0
100.0
E
g 10.01
2
0
> ]
€ 1.0
[3) .01
= -1.01
-10.0

-100.0 T T T T T T
NG AHG LHG NG AHG LHG

Glycaemic status

Error bars: 95% CI

Figure 63 — Imaging results for patients with M1 oc  clusions vary with recanalization and

glycaemic status

9.3.2 Regression analysis for all patients with M1 occlusions

Linear regression analysis suggested that the pees# recanalization was a predictor of
final infarct volume (p=0.001, 95% CI -197.9 to -5Bas was admission blood glucose
(p=0.018, 95%CI 4.1 to 40.7).

Binary logistic regression for the prediction ofaealization showed that the presence or
absence of a tandem occlusion predicted final @caation status with p=0.03 (OR 5.2,
95% CI 1.17 to 23). Other factors that were nghsicant in this model included
admission hyperglycaemia, age, HbAlc, thrombolygatment, systolic blood pressure,

diastolic blood pressure and admission NIHSS.



236

9.3.3 Tandem occlusions

Overall 16 patients (48.5%) in this group had 2nare occlusions. There was no
significant difference in the presence of tanderiumions between groups. Patients with
tandem occlusions were less likely to recanaliam fatients with only one occlusion
(p=0.025 using chi squared). Patients with tandeatusions also tended to have a higher

baseline NIHSS although this was non-significant.

M Core Volume
[ Penumbra Volume
400.0 O \%}Lﬁ%ﬁered 24-48h Infarct
M 24-48h Infarct Volume
= O infarct Grow th
200.0- ry B Penumbral Salvage
o
3
il =
= -
— .0—
E S
by 2
£ 3
2 2000 o
S (2]
> (2]
s c
S 400.01 3 2
= 5 ©
o =
3
200.0
(@]
(2]
o
.ﬁﬂa :
.0 o
=
-200.0 . . ,
Normglycemia at all Admission Late hyperglycemia
times hyperglycemia

Glycaemic status

Error bars: 95% CI

Figure 64 - Perfusion lesion and outcome infarctvo  lumes vary with glycaemic status and

presence of tandem occlusion

Outcomes were compared between patients with MiLisions only and patients with
tandem occlusions. In the admission hyperglycagmap patients with tandem
occlusions had significantly larger core perfudesions (p=0.008), total perfusion lesion
volumes (p=0.033), co-registered infarct volumes(p01), total infarct volumes
(p=0.001) with greater infarct growth (p=0.011) aeduced penumbral salvage (p=0.033).
Day 30 clinical outcomes were also worse in theléam occlusion group (p=0.035).
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Glucose variables (admission blood glucose, mepitiaxy blood glucose, HbAlc) were

slightly higher in the tandem occlusion group boit significantly so.

Core Volume
250.07 _ Penumbra Volume
| Total Perfusion Lesion
Volume
Co-registered 24-48h Infarct
Volume
200.0- 24-48h Infarct Volume
Infarct Grow th
I Penumbralsalvage
=E“ 150.0-1
2
2 10007
c
«©
[}
=
50.0
.01
-50.0 T T

Tandem Occlusion

Error bars: 95% CI

Figure 65 - Imaging findings vary with occlusion ty pe

In the euglycaemic patients smaller perfusion lesmere seen in the M1 occlusion group
than the tandem occlusion group (p=0.049) althabgke groups were both small. No

other significant differences were seen.

There were no significant differences in the latpdrglycaemia patients although patients
with tandem occlusions tended to have larger infastumes with more infarct growth and
less penumbral salvage.

There was a significant difference in penumbralagé between glycaemic groups in the

tandem occlusion group (p=0.026).



Table 9-2 Tandem occlusions compared with M1 only i

n admission hyperglycaemia group
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Group (n)

Age t SD (mean/years)

Admission blood glucose * SD (Mean mmol/L)
Mean capillary blood glucose + SD (Mean, mmol/L)
HbA1c £ SD (Mean)

Admission NIHSS (Median/IQR)

Admission Blood pressure + SD (mmHg)
Thrombolytic treatment (n/%)

Recanalization (n/%)

CT Perfusion Core volume t SD (Mean, ml))

CT Perfusion Penumbra volume * SD (Mean, ml)
Total Perfusion Lesion Volume + SD (Mean, ml)
Co-registered Final infarct volume £ SD (Mean, ml))
Final Infarct Volume + SD (Mean, ml)

