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A HAPLOTYPE ANALYSIS OF THE ANGIOTENSIN CONVERTING ENZYME GENE IN 
ISCHAEMIC STROKE 

 
 
Dr G. J. Dennis BSc MbChB MRCP 
 
 
Background 
Epidemiological studies lend some support for a genetic predisposition to human stroke. There is a 
growing body of evidence to suggest a role for Angiotensin II (ANGII) in vascular disease. The levels 
of Angiotensin converting enzyme (ACE), which converts ANGI to ANGII, are known to be under a 
significant degree of genetic control. The D allele of the ACE I/D polymorphism is associated with 
higher serum ACE levels and this allele has also been associated with ischaemic stroke. Recent 
identification of numerous ACE single nucleotide polymorphisms has allowed for a more powerful 
case control haplotype analysis of ACE in ischaemic stroke. 
 
 
Patients and Methods  
The validity of the published structure of the common ACE haplotypes was investigated and 
supported using long range allele specific PCR and DNA sequencing of a random sample of UK 
caucasian subjects.  Using restriction fragment length polymorphism (RFLP) analysis of selected 
polymorphisms we generated ACE haplotypes for 359 ischaemic stroke patients and 328 unrelated 
controls.  
 
Results 
Age, hypertension, smoking, diabetes and hypercholesterolaemia were identified as significant 
clinical risk factors for ischaemic stroke. D allele frequencies showed no significant differences 
between cases and controls (0.55 vs 0.53 respectively). However a low frequency D allele haplotype 
(H9) was found to be an independent risk factor for ischaemic stroke (odds ratio 2.05, p=0.004). 
 
 
Conclusion 
This study has provided allele specific data to support the haplotype structure of the common ACE 
haplotypes in a UK caucasian population. For the first time, in a case control analysis, we have 
identified a significant and independent genetic association of a low frequency ACE haplotype, H9, 
with human ischaemic stroke. This result suggests an important role for ACE in ischaemic stroke 
which will require further study in other populations using a variety of control groups. 
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Introduction 

 

Stroke is an extremely common human disease causing significant worldwide morbidity and 

mortality, especially within elderly populations, in the developed world. It leads to a significant 

burden on individuals, families, communities and health care providers. Cerebral infarction is the 

commonest type of stroke and has well recognized clinical risk factors, many of which have 

successful and widely available preventative strategies. Risk factor management has lead to 

reductions in stroke incidence in many populations, however in an ageing population the burden on 

health care providers and society as a whole is likely to increase. This has major financial 

implications as preventative treatments are expensive and the numbers needed to treat (NNT) in each 

risk group to prevent one stroke are large.  

 

This expense can be offset against the huge costs of stroke care, thereby making stroke prevention 

economically viable. At present prevention is targeted at clinically evident risk factors but many ‘at 

risk’ individuals may never have strokes but will be exposed to the side effects of drug treatments for 

many years. A much more efficient and economic approach would be to redefine and target the 

individuals who are at the highest risk of stroke thereby reducing the NNT. 

 

Molecular biological techniques are now available to study and identify genetic risk factors which 

may independently have stronger predictive values than the clinical parameters. Acting in association 

with the known risk factors, however, genetic predisposition may signal even higher risks for stroke 

and so will allow much more aggressive, efficient and cost effective targeting of those individuals. 

 

To date no studies have identified any consistent genetic risk factors for non-familial ischaemic stroke 

though good evidence is available to provide strong support for the presence of a genetic 

predisposition to cerebrovascular ischaemic disease. This evidence will provide the basis for the work 

that will be presented in this thesis, focusing on the search for genetic susceptibility factors in 

ischaemic stroke. 
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The thesis will begin by discussing the pathophysiology of stroke before moving on to the clinical and 

genetic epidemiological features and preventative management of cerebral infarction and its risk 

factors. I will then consider the principles of common disease genetics and their application to  

ischaemic stroke. At this point I will outline the rationale behind this 3 year case control study 

comparing the frequencies of haplotypes of the ACE gene in ischaemic stroke, introducing the 

practical issues of conducting small scale genetic research in this field. The chosen methodology and 

results will then be presented followed by discussions of their implications.  

 

Due to the complexities of this type of common disease genetic study this work spanned an entire 

decade from its conception in 1998. Many important advances were made in the field during this 

period and these have been addressed in Chapter 8 which has provided an opportunity for this work to 

be put into a more contemporary context. 
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This section will cover the definition, classification and pathophysiology of stroke. It will then move 

on to the epidemiology of stroke and its risk factors before introducing the evidence and guidelines 

for primary and secondary prevention.   

1.1 Definitions 

Stroke is a broad term for syndromes of rapidly developing symptoms and signs of cerebral 

dysfunction, often localized and sometimes global, lasting for longer than 24 hours (or causing earlier 

death) with no other cause than a sudden decrease in cerebral blood flow. Transient events lasting less 

than 24 hours and resulting in full recovery are generally termed Transient Ischaemic Attacks (TIAs).  

 

1.2 Classification of Stroke 

Stroke can be classified by its pathological type, aetiology, associated risk factors, or by its 

anatomical localization and resulting symptoms. There are two main pathological causes of stroke, 

cerebral ischaemia / infarction, and cerebral haemorrhage. Approximately 80% of first strokes are due 

to cerebral infarction, 10% primary intracerebral haemorrhage (PICH), 5% sub-arachnoid 

haemorrhage (SAH), and 5% of uncertain type (Bamford et al., 1990). Ischaemic stroke has a lower 

mortality than haemorrhagic stroke but those who survive often have significant morbidity (Table 1.1 

& 1.3). Due to its high incidence and high prevalence of disabling morbidity this project will study 

cerebral infarction.  

 

 

Table 1.1 Classification of Stroke (Bamford et al., 1990). 

Stroke Classification 
Mortality at one month 

(95% CI) 

Mortality at one year 

(95% CI) 

Cerebral infarction 10% (7-13) 23% (19-27) 

Primary intracerebral haemorrhage 50% (38-62) 62% (43-81) 

Sub-arachnoid haemorrhage 46% (29-63) 48% (24-72) 

Uncertain type 77% (46-100) 84% (52-100) 

ALL Strokes 19% (16-22) 31% (27-35) 
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1.2.1 Cerebral Ischaemia / Infarction 

Even though the brain makes up only 2% of the total body weight, it receives about 15% of the 

resting cardiac output and accounts for approximately 20% of the oxygen consumption (Cotran and 

Pober, 1989). It can store neither oxygen nor glucose effectively and is therefore highly dependent on 

a constant blood supply (50-55ml/100g per minute at rest). Reversible cerebral dysfunction 

(ischaemia) is evident when flow decreases to 18ml/100g/min. In as little as 5 minutes following the 

reduction of blood flow (in the range of 8ml/100g/min) cell death can occur (infarction). (Heimer, 

1995). 

 

 

Acute reduction of cerebral blood flow is usually due to vessel occlusion or stenosis caused by either 

in-situ thrombosis or embolisation. Thrombosis often occurs as a consequence of atheroma (see 

section 1.3). Circulating debris from distant thrombosis within the heart or from unstable 

atheromatous plaques can lead to embolic occlusion. TIAs are thought to result from transient arterial 

embolisation from carotid plaques.  

 

 

Identifying the sub-classes of ischaemic stroke is important for therapy and prognosis. To assist this 

there are two widely used classification systems, the Oxford Community Stroke Project (OCSP) 

(Bamford et al., 1991) and the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) (Adams et 

al., 1993).  
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1.2.1.1 The Oxford Community Stroke Project (OCSP) classification system 

This system uses simple bedside clinical features, allowing anatomical localisation of the lesion. 

Patients are divided into 4 stroke syndromes based upon the site of cerebral infarction, Total anterior 

circulation syndrome (TACS), Partial anterior circulation syndrome (PACS), Posterior circulation 

syndrome (POCS) and Lacunar syndrome (LACS). (Table 1.2). 

 

Table 1.2 The Oxford Community Stroke Project (OCSP) classification of sub-types of cerebral 

infarction (Bamford et al., 1991).  

 

Total anterior 
circulation 
syndrome (TACS) 

A combination of new higher cerebral dysfunction (e.g. dysphasia), 
homonymous visual field defect and ipsilateral motor and / or sensory deficit 
of at least two areas (out of face, arm and leg). 

Partial anterior 
circulation 
syndrome (PACS) 

Only two of the three components of a TACS, or with higher cerebral 
dysfunction alone, or with a motor / sensory deficit more restricted than 
those classified as LACS (e.g. confined to one limb). 

Posterior circulation 
syndrome (POCS) 

Any of: ipsilateral cranial nerve palsy with contralateral motor and/or 
sensory deficit; bilateral motor and / or sensory deficit; disorder of conjugate 
eye movement; cerebellar dysfunction; isolated homonymous visual field 
defect. 

Lacunar syndrome 
(LACS) 

Pure motor stroke (Fisher and Curry, 1965) , Pure sensory stroke (Fisher, 
1965), Ataxic hemiparesis  (Fisher and Cole, 1965), (Fisher, 1967) and 
Sensorimotor stroke (Mohr et al., 1977).  

 

1.2.1.1.1 Anterior Circulation Syndromes (TACS, PACS) 

These stroke syndromes result from thromboembolic occlusion of the major anterior cerebral vessels 

(carotid, anterior or middle cerebral arteries). The final clinical outcome will be highly dependent 

upon the collateral circulation from the other cerebral arteries (Ringelstein et al., 1992). Patients with 

TACS present with a triad of symptoms, higher cerebral dysfunction (dysphasia, dyscalculia or 

visuospatial disorder), homonymous hemianopia and ipsilateral motor and or sensory deficit in at 

least two areas (face, arm, leg). PACS patients present with any combination of the two components 

of the TACS triad. 
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1.2.1.1.2 Posterior Circulation Syndromes (POCS) 

These syndromes often result from brainstem, cerebellar and occipital lobe dysfunction causing 

cranial nerve deficits, ataxia and field defects. At their most severe brainstem dysfunction can be 

rapidly fatal.  

 

1.2.1.1.3 Lacunar Syndromes (LACS) 

The classification of these syndromes has been the subject of much debate. One difficulty is 

diagnostic uncertainty as highlighted by Toni et al. 1994, who found only 56% (123/219) of patients 

with clinically defined lacunar strokes actually had anatomically defined lacunes, while 27% (47/170) 

of patients with anatomical lacunar strokes did not have clinical lacunar syndromes (Toni et al., 

1994). It is however generally accepted that lacunar syndromes result from intrinsic disease of small 

deep perforating vessels in the basal ganglia or the pons this is supported by identification of small (< 

1.5 cm in diameter) deep infarcts (lacunes) in these areas (Bamford and Warlow, 1988). The 

pathology of lacunar infarcts remains poorly understood however it is thought to result from either 

lipohyalinosis or microatheroma (Fisher, 1979).  

 

The OCSP classification has proven prognostically useful in the clinical setting with LACS having 

the best outcome and TACS the worst (Table 1.3) 

 

Table 1.3 Prognosis comparisons of the OCSP stroke sub-types (Bamford et al., 1991).
Sub-type Case fatality (%) Functionally dependent (Rankin 3-5) (%) 

 1 month 6 months 12 months 1 month 6 months 12 months 
TACS 39 56 60 56 39 36 
PACS 4 10 16 39 34 29 
POCS 7 14 19 31 18 19 
LACS 2 7 11 36 26 28 
All  10 18 23 39 29 28 
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1.2.1.2 The TOAST Classification System (Adams et al., 1993) 

The TOAST system was designed to be applied in large multi-centred treatment studies and focuses 

on the aetiological mechanism of stroke. It incorporates the results of clinical data and ancillary 

investigations (CT / MRI, ECG, ECHO, carotid doppler, arteriography, and clotting studies) and 

provides a uniform pathologically based classification which allows for more focused treatments and 

genetic analysis. The system includes five categories (Table 1.4) : Large-artery atherosclerosis, 

Cardioembolism, Small-artery occlusion (lacunar), Stroke of other determined aetiology, and Stroke 

of undetermined aetiology. An important part of the classification is the ability of the physician to 

categorize a specific subtype diagnosis as probable or possible based on the degree of certainty. A 

"probable" diagnosis is made if the clinical findings, neuroimaging data, and results of diagnostic 

studies are consistent with one subtype and other aetiologies have been excluded. A "possible" 

diagnosis is made when the clinical findings and neuroimaging data suggest a specific subtype but 

other studies are not done. Because many patients will have a limited number of diagnostic tests, the 

probable and possible sub categorizations allow the physician to make as precise a subgroup 

diagnosis as can be achieved. 

 

Table 1.4 The TOAST classification system (Adams et al., 1993).

TOAST Class Description

1 Large-artery atherosclerosis (embolus/thrombus) 

2 Cardioembolism (high-risk/medium-risk) 

3 Small-vessel occlusion (lacunar) 

4 Stroke of other determined aetiology  

5 

Stroke of undetermined etiology 
2 or more causes identified 
Negative evaluation 
c) Incomplete evaluation 

 

1.2.1.2.1 Large Artery atherosclerosis.  

These patients will have clinical and brain imaging findings of either significant (>50%) stenosis or 

occlusion of a major brain artery or branch cortical artery. Diagnostic studies should exclude potential 

sources of cardiogenic embolism. Cortical or cerebellar lesions and brain stem or sub-cortical 

hemispheric infarcts greater than 1.5 cm in diameter on CT or MRI are considered to be of potential 
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large-artery atherosclerotic origin. Clinical findings include those of cerebral cortex, brain stem or 

cerebellar dysfunction. A history of intermittent claudication, TIAs in the same vascular territory, a 

carotid bruit provide supportive evidence. 

 

1.2.1.2.2 Cardioembolism  

This category includes patients with arterial occlusions due to cardiac emboli. Potential large-artery 

atherosclerotic sources of thrombosis or embolism should be eliminated. Cardiac sources are divided 

into high-risk and medium-risk groups based on the evidence of their relative propensities for 

embolism (Table 8.1). At least one cardiac source for an embolus must be identified for a possible or 

probable diagnosis of cardioembolic stroke. Clinical and brain imaging findings are similar to those 

described for large-artery atherosclerosis. Evidence of a previous stroke in more than one vascular 

territory or systemic embolism supports a clinical diagnosis of cardiogenic stroke.  

 

 

Table 1.5 Classification of high and medium-risk sources of cardioembolism 

 

High risk sources of cardiac emboli Medium risk sources of cardiac emboli

Mechanical prosthetic valves Mitral valve prolapse 

Mitral stenosis with AF Mitral annulus calcification 

AF (other than lone AF) Mitral stenosis without AF 

Left atrial or appendage thrombus Left atrial turbulence 

Sick sinus syndrome Atrial septal aneurysm 

Recent MI (<4/52) Patent foramen ovale 

Left ventricular thrombus Atrial flutter 

Dilated cardiomyopathy Lone AF 

Akinetic left ventricular segment Bioprosthetic cardiac valve 

Atrial myxoma Nonbacterial thrombotic endocarditis 

Infective endocarditis Congestive heart failure 

 Hypokinetic left ventricular segment 

 Myocardial Infarction (>4 /52, <6/12) 



 

 - 20 -

1.2.1.2.3 Small Artery Occlusion (Lacunar Stroke) 

The patient should have one of the traditional clinical lacunar syndromes and should not have 

evidence of cerebral cortical dysfunction. Potential cardiac sources of emboli and >50% carotid artery 

stenosis should be excluded. A history of diabetes mellitus or hypertension supports the clinical 

diagnosis. The patient should have a relevant brain stem or sub-cortical hemispheric lesion with a 

diameter less than 1.5 cm on cerebral CT / MRI studies however a normal cerebral image is 

compatible with the diagnosis.  

 

1.2.1.2.4 Acute Stroke of Other Determined Aetiology 

This category includes individuals with strokes of rare aetiology such as haematological disease. 

Diagnosis should be supported by clinical and CT or MRI findings of an acute ischemic stroke and 

other diagnoses should be excluded.  

 

1.2.1.2.5 Stroke of Undetermined Aetiology 

In several instances the cause of a stroke cannot be determined with any degree of confidence despite 

extensive evaluation. In purely clinical settings no cause may be found but the evaluation may be 

curtailed for various reasons. This category also includes patients with two or more potential causes 

of stroke.  
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1.3 The Pathophysiology of Cerebral Ischaemia / Infarction 

Healthy large arteries consist of three distinct layers, the intima, media and adventitia. The thin 

luminal layer, the intima, consists of extracellular connective tissue matrix, primarily proteoglycans 

and collagen.  The intima is bounded by a monolayer of endothelial cells on its luminal side and a 

sheet of elastic fibres, the ‘internal elastic lamina’, on the outer side.  The media, (middle layer), 

consists of smooth muscle cells and the adventitia, (outer layer), consists of connective tissue 

interspersed with fibroblasts and smooth muscle cells. 

 

Vessel occlusion occurs due to either disease of the vessel wall, embolisation or hypercoagulability 

(Table 1.6). 
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Table 1.6 The causes of cerebral ischaemia / infarction
Vessel Wall Disorders Embolism from the heart Haematological Disorders Miscellaneous conditions

Atherosclerosis 

(Atherothromboembolism) 

High risk sources of cardiac emboli
Cellular disorders: Oral contraceptives 

Intracranial small vessel disease  Mechanical prosthetic valves     (a) Myeloproliferative Drug abuse 

Trauma Mitral stenosis with AF                    Polycythaemia rubra vera / Essential thrombocythaemia Cancer 

Dissection AF (other than lone AF)     (b) Sickle cell disease  Migraine 

Fibromuscular dysplasia  Left atrial or appendage thrombus     (c) Paroxysmal nocturnal haemoglobinuria  Inflammatory bowel disease  

Congenital arterial anomalies  Sick sinus syndrome     (d) Thrombotic thrombocytopoenic purpura (TTP)  Fabry's disease  

Moyamoya syndrome Recent MI (<4/52)     (e) Leukaemia  Mitochondrial cytopathy  

Embolism from arterial aneurysms  Left ventricular thrombus      (f) Intravascular lymphoma  Hypercalcaemia  

Inflammatory vascular diseases Dilated cardiomyopathy Disorders of coagulation/fibrin: Hypoglycaemia  

Irradiation Akinetic left ventricular segment      (a) Congenital:   

Infections   Atrial myxoma         (i) Natural anticoagulant disorders  

 Infective endocarditis                 Proteins C & S deficiency   

 Medium risk sources of cardiac emboli   

 Mitral valve prolapse                 Antithrombin III deficiency   

 Mitral annulus calcification         (ii) Fibrinolytic system disorders:  

 Mitral stenosis without AF                 Hyperfibrinogenaemia  

 Left atrial turbulence                 Plasminogen deficiency   

 Atrial septal aneurysm         (iii) Other  

 Patent foramen ovale                 Hyperhomocysteinaemia  

 Atrial flutter                 Factor V Leiden, VII, XIII Mutations  

 Lone AF                 Antiphospholipid antibody syndrome  

 Bioprosthetic cardiac valve      (b) Acquired:   

 Nonbacterial thrombotic endocarditis                  Disseminated intravascular coagulation (DIC)  

 Congestive heart failure                  Lupus anticoagulant/anticardiolipin syndrome   

 Hypokinetic left ventricular segment                   Pregnancy and the puerperium   

 Myocardial Infarction (>4 /52, <6/12)                   Oral contraceptive pill   

                    Paraproteinaemias  
                    Polycythaemia  
                    Elevated C Reactive Protein (CRP)  
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1.3.1 Vessel Wall Disease 

1.3.1.1 Medium and Large Vessel Disease–Atherosclerosis/Atheroma 

Atherosclerosis is the commonest arterial disease of the Western world with incidence increasing 

with increasing age. In situ thrombosis, vessel stenosis and distal embolisation are common 

sequelae. The presence of atheroma does not inevitably lead to vessel obstruction. Severe 

atheroma can be asymptomatic while fatal stroke and myocardial infarction (MI) can occur when 

atheroma is mild. Vessel stenosis is therefore likely to be an interplay between vessel and 

haematological pathology.  

 

Atherosclerosis is fundamentally an inflammatory process (Lusis, 2000; Poole and Florey, 1958; 

Stratford et al., 1986). The process begins with the accumulation of cholesterol engorged 

macrophages, (foam cells) and fatty streaks within the sub endothelial regions of the intima. 

Areas affected most are those with greater flow velocities such as the carotid artery bifurcation. 

Fatty streaks mature by the accumulation of lipid rich necrotic debris and smooth muscle cells 

(SMCs) which can then fibrose and calcify. Unstable plaques are prone to internal haemorrhage 

from friable infiltrating vessels leading to thrombosis and vessel occlusion. Atherosclerosis is 

therefore a response to injury, with glycoproteins acting as the injurious agents (Ross, 1993) 

(Libby, 2000). 

 

1.3.1.2 Small Vessel Disease 

Various terms have been used to describe small vessel disease (lipohyalinosis, fibrinoid necrosis, 

hyalinosis and angionecrosis) (Fisher, 1991). The result is small areas of cerebral infarction 

(lacunar infarction, lacune = hole) which accounts for up to 25% of all clinically evident cases of 

ischaemic stroke (Bamford et al., 1987; Hankey and Warlow, 1991) and an unknown proportion 

of TIAs. (Kappelle et al., 1991). Small vessel disease often goes unnoticed producing 81% of the 

total number of infarcts seen in the largest post-mortem study published to date (Byrom and 

Dodson, 1948). Mortality is lower than other forms of stroke.  

 

The lenticulostriate and thalamo perforating arteries (diameter 40 - 800 micrometers) are most 

often affected (Bamford and Warlow, 1988).  These arteries are end arteries with no collateral 
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circulation and so occlusion invariably results in infarction. Occlusion of these small vessels is 

most likely to be due to thrombosis rather than embolisation as fewer sources of emboli are seen 

in lacunar infarct victims (Olsen et al., 1985) (Kappelle and van Gijn, 1986) (Bamford et al., 

1990; Hankey and Warlow, 1991). Using newer more sensitive ultrasound equipment 

microemboli are now being recognized which may also play an important role (Laloux and 

Brucher, 1991) (Lund et al., 2000; Wong et al., 2002)). 

 

Histologically the muscle in the walls of small vessels is replaced with collagen, with resultant 

tortuosity of the vessel and growth of small friable aneurysms (Fisher, 1982). Hypertension is a 

common feature in small vessel disease although this association is not exclusive. Two large post 

mortem studies identified hypertension in only 58% of patients with lacunar infarction (Dozono 

et al., 1991; Tuszynski et al., 1989). 

  

1.3.2 Cardiac Embolism 

The intracardiac sources of emboli are outlined in Table 1.5 Cardiac embolism causes 

approximately 20% of all ischaemic stroke (Broderick et al., 1992). Emboli can be recognized 

relatively easily with ultrasound techniques however in the presence of other stroke risk factors 

such as hypertension and downstream atheroma it is often unclear whether cardiogenic emboli 

are causative. Examining ischaemic stroke patients in AF with transthoracic ultrasound, Daniel et 

al (1993) were only able to identify cardiac thrombus in 15%. (Daniel et al., 1993). Atrial 

fibrillation (AF) is the commonest cause of cardioembolic stroke accounting for up to 20% of all 

cases (Sandercock et al., 1992).  

 

1.3.3 Hypercoagulability 

Unlike venous thromboembolism which is often associated with clotting irregularities (Martinelli 

et al., 1998) the relationship between thrombophilia and arterial stroke remains uncertain. 

Hypercoagulability disorders are relatively uncommon although they are often over represented 

in young stroke victims. Recognised pro-thrombotic disorders include the factor V Leiden 

mutation (Wu and Tsongalis, 2001), hyperfibrinogenaemia (Heinrich et al., 1994; Meade, 1981), 
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factor VII , factor XIII (Elbaz et al., 2000) Protein C, S and antithrombin III deficiencies 

(Hossmann et al., 1983; Nagaraja et al., 1999; Tiong et al., 2003), use of the oral contraceptive 

pill, systemic inflammatory disorders, malignant disease, hyperhomocystinaemia, the 

antiphospholipid antibody syndrome, and the haemoglobinopathies. These conditions may all 

play a role in the development of ischaemic stroke with or without underlying vessel wall disease 

(Markus and Hambley, 1998) (Table 1.5). 

 

1.3.4 Molecular Effects of Ischaemia 

The molecular pathology of cerebral infarction is complex and not yet completely understood. 

All subtypes of cerebral infarction may have common downstream consequences irrespective of 

the stimulus. The consequences of cerebral ischemia depend on the degree and duration of 

reduced cerebral blood flow (CBF). Neurons can usually tolerate ischemia for 3-6 hours with 

CBF between 12 and 18 ml/100g/min. This ischaemic tissue has been called the "ischemic 

penumbra" (Astrup et al., 1981) and is seen as the target for therapeutic intervention. The 

duration of this reversible period is unknown and depends on many factors including the extent 

of collateral blood flow to the ischaemic area. Estimates of up to 17 hours have been postulated 

(Marchal et al., 1996).  

 

Excitatory amino acids such as glutamate also play a destructive role. In 5 minutes of 

experimental ischemia, extracellular concentration of glutamate in vivo increases approximately 

8 fold (Benveniste et al., 1984) partly due to increased release from injured neurons and partly to 

impaired re-uptake systems. 

 

Glutamate triggers two distinct types of injury (Choi and Rothman, 1990). The first is a 

reversible, acute neuronal swelling which depends on the influx of extracellular Na+, Cl-, and 

water (Rothman, 1985). The second, irreversible step, is dependent on extracellular Ca2+ (Choi, 

1987) which influxes through glutamate and voltage operated Ca2+ channels. This leads to 

excessive intracellular enzyme activation (protein kinase C, calmodulin-dependent protein kinase 

II, proteases, nitric oxide synthase (Choi, 1988) (Dawson et al., 1991) and endonucleases 

(Altman, 1992) consuming cellular energy and depleting ATP. Repolarization is prevented by the 
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Ca2+ influx leading to a spreading depression which depletes the energy of the surrounding 

neurons allowing concentric migration of severe ischemic damage from the core of the infarct to 

the potentially viable periphery, thus increasing the final size of the infarct. Autolysis (and 

possibly apoptosis) (Altman, 1992) by the activated enzymes perpetuates the loss of viable tissue. 

The final insult is the release of pathological free radicals (OH-, H2O2, NO-) from ischaemic 

mitochondria which enhance the autolytic process (Dawson et al., 1991) (Radi et al., 1991). 

 

The toxicity of glutamate has been established for many decades (Lucas and Newhouse, 1957) 

and antagonists of glutamate are known to reduced hypoxic damage both in vitro (Rothman, 

1984) and in vivo (Simon et al., 1984). Glutamate interacts with at least three different types of 

postsynaptic receptors on the cell membrane: N-methyl-D-aspartate (NMDA), quisqualate, and 

kainate. The most well studied receptor and also possibly the most relevant in stroke is the 

NMDA receptor. Activation of the receptor by either glutamate or NMDA opens the channel and 

allows Ca2+ and Na + to enter the cell setting off the destructive cascade. 

 

Over recent years with the acquisition of such knowledge the treatment of stroke has received 

much attention. Statins are aimed at reducing the accumulation of intravascular lipid. Angiotensin 

converting enzyme inhibitors (ACE inhibitors) have been used to alter endothelial function, 

reduce smooth muscle proliferation and overturn the noxious effects of nitric oxide. 

Thrombolysis has focused on salvaging the ischaemic penumbra and neuroprotection has 

attempted to reduce the toxic effects of glutamate. The role of the Renin – Angiotensin system 

(RAS), in particular the ACE gene, in ischaemic stroke will be covered in Chapter 3 and a 

summary of the stroke treatments can be found in Chapter 9 (Appendix). 
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1.4 Epidemiology and the Burden of Stroke 

Stroke is the third most common cause of death in the Western world. (WHO, 2002). It accounts 

annually for 11% of all deaths in the UK (HMSO, 2000) and is the most common cause of adult 

physical disability (Harris, 1971) which has been acknowledged by two recent UK government 

white papers (HMSO, 1999) (HMSO, 2001). 

1.4.1 Incidence 

The average annual incidence of stroke in the UK is about 3/1000 population (Bamford et al., 

1988) rising steeply with age (Table 1.7) and is more common in men. Worldwide incidence rates 

vary between 0.61-6.27/1000 (Sudlow and Warlow, 1997) (Thorvaldsen et al., 1995). TIA 

incidence and prevalence rates vary between 0.3-1.9/1000 (Dennis et al., 1989) (Brown et al., 

1998) (Sempere et al., 1996) (Gibbs et al., 2001) and 14-30/1000 (Bots et al., 1997) (Toole et al., 

1996) respectively. Locally approximately 1,000 new stroke patients are admitted to the three 

acute Leicestershire hospitals annually (Dennis, 1999) unpublished data). 

 

Table 1.7 Age-specific annual incidence of first stroke per 1000 population.  

Comparison of the OCSP (Bamford et al., 1988), the East Lancashire Study (ELS) (Du et al., 

1997) and the South London Stroke Register (SLSR)(Stewart et al., 1999) (95% confidence 

intervals) 
Age group (yrs) OCSP ELS SLSR

<15 0.03    0.01 (0.00-0.04) 

15-24 0.06  0.03 (0.00-0.07) 

25-34 0.08  0.12 (0.08-0.18) 

35-44 0.23  0.30 (0.21-0.42) 

<45 0.09 (0.06-0.13)   

<50  0.09 (0.06-0.13)  

50-54  0.88 (0.49-1.26)  

45-54 0.57 (0.35-0.79)  0.87 (0.68-1.10) 

55-64 2.91 (2.37-2.45) 1.69 2.19 (1.88-2.53) 

65-74 6.90 (5.93-7.87) 4.67 4.96 (4.44-5.51) 

75-84 14.34 (12.49-16.19) 10.64 9.34 (8.41-10.34) 

>85 19.87 (15.78-23.95) 20.86 19.72 (17.08-22.65) 

Total Samples 1.60 (1.48-1.72) 1.58 (1.46-1.71) 1.33 (1.26-1.41) 
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1.4.2 Mortality 

Mortality rates are often inversely proportional to degrees of affluence, both in the UK (National 

Institute of Epidemiology (NationalInstituteEpidemiology, 1997) (Table 1.8) and abroad (Sarti et 

al., 2000). In Europe mortality figures (/100,000 males age 35-74) range from 34 in Switzerland 

to 162 in Portugal with the UK in 9th place at 65 (Sarti et al., 2000) .  

 

 

Table 1.8 Case fatality after first stroke Comparison of the OCSP (Bamford et al., 1988), the 

East Lancashire Study (ELS) (Du et al., 1997) and the South London Stroke Register 

(SLSR)(Stewart et al., 1999) (95% confidence intervals). 
Days after stroke OCSP ELS SLSR

28 19% 34% 26% 
90  40% 33% 
180   37% 
1 year 31%   

 

 

Mortality is also higher in minority ethnic groups  in both the UK (Wild and McKeigue, 1997) 

(Balarajan, 1991; Wolfe et al., 2002). (Table 1.9) and USA (Broderick et al., 1998) with highest 

rates seen in West Africans and Afrocaribeans. 

 

Table 1.9 Standardised mortality ratios (95% confidence intervals) for stroke in England 

and Wales by country of birth, 1989-92 (Wild and McKeigue, 1997) 
Country of birth Men Women 

Total population 100 100 
West Africa 271 (210-344) 181 (118-265) 
Caribbean 168 (151-186) 157 (136-179) 
South Asia 155 (143-168) 141 (127-157) 
Ireland 138 (128-148) 123 (113-133) 
Scotland 125 (115-136) 125 (113-137) 
East Africa 114 (  86-147) 122 (88-164) 

 

 

In recent years there has been a fall in stroke incidence as well as age specific mortality. 

Mortality rates have declined by 42% in men and 32% in women, (HMSO, 1988; HMSO, 2000; 

Thorvaldsen et al., 1997). Despite this, a steady rise in the average age of the population is likely 

to ensure that stroke will become an increasing burden on health services in the years to come.  
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1.4.3 Economic Burden 

Between 4% (OHE, 1988) and 6% (HMSO, 1992) of the annual National Health Service budget 

is spent on stroke. In 1995-96 this accounted for £2318 million (£758 million for new patients, 

£1560 million for long-term care, community support and treatment of recurrent strokes). This 

figure rises to almost £3000 million if the costs of informal care are also taken into account 

(Bosanquet and Franks, 1998). 

 

In order to keep these costs under control stroke prevention should play a central role in future 

health care provision. 

 

1.4.4 Effects of Stroke 

1.4.4.1 Incidence of disability following stroke 

The true extent of disability caused by stroke is unknown however the majority of stroke 

survivors require care. A summary of the available information is found in Table 1.10 (Wade, 

1994) 

 

 

Table 1.10 Disability rates six months after stroke (Wade, 1994; Wade and Hewer, 1985; 

Wade and Hewer, 1987; Wade et al., 1986; Wade et al., 1989). 

Disability % Level Of Dependence % 
 

 
Motor dysfunction (partial or complete) 

 
53% 

 
Physically independent 

 
47% 

Help washing 49% Mildly dependent 32% 
Help with feeding 33% Moderately dependent 12% 
Help dressing 31% Severely dependent 9% 
Disoriented (or unable to talk) 27%   
Help with toileting 20%   
Help transferring 19%   
Unable to walk independently indoors 15%   
Aphasia 15%   
Help with grooming (teeth, hair, face) 13%   
Urinary incontinence 11%   
Faecal incontinence 7%   
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1.5 The Multi-factorial Aetiology of Stroke / Stroke Risk Factors 

 

Much of our current knowledge about the numerous risk factors for ischaemic stroke has been 

obtained from the Framingham heart study. (Table 1.11) Risk factors can be seen as either 

modifiable or unmodifiable and their importance varies with each pathological subtype.  

 

 

Table 1.11 Factors associated with an increased risk of vascular disease

Unmodifiable 
 

Modifiable 
 

 
Age 

 
Blood pressure (BP) 

Male sex Atrial Fibrillation (AF) 
Family history of stroke Transient Ischaemic Attacks (TIA) 
Race Diabetes Mellitus (DM) 
 Ischaemic Heart Disease (IHD), Cardiac Failure 
 Hyperlipidaemia 
 Peripheral Vascular Disease (PVD) 
 Smoking 
 Alcohol 
 Obesity and diet 
 Plasma fibrinogen 
 Raised C Reactive Protein 
 Hyperhomocystinaemia 
 Factor VII coagulant activity 
 Oral contraceptives 
 Impaired Ventilatory Function 
 Physical inactivity 
 Social deprivation 

 

 

 

Most modifiable risk factors are based largely on epidemiological associations, mostly without 

direct explanation of their pathological effects and some of these links may simply be due to 

confounding. (Ebrahim and Harwood, 1999; Goldstein et al., 2001; Warlow, 1998). Most patients 

have been recognised as being 'at risk' prior to the onset of stroke (Shaper et al., 1991) but 

although there have been attempts to assign risk categories they remain unvalidated and are 

largely unused in clinical practice (Wolf et al., 1991). The evidence in favour of modification of 

the more important risk factors is detailed in Table 1.12. While some of these risk factors are 

dichotomous (present / absent e.g. AF), others, such as hypertension and obesity, are continuous 

variables with arbitrary cut-offs between 'normal' and 'abnormal'.  
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Table 1.12 Relative risks (RR) and prevalence of modifiable risk factors (RF) for stroke

RF RR of stroke when RF present Reference UK Prevalence of RF Reference 

Good evidence that treatment / avoidance can lower stroke risk 

Hypertension 
1.5 for every 5 mmHg increase in 
diastolic blood pressure 
 

(MacMahon et al., 
1990) 

BP>140/90 mmHg  
Men = 38% 
Women = 30%  

(Erens and 
Primatesta, 1999) 

 7, 160/95 vs 120/80 (Markus, 2003)   

 

Between age 40-69 yearsa rise of 20 
mm Hg  of usual SBP or 10 mm Hg  
DBP = > 2X increase in stroke 
mortality 

(Lewington et al., 
2002)   

AF 4-5  
(Brand et al., 1985; 
Kopecky et al., 
1999) 

5% of 65+ yrs  
(Sudlow et al., 1998; 
Wheeldon et al., 
1998) 

Smoking 1.5 (Shinton and 
Beevers, 1989) 

Men = 28% 
Women = 27% 

(Erens and 
Primatesta, 1999) 

Diabetes mellitus 2-3 

(Ebrahim and 
Harwood, 1999) 
Kannel and 
MacGee 1979 

Men = 2-3%  
Women = 1.5-2.5%  

(Erens and 
Primatesta, 1999; 
Gatling et al., 1998)  

Undiagnosed Diabetes 
(glycosylated haemoglobin 
>5.2%)  

  Men = 1% 
Women = 1%  (Bennett et al., 1995) 

Ischaemic heart disease 
(Angina or MI) 2.5 (Ebrahim and 

Harwood, 1999) 
Men = 7%  
Women = 4.5%  

(Erens and 
Primatesta, 1999) 

Previous stroke 15 in first year after stroke, dropping 
to 2 after 5 years (Burn et al., 1994) 1.5-1.75% of total 

population 

(Geddes et al., 1996; 
O'Mahony et al., 
1999) 

TIA 
80 within first month,  
13 within first year, 
7 overall 

(Dennis et al., 
1990) 

1.5% of  > 55yrs report 
symptoms of TIA in 
preceding 3 years  

(Bots et al., 1997) 

Hyperlipidaemia 1.4 between lowest & highest 
quartiles of total cholesterol 

(Benafante et al 
1994)   

 
Weaker evidence that treatment / avoidance can lower stroke risk 

 
Obesity (BMI >30kg/m2) 
 
Overweight  (BMI 25-30 
kg/m2) 

1-2 (Ebrahim and 
Harwood, 1999) 

Men = 17% 
Women = 21%  
Men = 45% 
Women = 32%  

(Erens and 
Primatesta, 1999) 

Physical inactivity 2.5 (Wolfe et al., 1996) 

< 30 mins of moderate 
exercise / week  
Men = 35%  
Women = 41%  

(Erens and 
Primatesta, 1999) 

Excessive alcohol 
consumption 1.5-2 for ≥5 units/day (Hart et al., 1999a; 

Sacco et al., 1999) 

35 units per week  
Men = 15%  
Women = 3%  

(Erens and 
Primatesta, 1999) 

Oral contraception (OCP) 3, 
2 if low oestrogen preparation  

(Gillum et al., 
2000) 

27% of women aged 16-
54 current users 

(Erens and 
Primatesta, 1999) 
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Unmodifiable Risk Factors 

1.5.1.1 Age 

The Oxford Community Stroke Project identified age as the strongest risk factor for cerebral 

infarction  with a 25 fold increase in events between groups aged 45-54 and 75-84 (0.57/1000 vs 

14.3/1000) (Bamford et al., 1990). 

 

1.5.1.2 Gender 

Males are at increased risk but to a much smaller degree than seen in other vascular diseases. The 

effect is most prominent in middle age becoming less so at the extremes of the age range 

(Haberman et al., 1981; Thorvaldsen et al., 1995). 

 

1.5.1.3 Family History and Race 

These will be covered in the stroke genetics section.  

 

1.5.2 Modifiable Risk Factors 

1.5.2.1 Hypertension 

This is the most important treatable and independent risk factor for stroke. In the Framingham 

Heart Study the age standardized incidence of cerebral infarction was approximately 3 times 

greater in people with systolic blood pressure (SBP) >160 mmHg and 2 times higher in those 

with SBP 140-159 mmHg compared with patients with SBP <139 mmHg (Wolf, 2003). 

 

For every 7.5 mmHg increase in DBP above 85 mmHg the risk of stroke doubles (Collins et al., 

1990; MacMahon et al., 1990; MacMahon and Rodgers, 1994).  However even modest elevations 

of blood pressure confer significant risk. Approximately 50% of the first strokes identified in the 

Framingham study occurred in subjects with mild hypertension or normal blood pressure (Wolf, 

2003). Overall approximately 75% of all stroke deaths occurred in patients who have DBP less 

than 110 mmHg.  Most studies include BP measured at the time of the study however persistently 
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elevated BP during the preceding 10 years increases the relative risk (RR) of stroke by 1.68 in 

women and by 1.92 in men (Seshadri et al., 2001). This data is supported by treatment trials of 

BP reduction which show reductions in stroke incidence (see section 1.6.2.2). 

 

1.5.2.2 Atrial Fibrillation (AF) 

AF is recognised as the greatest risk factor for a cardio-embolic stroke. It is often associated with 

underlying cardiac dysfunction (Kannel et al., 1998) (Psaty et al., 1997) (Levy et al., 1999; Lip et 

al., 1997). AF confers a 4-5 fold increase in RR of stroke (Brand et al., 1985; Kopecky et al., 

1999). This risk may not be entirely independent as AF is often associated with underlying 

cardiac dysfunction, increasing age, DM, left ventricular dysfunction and hypertension and the 

likelihood of embolisation increases in the presence of these risk factors (van Latum et al., 1995). 

The prevalence of AF has risen over time, from 3.2% in men aged 65-84 in 1968 to 9.1% in 1989 

(Kannel et al., 1998). Non-rheumatic AF (lone AF) also carries a 5% risk of ischaemic stroke per 

annum (Hart and Halperin, 1994). 

 

Four UK prevalence surveys of AF are summarised in Table 1.13. Approximately 25% of AF is 

paroxysmal and the rest chronic (Lip et al., 1997; O'Connell and Gray, 1996). 

 

 

Table 1.13 The prevalence of AF A Summary of 4 UK prevalence surveys.
Study Population Results 

(Sudlow et al., 1998) Random sample of 4,843 people aged ≥65 from 26 
practices in Northumberland 

Overall prevalence: = 4.7%  
65-74 yrs: 3.5% men, 2.4% women  
75+ yrs: 10% men, 5.6% women 

(O'Connell and Gray, 1996) Single practice in Gateshead (n = 9,162) 
Overall prevalence: = 1% 
76% chronic,  
24% paroxysmal 

(Wheeldon et al., 1998) Single practice in Sheffield: all patients aged ≥65 (n 
= 1,422) 

Overall prevalence: = 5.4% 
75+ yrs: 6.6% 

 (Lip et al., 1997) 2 Birmingham practices (n = 16,519) 
Prevalence: 50+ yrs = 2.4% 
73% chronic,  
27% paroxysmal 
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1.5.2.3 Transient Ischaemic Attack (TIA) 

TIAs are warnings of future stroke conferring a 5-10x RR. After TIA the risk of stroke is 4.4% 

(95% CI: 1.5-7.3% (RR=80)) in the first month, 11.6% (95% CI: 6.9-16.3% (RR=13)) in the first 

year and 29% (95% CI: 21.3-37.3%) over 5 years. The average annual risk of stroke after a TIA 

is 6% and MI is 2.4% (Dennis et al., 1990). TIA is often associated with carotid atheroma which 

is implicated in 9% of all ischaemic stroke (Kistler and Furie, 2000). When associated with 

symptoms of TIA, severe carotid artery stenosis (70-99% reduction of luminal diameter) is 

associated with a 20% risk of major stroke in three years ((ECAS), 1991; (NASCET), 1991). 

 

1.5.2.4 Asymptomatic carotid artery stenosis 

Identification of carotid artery stenosis in the absence of a stroke (asymptomatic stenosis) carries 

a significant but lower risk of stroke than symptomatic stenosis. In the Asymptomatic Carotid 

Artery Stenosis trial the risk of ipsilateral stroke or death after 5 years in the control group was 

11% (AsymptomaticCarotidAtherosclerosisStudy, 1995) which compares favourably with a 29% 

5 year risk of stroke after a previous TIA (Dennis et al., 1990). High grade asymptomatic stenosis 

(60-99%) still conferred a 50% greater risk of a first stroke compared with lower grade stenoses 

(< 60%) (Inzitari et al., 2000) but only 55% of these strokes were classified as attributable to the 

carotid stenosis thereby diluting the overall relative risk of stroke (Barnett et al., 2000). 

 

Carotid stenosis implies atheroma of other vessels. In a cohort study of men born in1914 those 

with carotid stenosis had a higher death rate from IHD but not ischaemic stroke. As stroke often 

occurs later in life the earlier heart related deaths of these men may have reduced the incidence of 

cerebrovascular events (Ogren et al., 1995).  

 

1.5.2.5 Diabetes Mellitus (DM) 

DM confers a 2x increase in stroke risk (Kannel and McGee, 1979) and is an independent marker 

of poor prognosis (Barrett-Connor and Khaw, 1988; Fuller et al., 1983; Rosengren et al., 1989; 

Stout, 1989). 
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1.5.2.6 Ischaemic Heart Disease (IHD) and Peripheral Vascular Disease (PVD) 

CHD is unequivocally associated with an increased risk of stroke (Friedman et al., 1968); 

(Kannel et al., 1983). Within two weeks of MI 0.7-4.7% of patients suffer stroke (Loh et al., 

1997). Co-incident PVD reflects the presence of widespread atherosclerosis and as such confers a 

three fold risk of stroke mortality. (Smith et al., 1990) 

 

1.5.2.7 Hyperlipidaemia 

High levels of total plasma cholesterol and low density lipoproteins (LDL) as well as low levels 

of high density lipoproteins (HDL) are well established risk factors for IHD (Martin et al., 1986; 

Shaper et al., 1991). Conversely a number of large studies have failed to find an independent 

association of stroke and serum cholesterol (ProspectiveStudiesCollaboration, 1995) or 

triglycerides (Hulley et al., 1980; Shahar et al., 2003). There have however been 2 notable 

exceptions. The Honolulu Heart Study of Hawaiian men of Japanese ancestry (Benfante et al., 

1994) showed a historic elevation in total cholesterol correlated with an increased incidence of 

thromboembolism with RR of stroke of 1.4 between the lowest and highest quartiles of serum 

cholesterol. The Multiple Risk Factor Intervention Trial (MRFIT) study (Iso et al., 1989) showed 

that high levels of total serum cholesterol measured six years before death significantly correlated 

with a higher incidence of ischaemic stroke however cholesterol levels <4.14 mmol/L conferred a 

3 fold higher risk of haemorrhagic stroke. Further support of the candidacy of high serum lipids 

as risk factors comes from treatment trials with statin therapy reducing the risk of stroke 

particularly in patients with IHD (Herbert, 1997).  

 

Extra-cranial carotid artery atherosclerosis, a surrogate marker for large vessel stroke, has been 

correlated with high levels of total serum cholesterol and LDL cholesterol, with high HDL 

cholesterol showing a protective effect (Fine-Edelstein et al., 1994; O'Leary et al., 1996; Wilson, 

1995). Statin therapy can slow progression and occasionally promote regression of carotid artery 

plaques (Furberg et al., 1994). The extent to which the hyperlipidaemia are risk factors for stroke 

remains unclear. Statins may be working in ways other than reducing the extent of atheroma 

possibly by reducing the tendency for plaque rupture by altering lipid composition. (HPS, 2002; 

Sever et al., 2003).  
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Possible explanations for these contradictory results include a masking effect of low cholesterol 

levels associated with haemorrhagic stroke, (Iso et al., 1989; Tanaka et al., 1982) underpowered 

studies with stroke as a secondary rather than primary end-point and beneficial effects of statins 

independent of their cholesterol lowering properties. This latter point is emphasized by the fact 

that the extent of lipid lowering in statin trials is relatively small in relation to the large effects on 

relative risk reduction. 

 

1.5.2.8 Smoking and Alcohol Consumption 

Smoking increases the risk of stroke by approximately 1.5, with risk increasing with increasing 

dose (Shinton and Beevers, 1989). Passive smoking also increases the risk (Donnan et al., 1989). 

Direct pathological data concerning the tissue effects of smoking is lacking however smoking has 

been strongly associated with an increase in carotid atheroma (Homer et al., 1991). Studies of the 

effects of alcohol use are complicated by inaccuracies in measuring intake, difficulties in 

identifying control populations and the possible synergistic effects of smoking with other risk 

factors. Minimal as well as heavy alcohol consumption is associated with a greater risk compared 

to moderate use (Djousse et al., 2002; Doll et al., 1994; Gill et al., 1986; Gordon and Kannel, 

1983; Kozararevic et al., 1980). Alcohol may also cause stroke by promoting other risk factors 

such as hypertension (Friedman et al., 1988; Malhotra et al., 1985), hyperlipidaemia (Gordon and 

Kannel, 1983) and AF (Ettinger et al., 1978) 

 

1.5.2.9 Obesity 

Ischaemic stroke has been linked with obesity (Welin et al., 1987) however this association is 

complicated by stronger risk factors such as hypertension, hyperlipidaemia and diabetes which 

are known to have a higher prevalence in obese individuals (VanItallie, 1990). Insufficient data is 

available to confirm obesity as an independent risk factor. 
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1.5.2.10 Haematological Disorders 

Cerebral infarction is a consequence of a number of haematological disorders (Table 1.6). 

 

1.5.2.10.1 Fibrinogen 

Plasma fibrinogen is consistently found as an adverse risk factor for stroke with higher risk when 

combined with smoking and hypertension, possibly due to accelerated thrombosis (Cook and 

Ubben, 1990; Kannel et al., 1987; Meade et al., 1987; Qizilbash et al., 1991; Rosengren et al., 

1990; Wilhelmsen et al., 1984). A large meta-analysis conducted by the Fibrinogen studies 

collaboration in 2005 identified moderately strong associations between plasma fibrinogen and 

the risks of coronary heart disease, stroke and other vascular diseases in middle-aged adults.  The 

age and sex adjusted hazard ratio per 1 g per litre increase in usual fibrinogen level for stroke was 

2.06 (95% CI 1.83 - 2 .33). (Danesh et al., 2005) 

 

1.5.2.10.2 Elevated CRP 

In the original Framingham cohort elevated CRP was found to be an independent risk factor for 

stroke and TIA (Rost et al., 2001). Male subjects with CRP levels within the top 25% were found 

to have twice the risk of stroke and TIA as compared with men in the lowest 25%. For women in 

the top 20% of the risk was almost threefold. A meta-analysis of the available data by Kuo et al 

(Kuo et al., 2005) identified nearly 70% increase in risk of stroke for those individuals with CRP 

concentrations in the highest quartile compared with those in the lowest quartile. Although there 

appears to be an association between CRP and risk of stroke there is currently no strong evidence 

suggesting that the identification and primary preventative treatments improve health outcomes.  

In secondary prevention elevated CRP appears to increase the risk of future stroke however at 

present there is no specific therapy which reduces a nonspecifically elevated CRP and so high 

CRP should merely highlight the need for well-established secondary preventative therapies. 

 

1.5.2.10.3 Hyperhomocysteinaemia 

Increased incidence of stroke (Boushey et al., 1995) and carotid intima-media thickness (IMT) 

(Malinow et al., 1993; Selhub et al., 1995) has been linked with hyperhomocysteinaemia.  The 

Framingham Heart Study identified a RR of 1.82 of stroke in patients with serum homocysteine 
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in the top 25% compared with the bottom 25%.  Homocysteine was found to be an independent 

risk factor for stroke in the British Regional Heart study with risk rising with increasing levels of 

serum homocysteine (Perry et al., 1995).  Individuals with greater than 15.4 µmol/L of 

homocysteine had a 4.7 times RR compared with those with levels of less than 10.3 µmol/L. The 

ARIC study, Physicians Health study and MRFIT have failed to reproduce these results for stroke 

(Evans et al., 1997; Folsom et al., 1998; Stampfer et al., 1992; Verhoef et al., 1994). 

 

The metabolism of homocysteine is complex and closely related to folic acid and vitamins B12 

and B6 levels.  Fasting homocysteine levels may give a spuriously normal result as 40% of 

individuals with normal fasting levels are demonstrated to have elevated homocysteine levels in 

response to a methionine challenge. In the presence of low folate and B12, elevation of 

homocysteine is more significant.  As a consequence folic acid, B6 and B12 supplementation has 

been used in a few studies however they have shown no benefit in preventing stroke to date 

(Stampfer and Malinow, 1995; Stampfer and Rimm, 1996). 
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1.6 Management Of Stroke: Preventative Strategies 

This section will consider the prevention of first stroke in at risk individuals (primary prevention) 

and second stroke in stroke victims (secondary prevention). The diagnosis of stroke as well as the 

acute, medium and long term treatments are considered in Chapter 8 (Appendix).  