Infarct Growth * SD (Mean, ml)

Penumbral salvage + SD (Mean, ml)

Rankin 0-1 Day 30 (n/%)

Rankin 2-5 Day 30 (n/%)

Rankin 6 Day 30 (n/%)

AHG tandem (6)

75+11
9.13+1.98
7.86 £1.97

6.3+1.5

21 (13-26)

161/86 +42/30

5 (83)
2(33)
76.9 +43.3
43.6£25.3
120.5 +54.4
161.4 +81.7
271.7 £167.1
84.5+63.7
-40.9 +49.36
0
2(33.3)

4 (66.7)

AHG M1 only (11)

75.2+83
8.12 +1.89
6.89 + 0.86
5.7+0.6
18 (13-20)
138/69 + 17/12

10 (91)

9 (82)
31.9+17.4
38.7+19.8
70.6 +33.7
46.4 +36.1
60.4 +48.6
17.2+33.4
17.5+ 48.8

3(27.3)
7 (63.6)
1(9.1)

P=0.970
P=0.314
P=0.177

P=0.336

P=0.133
P=0.596
P=0.072
P=0.008
P=0.662
P=0.033
P=0.001
P=0.001
P=0.011

P=0.033




Table 9-3 Tandem occlusions compared with M1 only i

n late hyperglycaemia group

Group (n)
Age % SD (mean/years)

Admission blood glucose * SD (Mean mmol/L)

Mean capillary blood glucose + SD (Mean, mmol/L)

HbA1c  SD (Mean)

Admission NIHSS (Median/IQR)

Admission Blood pressure + SD (mmHg)

Thrombolytic treatment (n/%)

Recanalization (n/%)

CT Perfusion Core volume % SD (Mean, ml))

CT Perfusion Penumbra volume * SD (Mean, ml)
Total Perfusion Lesion Volume + SD (Mean, ml)
Co-registered Final infarct volume £ SD (Mean, ml))

Final Infarct Volume + SD (Mean, ml)

Infarct Growth + SD (Mean, ml)
Penumbral salvage + SD (Mean, ml)
Rankin 0-1 Day 30 (n/%)

Rankin 2-5 Day 30 (n/%)

Rankin 6 Day 30 (n/%)

LHG tandem (6)
75373
5.87 £ 0.86
6.35+0.86
5.5+0.3
15.5 (9.75-23.5)
154/79 £ 10/4
5(83.3)
2(33)
36.5+25.6
549+ 145
91.4+39.3
92.1+65.1
126.4 +124.8
58.9+ 39.7
-8.7£61.25
0
3 (50)
3 (50)

LHG M1 only (4)
64.8+14

598 +1.12
6+0.39
5.4+0.4

13.5 (9.5-19.75)

143/73 +34/12

3(75)

2 (50)
33.2+26.9
50.1+31.4
83.4+39.9
53.1 +60.5

73 +88.7
16.6 +39.3
38.3+ 30.6

1(25)

3(75)

0

p=0.151
p=0.866
p=0.472

P=0.770

p=0.543
p=0.667
p=0.548
p=0.850
p=0.752
p=0.761
p=0.361
p=0.448
p=0.136
p=0.141

p=0.153
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Table 9-4 Tandem occlusions compared with M1 occlus

ion only in euglycaemia group
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Group (n)

Age % SD (mean/years)

Admission blood glucose + SD (Mean

Mean capillary blood glucose + SD (Mean,
HbA1c  SD (Mean)

Admission NIHSS (Median)

Admission Blood pressure + SD (mmHg)
Thrombolytic treatment (n/%)
Recanalization (n/%)

CT Perfusion Core volume % SD (Mean, ml))
CT Perfusion Penumbra volume * SD (Mean,
Total Perfusion Lesion Volume = SD (Mean,
Co-registered Final infarct volume + SD
Final Infarct Volume + SD (Mean, ml)
Infarct Growth + SD (Mean, ml)

Penumbral salvage + SD (Mean, ml)

Rankin 0-1 Day 30 (n/%)

Rankin 2-5 Day 30 (n/%)

Rankin 6 Day 30 (n/%)

Euglycaemla tandem

52.5+14.8
6+0.5
5.22+0.5

5.9+0.7

19.5 (13.75 — 25.25)
161/86 + 17/10

3(75)
1(25)
39+20.8
37.2+22.9
76.2+21.4
81.7+42.5
133.7+71.8
22.6+25.3
-5.4+47.8
0
3(75)
1(25)