 

1.6.1 Primary Prevention 

1.6.1.1 High risk individuals 

Table 1.14 summarises the evidence for the effects of the preventative strategies. The greatest RR 

reduction of up to 68% is seen when patients with AF are treated with warfarin 

(AtrialFibrillationInvestigators, 1994; Hart et al., 1999b) which far outweighs the risk of serious 

haemorrhage. Patients less than 65 years old with lone AF are the only group who do not benefit. 

Despite this, in the UK and USA only 21-36% of eligible patients are on warfarin (Lip et al., 

1997; O'Connell and Gray, 1996; Sudlow et al., 1998; Wheeldon et al., 1998) (Stafford and 

Singer, 1998). Aspirin produces 32% less reduction in stroke risk compared to warfarin 

(Benavente et al., 2000a; Hart et al., 1999b) however some authors advocate its use as first line 

therapy due to its relative safety (Taylor et al., 2001). The treatment of AF therefore, especially in 

the elderly, remains a difficult area and a RCT (The Birmingham Atrial Fibrillation Treatment of 

the Aged Trial (BAFTA)) is currently addressing this issue. (Fitzmaurice et al., 2000)  

 

Modest reductions in blood pressure can lower the stroke risk by up to 40% (Collins, 1994). Risk 

reductions in the region of 30% are seen by treating vascular disease with aspirin 

(AntiplateletTrialists'Collaboration, 1994) or statins (Herbert, 1997) and asymptomatic carotid 

stenosis with carotid endarterectomy (Benavente et al., 1998; Chambers et al., 2000). 
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Table 1.14 Effectiveness of primary stroke prevention strategies in high risk individuals 

 
Risk group Intervention Reduction in stroke risk Comments Reference 

Hypertension Lowering BP 35-40% - mean reduction of 5-6 mmHg 
in diastolic blood pressure (Collins, 1994) 

AF Warfarin 
68% 

 
59%, 

- independent of age  
 
- with mean achieved INR 
from 2.0-2.6 

(AtrialFibrillationInvestigators, 
1994) 
 
 
(Hart et al., 1999b) 

 
 
Aspirin (50 mg-
1.3 g / day) 

20-22%, 
 

10 strokes prevented for every 
1000 treated 

(Benavente et al., 2000a; Hart et 
al., 1999b) 

 
 
Warfarin versus 
aspirin 

32-36% 
reduction if treated with 
warfarin in preference to 
aspirin 

(Hart et al., 1999b; Taylor et al., 
2001) 

Non Valvular 
AF (Lone AF) Warfarin  

INR of 2-3 reduces stroke but 
significant bleeding risk 
25 strokes and 12 disabling / 
fatal strokes prevented yearly 
for every 1000 treated. 

(Benavente et al., 2000b) 

Carotid artery 
stenosis 
(asymptomatic) 

Carotid 
endarterectomy 27-38%  

reduction in risk of ipsilateral 
stroke or peri-operative stroke 
or death after mean of 3 years 
follow-up 

(Benavente et al., 1998; Chambers 
et al., 2000) 

High vascular 
risk 
(PVD,  
IHD,  
Cerebrovascular 
Disease) 

Aspirin  

27%  
 
 

31% 

- reduction in risk of MI, stroke 
or vascular death;  
 
 
- reduction in risk of non-fatal 
stroke 

(Johnson et al., 1999) 
 
 
 
(AntiplateletTrialists'Collaboration, 
1994) 

 

Thienopyridine 
derivatives 
(Clopidogrel, 
Ticlopidine) vs 
Aspirin 

12%   (Hankey et al., 2000a; Hankey et 
al., 2000b) 

 Statin therapy 

32%  
 
 
 
 

Pravastatin vs placebo in 4159 
MI survivors 
 (NNT = 40). 
 
 
 

Cholesterol and Recurrent Events 
(CARE) (Plehn et al., 1999)  

  

 
30% 

 
 

Simvastatin 40 mg vs placebo 
20,536 vascular disease 
subjects 

Heart Protection study ((HPS, 
2002) 
 

  73% 

 
10,305 high risk hypertensives 
Stopped early 
121 strokes in placebo group 
vs 89 in  treatment group 

Anglo Scandinavian Cardiac 
Outcomes Trial - Lipid Lowering 
Arm (ASCOT-LLA). (Sever et al., 
2003) 
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1.6.1.2 Lower Risk Individuals 

The American Heart Association and Scottish Intercollegiate Guideline Network guidelines 

(SIGN) are summarised in Table 1.15. Lifestyle interventions (e.g. smoking cessation, weight 

loss, healthy diet, exercise and control of alcohol consumption) are not supported by randomised 

control trial (RCT) evidence however observational studies demonstrate associations between the 

risk factor and stroke. Changes in risk factor status do correlate with better outcome (Ness and 

Powles, 1997).   

 

Table 1.15 Guidelines for the primary prevention of stroke (AHA unless stated otherwise). 

Hypertension * Adult Screening at least every two years. Appropriate management. 
Closer observation of hypertension in diabetes. (Neal et al., 2000) 

Smoking * Cessation recommended. 
Diabetes * Glycemic control is recommended to reduce microvascular complications. 
Asymptomatic carotid 
stenosis* 

Endarterectomy considered in high grade asymptomatic carotid stenosis performed by a surgeon with <3% 
morbidity/mortality rate.  

AF * 

Warfarin or aspirin should be considered for non-valvular atrial fibrillation whilst considering risk of embolism 
and bleeding complications. 
Higher risk patients considered for warfarin (INR of 2.5).  
Aspirin possibly a safer alternative to warfarin in some. (SIGN) 

Hyperlipidaemia * Known coronary heart disease with elevated LDL cholesterol should be considered for statin treatment.  
Obesity Weight reduction recommended.  
Physical Inactivity >/= 30 minutes of daily moderate intensity activity recommended.  
Poor diet/nutrition >/= five daily servings of fruit and vegetables recommended. 

Alcohol abuse Men - 2 drinks per day  
Women (non pregnant)  - 1 drink per day 

Hyperhomocysteinaemia Folic acid and B vitamins should be considered.  
Oral contraceptive use Avoid in women with additional risk factors (e.g. cigarette smoking or prior thromboembolic events).  
 

AHA: American Heart Association(Goldstein et al., 2001) ; SIGN: Scottish Intercollegiate Guidelines Network. (SIGN, 1999) ;  

* Randomised control trial (RCT) evidence 

 

1.6.1.3 Population Strategies 

This topic was reviewed by Rees et al in 2000 (Rees, 2000). Although dietary improvements for 

individuals are associated with reductions in stroke risk (Ness and Powles, 1997) this is 

unfortunately not supported by trial evidence in large populations. Promoting less cigarette use 

by raising the cost (Chaloupka and Wechsler, 1997), focused mass media campaigns (Sowden, 

2000) reducing advertising (Smee, 1992) and smoke free workplaces (Chapman et al., 1999) are 

all effective especially for women and younger people. Increases in exercise as part of the 

everyday life of the population by encouraging walking and cycling is thought to be more 

effective than the more artificial measure of promoting the use of exercise facilities (Hillsdon and 

Thorogood, 1996) however no randomized evidence is available. 
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1.6.2 Secondary Prevention 

Table 1.16 provides a summary of the main features of the secondary prevention guidelines. 

There is general agreement that all stroke patients should have their BP monitored and be 

prescribed an antiplatelet agent. There is also good evidence to support the treatment of 

symptomatic carotid stenosis and AF and hypercholesterolaemia. 

 

Table 1.16 Summary of guidelines for secondary prevention of stroke  

Hypertension 
Blood pressure monitoring for all patients. Treat hypertension persisting for > 1 month (IWP, 2000) 
 
Control of hypertension … should be advocated once the initial event has stabilized. (SIGN, 1997) 

Antiplatelet 
therapy 

Aspirin therapy (50-300 mg od) for all (unless anticoagulated) 
 
Aspirin failure - aspirin + dipyridamole MR (200 mg bd).  
 
Aspirin intolerant - clopidogrel 75 mg od or dipyridamole MR (200 mg bd)  (IWP) (SIGN) (ECC) 
 
Insufficient evidence in view of cost to justify clopidogrel or dipyridamole as first line treatment. (ECC) 

Anticoagulation 

AF, mitral valve disease, prosthetic heart valves or within 3 months of MI, anticoagulation should be considered for all 
patients who have ischaemic stroke. (IWP) (SIGN) (Target INR 2.5). (ECC) Cochrane Stroke Group(Koudstaal, 2000a; 
Koudstaal, 2000b) 
 
No clear benefit from long-term anticoagulant therapy in people with non-embolic ischaemic stroke or TIA(Liu, 2000) 
 
More intense anticoagulation (INR 3.0 - 4.5) is not safe.(Algra, 2001) 

Carotid 
endarterectomy 
(CEA) 

Any patient with a carotid artery area stroke, and minor or absent residual disability, should be considered for carotid 
endarterectomy. (IWP) 
 
Surgery should be targeted at patients at highest risk of further stroke, (severe stenosis of the ipsilateral carotid artery and 
performed as soon as possible after the initial event (within 6 months). (ECC)  
 
CEA reduced the risk of disabling stroke or death for patients with stenosis exceeding ECST-measured 70% or NASCET-
measured 50%. Result is only generalisable to surgically fit patients operated on by surgeons with complication rates less 
than 6%).(Cina, 2000)  

 
Other risk factors 
 

All patients should be assessed and treated for other vascular risk factors and advised about lifestyle factors. (IWP) 

Intercollegiate Working Party for Stroke National Clinical Guidelines (IWP, 2000) 
Scottish Intercollegiate Guidelines Network (SIGN) (SIGN, 1997) 
Edinburgh Consensus Conferences on stroke (ECC) (RCPE, 2000) 
Cochrane Stroke Group Review of Secondary Prevention of Stroke 
 

1.6.2.1 Antiplatelet agents 

There are three antiplatelet agents currently in common use for secondary stroke prevention, 

aspirin, dipyridamole and clopidogrel. The size of the risk reduction with aspirin therapy is 

similar to that achieved in primary prevention (Table 1.14) although there is a small increase in 

risk of haemorrhagic stroke which is proportional to dose (AtrialFibrillationInvestigators, 1994). 

There is no evidence that 300 mg/day is any more effective than 75 mg/day (Johnson et al., 

1999). Clopidogrel and ticlopidine are effective alternatives in patients who are intolerant of 

aspirin (Hankey et al., 2000a). 
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Combination of aspirin and dipyridamole has been shown by one trial (European Stroke 

Prevention Study (ESPS-2), (Diener et al., 1996) to be beneficial and this combination is 

currently under review by the Antithrombotic Trialists Collaboration (Sudlow, 1998). In acute 

coronary syndromes and during coronary endovascular procedures the combination of 

clopidogrel and aspirin has been shown to be more effective than aspirin alone in preventing 

vascular events, (Mehta et al., 2001; Yusuf et al., 2001) however the MATCH trial has shown no 

significant reduction in the rates of stroke and a greater rate of haemorrhage with this 

combination and so this is unlikely to become established practice for long term stroke 

preventative therapy (Diener et al., 2004). 

 

1.6.2.2 Blood Pressure Reduction 

The control of SBP and DBP is the cornerstone of stroke prevention. Results of the important 

trials are detailed in Table 1.17. Reduction in the recurrence of stroke is in the region of 28-73% 

with the greatest effects seen in those at the highest risk such as severely hypertensive, elderly 

and diabetic patients. The PROGRESS trial has shown that there are also significant advantages 

of lowering blood pressure from levels previously thought to confer no increased risk of recurrent 

stroke.  

 

Table 1.17 Secondary prevention of stroke by blood pressure reduction 

Date of Publication Trial Details BP Reduction Risk Reduction 
(95% CI) 

1990 (Collins et al., 1990) 
(MacMahon et al., 1990) 

37,000 elderly 
diabetics 5.8 mm Hg DBP 42% 

1991 Systolic Hypertension in the Elderly 
(SHEP, 1991) 

4736 patient>60 yrs. 
SBP >160 mmHg 
DBP<90 mmHg 
4.5 yrs follow up 

 36% 

1997 (Staessen et al., 1997) 

4699 patients with 
isolated systolic 
hypertension 
2 yrs follow up 

 42% 
73% in diabetics 

1997 Meta-analysis 
(Gueyffier et al., 1997).   28% (61-85) 

2001 (PROGRESS, 2001) 6105 patients with 
stroke or TIA 9/4 mmHg  28% (17-38) 

 

The studies comparing the effects of different antihypertensives are summarised in Table 1.18. 

All antihypertensives reduce stroke risk and the size of the benefit is proportional to the level of 

the blood pressure control. The HOPE and PROGRESS trials show additional benefits of ACE 
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inhibitors and LIFE shows similar benefits of an angiotensin II receptor antagonist, independent 

of their effects on BP. This may be related to beneficial effects on endothelial function, 

fibrinolysis and smooth muscle proliferation (Lonn et al., 2001) 

 

Table 1.18 Comparison of antihypertensives used in secondary prevention. 
Date Of 

Publication Trial Details Patient Numbers Results 

2000 HOPE (Yusuf et al., 2000) 
 

10 mg Ramipril vs 
placebo 

9297 with vascular 
disease or diabetes 

3 mmHg BP reduction 
with Ramipril  conferring 
32% reduction in stroke 

2001 (PROGRESS, 2001) 
 

ACE inhibitor 
(Perindopril) + Thiazide 
diuretic (Indapamide) vs 
Peridopril 

6105 patients with stroke 
or TIA, hypertensives and 
normotensives 

Combination therapy : 
mean BP reduction = 12/5 
mmHg, Stroke risk 
reduction = 43% 
Perinopril therapy : mean 
BP reduction 5/3 mmHg, 
Stroke risk reduction = 
5%.   

2002 

Antihypertensive and Lipid 
Lowering Treatment to Prevent 
Heart Attack Study ALLHAT 
(ALLHAT, 2002) 

Ca Blockers, vs ACE 
inhibitors, vs Thiazide 
diuretics vs B blockers 

 
All drugs showed similar 
benefit proportional to 
degree of BP reduction 

2002 Losartan Intervention for Endpoint 
(LIFE)(Kjeldsen et al., 2002) 

Angiotensin II receptor 
antagonist (Losartan) vs B 
Blocker (Atenolol) 

9193 hypertensives and 
left ventricular 
hypertrophy 

Equivalent mean BP 
reduction 32/18.5 mmHg 
in  Losartan group, 
29.1/19.2 mmHg in 
Atenolol group. Risk of 
stroke 25% lower with 
Losartan 

 

1.6.2.3 AF Therapy 

There is general agreement that stroke in the context of AF, recent MI and valvular heart disease 

requires warfarin therapy. Similar stroke reduction is achieved as with primary prevention (68%) 

(Hart et al., 1999b) however as previous stroke confers a higher future risk the benefits of 

warfarin are greater than for primary prevention. The use of aspirin in post stroke AF is clearly 

inferior to warfarin. (European Atrial Fibrillation Trial, (EAFT, 1993) 

 

1.6.2.4 Symptomatic Carotid Artery Stenosis Therapy 

1.6.2.4.1 Carotid endarterectomy (CEA) 

There have been two large trials of CEA in symptomatic carotid artery stenosis (European 

Carotid Surgery Trial (ECST, 1998) and North American Symptomatic Carotid Endarterectomy 

Trial ((NASCET), 1991)). The methodology of the trials is slightly different however the results 

were broadly similar. Overall benefit is dependent upon surgical skill however as long as the 
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surgical complication rate is less than 6% the benefits outweigh the risk (Cina, 2000). In patients 

with severe carotid artery stenosis (>80% ECST; >70% NASCET) surgery reduces the risk of 

disabling stroke or death by 48% (95% CI: 27-73%). For moderate stenosis (70-79% ECST; 50-

69% NASCET) surgery reduces risk of stroke or death by 27% (95% CI: 15-44%). Conversely 

for less severe stenoses, surgery increases the risk of stroke or death by 20% (95% CI: 0-44%) 

(Cina, 2000) . The results of NASCET however found that elderly patients may have more 

benefit from surgery overall and also at lesser degrees of stenosis (50-69%) (Alamowitch et al., 

2001).  

 

1.6.2.4.2 Endovascular treatment 

Percutaneous transluminal balloon angioplasty and intravascular carotid stent insertion is an 

alternative to carotid endarterectomy. After three years of follow up the CAVATAS trial found 

similar rates of recurrent ipsilateral stroke with this method compared with carotid 

endarterectomy (hazard ratio: 1.04; 95% CI: 0.63-1.70) (CAVATAS, 2001). However, severe 

(70-99%) ipsilateral stenosis was more common after 1 year in the endovascular group (14% 

versus 4%). Since CAVATAS endovascular techniques have evolved and data from ongoing 

trials (CREST (Carotid Revascularisation Endarterectomy versus Stenting Trial) and 

International Carotid Stenting Study (ICSS)) is awaited (Spence and Eliasziw, 2001).  

The early use of carotid endarterectomy after stroke (if disability is not severe) or TIA in the 

presence of significant (>70%) ipsilateral internal carotid artery stenosis should be advocated. 

 

1.6.2.5 Hypercholesterolaemia Therapy  

1.6.2.5.1 Statins 

There are a number of clinical trials aimed at reducing serum cholesterol levels using statins.  

(4SStudy, 1994; HPS, 2002; Plehn et al., 1999). Overall reduction in risk of stroke was in the 

order of 20-30%. The CARE trial (Cholesterol and Recurrent Events Trial) randomised 4159 

survivors of MI to Pravastatin or placebo. Fifty four patients in the Pravastatin group (2.6%) and 

78 placebo patients (3.8%) suffered ischaemic stroke during the study period corresponding with 

a relative risk reduction of 31% (NNT=40 to prevent one stroke) (Plehn et al., 1999) The LIPID 

trial (LIPID, 1998) (Longer Term Intervention with Pravastatin in Ischaemic Disease) showed 
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equivalent benefits on stroke risk as the CARE study. The Heart Protection Study randomised 

20,536 high risk individuals to receive either simvastatin (40 mg) or placebo. A 30% relative risk 

reduction of stroke was seen (HPS, 2002).  

 

1.6.2.6 The Uptake of Secondary Prevention Strategies  

Although there is good evidence for the use of the above strategies in secondary stroke 

prevention, the uptake of preventative strategies in everyday clinical practise is not universal 

(McCallum et al., 1997; O'Connell and Gray, 1996; Stafford and Singer, 1996; Stafford and 

Singer, 1998; Sudlow et al., 1998; Velasco, 1999) suggesting that patients could receive far 

greater benefits from health care than they are currently getting. 

 

1.7 Summary 

This section has covered some of the evidence for the processes underlying cerebral infarction. It 

has outlined the significant burden of the problem and the extent to which recognized clinical 

factors increase the risk of events. The chapter was concluded with a review of the good evidence 

for risk factor management which can play a significant role in reducing the risk of the 

development of ischaemic stroke. 
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2.1 From Mendel To Today 

Much has been learnt since Mendel's experiments on the garden pea which initiated the modern 

era of genetics. Pre-Mendel, inheritance theories were based upon a notion that parental material 

was blended and passed on to the offspring. Mendel developed the alternative concept of the 

'gene', inherited in its entirety from a single parent. This idea has evolved into the contemporary 

belief that many common human traits are believed to be due to additive effects of allelic 

variations in numerous genes with no gene having an independently large effect.  

 

The genetic and technical revolution of the last decade has promised much, although real success 

has been limited. The clear phenotypic variation of Mendel’s pea samples is not mirrored by 

multi-factorial common diseases. Although inheritance patterns exist, there are clearly more 

complex protein-protein and protein-environment interactions. Success has been mainly limited 

to the uncommon single gene disorders which may give hints about pathological mechanisms but 

do not always correlate with the more common, oligogenic / polygenic, forms of the disease. 

Tools such as automated large scale genotyping, powerful statistical techniques, multinational 

DNA analysis such as the Human genome and HapMap projects whose results are all freely 

accessible on the internet, should all improve the future prospects for successfully understanding 

the genetic basis of common human disease. 

 

This chapter will cover the definition of the common traits and the reasons behind their genetic 

complexity. It will address the strategies of gene detection and the refinements required to 

improve the chances of success. Finally, it will introduce some of the methods involved in 

establishing a role of candidate genes in specific disease pathogenesis. 
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2.2 Complex Genetic Traits  

A complex genetic trait has evidence of heritability from a parent but the inheritance pattern is 

not entirely compatible with Mendelian laws i.e., the inheritance is multi-factorial and is due to a 

number of genetic effects and environmental interactions, thus leading to the breakdown of the 

simple link between genotype and phenotype.  
 

2.2.1 Complexities Of Identifying Complex Disease Genes 

Identification of perfect co-segregation of a gene with a complex disease is a difficult task due to 

a number of reasons:- 
 

2.2.1.1  Phenotypic Heterogeneity 

Identical genotypes at disease loci can produce a variety of different clinical appearances. In 

sickle cell anaemia, identical beta globin mutations can produce a variety of phenotypes ranging 

from childhood mortality to near normal life expectancy (Huisman, 1979).  

 

2.2.1.2 Phenocopy 

Environmental exposure to a disease causing agent produces a disease phenotype in the absence 

of a genetic predisposition. 

 

2.2.1.3 Genetic Heterogeneity 

Identical phenotypes may be produced by mutations in a variety of genes which hampers genetic 

mapping as chromosomal regions may cosegregate with a disease in some patients but not in 

others. Some traits may require the simultaneous action of mutations in multiple genes (epistatic 

interaction). Such traits may be classified as either discrete traits, measured by a specific outcome 

(i.e., retinitis pigmentosa (Kajiwara et al., 1994)), or quantitative traits, measured by a continuous 

variable (i.e. BP) whose level may be set by the combined action of individual quantitative trait 

loci (QTL).  

 



 52

2.2.1.4 Late Onset of Disease 

Family based studies are hampered because relatives may be unavailable. Prospective studies 

require long and expensive follow up periods and case control studies may incorrectly label 

controls too early, prior to disease onset. 

 

2.2.1.5 Incomplete Penetrance 

The inheritance of a disease predisposing allele does not lead to disease due to the absence of an 

environmental trigger, or inaction of interacting genes. 

 

2.2.1.6 Confounders 

Risk factors for similar traits may all interact with the genes which have a direct action on the 

disease being studied making independent gene effects much more difficult to identify. 

 

2.2.1.7 High frequency of disease-causing alleles 

Under these circumstances the expected Mendelian inheritance pattern of disease will be 

confounded by multiple independent copies of high frequency alleles segregating in the pedigree. 

This will make even a simple trait difficult to map. One example is late onset Alzheimer's disease 

(AD). Early linkage studies found weak evidence of linkage of AD to chromosome 19q, but 

results were dismissed (Pericak-Vance et al., 1991). When the apoE gene was discovered on 19q 

it was apparent that the linked allele was found in a relatively high proportion (16%) of most 

populations which had interfered with the traditional linkage analysis (Corder et al., 1993) 

 

2.2.1.8 Other Forms of Non-Mendelian Inheritance 

Mitochondrial inheritance, imprinting and trinucleotide repeat expansions are relatively easy to 

identify in their purest forms however they can all complicate gene detection studies.  
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2.2.2 Ways of Improving Gene Detection 

Accurate disease definition, assessment of disease severity and age of onset, family history and 

studies of isolated populations may help to identify genes with the greatest effects on the trait.  

 

2.2.2.1 Disease Definition 

Identifying affected individuals with the same clinical and pathological phenotype brings a 

common disease as close to a Mendelian disease as possible.  

 

2.2.2.2 Disease Severity, Early Age of Onset and Intermediate Phenotypes 

Using the most severe end of a continuous trait or patients with an early age of onset can enhance 

disease gene identification as seen in the studies of hypertension (Carey and Williamson, 1991; 

Lander and Botstein, 1989), Alzheimer's disease and breast cancer (Hall et al., 1990). Where 

clinical phenotyping is difficult, studying intermediate phenotypes can enhance disease gene 

detection. In relation to stroke disease such intermediates include carotid intima-media thickness 

(IMT) for large vessel disease and white matter hyperintensities seen on MRI for small vessel 

disease. 

 

2.2.2.3 Family history 

Successful genetic mapping was achieved in Hereditary non-polyposis coli by only including 

patients who had at least two other affected relatives (Fishel et al., 1993) 

 

2.2.2.4 Population Selection 

There is less genetic and allelic heterogeneity in geographically isolated populations. This can be 

harnessed in linkage studies to positionally clone disease causing alleles using the power of 

linkage disequilibrium (LD) (see section 2.3.2). 
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2.3 Gene Identification Strategies 

Relatively little is known about the underlying pathobiology of complex diseases. Genetic 

mapping and positional cloning do not require such knowledge and have therefore been used 

extensively. This approach is completely generic across the spectrum of all known medical 

disease. Prior to outlining the detail of the various gene identification methods it will be 

instructive to discuss two key concepts which are intrinsic to their understanding; genetic 

markers and linkage disequilibrium (LD).  
 

2.3.1 Genetic Markers 

A genetic marker is a specific segment of DNA which varies between individuals; it does not 

usually cause disease itself but may but may be linked to other pathogenic variants. The 

recognition of DNA variation has formed the basis of the revolution in medical genetics. When 

studied in the context of a population, these differences in DNA sequences are called 

polymorphisms and are found throughout the genome in coding (exons) and non-coding regions 

(introns). Polymorphisms can take the form of chromosomal deletions, insertions and 

translocations, minisatellites, microsatellites (simple tandem repeats (STR)), alu repeat insertions 

and deletions and single nucleotide polymorphisms (SNPs). SNPs and microsatellites have been 

most extensively used in gene mapping experiments. It is likely that SNPs will continue to have 

an important role in future studies. 

 

Interest in single base variation in the human genome began in the early 1980s with the 

generation of a human linkage map using bacterial restriction endonucleases which recognized 

and cut specific DNA sequences (Botstein et al., 1980). Single nucleotide variation in the DNA 

sequence can potentially create or remove an enzyme recognition sequence (restriction site). 

Hence the genotype at a particular single base pair locus can be identified by the length of the 

resulting DNA fragment, named a restriction fragment length polymorphism (RFLP). 