Euglycaemia M1 only

60.5 + 23.3
6.55 + 0.35
5.46+1
5.1£0.6
14.5
157/91 +35/1
2 (100)

0
19+56
11.7+2.7
30.7+2.9
323 +54
75 +61.4
13.3£0.2
1.6+ 2.5
0
2 (100)

0

p=0.901
p=0.244
p=0.682

P=0.211

p=0.673
p=0.667
p=0.2
p=0.274
p=0.212
p=0.047
p=0.197
p=0.383
p=0.197
p=0.920

p=0.439
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9.3.4 Pure M1 occlusions

Seventeen patients had ‘pure’ M1 MCA occlusiondiwib evidence of occlusion of
another blood vessel. Eleven of these patientsabadssion hyperglycaemia, 4 had late
hyperglycaemia and 2 were consistently euglycaemic.

5 non-strokes excluded
113 4 Migraine
Consented 1 Peripheral Nerve Palsy

v

: 4 CTP unusable
17 ‘pure’ M1 occlusions 37 No occlusion

38 Other site of occlusion
16 tandem occlusions

A 4 A 4 A

2 Euglycaemic at 11 Admission 4 late
all times Hyperglycaemia Hyperglycaemia

Figure 66 - Flowchart for 'pure’ M1 occlusions

There was no significant difference in age althotigite was a trend for the admission
hyperglycaemia patients to be older. Admissiom8Ilglucose was not significantly
different between groups although there were dicamt differences for mean blood

glucose.

The perfusion lesions in the euglycaemic group wgemaller than those in the other groups
although this was not significant. There was mmisicant difference between infarct

volumes in the follow-up imaging.
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Pure M1 occlusion
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Normglycemia at all times Admission hyperglycemia Late hyperglycemia

Glycaemic status

Figure 67 - 24-48 hour infarct volumes in patients  with 'pure' M1 occlusions
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Table 9-5 Outcomes for patients with pure M1 occlus  ions

Group (n) All patients Hyperglycaemia

(17)

None(2) Admission (11) Late (4)

Male Gender (n/%) 8 (47) 2 (100) 4 (36) 2 (50)
Age t SD (mean/years) 71+£12.2 60.5 + 23.3 75.2+8.3 64.8+ 14 p=0.149
Admission blood glucose + SD 7.43 +1.85 6.55+0.35 8.12+1.89 598+1.12 p=0.103
(Mean mmol/L)
Mean capillary blood glucose + = 6.52 £ 0.93 546+1 6.89 £ 0.86 6+0.39 p=0.047
SD (Mean, mmol/L)
HbA1c £ SD (Mean) 5.6£0.6 5.1£ 0.6 5.7+£0.6 54104 P=0.297
Admission NIHSS 16 (11-19.5) 14.5 18 (13-20) 13.5(9.5- p=0.477
(Median/IQR) 19.75)
Admission Blood pressure + SD 142/73 157/91 + 138/69 + 17/12 143/73 p=0.578
(mmHg) 22/13 35/1 34/12
Thrombolytic treatment (n/%) 15 (88) 2 (100) 10 (91) 3 (75) p=0.601
Recanalization (n/%) 11 (65) 0 9(82) 2 (50) p=0.309
CT Perfusion Core volume + SD 30.7+ 18.6 19+5.6 319+17.4 33.2+26.9 p=0.665
(Mean, ml))
CT Perfusion Penumbra 38.2+23.5 11.7+2.7 38.7+19.8 50.1+31.4 p=0.171
volume t SD (Mean, ml)
Total Perfusion Lesion Volume 68.9+35.3 30.7+29 70.6 £ 33.7 83.4+39.9 p=0.229
+ SD (Mean, ml)
Co-registered 24-48h infarct 55.5+45.5 323 54 46.4 +36.1 53.1 +60.5 | p=0.174
volume = SD (Mean, ml))
24-48h Infarct Volume * SD 77.7 £73.7 75 £61.4 60.4 +48.6 73 £88.7 p=0.329
(Mean, ml)
Infarct Growth * SD (Mean, 26.6% 36.6 13.3+0.2 17.2+33.4 16.6 £39.3 p=0.126
ml)
Penumbral salvage + SD 15.1+47.3 -21.5% 34.6 242+ 51.1 185+ 34.2  p=0.352
(Mean. ml)
Rankin 0-2 Day 30 (n/%) 4 (24) 0 3(27.3) 1(25)
Rankin 3-5 Day 30 (n/%) 12 (71) 2 (100) 7 (63.6) 3 (75)
Rankin 6 Day 30 (n/%) 1(6) 0 1(9.1) 0 P=0.841

9.4 Discussion

The exploratory analyses presented in this chapeelimited by the small number of

patients with evidence of a proximal M1 middle ¢ees artery occlusion and imaging that

was adequate for full analysis. Of the 113 pasiemtially recruited into this study only
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33 met the criteria for analysis in this sectidhwe exclude patients with tandem

occlusions (M1 occlusion with at least one otherlugion) we are left with 17 patients..

In these data follow-up infarct volume was predidby recanalization and admission
blood glucose. The relationship between recarntadizand final infarct size is interesting
and in keeping with what we know of the pathophlggjg of stroke. It is unusual that
thrombolytic treatment did not emerge as a sigaifiqredictor of infarct size but the
sample size is small and a large proportion opiigents were treated with alteplase. The
relationship between admission glucose and firfat@h volume is also of interest although
we saw no significant relationship between glycaestatus and final infarct volume.

The trend to larger infarct volumes may have bestiglly masked by the small number
of euglycaemic patients with M1 occlusions andlénge proportion of these patients who
had tandem occlusions. It is also interestingaie that only one of the four euglycaemic
patients recanalized. Larger proportions of p&sieacanalized in the other groups which
may again skew the trend. While none of theseeptttireceived insulin treatment their
low mean blood glucose levels and larger infam¢simay reflect the situation seen in the
SELESTIAL and Insulinfarct studies where largeianat volumes were seen after insulin
treatment in patients who did not recanafZe>®

It is recognised that tandem occlusions are assatigith poor outcome after stroke
thrombolysis>®*°%® Recanalization rates are often reduced in patieith tandem
occlusions®” Ipsilateral internal carotid artery occlusion laésn been associated with
early arterial re-occlusion after treatment witteplase’>® Case reports have described
good results with intra-arterial intervention blaéte is no good evidence based treatment

strategy for these patients at presént.

In patients with admission hyperglycaemia the presef a tandem occlusion
significantly influences both baseline imaging fimgs and outcome infarct volumes. The
patients with tandem occlusions also had signitigamorse outcomes as graded by
Rankin score. This significant effect was not sieethie late hyperglycaemia group or the
euglycaemia group although there was a trend tasvagimilar pattern. The small
numbers in the late hyperglycaemia and euglycagnoiaps mean that our results are
slightly limited.
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It is also interesting to note that euglycaemicgrds with M1 occlusions are rare. Only
2/17 of patients with proven M1 occlusions weredrgbycaemic. Overall only 16% of
the patients we recruited were euglycaemic fodhéours after their strokes. This may
reflect the poor health and bad dietary habithiefWest of Scotland population although
it may also suggest that a degree of hyperglycaentlee days after acute ischaemic

stroke is very common.

In the population of all 33 patients with M1 ocdtuss (including those with tandem
occlusions) the difference in penumbral volumesvben the late hyperglycemia group
and the euglycaemic group may indicate that lavgermes of tissue at risk could create a
demand for glucose as time goes on.. Post strgkerglycaemia may be the body trying
to attain physiological homeostasis by getting ghecto dead or dying brain tissue. We

may be witnessing a failing protective mechanisrogsosed to a pathogenic process.

In Table 9.1 (all M1 occlusions) post hoc analggipenumbra volumes suggested that
euglycaemic patients may have smaller volumes ofipdra compared to the late
hyperglycaemic group. One hypothesis could bettieatate hyperglycaemic group is
stimulated to mount a hyperglycaemic responselt@ga penumbra while the
euglycaemic group with the smaller volume of tisatigsk does not.