 

Use of RFLP analysis was largely replaced in the 1990s by STRs (di-, tri- or tetranucleotide 

repeats) as the marker of choice for linkage studies. STRs are highly abundant and evenly 

distributed across the human genome, they have high mutation rates and so show high degrees of 

allelic variation in the number of repeat units (Chakraborty et al., 1997). Furthermore, too few 



 55

STR loci exist across the genome to allow identification of areas of linkage disequilibrium (LD) 

(see section 1.3.2). STRs are therefore inferior to SNPs for large scale population studies. 

  

In contrast to STRs, SNPs are highly abundant, have low mutation rates and consequently are 

less polymorphic and more stable. Furthermore SNPs can have functional relevance if located in 

coding or regulatory regions of a gene. This has resulted in the generation of high-density SNP 

maps which have gained increasing popularity in large scale common disease studies (Chappell et 

al., 2004; John et al., 2004; Lappalainen et al., 2004; Tayo et al., 2005) 

 

2.3.2 Linkage Disequilibrium (LD) 

Linkage Disequilibrium, (or population allelic association), occurs when two DNA loci on the 

same chromosome lie close enough (or within an area of low recombination) to have been 

transmitted together, by avoiding separation during random meiotic recombination through 

multiple generations. Due to LD, identifiable DNA markers are transmitted along with 

pathogenic mutations. LD is therefore an indirect measure of associating a putative disease locus 

with a phenotype by means of a surrogate marker which is associated independently with both. 

 

With each subsequent generation the likelihood of recombination events between two loci 

increases, thus in young populations LD spans greater genetic distances. Mohlke et al identified 

100% of 43 microsatellite markers spaced 1cM apart on chromosome 20 in complete linkage 

disequilibrium in a sample of 1223 Finish individuals. LD was identified in 78% of the markers 

spaced 1-3 cM apart (Mohlke et al., 2001). Similarly Jorde et al (2000) identified greater LD at 

the Neurofibromatosis 1 (NF1) locus in Finnish populations compared with African, Asian and 

other northern European groups (Jorde et al., 2000). 

 

True associations due to LD can produce confusing results when comparing different 

populations. For example a trait might show positive association with allele A in one isolated 

population, with allele B in a more isolated population, and with no allele in a mixed population. 

This is due to differential sites of meiotic recombination separating the disease causing allele 

from the marker allele.  Genomic areas where LD exists within a human population are almost 

analogous to animal model systems. Over the region of LD, unrelated individuals possess similar 

genotypes and can be treated as if they belong to the same pedigree. The principle behind LD 
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mapping is to observe large numbers of affected individuals, preferably within a homogeneous 

population, who have inherited the same disease-causing haplotype from a common ancestor.  
 

 

2.3.3 Types of Gene Identification (Mapping) Studies 

Animal studies, family studies and case control association studies are the three main approaches 

to gene identification.  

 

2.3.3.1 Animal models 

Study of animal common disease model systems has been more successful than in humans as 

large pedigrees can be bred from the same parents, overcoming the problem of genetic 

heterogeneity. Translation of the results from animal study to human disease can be troublesome. 

Nevertheless, they are useful at identifying key genes acting in common physiological systems. 

Much success has been achieved with quantitative trait locus (QTL) mapping.  

2.3.3.1.1 Quantitative Trait Locus (QTL) Mapping 

The principle of QTL mapping is to use phenotypic and genetic marker information to estimate 

the effects of genotype on the quantitative trait at every point in the genome by means of 

maximum likelihood linkage analysis. Studies using the spontaneously hypertensive rat have 

used the QTL approach to identify the Bp1 gene on rat chromosome 10 exerting a major effect on 

blood pressure with a LOD score of 5.10 (Jacob et al., 1991). The Bp1 gene is closely linked to 

the Angiotensin converting enzyme gene and has lead to many investigations of the Renin 

Angiotensin System (RAS) in humans with many interesting results which will be covered later. 

Other examples of QTL studies in the rat include the identification of loci having roles in 

ischaemic stroke on chromosomes 1, 4 and 5 (Jeffs et al 1997, (Ikeda et al., 1996). A recent 

review of this area in the field of pig genetics has recognised 110 published studies which have 

identified 1,675 QTLs with roles in traits such as leanness, growth rate, litter size and disease 

resistance (Rothschild et al., 2007). 
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2.3.3.2 Family studies 

Family studies use two main approaches, linkage analysis and allele sharing methods. Family 

studies make no assumptions about the location of candidate genes. They incorporate affected 

and unaffected family members and compare genotypes at multiple loci over variable genomic 

distances in order to identify genomic areas (haplotypes) shared only by affected individuals. 

Such haplotypes may house putative disease causing genes. 

 

2.3.3.2.1 Linkage 

Linkage studies rely on the co-segregation of polymorphic genetic markers with affected 

individuals. They are effective with single gene disorders as long as phenotyping is accurate, the 

pedigree is large and the number of affected individuals is high. Application of linkage to 

complex traits can be more problematic, due mainly to the difficulties with identifying precise 

inheritance patterns (Eaves, 1994). 

 

2.3.3.2.2 Population Based Case Control Association Studies of Candidate Genes  

These are the most common studies of human stroke. They investigate candidate genes whose 

physical location is known, markers have been identified within (or linked with) the gene and 

whose known biological function / dysfunction is compatible with the pathological processes 

known to occur in the disease under study.  Frequency comparisons of the candidate gene 

allele(s) are made between unrelated affected (case) and unaffected (control) individuals from a 

given population. A genetic allele is said to be associated with the trait if it occurs at a 

significantly higher frequency among affected compared with control individuals. Control group 

selection is crucial to the specificity and sensitivity of studies of this type. Association studies 

rely on LD between the genetic markers and putative disease causing loci. Such genetic markers 

can be random DNA polymorphisms but studies are most meaningful when applied to 

functionally significant variations in genes having a clear biological relation to the trait.  
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Interpretation of association studies can be a difficult task as positive associations can arise for 

three reasons:- 

 

1) The associated allele is aetiologically significant.  

2) The associated allele it not disease causing but is in LD with the functional variant. 

3) Artifactual positive association due to population admixture. Studies incorporating mixed 

ethnic groups are likely to be more genetically heterogeneous.  Traits with high incidence in 

particular ethnic groups are more likely by chance alone to be positively associated with the 

group's high frequency alleles and failure to control for this ethnic variability may lead to false 

positive results. It has been proposed that the HW equilibrium (HWE) test should be routinely 

performed in association studies as a method for assessing population admixture (Tiret and 

Cambien, 1995).  

Artifactual associations arising from admixture can be prevented by choosing homogeneous 

populations and recruiting family members to verify ethnic ancestry. If parents are available,  non 

inherited parental alleles are a useful means of providing an internal control group (family-based 

control or haplotype relative risk method (Falk and Rubinstein, 1987). Parental alleles can also be 

incorporated into the Transmission disequilibrium test (TDT) (Spielman et al., 1993). The TDT 

test has the premise that a parent heterozygous for an associated allele A1 and a non-associated 

allele A2 should more often transmit A1 than A2 to an affected child.  

 

Historically, association studies have not been well suited to whole-genome searches in mixed 

well established populations because LD was considered to extend over very short distances and 

so negative results could have been merely due to missing disease causing loci due to suboptimal 

marker density. This method remains many times more powerful than linkage analysis when 

applied to complex disease as outlined by Risch  (2000) (Risch, 2000). Furthermore recent 

advances in SNP detection and storage on public databases (such as dbSNP) and identification of 

the haplotype structure of the human genome (from data generated from the HapMap project – 

see Chapter 8) has made them a popular choice for common disease geneticists. 
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2.3.3.2.2.1 The Choice of SNPs 

The choice of the best SNPs to use in association studies has been a topic of much debate. Risch 

and Merikangas (Risch and Merikangas, 1996) favored the use of coding or promoter variants 

with potential functional significance. However there is some merit in the use of high density, 

non-coding SNPs to track disease associated haplotypes (Collins et al., 1997). 

 

SNPs are known to affect the resultant amino acid codes in a number of ways. They have been 

categorised into 6 subgroups Table 2.1. Types I-III SNPs are found in coding regions, types IV- 

VI are non-coding.  
 

Table 2.1 Classification of SNPs 
Class Definition

Type I Non-synonymous, non-conservative 

Type II Non-synonymous, conservative 

Type III Synonymous 

Type IV 5' untranslated SNPs 

Type V 3' untranslated SNPs 

Type VI Other non coding SNPs 

 

 

Synonymous SNPs change the three base amino acid codon to a sequence which encodes the 

same amino acid and so the protein remains unchanged. Non synonymous SNPs change the 

amino acid code, this transition can be conservative if the amino acid group is conserved or non-

conservative if the substituted amino acid is from a different group.   

 

 

In 1999 two groups searched for SNPs within many known candidate genes and provided 

estimates of over 2 million SNPs throughout the genome (Cargill et al., 1999; Halushka et al., 

1999). They identified a relative deficiency of non-synonymous and 5' untranslated region (UTR) 

SNPs which implies that they are subject to selection and hence have functional and phenotypic 

significance. The same would be true for any non-coding variants creating or deleting a splice 

site (Halushka et al., 1999). These figures have proven to be hugely underestimated. Since 1998 

the dbSNP database has provided a central worldwide repository for recognised sequence 

variation in humans and other species (Sherry et al., 2001). Up until March 2007 11,751,216 

human SNPs had been submitted to the dbSNP database 

(http://www.ncbi.nlm.nih.gov/SNP/snp_summary.cgi) and as millions are being deposited each 

http://www.ncbi.nlm.nih.gov/SNP/snp_summary.cgi
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year many more SNPs could be identified in the near future to the benefit of future common 

disease genetic research. 

 

 

2.3.3.2.2.2 Population variation and replication of results 

As mentioned in section 2.3.2, association study results may not be reproduced across 

populations (see tables 9.5, 9.6, 3.5 & 3.6). Rare variants may be population specific and are 

more readily identified by LD mapping. The lack of statistical association in other populations 

does not however rule out these regions. It may merely suggest the absence in other populations 

of LD between the particular marker and the disease gene. Cloning of the putative disease gene in 

the initial population will allow the wider application of mutation detection studies which may 

identify separate population specific markers linked to the same disease gene. Lack of pan-ethnic 

reproducibility could also be explained by a specific pathogenic mutation in one population 

which is not pathogenic in others and so genotype-phenotype association would not be expected. 

This situation is seen in studies of human Alzheimer's disease where the association of the apoE 

e4 allele is much stronger in Caucasian and Asian populations than in African Americans and 

Hispanics (Farrer et al., 1997). In contrast Ionnidis et al have identified data that suggest that 

although genetic markers for proposed gene-disease associations vary in frequency across 

populations, their biological impact on common disease aetiology may be consistent across 

'racial' boundaries. They examined the genetic effects of 43 validated gene-disease associations 

across 697 racially diverse study populations. Control population frequencies of genetic markers 

of interest often showed heterogeneity between 'races' of up to 58% but large heterogeneity in the 

genetic effects between 'races' was seen in only 14% of cases (Ioannidis et al., 2004). These data 

suggest that once candidate genes have been identified validation studies using different ethnic 

groups has a reasonably high chance of identifying meaningful genotype / phenotype 

correlations. 

2.3.3.2.2.3 Confirmation of a Pathological Role For Candidate Genes 

The Human Genome Project has become essential for the successful positional cloning of genes 

for complex traits by potentially providing a complete catalog of all genes in a relevant region. 

With such information, systematic candidate gene analysis will become far more manageable. 

Once identified a candidate gene must always be subjected to rigorous evaluation before it is 

accepted as having a role in the development of the trait or disease in question. The necessary 



 61

tests include association studies demonstrating a clear correlation between functionally relevant 

polymorphisms and human disease as well as transgenic animal studies demonstrating gene 

addition or gene knockout produces phenotypic effects. 

 

2.3.3.2.2.4 The Problem of Statistical Significance 

This is one of the most controversial aspects of complex disease genetics. Many associations of 

complex traits to genetic loci are not replicated and this may in part be due to increases in chance 

findings due to multiple testing. A positive LOD score of 3 (which is often accepted as 

significant in Mendelian diseases) and a p value of 0.05% both include a chance element of 5% in 

their design. Thus for every 100 tests conducted 5 would be expected to be positive by chance 

alone. Modern association studies test thousands of markers in large numbers of patients which 

merely serves to increase the chances of artifactual results. To control for this potential error the 

Bonferroni correction is often used (Tukey, 1977) (Bland and Altman, 1995; Greenhalgh, 1997) .  

The correction states that if an experiment is testing a new independent hypothesis on a set of 

data, then the statistical significance level that should be used for each hypothesis separately is 

1/n times what it would be if only one hypothesis were tested.  This then produces more stringent 

levels of significance. The theory behind correction for multiple testing protects against excessive 

analysis of data in the same population group in order to find any positive result and has a role 

particularly when numerous genetic markers are under evaluation. 

 

The Bonferroni correction however has been disputed by some epidemiologists (Perneger, 1998).  

on the grounds that the universal null hypothesis, which assumes that the groups tested are 

identical on all tests, rarely occurs in practice. Bonferroni adjustments will reduce type 1 errors 

(false positive results) however they will increase type II errors (the probability of accepting the 

null hypothesis when the alternative is true). Type II errors are no less false than type I errors. 

Meta-analyses which are re-evaluation of previous published data incorporating numerous tests 

would strictly require a Bonferroni correction which would seem excessive and potentially 

reduce the chances of identifying any positive findings -- the exact opposite of the purpose of 

such studies.  

 

Perneger (1998) argues that clearly stating which tests have been conducted and the reasons 

behind them and discussing the possible interpretations of each result should enable the reader to 

reach a reasonable conclusion without the help of Bonferroni adjustments. What is also 
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imperative is that positive results in any trial should be re-evaluated in separate populations and 

ideally by separate groups of researchers before the possibility of a type I error is excluded. 

 

 

2.4 Summary 

This chapter has covered the definitions and complexities of common traits and some of the four 

the strategies available for disease gene detection and confirmation. The following section will 

focus on the genetics of stroke. 
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In the previous chapters, I have outlined the significant social and economic burden caused by stroke 

making it an important modern-day health priority.  The available evidence suggests that stroke has a 

multi-factorial aetiology contributed to by an individual’s unique DNA structure. At the present time 

there are few successful acute ischaemic stroke treatments available, thereby elevating the importance 

of prevention.  Delineating the genetic contribution to stroke disease may go some way to improving 

preventative and treatment measures. 

 

The next section will address the genetic evidence applicable to the aetiology of ischaemic stroke.  It 

will begin by considering the epidemiological perspective and then move on to discuss the 

contribution made by studies on animal models. Following this the single gene disorders linked with 

ischaemic stroke phenotypes will be considered. The chapter will be concluded by a review of the 

candidate gene studies before introducing the rationale of performing a novel association study of the 

Angiotensin Gene in a large sample of caucasian subjects from the East Midlands of the UK. 

 

3.1 Introduction 
Most modern day health care focuses on diseases with high population prevalence but without simple 

Mendelian inheritance patterns. Nevertheless common disease phenotypes do occasionally occur 

within single Mendelian syndromes. Stroke is no exception with at least two syndromes Cerebral 

autosomal dominant arteriopathy with subcortical infarcts and leucoencephalopathy (CADASIL) and 

Mitochondrial encephaolmyelopathy, lactic acidosis and stroke-like episodes (MELAS) known to be 

caused by point mutations in genomic and mitochondrial DNA respectively. Study of single gene 

disorders provides insight into pathophysiological mechanisms of the specific defects in these 

conditions though their contribution to common multifactorial stroke is likely to be small. From a 

population perspective sporadic non-Mendelian forms of disease have a more important role and 

although the aetiology in these cases is multifactorial, the evidence strongly suggests the importance 

of genetic factors.  

 

Cardiovascular and cerebrovascular diseases are strongly correlated, sharing many of the same risk factors but 

with differing importance. Hunt et al (1989) compared the relative importance of genetic and environmental 

factors determining blood pressure, lipid levels and BMI in over 300 twins and 1102 healthy adults. They 

found the genetic background had greater influences on these risk factors than environmental components 

(Hunt et al., 1989). Genetic influences are estimated to account for over half of the risk for cardiac disease 

(Berg, 1985) especially in younger individuals (Nora, 1980) and they may have similar effects on stroke. 
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3.2 Genetic Epidemiology and Family Studies of Stroke 
Before attempts at disease gene identification it is important to establish that a common disease has 

evidence of heritability. Most studies of stroke have generally involved unrelated individuals with 

little information on family history. Relatively few studies have investigated the role of genetics in the 

occurrence of stroke. Most of the evidence has been circumstantial, the results have often been 

conflicting, and the exact importance of genetic factors in the pathogenesis of stroke in the population 

is unknown. Nevertheless most studies have identified clear evidence of heritability. 

 

3.2.1 Types of Genetic Epidemiological Studies 
Twin, ecological, cohort and case control methodology have been used. Ecological and twin studies 

make up the minority of the published data but have provided valuable insights into disease 

susceptibility. Only a limited number of studies have addressed the familial aspects of stroke (see 

table 3.2) and comparisons have been difficult. Problems have included population variability, 

suboptimal disease classification, retrospective data collection often using unvalidated questionnaires, 

and no corrections for age or other risk factors in the analysis. Despite this there are a number of 

common trends. 

 

The next section will discuss the basic principles and the evidence obtained from the different types 

of epidemiological study.  

 

3.2.1.1 Twin Studies 

These compare trait concordance rates between monozygotic (MZ i.e., identical) and dizygotic (DZ 

i.e., non-identical) twins and are useful in estimating the heritability of the trait. Their basis is the 

principle that environmental stimuli are shared by each twin within both MZ and DZ twin pairs. 

Allowing for this controlling influence, differences in the concordance rates of disease between MZ 

and DZ twins are thus likely to be due to their different genotypes (Hrubec and Robinette, 1984). If 

genes influence the risk of the trait, the concordance rates in the MZ will be higher than in the DZ 

pairs. 

 

Twins can also be used to study effects of the environment. Comparison of the rates of disease in MZ 

twins who are discordant for a candidate environmental risk factor can provide information about the 

role of environmental triggers in disease aetiology. 
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3.2.1.2 Ecological Studies 

These studies, focus on the comparison of disease frequency amongst specific geographic, racial, or 

ethnic groups and are useful in providing 'clues' for familial aggregation or genetic associations. 

Unfortunately such studies are rarely definitive. Ideal ecological studies are community-based with 

standardized definitions so as to ensure that the environmental contributions to risk are as 

homogeneous as possible between the two groups. 

 

3.2.1.3 Cohort Studies 

These studies follow groups of healthy individuals over time to identify the development of disease. 

The two advantages of this method are: (1) characterization of potential confounding factors, and (2) 

screening for endpoints can be performed in a systematic and well-controlled fashion. This can be 

especially important for stroke where the reliability of self-reporting varies widely (O'Mahony et al., 

1995). Cohort studies do have significant disadvantages; large numbers of patient years of follow-up 

are often required to collect enough cases, detailed phenotyping is difficult and costs are often 

substantial.  

 

3.2.1.4 Case-Control Studies 

Case control studies compare individuals with a trait (cases) and those without (controls). These 

studies are valuable ways of investigating genotype-phenotype association in common disease. The 

nature of stroke, however, produces a number of potential problems for studies of this type. Stroke 

patients are more likely to have vascular risk factors which require careful investigation and thorough 

documentation and caution must be used in estimating the risk associated with an individual factor. 

Particular attention must be paid to ensure that the selected cases are representative and the controls 

are comparable so that potential biases are minimized. This methodology is often applied to candidate 

gene studies. 
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3.3 Evidence for the role of genetic factors in ischaemic stroke  
3.3.1 Twin Studies 
A small number of twin studies have been conducted on the heritability of ischaemic stroke. These 

are summarised in Table 3.1. 

  

Table 3.1 Twin studies investigating the role of genetic factors in common ischaemic stroke 
Study Details Results Comments 

 
(de Faire et al 1975) 
 

10,900 same sex Swedish twins between 
1886-1925.  

Concordance rates did not 
significantly differ for fatal 
cerebrovascular disease between 
MZ and DZ pairs. 

Assessed fatality rates and not 
morbidity rates so effects may 
have been underreported. 

(Brass et al., 1992) 
US National Academy of 
Sciences Veteran Twin 
Registry 

2722 twins  
7 MZ twin pairs concordant, 65 discordant 
1 DZ twin pair concordant, 53 discordant 

Positive 4.3-fold increase risk in MZ 
twins 

(Brass et al., 1996) 
US National Academy of 
Sciences Veteran Twin 
Registry 

21 MZ twin pairs concordant, 205 discordant  
23 DZ twin pairs concordant 204 discordant 

Negative  Genetic influences comparatively 
less in an older twin population 

(Carmelli et al., 1998) MRI white matter lesions in healthy twins Positive MZ 61% concordance 
DZ 38% concordance 

 

de Faire et al (1975) published the first twin study on stroke mortality from the Swedish twin registry 

which enrolled twins between 1886 and 1925. They identified 259 male and 222 female pairs who 

had both died before 1975. 85 male and 75 female pairs were concordant for cause of death however 

this concordance rate did not differ between the MZ and DZ pairs for cerebrovascular deaths. This 

study collected data by a postal questionnaire and only recorded fatality.  Phenotyping of stroke 

aetiology is likely to have been sub-optimal as all diagnoses were self reported by non medical 

personnel and no cerebral imaging was performed. Additionally non fatal stroke was not included 

thereby potentially underestimating the true incidence of ischaemic stroke.  

 

Brass et al (1992), using a postal health questionnaire found a 3.1% (292/9475) prevalence of stroke 

in the 58-68 year old twin cohort (Brass et al., 1992). Stroke rates were similar for MZ (131/4200) 

and DZ twins (143/4585) and approximated expected population rates. However, although numbers 

were small (7 MZ pairs and 1 DZ pair) concordance rates suggested that MZ twins were 4.3 times 

more likely to both suffer a stroke compared with DZ twins (17.3% vs 3.6% p<0.05). This study does 

provide a strong suggestion of a genetic component in stroke pathophysiology although its magnitude 

is smaller than that seen in other twin studies in IHD (MZ = 48-90% vs DZ 25-28% (Berg, 1987; 

Evans et al., 2003; Reed et al., 1991).  

 



 71

Brass et al followed up their twin cohort a decade later and found that genetic factors appeared to 

have less influence on the risk of stroke in the older population in whom much of the variance was 

accounted for by environmental exposure (Brass et al., 1996) suggesting that genetic stroke risk 

factors may exert much of their influence in younger adults. Carmelli et al in 1998, (Carmelli et al., 

1998) used the volumes of white matter hyperintensities seen on MRI in healthy elderly individuals as 

a surrogate marker and found concordance rates of 61% in MZ twins compared with 38% in DZ 

twins.  

 

Using twins to study the effects of environmental factors in stroke disease, Haapanen and colleagues 

compared the degree of carotid atherosclerosis between smoking and nonsmoking MZ twins. They 

found that the smokers had greater degrees of carotid stenosis. This association remained after 

adjusting for common risk factors (age, cholesterol, blood pressure, and body mass index) in a 

regression analysis implicating smoking as a strong risk factor for atherosclerotic diseases (Haapanen 

et al., 1989).  

 

3.3.2 Ecological studies 
Racial comparisons have suggested a genetic contribution to stroke. African-Americans have a higher 

burden of stroke risk factors and higher rates of ischemic and hemorrhagic stroke (Kittner et al., 

1990). African subjects have more intracranial and less extracranial atherosclerosis than caucasians 

(Alter, 1994). Japanese populations are seen to have higher rates of intra-cranial haemorrhage (Alter, 

1994; Suzuki et al., 1987) in addition to a preponderance of anterior circulation vascular disease in 

comparison to caucasians (Inzitari et al., 1990) and the recognition of a high frequency of lacunar 

infarction in China and Hong Kong has led to the idea that small vessel disease may be more 

prominent in Asian subjects (Davis et al., 1990; Huang et al., 1990). 

Migration studies also provide interesting insight into the interaction of genes and environment. The 

Honolulu Heart study examined male Japanese immigrants to Hawaii. Results showed incidence rates 

reducing to reflect their new geographic location (Kagan et al., 1980) suggesting an environmental 

effect on modifying gene expression, possibly by retarding the rate of atherosclerosis (Knekt et al., 

1991). 
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3.3.3 Cohort Studies 
Positive family history as an independent risk factor in stroke has been well recognized in a number 

of cohort studies (Table 3.2). Whilst this is consistent with the role of genetic factors, alternative 

explanations, such as shared environmental influences, could also explain these results. Overall 

although these studies have included different measures of stroke risk, it appears that the RR of stroke 

associated with a positive family history lies between 1.8 - 3.3.  

 

A minority of studies have found less convincing evidence that family history is a predictor of stroke 

(Boysen et al., 1988; Herman et al., 1983). The largest study of its kind, the Framingham heart study 

(Kiely et al., 1993) did identify a parental history of Stroke, TIA or coronary heart disease as a 

predictor of stroke in the offspring (RR= 3.3 (CI 1.27-8.72) however more specific measures of 

paternal , maternal and sibling history of stroke were not significantly predictive of stroke in the 

patients under study as confidence intervals overlapped 1.0 (RR=2.4, CI 0.96-6.03; RR=1.4, CI 0.6-

3.25; RR=1.8, CI 0.68-4.94 respectively).  Other studies have identified that family history of stroke 

is not independent of risk factors (Barnett et al., 1981; Diaz et al., 1986; Havlik et al., 1979). It is vital 

therefore that assessment of risk factors is incorporated into stroke genetic studies. 
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Table 3.2 Epidemiological studies investigating the role of genetic factors in common ischaemic stroke  

Reference Method Details Result Comments 
 

Rancho Bernardo Study  
(Khaw and Barrett-Connor, 
1986) 
 

Cohort 1491 men, 1491 women Positive First degree FH of stroke independent predictor of :- 
Stroke mortality in women aged 50-79, RR=2.3 
(p<0.05) 
Coronary heart disease in males aged 50-64 (RR=3.3, 
p<0.05) 

(Brass and Shaker, 1991; 
Welin et al., 1987) 

Cohort 789 men born in 1913 Positive  Maternal history of stroke mortality associated with 
adjusted RR=3 

(Howard et al., 1990) Cross-sectional  55 probands selected from a stroke registry with 243 offspring Positive Association between young onset of stroke in probands 
and fatal coronary or vascular events in the offspring  

(Brass and Shaker, 1991) Cross-sectional  117 TIA patients  Positive  There was an association between FH and stroke in 
older patients >70 years 

London Ontario Study 
(Graffagnino et al., 1994) 
 

Case Control 85 patients, 86 controls Positive First degree FH of stroke predictor of : 
Stroke OR=2.33 (Cases 47% controls 24%). 
Ischaemic Heart Disease OR=2.14  
But Not independent of other vascular risk factors. 

(Duggirala et al., 1996) Case control Internal carotid artery intima-media thickness in siblings  Positive Heritability of 92% independent of other risk factors 
 

Family Heart Study  
(Liao et al., 1997) 
 

Cross-sectional  3168 probands, 29325 first degree relatives  Positive  Significant independent association of stroke with:- 
Paternal history adjusted OR=2.0 (1.13-3.54) 
Maternal history adjusted OR=1.41(0.80-2.50) 

(Jousilahti et al., 1997) Cohort 14371 middle-aged men and women Positive  Significant independent association of parental stroke. 
Adjusted OR in : 
Males = 1.5 
Females = 1.8 
Association strongest in 25-49 age group 
Positive parental history of CHD associated with stroke 
in women  

Framingham Study  
(Kiely et al., 1993) 
 

Cohort 4933 cohort individuals, comprising 604 sibships  and 2317 
offspring cohort individuals 

Negative Independent association of TIA or CVA with:- 
Paternal stroke history  RR=2.4 (0.96-6.03) 
Maternal stroke history RR=1.4 (0.6-3.25) 
Sibling stroke history    RR=1.8 (0.68-4.94) 
CHD Hx in both parents RR=3.33 

(Herman et al., 1983) Case control 132 stroke patients, 239 controls Negative  
 

(Diaz et al., 1986) Case control Cases = 76 siblings of stroke patients 
Controls = 55 siblings of patients' spouses 

Negative Clustering of 2 or 3 vascular risk factors amongst 
siblings of stroke patients but no significance 
concordance of stroke. 
 

(Boysen et al., 1988) Cohort   19327 individuals Negative 
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3.3.4 Animal Models 
An animal model for hypertension, the spontaneously hypertensive rat (SHR), (Okamoto and Aoki, 

1963) has been studied for many years. Despite the close association of stroke and hypertension in 

humans, the SHR was not prone to stroke. In 1974, Yamori et al (Yamori, 1974) fed the SHR a stroke 

permissive diet and identified early fatal strokes in some whilst others were stroke resistant. This 

effect was independent of BP.  

 

Experimental crosses of the stroke prone SHR (SPSHR) with the stroke resistant SHR generated F2 

hybrids with marked variation in stroke susceptibility despite concordance for hypertension. 

Quantitative trait mapping experiments were performed on large numbers of progeny from these 

experimental crosses which identified three quantitative trait loci (QTL) which co-segregated with 

stroke (STR1 (rat chromosome 1), STR2 and STR3 (chromosome 4)(Rubattu et al., 1996). These 

accounted for 28% of the overall variance in the risk of stroke. STR2 seemed to protect against 

stroke. Comparison with human and mouse genetic maps revealed no obvious homologous genes to 

STRl and STR3 but STR2 mapped closely to the gene for atrial natriuretic peptide (ANP), located on 

rat chromosome 5.  

 

Jeffs et al 1997 crossed stroke prone SHR rats with Wistar Kyoto rats and estimated infarct volume 

after a focal ischaemic insult (Jeffs et al., 1997). They found a highly significant QTL on the rat 

chromosome 5 near the ANP and brain natriuretic peptide (BNP) genes accounting for 67% of the 

phenotypic variance. This QTL was however not protective.  

 

ANP’s candidature is supported by biochemical data. Heidelberg colonies of stroke-prone SHR rats 

have impaired endothelium-dependent vasodilatation in response to ANP (Russo et al., 1998). In 

humans ANP has a role in controlling salt and water balance in hypertension and heart failure by 

increasing renal sodium excretion (Levin et al., 1998). ANP levels also increase in acute ischaemic 

stroke (Estrada et al., 1994) 

 

In follow up experiments with the stroke prone F2 hybrids, Rubattu et al 1998 revealed functional 

DNA mutations which alter ANP levels. Subsequently a human ANP gene G-A polymorphism was 

identified at a highly conserved position of the gene (G664A) which confers an amino acid 

substitution in ANP. This polymorphism was found in significantly higher frequencies in human 

stroke cases compared to controls (Rubattu et al., 1999). These exciting studies have been the first to 
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identify a putative candidate gene in an animal model and then confirm a statistically significant 

association to human stroke. The relative risk conferred by the G664A is small and further replication 

is required to confirm these early findings especially in the light of other rat studies that exclude the 

ANP and BNP genes as candidates for sensitivity to cerebral ischaemia (Brosnan et al., 1999).  

 

3.3.5 Human single-gene disorders associated with ischaemic stroke 
Several rare Mendelian familial stroke syndromes exist  (Table 3.3). They often manifest in a 

systemic manner with stroke merely part of the syndrome. They make up a more significant 

proportion of young stroke presentations especially in the absence of vascular risk factors. Underlying 

pathologies include cardioembolism, large and small vessel disease including arterial dissection, 

haematological, mitochondrial, and ion channel disorders and so they provide insights into the 

mechanisms contributing to or underlying the polygenic disorders as well as providing candidate 

genes for non familial stroke. 

 

Table 3.3 Mendelian disorders associated with stroke.  

Mechanism Example 
Cardioembolism Cardiomyopathies: primary/secondary 

 Familial atrial myxoma 

 Familial dysrhythmias 

Thromboembolism  Hereditary haemorrhagic telangectasia 

Large Vessel Disease Dyslipidaemias 

 Ehler’s Danlos syndrome 

 Marfan’s syndrome 

 Pseudoxanthoma elasticum 

 Neurofibromatosis type I 

 Moya-Moya disease  

Small Vessel disease CADASIL 

Small & Large Vessel Disease Fabry's disease 

 Homocysteinuria 

 Sickle cell disease 

Prothombotic states Protein S deficiency 

 Protein C deficiency 

 Antithrombin III deficiency 

Mitochondrial disorders MELAS 

Channelopathy Familial hemiplegic migraine 

Reviewed by (Natowicz and Kelley, 1987), Hassan and Markus 2000 
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3.3.6 Linkage Analysis In Common Ischaemic Stroke 
Stroke research has often lagged behind cardiac research. In families with IHD recent linkage analysis 

using genome wide screens have yielded several linked loci (Broeckel et al., 2002; Francke et al., 

2001; Harrap et al., 2002; Pajukanta et al., 2000; Wang et al., 2003) although no susceptibility genes 

have been identified to date.  

 

Recent genome screens in families with stroke susceptibility in Iceland by the deCODE study group 

have also identified two linked loci (STRK-1) on chromosome 5q12 (Gretarsdottir et al., 2002) and 

another on 13q12-13 (Helgadottir et al., 2004). The gene encoding phosphodiesterase 4D (PDE4D) 

has been identified at 5q12 with evidence of dysregulation of multiple PDE4D isoforms in stroke 

patients (Gretarsdottir et al., 2003). At 13q12-13 haplotypes within the 5-lipoxygenase activating 

protein gene (ALOX5AP) have been identified which confer almost a 2 fold increased risk of stroke 

and MI. A ALOX5AP haplotypic association with stroke has been replicated in a Scottish sample 

(Helgadottir et al., 2005). 

 

The PDE4D gene is known to have at least eight different isoforms that encode functional proteins. 

Gretarsdottir et al identified several PDE4D isoforms in cell lines from individuals with stroke with 

significantly lower mRNA expression when compared to their controls (Gretarsdottir et al., 2003). 

The PDE4D proteins are known to degrade cANP which is a key signal transducer in multiple cell 

types including endothelium. Low levels of cANP enhance cell migration and proliferation and lead 

to atheroma (Indolfi et al., 1997). The role of these variant isoforms in stroke patients is therefore 

somewhat difficult to link with stroke disease.  The authors propose that the identified PDE4D 

variants might up regulate cANP and thus affect either the expression of cANP regulated PDE4D 

isoforms or have effects on their intracellular compartmentalization (Houslay and Adams, 2003).  

 

Gretarsdottir and colleagues (Gretarsdottir et al., 2002) identified PDE4D haplotypes associated with 

a combined subgroup of carotid atheroma related stroke and cardiogenic stroke which may have 

similar final common pathways but have rather different initial  pathologies. There was no association 

between their ischaemic stroke group as a whole. Additionally the combined group of carotid and 

cardiogenic stroke represented 40 - 45% of all their ischaemic strokes which meant they excluded 55 - 

60% of their stroke victims from this analysis.  This would be a valid approach if their stroke 

phenotype had been refined however this was not the case as their phenotype was diluted. One 

possible mechanism for the association of the PDE4D gene with this rather heterogeneous group of 
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stroke patients is due to possible effects on the final common pathway of ischaemic stroke.  

Phosphodiesterase 4 is known to be involved in susceptibility to ischaemic brain damage in animal 

models (Kato et al., 1995; Nagakura et al., 2002; Nagasawa et al., 1992) and so individuals with the 

PDE4D mutations may suffer greater degrees of brain damage once cerebral vessels have been 

occluded (Funalot et al., 2004) . This mechanism however would not explain why similar risk ratios 

were seen in the deCODE study for TIAs as for completed cerebral infarcts as TIA patients would be 

expected not to carry less genetic susceptibility for higher degrees of cerebral ischaemia (Gulcher et 

al., 2004)  unless those individuals also have protective alleles within other as yet unidentified genes 

which reduce the effects of ischaemia.. 

 

Despite the potential drawbacks in these studies they have provided promising data which has 

allowed stroke to join the few other complex traits such as type 1 and 2 diabetes, asthma, Crohn's and 

Alzheimer's disease witth at least one identified susceptibility gene (Glazier et al., 2002).  

 

3.3.7 The Candidate Gene Approach to Common Ischaemic Stroke 
Ischaemic stroke is a syndrome and not a single disease state and as such is a paradigm for late onset 

complex polygenic diseases. Recent advances in imaging allow the underlying pathogenic stroke 

mechanism to be determined in many cases. Although there is limited epidemiological work 

comparing risk factor profiles of different sub types of stroke, it is likely that they will differ 

significantly along with their genetic correlates. Stroke sub-classification plays a vital role however 

even with modern technology this may not be possible in as many as 30% of cases. For each of these 

stroke sub types, genetic factors may act either by predisposing to conventional risk factors, by 

modulating the effects of the risk factors on the end organs, or by a direct independent effect on stroke 

risk.  

 

As identified by the INTERHEART study  there are nine main risk factors which are important to 

contributors to myocardial infarction and probably stroke disease worldwide. These include 

hyperlipidaemia, hypertension, diabetes, abdominal obesity, consumption of fruits and vegetables, 

alcohol and smoking consumption and degree of regular exercise (Yusuf et al., 2004). Although not 

all are likely to be under genetic control there is evidence to suggest that hyperlipidaemia, 

hypertension, diabetes are controlled to a degree by genetic effects.  Hypertension alone may have a 

genetic influence in the range of 20-60%. (Barnett et al., 1981; Havlik et al., 1979; Hunt et al., 1989; 

Kiely et al., 1993) It has however been estimated that up to 69% of the population attributable risk of 
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stroke may be unaccounted for by identifiable risk factors (Jamrozik et al., 1994). 

 

Harrap (1994) calculated that within a population at least six genes may contribute to stroke aetiology 

(Harrap, 1994) and so even when stroke is defined in its purest sense our knowledge suggests that it is 

a complex disease resulting from numerous gene-gene and gene-environment interactions with each 

individual gene conferring a small relative risk. In a population the total spectrum of risk genes might 

be much larger however to develop the disease a single individual may only require a proportion of 

these genes in association with an environmental trigger or interaction with another susceptibility 

gene (i.e. an epistatic interaction) (Brown, 1994). The presence of several genes may increase the risk 

of disease in an additive manner (i.e., a gene dose effect).  

 

Taking into account this complexity the emphasis of this review will be on independent stroke-

causing genes rather than those acting through risk factors. 

 

3.3.7.1 Some putative candidate genes 

One possible method of classifying the putative candidate genes is outlined in Table 3.4. These 

categories may not be mutually exclusive as certain genes may both predispose to specific stroke 

subtypes and play a role in the after effects of all types of stroke by worsening neuronal injury.  

 

Labelling these genes as candidates for stroke is based upon good scientific knowledge obtained from 

animal models, in-vitro and human studies. Much of the detail however is unclear and the candidacy 

of these genes is speculative. Many genes have diverse roles which would be difficult to predict from 

current knowledge. Now the human genome has been fully mapped enabling the recognition and 

investigation of the roles of numerous genes many more potential candidates are likely to emerge.  

 



 79

Table 3.4 Putative Candidate Genes For Ischaemic Stroke 
Renin-Angiotensin System 
 
             ACE 
             Angiotensinogen 
             Renin 
             Angiotensin 2 receptor 
             Aldosterone synthetase 
Haemostasis 
 
             Factor V Leiden 
             Factor VII 
              Factor XIII 
              Prothrombin  
              Fibrinogen 
              PAI 1 
              GpIIb / IIIa 
              GpIb / IX 
              GpIa / IIa 
Lipid Metabolism 
 
               Apo E 
Homocysteine Metabolism 
 
               MTHFR 
Vascular risk factor genes with stroke as a secondary phenomenon 
 
        a) Hypertension 
                Angiotensinogen 
                Renin 
                Angiotensin 2 receptor 
                Aldosterone synthetase 
        b) Diabetes 
                MODY 
Genes affecting the eventual infarct size 
 
        a) Free Radicals and Anti-oxidants 
                 eNOS 
         b) PDE4D 
 

PAI1 = plasminogen activator inhibitor; GpIIb/IIIa, GpIb/IX, GpIa/IIa = Platelet glycoprotein receptors; ApoE=apolipoprotein E; MTHFR = 

Methylenetetrahydrofolate reductase; MODY = Maturity onset diabetes of the young; eNOS = endothelial Nitric Oxide synthase, PDE4E = 

Phosphodiesterase 4D 

 

3.3.7.2 Candidate Gene Studies 

Many genes have been labeled candidates for stroke following the demonstration of an association 

with IHD however this extrapolation may not be accurate. Many studies are based upon small 

numbers and are not reproduced in different populations. Tables 3.5-3.7 show details of the studies 

performed on the most widely studied candidates which have produced consistently positive 

associations. The ACE gene has received most attention as positive associations are regularly 

identified between ischaemic stroke and the deletion allele of an Alu insertion / deletion   

polymorphism (ACE I/D) in intron 16. A recent meta-analysis of 1918 patients with all causes of 

ischaemic stroke from 5 case control studies, which was calculated to have a power of 99.99% to 

detect a RR of 2, concluded that there was a moderate increased risk associated with the D allele 

acting recessively (OR = 1.31 (95% CI 1.06 - 1.62, p=0.01) (Sharma, 1998). This finding was similar 

to a meta analysis study of the ACE ID polymorphism in MI patients published by Samani in 1996 
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who found a DD vs II OR=1.36 (95% CI, 1.19 - 1 .55), and DD vs ID OR = 1.24 (95% CI, 1.11-1.38). 

(Samani et al., 1996). This risk appeared to increase in Japanese populations (OR=2.55: 95% CI, 1.75 

- 3.70).  

 

More recently Casas et al have performed a further meta-analysis of 11 case control studies in 

ischaemic stroke which included 2990 white adult patients. They  identified an odds ratio of DD 

genotype versus II of 1.21 (95%CI, 1.08 - 1.35).(Casas et al., 2004).  

 

Notwithstanding the problems of meta-analysis for example the comparison of a wide range of 

populations, the problem of publication bias (increasing the chances of missing negative studies) and 

the difficulties with multiple phenotypes, the studies in stroke and MI both provide some evidence 

that the ACE gene should be considered a risk factor for both these vascular diseases. 

 

Other genes showing positive associations include Fibrinogen, ApoE and the platelet glycoprotein 

receptor genes. Factor V and XIII, Prothrombin, PAI1, MTHFR, eNOS and other lipoprotein genes 

have often produced negative results (Table 9.6 (Appendix).  

 

The RR of between 1.21 – 2.55 would suggest that the role of ACE in the two complex vascular 

diseases is at best relatively modest  however within the field of vascular disease the renin-

angiotensin system (RAS) has been the focus of much interest over recent years. Genes involved in 

the RAS notably the ACE gene are known to play a vital role in many physiological and disease 

processes (see section 3.4). The evidence suggests that genetic variation of ACE may have 

pathological effects which makes it an excellent genetic candidate for further study in ischaemic 

stroke disease. Many researchers have also explored the links between ACE and other human vascular 

and non-vascular diseases. The following section will review the current understanding of these 

associations. 
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Table 3.5 Association studies Of Ischaemic Stroke and the ACE gene 

 
Reference Polymorphism  Methodology Phenotype Result Association 

 
(Markus et al., 
1995) 

I/D Case-control: 100 
cases, 137 controls 

TOAST subtype Positive Lacunar stroke (no association with 
carotid atheroma) 

(Castellano et al., 
1995) 

I/D Cross-sectiona1: 
199 cases 

IMT patients aged 50-64 years Positive  

(Hosoi et al., 
1996) 

I/D Cross-sectiona1: 
288 cases 

IMT NIDDM patients Positive  

(Kario et al., 
1996) 

I/D Case-control: 228 
cases, 90/104 
controls 

Symptomatic stroke or MRI 
silent lacunae in hypertensives. 
Hypertensive vs. normotensive 
controls  

Positive Association of D allele with clinical 
stroke or silent lacunae 

(Margaglione et 
al., 1996) 

I/D Case-control: 101 
cases, 109 controls 

Ischaemic stroke Positive DD genotype 

(Nakata et al., 
1997) 

I/D Case-control: 55 
cases, 61 controls 

Ischaemic stroke Positive DD genotype 

(Watanabe et al., 
1997) 

I/D Cross-sectional: 169 
cases 

Carotid atherosclerosis/ 
asymptomatic lacunar stroke 

Positive Carotid atherosclerosis only 

(Doi et al., 1997) I/D Case-control  181 
cases, 271 controls 

Ischaemic stroke (atheroembolic/ 
lacunar) 

Positive Young strokes (possibly post stroke 
mortality also) 

(Elbaz et al., 
1998) 

CT 2/3 Case-control: 510 
cases, 510 controls 

Ischaemic stroke and subtype 
lacunar stroke 

Positive 2/2 genotype associated with 

(Sharma, 1998) I/D Meta-analysis: 1918 
cases, 722 controls 

Ischaemic stroke Positive Moderate increase in risk associated 
with D allele under a recessive model 
(OR= 1.31 (95% CI 1.06-- 1.62, 
p=0.01) of inheritance 

(Casas et al., 
2004) 

I/D Meta-analysis : 
2990 cases, 11305 
controls 

Ischaemic stroke Positive Moderate increase in risk associated 
with D allele under a recessive model 
of inheritance (OR=1.21 (95%CI, 1.08 
-- 1.35) 

(Szolnoki et al., 
2001) 

I/D Case-control ; 664 
Cases, 199 controls 

Ischaemic stroke, 3 subtypes 
(large vessel, small vessel, 
mixed) 

Positive ACE DD more common in small 
vessel stroke (OR=2.31, 95% CI, 1.49-
3.57) 

(Sharma et al., 
1994) 

I/D Case-control: 100 
cases, 73 controls 

Ischaemic stroke Negative Trend towards DD genotype associated 
with young stroke 

(Ueda et al., 
1995b) 

I/D Case-control: 488 
cases, 188 controls 

Ischaemic stroke and OCSP sub 
type 

Negative DD genotype in hypertensive versus 
hypertensive controls 

(Catto et al., 
1996) 

I/D Case-control: 418 
cases, 2 the 31 
controls 

Ischaemic stroke, OCSP subtype 
and mortality  

Negative No association with stroke subtype. D 
allele associated with early mortality 

(Pullicino et al., 
1996) 

I/D 60 cases, No 
published controls 

Lacunar stroke Negative  

(Zee et al., 1999) I/D Nested case-control: 
348 cases, 348 
controls  

Ischaemic stroke/PICH Negative No association following stratification 
for low risk 

(Aalto-Setala et 
al., 1998) 

I/D Cross-sectional: 234 
cases 

Carotid atherosclerosis ischaemic 
stroke <60 years 

Negative  

Adapted from (Hassan and Markus, 2000). 
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Table 3.6 Haemostatic Genes Positively Associated With Ischaemic Stroke 

 
Reference Polymorphism  Methodology Phenotype Result Association 

 
Fibrinogen 
 

     

(Carter et al., 
1997) 

448(1/2) Case-control: 305 cases, 197 
controls 

Ischaemic stroke / OCSP 
subtype 

Positive Genotype distribution different 
amongst females only 

(Kessler et al., 
1997) 

G455A Case-control: 227 cases, 225 
controls 

Ischaemic stroke/TOAST 
subtype 

Positive Homozygotes only in large vessel 
stroke 

(Nishiuma et al., 
1998) 

G455A Case-control: 85 cases, 85 
Hypertensive / 84 
normotensive controls 

Hypertensive strokes Positive  

(Schmidt et al., 
1998) 

148(C/T) Cross-sectional: 399 cases Carotid atherosclerosis Positive Homozygotes (T/T) genotype 

GpIlb/IIIa 
 

     

(Carter et al., 
1998) 

P1A2 Case-control: 505 cases, 402 
controls 

Ischaemic stroke/OCSP 
subtype and mortality 

Positive Association with atherothrombotic 
stroke in non smokers and <50 years 

(Ridker et al., 
1997) 

P lA2 Nested case-control: 209 
cases, 209 controls 

Ischaemic stroke / PICH Negative  

(Carlsson et al., 
1997) 

HPA1/HPA3 Case-control: 218 cases, 165 
/ 321 controls 

Ischaemic stroke Negative  

GpIb/IX 
 

     

(Gonzalez-
Conejero et al., 
1998) 

HPA2/VNTR Case-control: 104 cases, 104 
controls 

Ischaemic stroke Positive  

GpIa/IIa      

(Carlsson et al., 
1997) 

C807T Case-control: 227 cases,170 
controls 

Ischaemic stroke in patients 
aged <50 years 

Positive  

(Carlsson et al., 
1999) 

HPA5 Case-control: 218 cases, 
165/321 controls 

Ischaemic stroke Negative  

Factor V Leiden      
(Szolnoki et al., 
2001) 

 Case-control ; 664 Cases, 
199 controls 

Ischaemic stroke, 3 
subtypes (large vessel, 
small vessel, mixed) 

Positive V Leiden mutation more common in 
large vessel stroke. (OR=2.25, 95% 
CI, 1.16-4.34) 

(Casas et al., 
2004) 

  Meta-analysis; 4588 cases, 
13798 controls 

Ischaemic stroke Positive OR=1.33 (95% CI, 1.12-1.58) 
p=0.03 

Adapted from (Hassan and Markus, 2000). 
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Table 3.7 Association studies Of Ischaemic Stroke and the apoE gene 

 
Reference Polymorphism Methodology Phenotype Result Association 

(Pedro-Botet et 
al., 1992) 

apoE2/E3/E4 Case-control: l00 cases, 
l00 controls 

Ischaemic stroke Positive E4 a risk factor 

(Couderc et al., 
1993)  

apoE2/E3/E4 Case-control: 69 cases, 
68 controls 

Ischaemic stroke or TIA Positive E3/E3 protective, E3/E2 risk factor 

(de Andrade et 
al., 1995) 

apoE2/E3/E4 Case-control: 145 
cases, 224 controls 

Carotid atherosclerosis age 
45-64 yrs 

Positive E2/E3 genotype risk factor 

(Terry et al., 
1996) 

apoE2/E3/E4 Cross-sectiona1: 260 
cases 

IMT in patients with and 
without CHD 

Positive E2 protective 

(Schmidt et al., 
1997) 

apoE2/E3/E4 Cross-sectiona1: 280 
cases 

Silent white matter disease Positive E2/E3 genotype risk factor 

(Kessler et al., 
1997) 

apoE2/E3/E4  Case-control: 227 
cases, 225 controls 

Ischaemic stroke/ TOAST 
subtype 

Positive E4 association with large vessel 
disease 

(Ferrucci et al., 
1997)  

apoE2/E3/E4 Cohort study: 1664 
subjects 

Ischaemic stroke >71 years Positive E2 protective in patients 70-79 years 

(McCarron et 
al., 1998) 

apoE2/E3/E4 Cohort study: 714 
subjects 

Ischaemic stroke survivors  Positive E4 associated with a favourable 
outcome 

(Margaglione et 
al., 1998) 

apoE2/E3/E4 Case-control 100 cases, 
108 controls 

Ischaemic stroke Positive  E4 allele a risk factor, E3/E3 
homozygotes protected 

(Kuusisto et al., 
1995) 

apoE2/E3/E4 Cohort study: 1067 
subjects 

Ischaemic and 
haemorrhagic stroke 65-74 
yrs at baseline 

Negative  

(Basun et al., 
1996) 

apoE2/E3/E4 Cohort study: 1077 
subjects 

Ischaemic stroke in those 
>75yrs at baseline 

Negative No association with apo E genotype 
Reduced E3/E4 frequency in patients 
with previous stroke at baseline 

(Aalto-Setala et 
al., 1998) 

apoE3/E3/E4 Cross-sectional. 234 
cases 

Carotid atherosclerosis in 
patients with ischaemic 
stroke <60 years 

Negative  

(Casas et al., 
2004) 

apoE2/E3/E4 Meta-analysis, 1805 
cases, 10921 controls 

Ischaemic stroke Negative OR=0.96 (95% CI, 0.84-1.11) 

(McCarron et 
al., 1999) 

apoE2/E3/E4 Meta-analysis, 1805 
cases, 10921 controls 

Ischaemic Stroke Positive Significantly higher frequencies of E4 
allele in cases (OR=1.68, 95% CI, 
1.36-2.09, p<0.001) 
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Table 3. 8 :Association Studies of Other Genes and Ischaemic Stroke 

 
Reference Polymorphism Methodology Phenotype Result Association 
(Casas et al., 
2004) 

MTHFR, C677T Meta-analysis, 3387 cases, 
4597 controls  

Ischaemic 
Stroke 

Positive OR=1.24 (95% CI 1.08-1.42)  

(Cronin et al., 
2005) 

MTHFR C677T Meta analysis, 6110 cases, 
8760 controls 

Ischaemic 
Stroke 

Positive OR=1.37, for TT (recessive model) (95% 
CI 1.15-1.64 p<0.001) 

(Kelly et al., 
2002). 