These data presented in this chapter show us htesogeneous the pathophysiology of
acute ischaemic stroke is. A wide variety of aalevcclusions can cause a stroke on a
background of variable prior glycaemic states. Mygerglycaemic response that the body
will mount after a stroke is also highly variabledas influenced by factors such as
dysphagia, glucose metabolism and medical intelmentith drugs and IV fluids. The
number of permutations of factors that may influetiee growth of an infarct is vast. With
advanced imaging techniques and close observatiphysiological variables we are only
beginning to understand these interactions. Tawnalhrge studies of more homogenous
populations of stroke victims we must recruit eleger numbers of patients. We will
reach a more complete understanding of the patlsaplogy of post stroke

hyperglycaemia and its interaction with brain aalgeatency through such studies.
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10Post-Stroke Hyperglycemia and brain arterial
patency — Discussion

10.1 Anecdotal background to thesis

Before | started working on this thesis in 200&éWw very little about the importance of
hyperglycaemia in stroke. As | have worked on thesis | have learned a lot about the
relationship between blood glucose levels and strakhen | consider the results of my
research | realise that there is still much thatiwaot understand about this relationship.

| had certain preconceived notions before | staated research fellow. | thought that post
stroke hyperglycaemia was implicitly a bad thingl émat insulin treatment would
therefore be a good thing. The stroke physician itkvorked for before | started the
project told me that there was nothing else to kabaut post stroke hyperglycaemia and
that insulin didn’t work! He was joking but themeain have been a grain of truth in his

joke.

10.2 Scientific background to thesis

For my introduction | reviewed the literature orpkyglycaemia and stroke. There have
been over 400 clinical papers published on thatia@iship and | have a spreadsheet
detailing 424 of them.

To make sense of the volume of papers | broke tth@nwn into two broad groups. The
first group dealt with pre-stroke hyperglycaemigpérglycaemia, impaired glucose
tolerance, insulin resistance and diabetes adactkrs for ischaemic stroke. There is
certainly strong evidence suggesting that theggargors are very real and if abnormal
glucose metabolism is a risk factor for stroke Wwewd not discuss post-stroke

hyperglycaemia without at least being aware ofgtreke hyperglycaemia.

| then wrote about post-stroke hyperglycaemiaisigmith the earliest references that |
could find in the literature of the 1960’s and 1870 **® ' A correlation between PSH
and poor outcomes was well established and cleefigeated in the meta-analysis
published by Capest alin 2001**® However the mechanisms by which PSH worsens
outcome from stroke (if indeed it really does worseitcome) are still at least partially

unclear.
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Indeed dissenting voices have suggested that PSthataally be a protective mechanism
and that therapeutic intervention to achieve nolgeagmia is inappropriate until we
know more about the phenomerf8h.Uyttenboogaart and colleagues have suggested that

PSH may be associated with better outcomes aften&a stroké®°

We are not even sure what PSH is. It has beerestegjthat PSH is a stress respbtise
218.221pSH may represent undiagnosed diabetes melftifgh: 233 236 237t seems less
likely that PSH is related to specific neuroanatahiesion$?® My own theory is that
PSH is partly unrecognised abnormal glucose metahand partly a stress response.
The significant difference | observed in the HbAdwels between the admission
hyperglycaemia group and the euglycaemic grouperOSH cohort would support this

hypothesis (Chapter 6).

We are learning more about the pathophysiologyoststroke hyperglycaemia. This has
been partly as a side-effect of advances in theedoeatment of ischaemic stroke with
thrombolytic therapy. PSH has been found to pteddmoor outcome after thrombolysis
175,176, 179-181, 183183 th ough the association is not always clear®utntracerebral
haemorrhage after thrombolytic treatment is assediaith hyperglycaemii. 18 189 191

A similar relationship has also been noted afteaiarterial procedures for strok®: ***
196

A more interesting finding for me (or at least dhat is more directly relevant to my
thesis) is the suggestion that hyperglycaemia acatels the deterioration of ischaemic
penumbra into infarcted core after rt-PA treatnfenficute stroké® 176202 590Thjg
effect may mediated by hyperglycaemia reducingdicanalization rate after alteplase

treatmenﬁ80, 198, 200, 201

Interventions to control hyperglycaemia in acutels have not attenuated infarct growth
and indeed insulin appears to have acceleratertirgeowth in some patients? >
Indeed one study that purports to be an obsenadtgindy claiming to demonstrate that
hyperglycaemia quickens penumbral loss is confodifiyethe fact that patients were

treated with an insulin sliding scaf¥.

It has also been hypothesised that alteplase headuaed effect on penumbral salvage in
diabetic patients due to a impaired collateralutation>® This theory is in keeping with

an observational study published by Toni and cglies in 1994%* Although | have not
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had time to look at this in POSH cohort we do hgwed data on collateral circulation and

glycaemic status so it is something that we maghide to revisit in the future.

Another interesting concept is the possibility thgberglycaemia is not a negative
prognostic factor in TIA patients ?°’ This observation may be because non-diabetic
patients have been transiently hyperglycaemic@syaiological response to their TIA
while diabetic patient have gone on to tissue @itfan and stroké*°%? My hypothesis is
that diabetic patients may be more likely to hagtrake than a TIA due to a lack of

collateral circulation in their cerebral vasculatur

10.3 Conclusions of thesis

In Chapter 3 | systematically reviewed the exisangmal data on models of stroke and
hyperglycaemia. | had started this review expegdinfind good evidence of a strong
relationship between hyperglycemia and infarct ghow animal models of stroke. | also
expected to find clear evidence of the utilitymdulin in preventing infarct growth.
However when | looked at things systematicallydrfd that the available evidence did not
fully support my preconceived ideas. The animatiai® for hyperglycaemia did not really
match the human patient with post-stroke hyperggta and the evidence for the use of

insulin was very limited.

| subsequently undertook a systematic review orclinecal use of insulin for post-stroke
hyperglycaemia (Chapter 4). The available clintdals examining the use of insulin for
post-stroke hyperglycaemia show no benefit frorarwgntion. Indeed, insulin may be
harmful for many patients. | presented these diathe European Stroke Conference in
Hamburg in 2011 and a Cochrane Review with verylamfindings has subsequently

been published by another grotip.

Chapter 5 was a retrospective study looking aepé&tiwho had been treated with alteplase
and entered into the SITS database in the Souteneral Hospital. | was able to 48 hour
obtain glucose profiles for a subgroup of this gapan and we were able to look at the

relationship between different patterns of hyperggmia and clinical outcomes.

We found that, in this population, patients witmeaan capillary blood glucose (MCBG) of
above 7mmol/L had poorer outcomes than those w@hadmission glucose level of
above 7mmol/L or those who had two isolated gludegels above 7mmol/L. This

retrospective study had been partially inspiredHeyGLIAS papéef* which suggested that
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a ‘cut-off * glucose level of 8.6mmol/L was assdetwith the poorest outcomes after
stroke so we also used this value in our analysisfaund it to be less predictive that the

48 hour mean capillary blood glucose.

In Chapter 6 | established the demographics opé#teents in the different glycaemic
categories. We divided patients into 3 groupse fitst group was labelled as having
admission hyperglycaemia with a glucose level ofmaiiL or more within 6 hours of
stroke onset. This group of patients would hawenldeyperglycaemic while a potentially

salvageable ischaemic penumbra existed.

The second group became hyperglycaemic 6 or marnestadter stroke onset. This late
hyperglycaemia group were less likely to have degrerglycaemic whilst the ischaemic

penumbra was in existence.

The third group of normoglycaemic patients had vidence of a blood glucose level of
7mmol/L during the first 48 hours after stroke dnse

The normoglycaemic patients were significantly ygemthan the other patients and were
less likely to have a history of diabetes. Allgdgmic parameters (HbAlc, admission
blood glucose, mean capillary blood glucose) wegeifscantly different between groups.
Only 15.7% of patients were normoglycaemic forehére study period. | suspect that the
younger patients may be more likely to be normaagysic with a lower HbAlc as the

incidence of diabetes increases with ¥ge.

In Chapter 7 | looked at the interaction betweematmic status and infarct growth. We
defined infarct growth as the difference betweenviblume of infracted ‘core’ tissue seen
on perfusion CT and the volume of co-registeredrtifseen in a follow-up CT scan at 24-
48 hours.

In this population there was a trend towards laB#ed48 hour infarct volumes in the
admission hyperglycaemia patients when compargdtients with late hyperglycaemia or
normoglycaemia. The trend was more apparent wiigtused on patients who had a core

perfusion lesion of more than 10ml.

There was also a trend towards reduced survivaénbimbra in the patients with
admission hyperglycaemia. Post hoc analysis stggéisat there was significantly more
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penumbral survival in the late hyperglycaemia grthgn the admission hyperglycaemia

group.

Interestingly the patients with late hyperglycaeima smaller mean core perfusion lesions
and smaller follow-up mean infarct volumes thanrtbemoglycaemic patients although

this difference was non-significant.