MTHFR C677T Meta analysis, 2788 cases, 
3962 controls 

Ischaemic 
Stroke 

Negative OR=1.23, for TT (recessive model) (95% 
CI 0.96-1.58 p=0.1) 

(Casas et al., 
2004) 

Prothrombin 
G20210A 

Meta-analysis, 3028 cases, 
7131 controls 

Ischaemic 
Stroke 

Positive OR=1.44 (95% CI 1.11-1.86)  

(Casas et al., 
2004) 

Factor XIII, Val-Leu Meta-analysis, 2166 cases, 
1950 controls 

Ischaemic 
stroke 

Negative OR = 0.97 (95% CI, (0.75-1.25) 

(Casas et al., 
2004) 

Leu 33 Pro Meta-analysis, 1467 cases, 
2537 controls 

Ischaemic 
Stroke 

Negative OR=1.11 (95% CI , 0.95-1.28) 

 

 
ACE = Angiotensin Converting Enzyme. I/D = insertion / deletion polymorphism. PAI 1 = Plasminogen Activator Inhibitor. Gp = Platelet glycoprotein 
receptors. MTHFR = methylene tetrahydrofolate reductase. eNOS = endothelial Nitric Oxide synthase. apoE = apolipoprotein E. PICH = primary 
intracerebral haemorrhage; APC= activated protein C resistance; NIDDM = non-insulin-dependent diabetes mellitus; IMT = carotid intima media 
tlhickness; CHD = coronary heart disease; DVT = deep vein thrombosis; PE = pulmonary embolism;  
Adapted from (Hassan and Markus, 2000). 
 

 

3.3.8 Angiotensin Converting Enzyme (ACE) Gene Polymorphisms and 

Susceptibility to Human Disease. 

3.3.8.1 Left Ventricular Size 

Schunkert et al (1994) found an association between electrocardiographically defined left ventricular 

hypertrophy and the ACE DD genotype.  This association was stronger in males and more prominent 

in normotensive individuals (Schunkert et al., 1994). Celentano et al 1999 however significantly 

associated LVH with the DD genotype in hypertensives independently of the other vascular risk 

factors (Celentano et al., 1999).  In contrast Lindpaintner et al 1996 did not see an association 

between left ventricular mass, left ventricular hypertrophy and ACE DD genotype in a much larger 

sample of 2439 subjects from the Framingham heart study (Lindpaintner et al., 1996).  Individuals 

undergoing a 10 week physical training course have an 18% greater increase of left ventricular mass 

if they carry the D allele (Montgomery et al., 1997). 

 

 

3.3.8.2 Physical Performance 

Although heart size may increase with physical training this may have a deleterious effect causing 

DD individuals to have lower levels of endurance performance.  In a comparison with 1906 healthy 
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British males Montgomery et al (1998) identified an excess of the homozygous II genotype in 25 elite 

male British mountaineers who had been able to climb above 7000m without using supplementary 

oxygen.  15 of these climbers had previously ascended above 8000m and none were DD homozygotes 

(Montgomery et al., 1998). A second study of 123 Caucasian males recruited to the British Army 

undertook a period of elbow flexion training with a 15 kg barbel.  An 11 fold higher level of 

improvement was identified in those with an II compared with a DD genotype. Similar effects of 

training on human skeletal muscle have been identified by Williams et al (2000).  They proposed that 

the lower ACE activity seen in patients with an insertion allele was the explanation of the increased 

efficiency of training and this was likened to the reduction of ACE activity produced by ACE 

inhibitors which is beneficial for the survival of myocardial cells during ischaemia in patients with 

heart failure (Williams et al., 2000).  

 

Zhang et al 2002 studied the effects of 10 weeks of mild exercise in 64 Japanese subjects with mild to 

moderate essential hypertension.  They identified a significant reduction in blood pressure in those 

subjects with an I allele.  No significant changes were seen in homozygous DD subjects (Zhang et al., 

2002). Furthermore Gayagay et al. (1998) found similar results in 64 Australian national rowers who 

had a significantly higher frequency of the I allele compared with a control population. They 

proposed that the underlying mechanism related to a healthier cardiovascular system (Gayagay et al., 

1998). 

 

In 47 patients with the skeletal muscle disease, myophosphorylase deficiency Martinuzzi et al (2003) 

found a higher frequency of D allele carriers in those patients with a more severe clinical phenotype, 

suggesting a modulating role for the ACE gene in this type of muscle disease (Martinuzzi et al., 

2003).  The deleterious effects of the D allele has been supported by a study by Winnicki et al 2004 

who found DD homozygous patients to be more likely to have a sedentary lifestyle (Winnicki et al., 

2004) 

 

3.3.8.3 Hypertension  

Studies demonstrating linkage between the homologous rat ACE locus and elevated BP (Jacob et al., 

1991) suggest that ACE is a good candidate gene in human hypertension. To date there has been no 

evidence of linkage of human hypertension to the ACE locus (Berge and Berg, 1994; Cambien et al., 

1992; Jeunemaitre et al., 1992a; Kreutz et al., 1995; Zee et al., 1992). Julier et al. (1997) however 
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have found significant linkage of familial essential hypertension to two closely linked microsatellite 

markers on 17q which lie 18 cM proximal to the ACE locus (Julier et al., 1997).  

 

3.3.8.4 Myocardial Infarction (MI) and Coronary Heart Disease (CHD) 

Significantly higher frequencies of the ACE D allele have been found in fatal MI (Ettinger et al., 

1978) as well as low-risk MI survivors (Cambien et al., 1992) and NIDDM patients with early-onset 

CHD (Ruiz et al., 1994). Ruiz et al (1994) attributed 24% of the risk of MI to the ACE D allele alone. 

ACE DD patients have more extensive coronary atherosclerosis (Arbustini et al., 1995; Ohishi et al., 

1993) and experience twice as much restenosis following coronary artery stenting (Amant et al., 

1997). The ACE I/D polymorphism may also be an important genetic marker for the risk of familial 

premature MI. Bohn et al 1993 found the frequency of premature parental MI to be 14% in DD 

homozygotes, 10.6% in heterozygotes and 6.1% in II individuals (Bohn et al., 1993b). 

 

In a post-mortem study of definite and possible MI victims in Belfast, Northern Ireland, compared 

with non-MI related deaths in a control population, Evans et al (1994) identified an overall odds ratio 

of 2.2 for DD individuals versus II individuals (Evans et al., 1994). 

 

Oike et al (1995) studied patients with coronary artery spasm and identified a greater risk for MI in 

those who are homozygous for the D genotype. The relative risk for MI conferred by the D allele was 

greatest in those who had coronary artery spasm but no fixed stenosis (Oike et al., 1995). In  a large 

study in 1998 Gardemann et al investigated 2267 male caucasian patients and found an association of 

the D allele with coronary artery disease in those less than 62 years of age who had not suffered MI.  

When other cardiovascular risk factors were excluded and even stronger association of the D allele 

was seen (Gardemann et al., 1998).  

 

As with many common disease genetic conditions not all published studies agree with these findings 

(Bohn et al., 1993a; Lindpaintner et al., 1996; Lindpaintner et al., 1995; Winkelmann et al., 1996). 

Lindpaintner et al 1995 in the largest study of its time which enrolled 1250 American physicians who 

had suffered either angina, coronary revascularisation or MI and 2340 age matched controls. They 

failed to identify any association with D allele.  Winkelmann et al 1996 identified the D allele to 

cause higher levels of plasma ACE activity but were unable to find an association between the allele 

and coronary artery disease.  There are many possible reasons for these differences including chance, 

undetected selection biases, different gene-environment interactions between the populations studied, 
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or to loss of DD individuals in the ‘high-risk’ groups due to mortality from other causes (Bohn et al. 

1993).  

 

More recently in the largest investigation of the role of the ACE in MI to date, Keavney and 

colleagues (2000) in the International Study of Infarct Survival (ISIS) studied 4629 MI patients and 

5934 controls aged between 30 and 64 years. The control population were made up of siblings or 

spouses of the MI survivors who had no history of cardiovascular disease. The study identified a 

higher proportion of ACE DD genotypes in the MI cases (29.4%) compared with the controls (27.6%) 

giving a risk ratio of 1.10. Confidence intervals however included 1.0 (CI 1.00-1.21) and so the group 

concluded that their results did not confirm the existence of any substantial association.  In a separate 

meta-analysis of their results and previously published studies Keavney et al (2000) calculated the RR 

for MI with the DD genotype to lie in the range of 1.0-1.1.  Furthermore risks were not especially 

strong in the subgroups previously singled out (ie those with lower risk for cardiovascular disease) 

(Keavney et al., 2000). 

 

A further Dutch large scale study by Sayed-Tabatabaei et al. (2005) genotyped the ACE I/D 

polymorphism in 6,714 individuals and recorded their smoking status and history of MI. There was 

no association between ACE genotype and MI however they did identify an increased risk of 

cardiovascular mortality for younger smokers below the age of 68.2 years who carried the D allele (p 

= 0.03) (Sayed-Tabatabaei et al., 2005). 

 

3.3.8.5 Diabetes 

Huang et al. (2001) engineered mice to have diabetes and 3 copies of the ACE gene. Compared to 

normal mice, those with a third copy of the ACE gene had higher enzyme levels, higher BP and 

greater degrees of overt proteinuria indicative of nephropathy suggesting that a modest genetic 

increase in ACE levels is sufficient to cause nephropathy in diabetic mice. (Huang et al., 2001). 

In humans the ACE D allele has been associated with early onset MI in NIDDM patients (Ruiz et al., 

1994). There is also evidence of an association between the D allele and nephropathy in diabetic 

individuals.  Marre et al 1997 performed a large multicentre study on IDDM subjects with diabetic 

retinopathy.  Those patients who possessed the D allele were considered to be more at risk of 

developing renal failure.  Those with the combination of the ACE D allele and the angiotensinogen 

allele M235T were found to have an even greater risk of renal disease (Marre et al., 1997). Vleming et 

al. (1999) studied the contribution of the I/D polymorphism in 79 patients with end-stage renal failure 
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due to diabetic nephropathy and in 82 age-matched controls with 15 years of IDDM but without 

microalbuminuria. There was significant overrepresentation of the DD genotype with a significant 

increase of the D-allele frequency in the cases compared to controls. The presence of the DD 

genotype increased the risk of end-stage renal failure compared to other genotypes (OR, 2.1; 95% CI, 

1.1-4.0) (Vleming et al., 1999). 

These associations have not been universally identified with two studies both failing to identify the 

ACE gene as a risk factor in diabetic nephropathy (Schmidt et al., 1995; Tarnow et al., 1995).   

 

3.3.8.6 Renal Disease  

In non-diabetic patients there is an association of the ACE gene with renal diseases. Yoshida et al 

(1995) found the DD genotype to be a risk factor for progression to chronic renal failure in 

Immunoglobulin A associated nephropathy (IgA nephropathy).  They found 43% of patients who 

showed decline of renal function had the DD homozygous genotype, whereas it was present in only 

7% of age-matched individuals without a history of the proteinuria and in only 16% of a group of 

patients with IgA nephropathy and stable renal function.  Once ACE inhibitors had been administered 

for 48 weeks, patients with the DD genotype gained more therapeutic benefit with lower levels of 

proteinuria (Yoshida et al., 1995). 

In contrast Yoon et al. (2002) failed to find any association of the ACE gene with IgA nephropathy  in 

38 patients who showed progression of renal disease over a 3 year period. However there was a 

significant link between progressive renal disease and the combination of the ACE D allele and 

ala379-to-val polymorphism in exon 11 of PLA2G7 , which encodes a functional agonist of platelet-

activating factor (PAF) (Yoon et al., 2002).  Similar results were seen in a study by Pei et al. (1997) 

who found that the presence of the ACE DD polymorphism adversely affected disease progression in 

IgA nephropathy only in patients with the met235/met235 (MM) genotype of the AGT gene (Pei et 

al., 1997).  These results suggest that the interdependent effects of ACE and PLA2G7 and ATG  

polymorphisms on the progression of IgA nephropathy may be more important than the effect of the 

individual polymorphisms alone and this has wider implications on the future design of common 

disease genetic studies. 

In a study of the renal developmental anomally, renal tubular dysgenesis, Gribouval et al. (2005) 

identified a tyr266-to-ter (Y266X) mutation in the ACE gene arising from a 798C-G transversion in 

exon 5 in 2 affected siblings.  It was the only mutation found and had been inherited from the father.  

This is the first published study to imply Mendelian inheritance of renal tubular dysgenesis due to a 

defect in the ACE gene. This highlights its crucial role in human kidney development. The authors 
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proposed that renal lesions and early anuria result from chronic low perfusion pressure of the fetal 

kidney, a consequence of renin-angiotensin system inactivity (Gribouval et al., 2005). 

 

3.3.8.7 Alzheimer’s Disease (AD) 

In contrast to cardiovascular disease the ACE I allele has been associated with the development of 

Alzheimer's disease. In 133 Japanese sporadic AD patients and 257 controls  Hu et al. (1999) found 

the ACE II genotype was 1.4 times higher in AD than controls (Hu et al., 1999). More recently Elkins 

et al. (2004) have investigated 23 independent published studies of the association between the ID 

polymorphism and Alzheimer's disease in a meta-analysis. They found the OR for AD in individuals 

with the I allele (II or ID genotype) was 1.27 compared to those with the DD genotype. The risk of 

AD was higher among Asians (OR of 2.44) and in patients younger than 75 years of age (OR of 1.54) 

although this risk is very small compared to the effects of other alleles, especially APOE4 (Elkins et 

al., 2004). 

 

3.3.8.8 Critical illness 

The I/D polymorphism of the ACE gene has also been studied in patients with critical illness. A study 

of 110 consecutive caucasian paediatric patients with meningococcal disease by Harding et al. (2002) 

found the children with an I allele, to have a lower risk of mortality (p = 0.01), worse Glasgow 

Meningococcal Septicemia Prognostic Scores (p = 0.014), greater need for inotropes (p = 0.034) and 

ventilation (p = 0.044), and longer stays in the pediatric intensive care unit (p = 0.021) compared with 

DD individuals. DD genotype was 6% for the children not requiring intensive care (ITU), 33% for 

those ITU care but survived and 45% for those who died (p = 0.013) (Harding et al., 2002). These 

data suggesting adverse outcomes in the DD individuals were further supported by work from the 

same group in a prospective study on 148 preterm infants requiring ITU care. Infants with the DD 

genotype had more acid base deficits (p = 0.020), required more oxygen (p = 0.028) and inotropic 

support (p = 0.039) than those with the ID or II genotype (Harding et al., 2003).  

 

Itoyama et al. (2004) obtained similar results in a small study of 44 Vietnamese severe acute 

respiratory syndrome (SARS) cases and proposed that ACE D allele may influence the progression to 

pneumonia in SARS. The group separated their stars cases into 22 hypoxaemic patients and 22 non-

hypoxaemic patients.  When compared with 103 healthy exposed and 50 unexposed controls the 

frequency of the D allele was significantly higher in the hypoxemic cases compared with the 
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nonhypoxemic cases (20 of 44 alleles vs 9 of 44 alleles), whereas there was no significant difference 

between the SARS cases and controls, regardless of contact history (Itoyama et al., 2004). 

 

3.3.8.9 Effects of ACE Inhibitors 

Angiotensin converting enzyme (ACE) inhibitors are now widely used in the field of heart failure and 

hypertension.  One recognized and severe side-effect of ACE inhibitors is angioedema and the risk of 

its development appears to be associated with race.  Brown et al (1996) found an adjusted RR of 

angioedema of 4.5 in African American’s compared to whites.  Seven of the eight patients admitted to 

the intensive care unit were black (Brown et al., 1996).  It also seems that race affects the success of 

ACE inhibitors when used to treat heart failure.  Exner et al 2001 found that whereas enalapril was 

associated with significant reduction in the risk of hospitalisation for heart failure among white 

patients with left ventricular dysfunction it had no such effects in similar black patients (Exner et al., 

2001). 

 

3.3.9  Other RAS Polymorphisms   

3.3.9.1 Hypertension  

Renin Gene 

Initial studies of the renin gene have yielded conflicting results (Samani, 1991). Rat studies have 

identified a Renin allele associated with hypertension (Kurtz et al., 1990; Rapp et al., 1989) but these 

results are not universally reproduced and suggest different roles for the renin gene in different rat 

strains (Lindpaintner et al., 1990). 

 

Analysis of polymorphisms  within the human Renin gene has not demonstrated any linkage or  

association with hypertension (Jeunemaitre et al., 1992b; Naftilan et al., 1989; Soubrier et al., 1990).  

 

Angiotensinogen Gene 

The results of Angiotensinogen studies have been more successful. Unlike ACE, there is a correlation 

between plasma angiotensinogen levels and BP. Transgenic studies show that over expression of the 

Angiotensinogen gene is associated with higher BP (Kim et al., 1995). Human studies have revealed 

positive linkage between hypertension and the Angiotensinogen locus (Corvol et al., 1999) and a 
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recent meta-analysis of the M235T polymorphism in exon 2 has shown a weak but significant 

association with hypertension in white subjects (pooled OR = 1.2, 95% CI 1.1-1.3). 

 

The RAS, in particular the ACE gene, has received much attention from common disease geneticists 

interested in vascular diseases. The candidacy of ACE is supported by a number of molecular 

biological roles which have been identified over the last few decades. These will be reviewed in the 

next section. 
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3.4 Molecular Biology of the Renin-Angiotensin System (RAS) 
 

The RAS is the major regulator of BP and fluid homeostasis ensuring the constant perfusion of vital organs. Its 

primary components are Angiotensinogen, Renin, ACE, Angiotensin I (ANG I) and II (ANG II) and the ANG 

II receptor (Figure 3.1). Over recent years much attention has been given to the pathophysiological 

implications of the system.  Inhibitors of components of the RAS such as the ACE inhibitors, ANG II receptor 

blockers have become important clinical tools in the treatment of cardiovascular and renal diseases.  

Angiotensinogen, predominantly synthesised in the liver, serves as the substrate for Renin which catalyses the 

conversion of Angiotensinogen to ANG I. This is the rate limiting step for the RAS cascade (Quinones MJ et 

al., 1997). The majority of ANG I is subsequently converted, predominantly on the pulmonary vascular 

endothelium, to the potent vasoconstrictor, ANG II, by ACE (Ng and Vane, 1968). Systemically ANG II also 

causes Aldosterone and catecholamine release as well as drinking, glycogenolysis and the secretion of 

Prolactin and Adrenocorticotrophic hormones (Peach, 1977). 

 

Local and independent tissue based RAS also exist (Dzau et al., 2002) and have important roles within the 

vasculature (Andre et al., 1990; Samani and Swales, 1991), brain (Lenz and Sealy, 1990), heart (Lindpaintner 

et al., 1987), and kidney (Schunkert et al., 1991) and may affect vascular development and repair.  

 

ACE inhibitors are widely used in the clinical setting. Pharmacological studies have shown that the 

antihypertensive, cardioprotective and anti-vascular smooth muscle proliferative effects of ACE inhibitors are 

independent of circulating somatic ACE inhibition (Lee et al., 1993; Weishaar et al., 1991). Indeed ACE 

inhibitors produce significant blood pressure reductions even in low systemic Renin states. Chronic 

hypertension and atherosclerosis are known to induce structural changes on the vascular wall leading to 

vasoconstriction. It has been speculated that tissue ANG II may be important roles in these chronic processes 

(Lee et al., 1993). 

 

Rat studies have identified Renin, Angiotensinogen and ACE gene expression in the aorta, left ventricle and 

myocardium in experimental hypertension, cardiac hypertrophy and myocardial infarction respectively with no 

identified increase in the plasma levels. (Drexler H et al., 1989; Dzau et al., 1987; Samani et al., 1989; 

Schunkert et al., 1990; Shiota et al., 1992).  Tissue levels of RAS components are also higher in the SHR than 

in the normotensive WKY rat but the plasma levels of ACE are lower in the SHR compared with its healthy 

counterpart. This suggests a greater pathological importance of tissue than circulating levels of RAS 

components (Nakamura and Nakamura, 1987). 
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These studies support the autocrine-paracrine effects of ANG II in normal and abnormal 

cardiovascular physiology. There have been some conflicting studies showing low levels of Renin in 

the vasculature suggesting that the Renin-like activity associated with the vascular wall is 

predominantly derived from uptake of circulating Renin of renal origin rather than in-situ production 

(Dzau, 1988; Fordis et al., 1983; Samani et al., 1988; Thurston et al., 1979). However despite these 

findings the existence and functional relevance of tissue based RAS is now generally accepted 

(Griendling et al., 1993). 

 

During human development, random mutations can lead to dysfunctions of complex biological 

systems. Variability in the function of the important RAS components is evident and contributes to 

endothelial dysfunction, increased vascular resistance, myocardial hypertrophy and fibrosis, 

arteriosclerotic plaque rupture and reduced fibrinolysis. This variability may be under a degree of 

genetic control. The importance of the RAS in vascular physiology and pathology is shown by the 

effects of ACE inhibitors which block the ACE mediated conversion of ANG I to ANG II, and can 

reduce the risk of stroke (Ramipril group 3.4% vs placebo 4.9% RR = 0.68, p<0.001) and MI (Yusuf 

et al., 2000). 

 

3.4.1 The Role of ANG II 

ACE is ubiquitous and so ANG I conversion occurs in the entire vascular tree as well as the lungs 

(Campbell, 1985; Coghlan et al., 1982; Oliver and Sciacca, 1984). ANG II has a short half life, it is 

broken down in peripheral vascular beds by angiotensinogenases to ANG III which retains 30% of 

ANG II activity but has only a minor role in man. Many roles have been identified for ANG II. Its 

actions are mainly mediated through the second messengers Inositol triphosphate (IP3) and 

Diacylglycerol (DG). IP3 mobilises free calcium leading to cellular  contraction via a Calmodulin 

pathway (Brock et al., 1985). DG sustains smooth muscle hypertonia by stimulating protein kinase C 

(Griendling et al., 1986). As a consequence, ANG II can induce vascular smooth muscle cells to 

undergo contraction, hyperplasia (Paquet et al., 1990) or hypertrophy (Geisterfer et al., 1988). Locally 

generated ANG II is also able to increase chatecholamine release from neuronal synapses (Kawasaki 

et al., 1982; Kawasaki et al., 1984) enhancing the vasoconstrictive effects.  

 

ANG II also leads to the production of superoxide anions and hydrogen peroxide which are able to 

inactivate Nitric Oxide (Rajagopalan et al., 1996). This oxidative stress leads to expression of genes 

controlling cytokine formation and adhesion to the vessel wall (Marui et al., 1993). In addition, ACE 
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degrades and inactivates Bradykinin whose role is to promote the generation of Nitric Oxide (Drexler 

and Hornig, 1999). Nitric Oxide also inhibits vascular smooth muscle cell growth and migration and 

the expression of pro inflammatory molecules such as Vascular Cell Adhesion Molecule-1 and 

Monocyte Chemoattractant Protein-1, it also blocks platelet aggregation. Reductions in Nitric Oxide 

therefore produce vasoconstriction and also inflammation. The important role of Nitric Oxide can be 

seen in the more severe response to vascular injury in the endothelial Nitric Oxide synthase knockout 

mice (Moroi et al., 1998). ANG II can also promote thrombogenesis by activating Plasminogen 

Activator Inhibitor–1 (Vaughan et al., 1995) and by inhibiting Bradykinin it reduces the 

concentrations of Plasminogen Activator (Vaughan et al., 1997).  

 

The effects of ANG II are greater in the presence of hypertension. In response to ANG II extracellular 

matrix growth within the vascular smooth muscle layer is greater in the spontaneously hypertensive 

rat (SHR) compared with normotensive rats (Scott-Burden et al., 1991). ACE inhibition in SHR is 

more effective in inhibiting vascular smooth muscle hypertrophy compared with other 

antihypertensives despite similar BP reduction (Owens, 1987). Furthermore treatment of young SHR 

can produce permanent reduction in blood pressure, an effect not seen in older animals (Harrap et al., 

1990).  

 

In vivo studies looking at the role of ANG II in the structural changes occurring during the disruption 

of normal vessel physiology have demonstrated vessel wall hypertrophy which was inhibited by ACE 

inhibitors but not by Beta blockers (Powell et al., 1989). Angiogenic properties of ANG II have also 

been identified within chick embryos (Le Noble et al., 1991). 

 

Within the heart ANG II can have direct pathological effects including inotropic and chronotropic 

effects on myocardial cells, (Lindpaintner and Ganten, 1991) stimulation of DNA turnover 

(Khairallah PA et al., 1972) and protein synthesis (Tan et al., 1992) as well as increasing connective 

tissue deposition. ANG II infusions into mice can also promote aortic aneurysm (AA) formation 

(Nishijo et al., 1998).  
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3.4.1.1 Non ACE conversion of ANG I to ANG II 

In rats ACE is thought to be the only converter of ANG I to ANG II (Tsunemi et al., 2002). In 

humans, although ACE is the main catalyst of ANG I to ANG II, other mechanisms have been 

identified in isolated arteries (Bund et al., 1989), heart preparations (Hirakata et al., 1990; Urata et al., 

1990a; Urata et al., 1990b), the atherosclerotic aorta (Takai et al., 1997) and perfused vascular beds 

(Ideishi et al., 1990). A Chymase mediated conversion has been identified in the heart with a high 

substrate specificity for ANG I. In aortae Chymase activity rises in the presence of ACE inhibitors. 

These findings have lead to speculation that ANG II receptor antagonists may be more effective in 

vascular disease prevention than ACE inhibitors (Tsunemi et al., 2002). 

  

3.4.1.2 Angiotensin Converting Enzyme 2 (ACE2) 

This enzyme was discovered, cloned and mapped in 2000 (Tipnis et al., 2000). The ACE 2 gene has 

18 exons and maps to Xp22. It encodes a zinc metalloproteinase which is made up of 805 amino acids 

and shares approximately 40% homology with ACE.  ACE 2 has been detected in all 72 human 

tissues and cells except red blood cells with the highest concentrations found in the testis, kidney, 

gastrointestinal tract and cardiovascular tissues (Harmer et al., 2002). ACE2 is able to cleave 

angiotensin I and ANG II but not Bradykinin and is not inhibited by ACE inhibitors such as lisinopril 

(Tipnis et al., 2000). In contrast to ACE which converts angiotensin I to ANG II which consists of 

eight amino acids, ACE2 converts ANG I to ANG I-9 which has one extra amino acid. ANG I- 9 has 

no effect on blood vessels but can be converted by ACE to a shorter, vasodilatory peptide ANG I-7 

(Boehm and Nabel, 2002; Crackower et al., 2002).  

 

No human common disease studies of ACE2 has been published to date however (Gurley et al., 2006) 

generated ACE2-deficient mice and found that they were fertile, and had normal cardiac anatomy and 

function. After acute ANG II infusion, plasma concentrations of ANG II increased almost three fold 

higher in ACE2-deficient mice than in controls. In a model of ANG II -dependent hypertension, BPs 

were substantially higher in the ACE2-deficient mice than in wildtype mice, and severe hypertension 

in ACE2-deficient mice was associated with exaggerated accumulation of ANG II in the kidney. 

These studies suggest that ACE2 is a functional component of the RAS, with effects on ANG II and 

contributing to the regulation of BP. 
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3.4.2 Angiotensin Converting Enzyme (ACE)  

3.4.2.1 Protein Analysis 

ACE, first characterised in 1956 (Lentz et al., 1956; Skeggs et al., 1956a; Skeggs et al., 1956b; 

Skeggs et al., 1956c) is a dipeptidyl carboxypeptidase. ACE has 2 isoforms, somatic and germinal 

(testicular). Somatic ACE is both endothelium bound and circulating. Its activity is higher in arteries 

compared with veins. Germinal ACE is smaller and expressed only in sperm (Ehlers MRW and JF, 

1990). 

 

Somatic ACE is ubiquitous (Lieberman and Sastre, 1983) with 90% being tissue bound (Cushman 

and Cheung, 1971). In situ synthesis also occurs as evidenced by the identification of ACE mRNA in 

vascular endothelial, smooth  muscle cells and adventitial vascular layers (Battle et al., 1994) the 

choroid plexus (Arregui and Iversen, 1978), striatonigral neurones (Barnes et al., 1988) and blood 

cells (Costerousse et al., 1993). 

 

ACE consists of 2 nearly identical lobes each of which has an active site. Each binding site has 

different substrate (Perich et al., 1994). Tissue binding occurs via an intracellular carboxy terminal 

tail. Zinc and chloride are both necessary for substrate binding, low zinc levels can lead to reduced 

ACE activity. In vivo endothelial ACE is variably glycosylated depending on the tissue of origin. 

Plasma ACE is similar to the pulmonary endothelial ACE from which it derives containing large 

numbers of sialic acid residues which protect it from hepatic breakdown. The enzyme is activated by 

chloride ions which cause a conformational change near the active binding site (Soubrier and Corvol, 

1990). Although the structure of testicular ACE has recently been elucidated the structure of somatic 

ACE remains unknown (Brew, 2003).

 

3.4.2.2 Regulation of ACE Expression and Secretion 

In normal rats in physiological conditions there is relatively low ACE expression (Cushman and 

Cheung, 1971; Schunkert et al., 1990). Tissue ACE deficient mice develop normal hearts but 

abnormal kidneys resulting in an inability to concentrate urine and hypotension (Bernstein, 1998).  

 

In vitro, the secretion of ACE is induced by cAMP analogues, (Krulewitz and Fanburg, 1986) 

methylxanthines, the calcium ionophore, A231S7, the sodium ionophore, monensin (Dasarathy and 

Fanburg, 1991), glucocorticoid hormone (Fishel et al., 1995a; Friedland et al., 1977; Friedland et al., 
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1978; Krulewitz et al., 1984) and fibroblast growth factor (Fishel et al., 1995b). In vivo, many 

vascular disease states lead to ACE induction (Table 3.8). In the failing heart most ANG II is locally 

synthesised mainly as a consequence of a 2-5 fold increase in ACE activity (Dzau et al., 2002). 

 

Table 3.9 Disease States Leading to ACE Induction 

Disease Comments Reference 
Heart Failure Pressure overload (Schunkert et al., 1990) 

 Volume overload (Ruzicka et al., 1995) 

  (Fabris et al., 1990) 

MI  Induction of brain ACE (Tan et al., 2004) 

  (Hokimoto et al., 1996) 

Aging  (Heymes et al., 1994) 

 

Paradoxically ACE levels are seen to increase in serum and tissues following ACE inhibitor therapy 

in both rats and humans (Fyhrquist et al., 1980; King and Oparil, 1992; Kokubu et al., 1980). ACE 

induction by ANG II has been observed in rat renovascular hypertension. (Arnal et al., 1994) 

 

Overall little is known about in-vivo functions of the RAS, however the evidence suggests an 

important role in a complex physiological system regulating vascular tone, tissue perfusion, and 

inflammation. 

 



 99

3.5 Genomic Analysis of ACE 
ACE mRNA was isolated in bovine lungs in 1986 (St Clair et al., 1986). The gene was subsequently 

mapped to 17q23 by in situ hybridization in 1989 (Mattei et al., 1989). The gene contains 26 exons 

which can be transcribed into either the 5kb somatic ACE mRNA or the 2.6kb testicular ACE mRNA 

(Thekkumkara et al., 1992). The somatic promoter is located 5' of the first exon and leads to 

transcription of all exons, exon 13 is subsequently spliced out. The testicular ACE promoter lies in 

exon 12 (Langford et al., 1991) and the mRNA contains exon 13-26 of the gene (Hubert et al., 1991). 

 

3.5.1 Evolution of the ACE Gene 
The structure or the human ACE gene suggests it has arisen from duplication of an ancestral gene 

which occurred over 300 million years ago (Villard and Soubrier, 1996). Exons 4-11 and 17-24 are 

similar and encode the two homologous domains of the ACE molecule (Hubert et al., 1991). An 

unduplicated Drosophila gene with similar enzymatic properties as ACE has been identified with 65% 

homology in the region of the zinc binding motif. Duplication has occurred in all other mammalian 

ACE genes identified to date suggesting that the Drosophila gene resembles the ancestral form.  

 

ACE is likely to have played a vital during evolution as it is conserved between species with 80% 

homology in the upstream (5') regions of the human, rabbit and mouse genes (Kumar et al., 1991; 

Shai et al., 1990) as well as containing glucocorticoid and cAMP response elements within the distal 

5' regions. (Shai et al., 1990). 

 

3.5.2 The Genetic Control of ACE Levels 
Apart from a temporary increase in adolescence, an individual’s plasma ACE levels show little 

variation throughout life. A 5-fold variation can be seen between individuals due to a major gene 

effect accounting for 29% and 75% of the variance in parents and offspring, respectively (Cambien et 

al., 1988). The ACE gene was cloned in 1988 (Soubrier et al., 1988) and a functional 287 base pair 

insertion / deletion polymorphism in intron 16 (ACE I/D) was identified 2 years later which was 

thought to account for 47% of the plasma ACE variance. The D/D genotype conferred approximately 

double the amount of plasma ACE compared with I/I subjects, with I/D subjects having intermediate 

levels suggesting a co-dominant effect (Rigat et al., 1990). This was later confirmed by Tiret et al 

1992 in a different caucasian population (Tiret et al., 1992) and by Kreutz et al in 1995 in the rat 

(Kreutz et al., 1995). Jeffrey et al (1999) has since disputed this co-dominance theory following 

results from a study of 97 Ghanaian individuals. They found significantly lower ACE levels in those 
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with the II genotype than in those with the ID or DD genotype, but no difference between the ID or 

DD groups and concluded that the D allele shows dominance relative to the I allele (Jeffery et al., 

1999) 

 

A proportion of the remaining variance may be accounted for a second QTL identified by McKenzie 

et al 1995. They identified two QTLs in a series of Afro-Carribean families, one within or close to the 

ACE locus on chromosome 17q accounting for 27% and a unlinked and as yet unmapped locus which 

accounted for 52% of ACE variability (McKenzie et al., 1995). They concluded that the ID 

polymorphism was unlikely to directly cause serum ACE variability itself although it does provide an 

ideal marker for a putative functionaly linked locus nearby.  

 

Villard et al (1996) performed a quantitative trait segregation linkage analysis and proposed that two 

variants influence circulating ACE levels, one in complete linkage disequilibrium with the ID 

polymorphism (or identical to it) and the other mapping upstream of the translation start point 

(Villard et al., 1996). Follow up studies have suggested that there are independent 5’ and 3’ ACE –

linked QTLs with effects on ACE concentrations (Soubrier F et al 2002; Zhu X et al 2001; McKenzie 

et al 2005). A study by Keavney et al 1998, using 10 of the polymorphisms identified by Villard et al, 

created intragenic haplotypes which segregated into 3 clades (A,B & C) (a clade is made up of 

haplotypes sharing DNA polymorphisms and thus are presumed to have undergone similar evolution 

from the ancestral haplotype). Clade A conferred low ACE levels, clade C had higher levels than A 

but B had the highest. They concluded that the clades had been generated by an ancestral 

recombination breakpoint but they felt it lay outside of the 5’ region proposed by Villard et al 

(Keavney et al., 1998).  

 

Rieder et al 1999 identified 78 ACE gene polymorphisms (Figure 3.3) which made up 13 distinct 

haplotypes (Table 4.2) segregating into two independent and distantly related clades (Figure 3.4). The 

two clades were distinct with respect to the ID polymorphism (i.e. an Insertion clade and a Deletion 

clade) (Rieder et al., 1999) (NCBI sequence reference AF118569).  

 

Farrall et al (1999) used Rieder’s data to refine the ancestral breakpoint, excluding a further 3.9kb of 

the gene (Farrall et al., 1999). They concluded that it lies 3’ of exon 5 (approx 6435 bp Rieder 

location). Further studies by Cox et al (2002) in West African families have found more haplotype 

diversity (Cox et al., 2002). They propose the presence of clade D which is similar to clade B and 
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confers higher ACE levels than clades A and C. They report that clades B and D differ from clade C 

in the region 5’ to 8968 (Reider’s location) (T17944C Genecanvas marker). 

 

These studies now make it possible to perform a more detailed association analysis of the ACE gene 

based upon haplotypes rather than single isolated polymorphsims (see Chapter 4).   
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Figure 3.3  

Location of ACE Gene SNPs 

identified by (Rieder et al., 1999) 

a, Genomic structure of ACE 
consisting of 26 exons over 24 kb 
(~16% coding sequence) ACE is a 
duplicated gene with two homologous 
domains (exons 1-12, 14-26). Tissue-
specific expression is found in testes, 
with a promoter in intron 12 driving 
expression of the testes-specific exon 
13 and the second half of ACE (exons 
14-26; ref.).  

b, Repeat structure found in genomic 
ACE sequence. Genomic sequence 
was analysed for known repetitive 
elements .The Alu repeat element in 
intron 16 has been used as a common 
marker in association studies.  

c, Variant distribution in ACE showing 
74 SNPs (59 non-coding, 15 coding) 
and 4 insertion/deletion 
polymorphisms from 11 individuals (5 
African-Americans, 6 European-
Americans).  

*Sites found in coding regions (5/15 
coding sites resulted in 
nonsynonymous changes, 06029 (G/A; 
Ser Ala), 09509 (C/T; Arg Trp), 
10527 (T/C; Ser Ala), 10578 (A/G; 
Ser Gly) and 23152 (C/A; Ser
Arg).  

t= Variant sites in absolute linkage 
disequilibrium with the Alu 
insertion/deletion. 

 



 

Figure 3.4  

ACE gene cladistic haplotype 

tree . (Rieder et al., 1999) 
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Gene tree constructed from the 52 non-unique variant sites. The Alu I/D occurs along the long branch separating 
the two major clades. The relative frequency of each haplotype is indicated by the area of the circle 
.6 Haplotypes 

aplotypes are generated by the sexual reproduction over many generations of a species through 

hromosomal recombination during meiosis (Figure 3.5). Some ancestral chromosomal segments are 

hared by multiple individuals due to low levels of recombination (cold spots). These segments are 

he haplotypes that can be studied in common disease genetic studies. 

ossil and genetic evidence indicate that all humans today are descended from anatomically modern 

frican Homo sapiens who lived about 150,000 years ago. Due to the relatively young age of the 

pecies, most of the modern genetic variation has originated from the ancestral human population. 

his variation is still more widespread in modern day Africans as recombination has had more time to 

reak up the haplotypes. In contrast as only a fraction of the genetic variation has been carried away 

rom Africa due to migration, these haplotypes tend to be subsets of the haplotypes seen inside Africa. 

hus migrant populations have stronger LD and so haplotypes tend to be longer than their African 

ncestors.  

s modern humans have continued to spread throughout the world different regions have developed 

heir own variations through random chance, natural selection, and other genetic mechanisms and so 

aplotype freqencies vary widely. Geographically isolated populations show the smallest number of 

aplotypes as they are unlikely to exchange much DNA through mating. Although specific disease 

ausing variations are more likely to be identified in genetically diverse populations with the largest 

umbers of haplotypes available to show up co-segregation of diseases with specific haplotypes this 

eads to the requirement of huge study populations as each haplotype will have a low frequency. In 

103
rder to increase the chance of identifying disease haplotypes researchers have often studied 
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ower.  

               

geographically isolated populations with a smaller number of haplotypes each with a higher 

frequency therbey reducing the numbers of patients needed to generate sufficient statistical p

 

 

Figure 3.5 : The generation of haplotypes

Chromosomal recombination over many generations to yield different 

descendant chromosomes. If a genetic variant marked by the A on the 

ancestral chromosome increases the risk of a particular disease, the two 

individuals in the current generation who inherit that part of the 

ancestral chromosome will be at increased risk. Adjacent to the variant 

marked by the A are many SNPs that can be used to identify the location 

of the variant. (http://www.hapmap.org/originhaplotype.html) 
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3.7 The Case for ACE Having an Important Role in Vascular 

Pathology 
Although the rate of ANG II production by the RAS is generally limited by the action of Renin, there 

is evidence, at least in some tissues, that ACE is capable of exerting some control over its production 

as well (Danser et al., 1992). Morishita et al (1994) discovered that following the injection of ACE 

cDNA into rat carotid artery, DNA synthesis was stimulated by the production of ANG II (Morishita 

et al., 1994). This suggests that an increase in ACE can stimulate ANG II production and in view of 

its control over the ACE levels the ACE ID polymorphism may have an important role in this context. 

Ueda et al 1995 investigated the differential effects on human ANG II production following the 

infusion of angiotensin I in ACE DD and ACE II subjects. They observed a greater elevation in blood 

pressure and a higher venous ANG II levels in DD subjects compared with other genotypes (Ueda et 

al., 1995a). Furthermore survival of human endothelial cells (ECs) in vivo is enhanced by low levels 

of ACE. Hamdi and Castellon (2004) (Hamdi and Castellon, 2004) found that after slow starvation 

human ECs with the II genotype showed enhanced growth and reduced ANG II levels compared with 

ECs with the DD genotype. This effect was reversed by the ACE inhibitor Captopril which improved 

the viability of DD cells, but it had little effect on II cells. 

 

In 1996, Villard and Soubrier proposed a 'Vascular or Endothelial Hypothesis' as a possible 

explanation of the pathological effects of the ACE ID polymorphism (Villard and Soubrier, 1996). 

This hypothesis implies that the induction of ACE gene expression during neointimal proliferation 

may vary with respect to ACE ID genotype. The D allele being associated with an increase in the 

ACE level may increase the local ANG II concentration and reduce the level of the vasodilator 

Bradykinin. This would reduce Nitric Oxide levels and may lead to increased neo-intimal 

proliferation and subsequent arteriosclerosis. At times of stress, ANG II stimulation of 

thrombogenesis may lead to vessel occlusion and subsequent cerebral infarction. 
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3.8 Conclusions 

Ischaemic stroke is a major cause of death and disability throughout the world, but attempts to define 

the genetic basis of this condition have lagged behind studies in other polygenic disorders. Strong 

evidence from epidemiological and animal studies has implicated genetic influences, but the 

identification of individual causative mutations in human polygenic stroke remains problematic. The 

recent biological revolution catalysed by the human genome project promises the advent of novel 

technologies supported by bioinformatics resources that will transform the study of disorders such as 

stroke. The ultimate goal of these endeavors will be not only to provide new avenues for prevention 

for such a devastating human disease which touches the lives of most of us but also to provide 

insights into factors that influence the outcome of stroke, and new therapeutic targets when 

preventative strategies have failed. 

 

There are many putative candidate genes for ischaemic stroke. The RAS and more specifically ACE 

is unrivaled in the amount of molecular biology, genetic and pharmacological research performed to 

date. The evidence for a widespread role in the development of chronic vascular disease processes as 

well as acute thrombogenesis is strong. Recent genetic advances have identified new avenues of 

research into ACE using haplotype based genotyping and consequently it provides an excellent 

candidate for this study. 
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4.1 Ethics Approval 
Ethics approval was obtained from the Leicestershire Area Ethics Committee in 1998 to 

conduct this project in each of the three Leicester NHS hospitals and Leicester General 

Practice settings. A period of 18 months was allowed for each of the clinical and laboratory 

phases of the research.  

 

4.2 Subject Ascertainment & Clinical Data Collection 
4.2.1 Ischaemic Stroke Patients 
The clinical phase of the study simultaneously identified adult patients (>18yrs) both 

retrospectively and prospectively from hospital stroke databases as well as through attendance 

at stroke assessment clinics and acute stroke ward rounds. The clinical assessment is detailed 

in Table 4.1. Entry criteria included the recorded presence of acute symptoms and signs of 

cerebral dysfunction lasting more than 6 hours diagnosed as cerebral ischaemia/infarction by 

an experienced consultant physician. Patients who had experienced a historic event with good 

hospital notes were also included. Supporting evidence of an ischaemic lesion on cerebral 

imaging was preferred although patients with no imaging or normal imaging were entered if 

the clinical syndrome was clearly compatible with ischaemia. The patient or a close relative 

were required to give written consent to recording of clinical data and collecting DNA 

samples. Information of vascular risk factors was obtained from hospital and general practice 

notes, laboratory, radiology and cardiology departments.  

 

4.2.2 Control Population  
Our aim was to identify an elderly control population at risk of stroke and other vascular 

diseases but naive of clinical cerebrovascular events. This would control for vascular risk 

factors and suggest that any differences between the groups may be accounted for by 

independent genetic susceptibility to ischaemic stroke. Advertisments were posted in the local 

press asking for caucasian volunteers born in the East Midlands area of England. Hospital 

hypertension and care of the elderly outpatient clinics were also targeted. Additionally 

hypertensive subjects who had enrolled as controls in another study of stroke disease at the 

Glenfield General Hospital were approached. Where possible a full medical assessment was 

performed on the responders and a review of hospital and GP records was made to exclude 

individuals with previously confirmed or possible cerebrovascular events. Methods of data 

collection mirrored those used for the stroke patients. All the data obtained was stored 

electronically in a Microsoft Excel spreadsheet. 
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Table 4.1 The clinical assessment. 

 

A A request for informed written consent to participate from the patient or next of kin or 
close relative 

B 

Full clinical history obtaining information on :-  

Stroke Hyperlipdaemia 

Myocardial Infarction (MI) Thrombophilia 

Angina / Coronary Heart Disease (CHD) Neoplasia 

Hypertension Current Medications 

Valvular Heart Disease Smoking history 

Cardiac Arrhythmias Body Mass Index (BMI) Kg/m2 

Diabetes (DM)  
 

C Clinical examination 

D Review of medical case notes 

E Assessment of available blood tests, imaging, vascular studies, cardiology studies, and 
any other relevant investigations. 

F Extraction of 20 ml of whole venous blood for DNA extraction 

G Communication with the patient’s GP to inform them of entry into the study. 

 

 

4.3 Molecular Methodology 
4.3.1 DNA Extraction 
Leucocyte DNA was extracted from whole venous blood samples using a guanidine 

hydrochloride salt precipitation method (Table 9.7 Appendix).  

 

4.3.2 Molecular Study of the Angiotensin Converting Enzyme Gene 
In 1999, 78 ACE gene polymorphisms were identified in a group of 11 healthy volunteers by 

DNA sequencing (Rieder et al 1999). Using ancestral haplotype trees the polymorphisms 

were segregated into 13 haplotypes (Table 4.2). It is hypothesised that the ACE produced 

from these haplotypes may be structurally and functionally different, thereby playing different 

roles in vascular biology and pathology. The discovery of this haplotypic variation has 

allowed for a more detailed analysis of the gene by comparing haplotype frequencies of stroke 

patients and control subjects. Due to time and financial reasons it was not possible to 

genotype all study subjects for all 78 polymorphisms. It was therefore necessary to generate 

the haplotypes from a smaller but highly discriminative subgroup of polymorphisms.  
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ACE Gene Haplotypes
Rieder et al 1999

Polymorphism                                                                                                       
  2 3 4 5 7 10 12 13 17 20 21 23 24 25 28 29 30 31 32 33 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 52 53 54 55 56 57 61 62 63 65 69 71 73 74 75 76 78 

Haplotype                                                         
H1 C T C G C C C T A A C T A C C T A (G-) G T C A C G C T A A A T T A G T G D C A G G A C G G A C T A T G C (CTCT  

H2 C A T G G C C C A G C C A C C C G (G-) G T C A C G C T A A A T T A A T G D C A A G G T A G A C C G C A C (CTCT  

H3 C A T G G C C C A G C C A C C C G (G-) G T C A C G C T A A A T T A A T G D C A A G G C A G A C C G C A C (CTCT  

H4 T T T G C C T T A G C C A C T T A (GG) A C T G C A G T G C G C C C A A T I G C A A A T G A G T C A C A A (CTCT  

H5 T T T G C C T T A G C C A C T T A (GG) A C T G C A G C G C G C C C A A T I G C A A A T G A G T C A C A C (CTCTC  

H6 C A T A G C C T G G T C A C T T A (GG) A C T G A A G T G C G C C C A A T I G C A A A C G A G C C A C A C (CTCTC  

H7 C A T A G C C T G G C T A C C T A (G-) G T C A C G C T A A A T T A G T G D C A G G A C G G A C T A T G C (CTCT  

H8 C A T G G T C T A G C C A C T T A (GG) A C T G C A G T G C G C C C A A T I G C A A A T G A G T C A C A C (CTCTC  

H9 C A T G G T C T A G C C T T C T A (G-) G T C A C G C T A A A T T A G T G D C A G G A C G G A C T A T G C (CTCT  

H10 C A T G G C C T A G C C A C C T A GG) G C C A C G C T A A A T C A A T G D C A A G A C G G G C C A C A C (CTCTC  

H11 C A T G G T C T A G C C T T C C G (G-) G T C A C G C T A A A T T A A T G D C A A G A C G G A C T A T G C (CTCTC  

H12 C A T G C C C T A G C C A C T T A (GG) A C T G C A G C G C G C C C A A T I G C A A A T G A G T C A C A A (CTCT  

H13 C A T G C C C T A G C C A C T T A (GG) A C T G C A G T G C G C C C A A T I G C A A A C G A G C C A C G C (CTCT  

  2 3 4 5 7 10 12 13 17 20 21 23 24 25 28 29 30 31 32 33 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 52 53 54 55 56 57 61 62 63 65 69 71 73 74 75 76 78 

 

Table 4.2 ACE Gene Haplotypes (Rieder et al 1999) 

Polymorphism 

Haplotype 
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4.3.2.1 SNP Genotyping 

There are many ways of genotyping single nucleotide polymorphisms (SNPs). Direct DNA 

sequencing is the ‘gold standard’ but is expensive when used in large population based 

studies. Restriction Fragment Length Polymorphism (RFLP) Analysis, using bacterial 

restriction enzymes, by comparision is relatively simple and cost efficient and was the 

genotyping method chosen at the outset of this study.  

 

4.3.2.1.1 RFLP Analysis 

In order to protect the host bacterium, each restriction enzyme recognizes short foreign DNA 

sequences and cuts at those specific sites. SNPs alter DNA sequences and can either disrupt a 

cleavage site preventing the enzyme from binding or can produce new restriction sites. This 

SNP induced variability of enzyme action can be harnessed to allow SNP identification. See 

Figure 4.1. Assigning genotypes using RFLP analysis is open to errors due to incomplete 

enzymic digestion of the DNA in sub-optimal conditions. Positive control samples for each of 

the 3 possible genotypes were used in each plate of experiments and any  plates in which the 

positive control failed to digest the DNA was repeated in its entirety. Any apparently 

homogygous sample that appeared to have not been cut by the enzyme (ie the AA sample in 

figure 4.1) was then repeated with a higher concentration of enzyme to ensure that the failure 

to cut the DNAs was due to the lack of a restriction site and not failure of enzymic action. 

Differences in the sizes of the DNA bands was often easy to see with the naked eye (see 

Figure 4.1) however where there was doubt about apparently heterozygous samples the 

digestion assay was again repeated.   

 

Figure 4.1 Example of RFLP analysis 

 

337 

G 

209 

No cut 

site 

A 

 
The wild type (WT) sequence (GG) produces an enzyme cleavage site resulting in 2 RFLP fragments. The SNP 
(A) disrupts this site resulting in no cleavage ie a single band. These differentially sized RFLPs can often be 
easily visualised on agarose gels.  
 

Phi X 
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4.3.2.1.1.1 Development of a subset of SNPs 

Primer sequences and PCR conditions for each of the primer pairs designed for DNA 

sequencing of the ACE gene were available on the internet (http://droog.mbt.washington.edu). 

To choose the best subset of SNPs from which to generate haplotypes, restriction enzyme 

cleavage sites were identified in the wild type (WT) and polymorphic sequences by the 

computer program GENEJOCKEY. The specific ACE DNA sequences (amplicons) generated 

by each of the ACE gene primer pairs were entered into GENEJOCKEY and RFLPs were 

identified (Table 4.3). Sites which produced small size differences were excluded as these 

would be difficult to visualise on ethidium bromide-stained agarose gels. 