The population in this chapter is still very hetggneous as the underlying vascular status
of the patients has not been defined. Arteriatpey was clearly defined in chapter 8 and
some interesting patterns began to appear. lwstilted these patterns in Table 10.1 on

the next page.
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Table 10-1 - Summary table of interactions between  arterial patency, blood glucose kinetics and infarc t volume

Recanalization

No recanalization

* Significant difference (p<0.001)
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In Chapter 8 I initially looked at the subgrouppaitients with arterial occlusions in the
POSH study. In the subgroup of patients with &t@cclusions admission
hyperglycaemia reduces penumbral survival and as&e final infarct volume. The
interesting new finding is the suggestion that latperglycaemia after 6 hours may be

associated with better imaging outcomes and impt@anumbral survival.

These findings are somewhat in conflict with thpablished in a prospective
observational study by Dziedzic and colleagues fehad that patients with late
hyperglycaemia had an increased risk of mortafitydowever Dziedzic and colleagues
did not have the extensive imaging data that we heed to characterise the pathological
progression of acute stroke. They also had lessurement of glucose levels in the first

48 hours and they may have missed physiologicetifitions in a critical time period.

| subsequently looked at the patients with no eweeof arterial occlusion. In these

patients the relationship between 24-48 hour infestume and glucose appears to be

different. There was a trend towards normoglycagmatients having larger infarcts than

patients with hyperglycaemia. This trend may blkedaping with the suggestion made by

Uyttenboogaart that hyperglycaemia may be assatigitd better outcomes in lacunar
260

stroke™" A degree of hyperglycaemia may support tissuesktof infarction in the

absence of visible cerebral artery occlusion.
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Figure 68 - Final infarct volume is influenced byt  he presence of arterial occlusion and blood

glucose profile

In Chapter 9 | tried to delineate a very homogesgmpulation based on subtype of
arterial occlusion. Initially | looked at all patits with proximal middle cerebral artery
occlusions (M1 occlusions) before excluding pasemith any other occlusions (tandem
occlusions) to obtain a population of ‘pure’ M1 lusions.

The presence of a tandem occlusion is associatibdavger infarct volumes and worse
clinical outcomes, in keeping with previous obsépres>®* °® In patients with admission
hyperglycaemia follow up infarct volumes were 4dsrlarger in the presence of more than
one occlusion. In the late hyperglycaemia and ogigtaemia groups tandem occlusions
were associated with infarcts of approximately dedbe volume of those seen in ‘pure’
M1 occlusions. There were no significant differema admission glucose, HbAlc or
mean capillary blood glucose when patients witliésn occlusions were compared to
‘pure’ M1 occlusions or the POSH cohort as a whole.
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Patients with late hyperglycaemia tended to hargeltgpenumbral volumes than patients
with normoglycaemia when we looked at all M1 ocias (including tandem occlusions).
This observation was only significant on post-hpalgsis. | would hypothesise that a
larger penumbra may stimulate a physiological iaseein blood glucose levels in an
attempt to save dying brain tissue. The euglycagraiients may fail to mount this
response for some reason. Patients with late giymeremia also tended to salvage more

penumbra.

10.4 The findings of this thesis in the context of future stroke
research

Taken in the context of the results of the SELESTtAal,>>* the INSULINFARCT

trial,*®> my reassessment of the animal evidence in chapteand the systematic review

of the clinical trials of insulin for post strokggerglycemia presented in chapter 4 there is
at present little justification for further humarats of insulin treatment for post-stroke
hyperglycaemia after the initial 6 hour window.ials of insulin for post stroke
hyperglycaemia have failed to take account of #terfogeneous and acutely evolving

pathophysiology of ischaemic stroke. Future ‘blimihls are unlikely to be helpful.

Any trials of insulin for hyperglycaemia within @trs of stroke onset should also be
considered very carefully. There may even beaf@l inducing hyperglycaemia in

patients with no evidence of arterial occlusion.

The presence of ‘tandem’ occlusions is associaiddwery poor outcomes and these
outcomes are worsened by admission hyperglycaentia.identification of multiple
occlusions of the cerebral vasculature is importanprognostication and appropriate

treatment strategies need to be developed.

Larger scale studies examining the pathophysiotdgost stroke hyperglycaemia and its
interaction with brain arterial patency may be afrenvalue in the first instance. Potential
therapeutic interventions must be based on a saligérstanding of the underlying

pathophysiological mechanisms.
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Appendices

Appendix 1 — Literature search strategy

exp *Stroke/ or cerebrovascular.mp. or exp Cerebrovascular Disorders/ or Thrombosis/ or Intracranial
Thrombosis/ or "Intracranial Embolism and Thrombosis"/ or Brain Ischemia/ or Brain/ or Brain
Infarction/ or Infarction, Posterior Cerebral Artery/ or Cerebral Infarction/ or Infarction, Middle
Cerebral Artery/ or Middle Cerebral Artery/ or Infarction, Anterior Cerebral Artery/ or Brain

Ischemia/ or "Intracranial Embolism and Thrombosis"/ or Middle Cerebral Artery/ or Brain Ischemia/
or Ischemia/ or isch?emia.mp. or Intracranial Embolism/ or Embolism/ or "Intracranial Embolism and
Thrombosis"/ or neuron.mp. or exp *Neurons/or Nervous System/ or Central Nervous System/ or
neuronal.mp. or exp *Brain Ischemia/ or exp *Ischemia/ or ischemia.mp. or exp *Ischemic Attack,
Transient/ or exp *Ischemia/ or ischaemia.mp. or exp *Infarction, Posterior Cerebral Artery/ or exp
*Cerebral Infarction/ or exp *Infarction, Anterior Cerebral Artery/ or exp *Brain Infarction/ or exp
*Infarction/ or infarction.mp. or exp *Infarction, Middle Cerebral Artery/ or exp *Cerebrovascular
Disorders/ or cva.mp. and exp *Blood Glucose/ or glucose.mp. or exp *Glucose/ or *Hyperglycemia/
or *Insulin/



Random
alocation Blinded Appropriate Comphance
Pear to nduction | Blnded animal model Sample with anirmnal Conflict
reviewsd Monitoring | Temperatwe | treatment of assessment | Anaesthetic (aged. diabetic, | size welfare of

Author Year | publication | of BP control or contro schemia | of cutcome agent hypertensive) calculation | standards ntersst | Total
Arak 1BE82 i 1 1 1 1] 1 | Halothane 1] 1] 1 1 4
Berger 1888 1 0 1 i 0 0 | Halothane 0 0 a 0 2
Bomont 1BE5 1 1 1 i 1] 0 [ Isoflurane 1] 1] 1 a 3
Combs Ketaming,

1880 1 1 1 a ] 0 [ Xylazine 0 ] a1 a 3
De Couwrten-
Myers 1884 1 1 1 a ] 0 | Phenobarbito 1] ] a0 a 3
De Cowten-
Myers 1604 1 1 1 ] ] 0 | Phenobarbito 0 ] ] ] 3
De Couwrten-
Myers 1883 1 1 1 a ] 1 | Phenobarbitod 1] ] a a 4
Duwerger 1883 i 1] ] i 1] 0 | Halothane i 1] a i 2
Harnitton 18685 1 1 1 1 ] 1 | Halothane ] ] 0 a ]
Huang 1888 1 1 1 0 0 0 | Halothane 0 0 1 0 4
lzum 1882 1 1 1 1 1] 0 [ Halothane 1] 1] 1 a 4
Kitaka Metofane

Phenobarbital,

1884 1 1 1 a1 ] 0 | Methonitrate 1] ] 1 a 4
Kraft 1BE0 i 1 1 1 1] 1 | Halothane 1] 1] 1 1 f
L K.etamine,

2004 1 ] 1] a ] 0 [ Xylazine 1] ] 1 a 2
L 2007 1 1] 1 i 1] 0 [ Chiloral hydrate 1] 1] 1 a 3
Martin 2008 1 1 1 1 1] 0 [ Ketamine 1] 1] 1 a 5
Medergaard 1BE7 1 1 1 0 0 0 | Halothane 0 0 0 0 3
Medergaard
& Diemer 1887 i 1 i i 1 0 | Halothane 0 1 a i 3
Cuast 16687 1 1] 1] a 1] 0 [ Halothane 1] 1] 1 i 1
Slivia 1BE1 1 1 1 1 1] 1 | Halothane 1] 1] 1 1] 4
We 1887 1 1 1 1 1] 0 [ Halothane 1] 1] 1 a 3
We 1BE3 i 1 1 1 1] 0 [ Halothane 1] 1] 1 1 3
We 2003 1 1 1 i 1] 0 [ Isoflurane 1] 1] 1 a 4
Zasshow K.etamine,

1BE9 i 1 1 1 o 1 | Halothane 1] o 1 1] g
Zhu 2004 1 1 1 1 1] 1 | Halothane 1] 1] 1 a 5

Appendix 2 — Quality Scores for Included Papers

256
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