 

Using probability based assessments it was calculated that genotype data from 8-10 SNPs 

could accurately differentiate the 13 ACE haplotypes. Eleven of the most discriminative SNPs 

(ie those with high heterozygosity rates), which produced restriction enzyme sites easily 

identifiable on agarose gels, as well as the ID polymorphism were chosen for genotyping. A 

computer program (‘Hmatch’, Ambler, S. University of Leicester, Personal Communication, 

Section 9.7, Appendix) was written to assign haplotypic genotypes (ie H1 / H6) from the 

genotype data. Hmatch merely excluded haplotypes identified by Rieder et al 1999 if the 

genotype data that was entered was not compatible. Once all but 2 haplotypes had been 

excluded a patient was labelled with the genotypic haplotype of the 2 haplotypes that 

remained.  

 

Polymerase chain reaction (PCR) methodology (Section 9.6.2) was used to amplify ACE 

amplicons and restriction digests were performed according to the protocols in Table 8.10-11, 

9.13 (Appendix). The RFLP products were visualised on agarose gels (Table 4.4) and 

sequencing reactions were performed on random samples for each of the SNPs to establish the 

accuracy of the RFLP method (Table 4.4).  

 

4.3.2.1.2 Genotyping Errors 

All PCR products were run on agarose gels prior to restriction enzyme digestion to ensure that 

the PCR amplicons had been produced successfully. All PRC reactions which failed to 

produce sufficient product were repeated until adequate quantities of product was obtained. 

Genomic DNA was discarded if no product could be obtained. All digestion plates included a 

gold standard positive and negative control sample. Plates were discarded if these controls 

failed to digest adequately. Following enzyme digestion on plates where control sample had 

been adequately digested samples that failed to digest or could not be adequately assigned a 

genotype because of sub-optimal visualisation of the DNA bands were then repeated. Three 
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repeat attempts were allowed for each RFLP digestion experiment. Following three failures 

no further attempts were made. 

 

 

4.3.2.1.3 Genotyping the ACE I/D Polymorphism 

The ACE I/D Alu repeat polymorphism is 287 bp long. In the amplicon generated by primers 

ACE IDF & ACE IDR the insertion and deletion alleles are easily separated on 2% agarose 

gels stained with ethidium bromide (Table 4.4). In 10.5% of cases however, heterozygous 

(ID) individuals may appear as DD homozygotes due to preferential amplification of the 

smaller (190 bp) D allele. This results in the absence of the 490 bp I allele (Ueda et al (1996). 

Ueda et al (1996) designed a PCR reaction using 3 primers (ACE 1, 2 & 3) to counteract this 

phenomenon. The extra primer (ACE 2) is complementary to sequence within the insertion 

and so an additional band is produced in heterozygous individuals (Table 4.4). This extra PCR 

step for all apparent DD genotypes was incorporated into the study design. 
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Table 4.3 SNPs Producing Restriction Enzyme Cleavage Sites. 

 

(Rieder et al. 1999) 

SNP Number NCBI SNP 

Database ID 

Base Number 

AF118569 
Restriction Enzyme 

Visualised On 

Agarose Gel (Y/N) 

2 rs4290 00334 Taq I Y 

13 rs4301 5878 Alu I N 

17 rs4305 6435 Hha I Y 

20 rs4424958 7831 Pst I Y 

21 * rs4309 8128 BsmBI Y 

23 rs4311 8968 Alu I Y 

24 rs4312 9191 DpN II Y 

28 * + rs4316 10514 Bfa I Y 

29 * rs4317 10527 Ban I Y 

30 * rs4318 10578 Hae III Y 

32 + rs4320 10758 Eco NI Y 

35 + rs4323 11159 Nla III Y 

37 rs4325 11405 Mbo II N 

39 + rs4327 11478 Bst NI, ScrFI N 

40 rs4328 11618 Eco NI Y 

41 + rs4329 11663 Tth III N 

43 * + rs4331 12257 Hae II Y 

44 + rs4332 12486 Mwo I Y 

45 rs4333 12727 Ban II Y 

47 rs4335 13230 Hae III Y 

48 + rs4336 13336 Nla III N 

49 + rs4337 13338 Mbo II Y 

53 + rs4341 14480 Bsm I Y 

55 * rs4343 14521 Fok I N 

56 + rs4344 15214 Fok I Y 

57 rs4345 15435 Ava II N 

61 rs4349 17634 Dde I Y 

62 rs4350 18030 Nla III Y 

69 rs4357 20120 Ban I, Dde I Y 

75 rs4363 22982 Mwo I Y 

76 * rs4364 23152 Pvu II Y 

 

* Coding SNPs  

           SNPs chosen for genotyping   

+ = absolute LD with the I/D polymorphism (ie D’ = 1) 
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Table 4.4 Restriction Enzyme Cleavage Sites, Agarose Gel Appearances and Sequencing Histograms For The Chosen SNPs 

SNP 

AF118569) 

ACE Gene 

Location 

(BP) 

(NCBI 

Sequence 

Enzyme 

Wild 

Type 

RFLP 

Sizes 

(BP) 

Polymorphic 

RFLP Sizes (BP) 
Gel Appearance Sequencing Histogram 

2 

(rs4290) 
0334 Taq I 

 

C 

617 

333 

 

T 

No Site 

 

 

 

17 

(rs4305) 
6435 Hha I 

 

A 

No Site 

 

 

G 

337 

209 

 

Complementary sequence 

 

20 

(rs4424958) 
7831 Pst I 

 

G 

278 

127 

 

A 

No Site 

 

  

24 

(rs4312) 
9191 DpN II 

 

A 

193 

149 

44 

17 

324 

T 

 

 

44 

17 
  

Phi X 

100bp 

Phi X 

Phi X 
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Table 4.4 Restriction Enzyme Cleavage Sites, Agarose Gel Appearances and Sequencing Histograms For The Chosen SNPs (Cont) 

29 * 

(rs4317) 
10527 Fok I 

 

T 

 

331 

233 

227 

79 

 

C 

564 

 

 

228 
 

 

47 

(rs4335) 
13230 Hae III 

379 

A 

327 

 

 

92 

50 

44 

379 

G 

 

180 

147 

92 

50 

44   

52 (Alu 

I/D) 

(rs1799752) 

14094 
No enzyme 

required 
I D 

Standard 2 Primer            ID Triple Primer 

I/D PCR                              PCR  

 

      

 

Phi X 

100bp 

Phi X 
Phi X 
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Table 4.4 Restriction Enzyme Cleavage Sites, Agarose Gel Appearances and Sequencing Histograms For The Chosen SNPs (Cont) 

61 

(rs4349) 
17634 Dde I 

 

C 

308 

270 

116 

102 

101 

69 

 

339 

T 

308 

 

116 

102 

101 

 

  

 

69 

(rs4357) 
17634 Ban I 

 

C 

206 

86 

No sites 

T 

 

 

 

 

75 

(rs4363) 
22982 Fau I 

 

A 

559 

212 

133 

 

 

 

G 

559 

212 

 

81 

52  

 

76 * 

(rs4364) 
23152 Pvu II 

No sites 

C 
 

A 

144 

 

24 
 

 

* Coding SNPs 

Phi X 

Phi 

X 

Phi 

X 
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4.3.3 Statistical Methods 
 

To assess differences between two variables, where possible, each variable was converted into 

a binary format (present or not present) and the null hypothesis was assumed (i.e., the 

observed frequencies did not differ from the frequencies that we would expect by chance 

alone). Differences between groups were analysed in contingency tables with Pearsons chi-

squared tests. A probability (p value) of 0.05 or less was used as justification for rejecting the 

null hypothesis. Comparisons with groups of less than 50 was analysed with the Fisher's exact 

test due to inaccuracies in the Pearson’s chi-square statistic below this figure. For continual 

variables the Student’s t-test was used to test the difference of the means.  

 

In complex situations where multiple interacting aetiological variables are involved more 

sophisticated statistical tests are required. For example, we wish to assess the role of variables 

x and y on outcome z. It is suspected that x has an effect on z and it is known that y 

independently leads to z. It is also suspected that x interacts with y. It is therefore important 

that we ‘control’ for the effects of y in order to assess the independent effects of x.  

 

A regression analysis is commonly used to test for the association between the dependent 

(genotype / haplotype) and multiple independent variables. Logistic regression is a variation 

of ordinary regression, useful when the observed outcome is restricted to two values, which 

usually represent the occurrence or non-occurrence of some outcome event, (usually coded as 

1 or 0, respectively). It produces a formula that predicts the probability of the occurrence as a 

function of the independent variables and generates Odds Ratios (O.R.) associated with each 

predictor value. The odds of an event is defined as the probability of the outcome event 

occurring divided by the probability of the event not occurring. The odds ratio for a predictor 

tells the relative amount by which the odds of the outcome increase (O.R. greater than 1.0) or 

decrease (O.R. less than 1.0) when the value of the predictor value is increased by 1.0 units.  

 

Continuous and non continuous clinical data was available for each patient (ie Blood pressure 

= continuous (190/90) and smoking status = non – continuous (present / not present). In order 

to analyse all this data simultaneously all data was converted to a non continuous (binary) 

format and tested for association against the dependent variable in a logistic regression 

analysis using the statistical package STATA. 
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4.3.3.1 Statistical Power 

The power of a study will determine the sample size that is required to identify any genetic 

locus which has a functional role in disease aetiology. The greater the power the smaller the 

sample size required. The determination of the power of a genetic study which exploits LD is 

based upon many assumptions including the strength of LD among trait influencing and 

marker loci (D’), the frequencies of the marker locus and trait-influencing alleles, and the 

density of the markers which are genotyped. Many genetic studies are unfortunately 

underpowered {Ambrosius, 2004 #986} despite researchers undertaking power and sample-

size calculations prior to data collection. As much of the information required to enter into 

such calculations is assumed, the resulting calculations are often unrealistic. When researchers 

study common genes or well characterised areas of the genome, frequency and LD data may 

have been established a priori, such as the frequencies of alleles at the ACE ID locus (I = 0.45, 

D = 0.55 in caucasian populations). However recently characterised alleles such as the ACE 

gene haplotypes require a more assumptive approach as they have only been identified in 11 

individuals to date (Rieder et al. 1999) .  

 

Calculating power requires a few initial decision to be made. Firstly it is important to 

establish the required level of power. Most studies set this to be at least 80% which gives an 

80% chance of identifying a real difference if one exists. Secondly the desired significance 

level needs to be set. This level is conventionally 0.05 (ie a 95% probability that a result has 

not been identified by chance alone) however more stringent levels of 0.01 would be ideal to 

reduce chance findings, especially in studies where multiple testing has occurred (see Section 

2.3.3.2.2.4). Thirdly the size of the effect that is being sought should also be calculated ie by 

how much does the given genetic risk factor increase the odds of disease development. The 

larger the size of the effect, the smaller the sample size required.  

 

Table 4.5 shows a variety of power calculations (80-95% power and significance levels of 

0.05 – 0.001) for the proposed study. Two high risk allele frequencies have been modelled, 

the first 0.55 is equivalent to the ACE D allele frequency in a European population and the 

second a much lower frequency of 0.10 to cover the possible scenario of a low frequency 

haplotype being associated with ischaemic stroke. Higher frequency disease causing alleles 

were not modelled as these are unlikely to have escaped identification due to the great interest 

in this area if the genome. The prevalence of ischaemic stroke of 0.0018 was calculated from 

UK data of age standardised prevalence rates between 1994 and 1998 from the Office of 

National Statistics (Office of National Statistics (ONS) 1998). As the RR of each of the ACE 

haplotypes was unknown genotypic RR figures between 1.0 and 2.5 were used. These 

http://slack.ser.man.ac.uk/theory/hyp_power.html�
http://slack.ser.man.ac.uk/theory/hyp_sig.html�
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incorporated figures identified for the ACE D allele acting in a dominant ((RR for ID = 1.14 

{Sharma, 1998 #803} and recessive manner (RR for DD = 1.21 {Casas, 2004 #975} & 1.31 

{Sharma, 1998 #803}. A higher RR of a disease causing allele of 2.5 was also modelled as it 

is possible that other disease causing alleles are present at the ACE locus however it was 

considered unlikely that such an allele would have an effect on common ischaemic stroke 

disease of greater than this due to multifactorial nature of stroke aetiology. Two levels of LD 

were used in the model (0.8 & 1.0) to reflect the high degrees of LD seen in this region.  

 

The results of the various power calculations show that at the least stringent level assuming 

the identification of a high frequency (0.55) stroke associated allele with a genotypic relative 

risk of 2.5, absolute LD between risk allele and marker allele and 80% power at the 0.05 

significance level 98 cases and controls would be required to identify a difference between the 

two groups. However the application of more stringent assumptions of having a 95% power to 

find a low frequency stroke causing allele (0.10) even with a high genotypic RR of 2.5 but 

with incomplete LD between marker and disease alleles (D’= 0.8) would require 11440 cases 

and controls. This would clearly be unmanageable in the timeframe of this project. 

 

Given less stringent criteria however equal number of cases and controls between 285 and 

1364 would give an 80% power at the p = 0.05 level of identifying a common disease causing 

allele (frequency 0.55) with a genotypic RR of stroke between 1.31 and 2.5 with a D’ of 

between 0.80 and 1.0 between it and the marker allele.  At the time of conception of this study 

no data was available to suggest that these favourable conditions were unlikely to be achieved 

and so it was considered that this number of individuals could feasibly be ascertained. At the 

outset of the data collection phase of the study the goal was to identify at least 300 cases and 

controls and if possible as close a number of subjects to 1364 as possible. 
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Table 4.5 Genetic Power calculations (using the Genetic Power Calculator at http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html) 

 

Power Calculations To Identify Necessary Sample Sizes With Variable High Risk Allele Frequency (0.10 & 0.55), Genotype 

Relative Risk (1.0 – 2.5), D’ (0.8-1.0) and Degrees of Power (80-95%) 
High Risk 

Allele 

Frequency (D) 

Prevalence of 

Stroke 

Genotypic 

Relative Risk 

ID 

Genotypic 

Relative Risk 

DD 

Marker Allele 

Frequency 
LD (D’) Alpha  Power 

N cases for 

80% Power 

N cases for 

90% Power 

N cases for 95% 

Power 

Modelling for a D’ of 1.0 

0.55 0.0018 1.0 1.21 0.55 1 0.05 0.26 2820 3775 4668 

0.55 0.0018 1.0 1.21 0.55 1 0.01 0.058 4196 5345 6400 

0.55 0.0018 1.0 1.21 0.55 1 0.001 0.011 6134 7510 8751 

           

0.55 0.0018 1.14 1.21 0.55 1 0.05 0.13 4148 5553 6867 

0.55 0.0018 1.14 1.21 0.55 1 0.01 0.04 6172 7863 9414 

0.55 0.0018 1.14 1.21 0.55 1 0.001 0.007 9023 11050 12870 

            

0.55 0.0018 1.0 1.31 0.55 1 0.05 0.30 1364 1826 2258 

0.55 0.0018 1.0 1.31 0.55 1 0.01 0.13 2030 2586 3096 

0.55 0.0018 1.0 1.31 0.55 1 0.001 0.03 2967 3633 4233 

            

0.55 0.0018 1.0 2.0 0.55 1 0.05 0.98 181 243 300 

0.55 0.0018 1.0 2.0 0.55 1 0.01 0.91 269 343 411 

0.55 0.0018 1.0 2.0 0.55 1 0.001 0.74 394 482 562 

            

0.55 0.0018 1.0 2.5 0.55 1 0.05 0.99 98 131 163 

0.55 0.0018 1.0 2.5 0.55 1 0.01 0.99 146 186 223 

0.55 0.0018 1.0 2.5 0.55 1 0.001 0.98 214 262 305 

            

0.10 0.0018 1.0 2.5 0.10 1 0.05 0.12 4475 5991 7409 

0.10 0.0018 1.0 2.5 0.10 1 0.01 0.04 6659 8483 10160 

0.10 0.0018 1.0 2.5 0.10 1 0.001 0.006 9735 11920 13890 



 125 

 

Modelling for LD of 0.8 

0.55 0.0018 1.0 1.21 0.55 0.8 0.05 0.13 4412 5907 7305 

0.55 0.0018 1.0 1.21 0.55 0.8 0.01 0.04 6565 8364 10000 

0.55 0.0018 1.0 1.21 0.55 0.8 0.001 0.006 9598 11750 13690 

            

0.55 0.0018 1.14 1.21 0.55 0.8 0.05 0.10 6488 8686 10740 

0.55 0.0018 1.14 1.21 0.55 0.8 0.01 0.03 9654 12300 14730 

0.55 0.0018 1.14 1.21 0.55 0.8 0.001 0.004 14110 17280 20140 

             

0.55 0.0018 1.0 1.31 0.55 0.8 0.05 0.21 2136 2860 3536 

0.55 0.0018 1.0 1.31 0.55 0.8 0.01 0.08 3178 40490 4848 

0.55 0.0018 1.0 1.31 0.55 0.8 0.001 0.02 4647 5689 6629 

             

0.55 0.0018 1.0 2.0 0.55 0.8 0.05 0.88 285 382 473 

0.55 0.0018 1.0 2.0 0.55 0.8 0.01 0.71 425 541 648 

0.55 0.0018 1.0 2.0 0.55 0.8 0.001 0.44 621 761 887 

             

0.55 0.0018 1.0 2.5 0.55 0.8 0.05 0.99 156 209 258 

0.55 0.0018 1.0 2.5 0.55 0.8 0.01 0.95 232 296 354 

0.55 0.0018 1.0 2.5 0.55 0.8 0.001 0.83 339 416 484 

             

0.10 0.0018 1.0 2.5 0.10 0.8 0.05 0.09 6911 9252 11440 

0.10 0.0018 1.0 2.5 0.10 0.8 0.01 0.02 10280 13100 15690 

0.10 0.0018 1.0 2.5 0.10 0.8 0.001 0.004 15040 18410 21450 
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4.3.3.2 Hardy Weinberg Equilibrium Calculations 

Genetic equilibrium is a basic principle of population genetics. This equilibrium assumes that 

the relative frequency of genotypes and the frequency of alleles stay constant unless matings 

are non-random, or mutations accumulate. The Hardy–Weinberg principle of population 

genetics is a relationship between the frequencies of alleles and the genotype of a population 

and can be likened to a punnett square for populations, instead of individuals, thereby testing 

the uniformity and suitability of the population under study. If the Hardy Weinberg 

equilibrium is established in a study population then it is a valuable guide to the quality of 

genotyping methodology. 

The Hardy Weinberg principle is based upon a number of assumptions, the organism under 

study is diploid, sexually reproducing and the trait under consideration is not likely to be sex 

linked (ie autosomaly inherited). The population needs to have discrete generations, undergo 

Random mating within a single population and be sufficiently large so as to minimize the 

effect of genetic drift. Finally the population should participate in random mating with no 

selection and there should be no mutation and no migration (gene flow). These principles 

ensure that the alleles for the next generation for any individual undergo random selection and 

are independent of each other. 

4.3.3.2.1 The Derivation of the Hardy Weinberg Principle 

The HW principle is derived as follows using the example of two alleles, A and a, with 

frequencies p and q, respectively, in the population. The potential genotypes can be derived 

using the following punnett square, where the fraction in each cell is equal to the product of 

the row and column probabilities. 

http://en.wikipedia.org/wiki/Population_genetics�
http://en.wikipedia.org/wiki/Allele�
http://en.wikipedia.org/wiki/Genotype�
http://en.wikipedia.org/wiki/Punnett_square�
http://en.wikipedia.org/wiki/Random_mating�
http://en.wikipedia.org/wiki/Genetic_drift�
http://en.wikipedia.org/wiki/Mutation�
http://en.wikipedia.org/wiki/Migration�
http://en.wikipedia.org/wiki/Gene_flow�
http://en.wikipedia.org/wiki/Punnett_square�
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 Punnett square for Hardy–Weinberg equilibrium 

 

Females 

A (p) a (q) 

Males 

A (p) AA (p2) Aa (pq) 

a (q) Aa (pq) aa (q2) 

The possible genotypic frequencies (Hardy Weinberg frequencies) in the offspring are 

f(AA) = p2n 

f (Aa) = 2pqn 

f (aa) = q2n 

Where n = population size 

A chi square value is then obtained by comparing observed and expected genotype 
frequencies using the Pearson's chi-square test.  

 

χ2 
 

 

Using one degree of freedom the 5% significance level (p) is 3.84, and so a χ2 value of less 
than this will establish the genotype frequencies of the study population to be in Hardy–
Weinberg equilibrium. 

 

 

 

http://en.wikipedia.org/wiki/Pearson%27s_chi-square_test�
http://en.wikipedia.org/wiki/Significance_level�
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4.3.4 Verification of Haplotypes by Allele Specific PCR and DNA 

Sequencing 
The classification of the 13 ACE gene haplotypes by Rieder et al 1999, was derived from 

sequencing bi-allelic PCR amplicons generated from only 11 Caucasian and African 

American individuals from the USA. The haplotypes were then generated by calculating the 

frequency with which SNPs were associating with each other in the 22 chromosomes 

sequenced. Direct confirmation of these haplotypes by single stranded DNA sequencing has 

not previously been performed and so the validity of the haplotypes is not completely clear. 

We studied a different population to Rieder et al 1999. Thus, it was necessary to validate the 

haplotypes in our population. In order to do this directly, we planned to isolate the single 

stranded haplotype structure of the ACE gene by performing allele specific PCR experiments 

followed by DNA sequencing. At each polymorphic locus an allele specific oligonucleotide 

primer (ASO) will anneal to one allele but not the other. This directly isolates haplotypes 

within allele specific amplicons. 

 

4.3.4.1 The Choice of Patients for Verification of ACE Gene Haplotypes 

Initial analysis of the haplotype data obtained from RFLP genotyping (see results section) 

suggested that the most frequent haplotypes were H1, H6 and H7 and so individuals were 

randomly selected from these groups to preferentially validate these haplotypes. Two patients 

heterozygous for the chosen SNP on which the (ASO) would anneal were chosen from each 

of the H1/H6, H6/H7 and H1/H13 genotypic subgroups. It was envisaged that long range 

ASO PCR would be difficult to perfect and so as well as using ASOs for each of the 2 alleles, 

non-ASO PCRs were performed so that ASO sequence could theoretically be inferred by 

subtracting one ASO sequence from genomic sequence for the same region 

 

4.3.4.2 ASO PCR complimentary to the I/D polymorphism 

The ACE gene is 24 kb in size with SNPs distributed throughout the gene. The aim was to 

obtain large allele specific PCR amplicons incorporating as many polymorphisms as possible 

especially the ID polymorphism as it is a major determinant of the cladistic haplotype tree. 

The central position of the ID polymorphism (14094 bp from the 5’ end of the gene) makes it 

ideal to use as the 'anchor' for complimentary forward and reverse ASOs to produce large 

allele specific PCR amplicons in both 5’ and 3' directions. Sequencing of these amplicons 

would provide direct evidence for the haplotype structure of each of the two alleles present. 

ASOs were designed to the insertion and deletion alleles respectively (Figure 4.2). 
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DNA from patients heterozygous for the I/D polymorphism was then used in PCR 

experiments with each of the forward and reverse primer pairs in an attempt to amplify DNA 

from the insertion (primers ACE Insertion Forward with ACE 3 and ACE 241 ;  ACE 

Insertion Reverse with ACE 182) and deletion (ACE Deletion Forward with ACE 3, ACE 241 

and ACE 271; ACE Deletion Reverse with ACE 210, ACE 182 and ACE 170) alleles 

respectively (Table 9.10, Appendix).  
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Figure 4.2 ASO Primer Location in the ACE I/D Polymorphism Region 

 

 

                                ACE Insertion Forward and Reverse Primers 

 
 

ACE Deletion Forward Primer 

 
 
   13921 tctcagaaag aaaaaaaaaa aaaaaggaga ggagagagac tcaagcacgc ccctcacagg 

         13981 actgctgagg ccctgcaggt gtctgcagca tgtgccccag gccggggact ctgtaagcca 

         14041 ctgctggaga ccactcccat cctttctccc atttctc tag acctgctgcc tat acagtca 

         14101 cttttttttt ttttttga ga cggagtctcg ctctgtcg cc caggctggag tgcagtggcg 
         14161 ggatctcggc tcactgcaag ctccgcctcc cgggttcacg ccattctcct gcctcagcct 
         14221 cccaagtagc tgggaccaca ggcgcccgcc actacgcccg gctaattttt tgtattttta 
         14281 gtagagacgg ggtttcaccg ttttagccgg gatggtctcg atctcctgac ctcgtgatcc 
         14341 gcccgcctcg gcctcccaaa gtgctgggat tacaggcgtg a t acagtcac ttttatgtgg 

 
 

Insertion / Deletion Polymorphism (14094 – 14381 bp) 
 

ACE Deletion Reverse Primer (2) 
 
 

   13921 tctcagaaag aaaaaaaaaa aaaaaggaga ggagagagac tcaagcacgc ccctcacagg 
         13981 actgctgagg ccctgcaggt gtctgcagca tgtgccccag gccggggact ctgtaagcca 

         14041 ctgctggaga ccactcccat cctttctccc atttctctag acctgctgcc ta t acagtca 
         14101 cttttttttt ttttttgaga cggagtctcg ctctgtcgcc caggctggag tgcagtggcg 
         14161 ggatctcggc tcactgcaag ctccgcctcc cgggttcacg ccattctcct gcctcagcct 
         14221 cccaagtagc tgggaccaca ggcgcccgcc actacgcccg gctaattttt tgtattttta 
         14281 gtagagacgg ggtttcaccg ttttagccgg gatggtctcg atctcctgac ctcgtgatcc 
         14341 gcccgcctcg gcctcccaaa gtgctgggat tacaggcgtg a tacagtcac ttttatgtgg  
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4.3.4.3 ASO PCR using Primers Complimentary to SNP 47 (rs4335) 

To provide verification of the ASO PCR experiments with the ID polymorphism similar ASO 

PCR experiments were designed using random heterozygous subjects for the nearby 

polymorphism SNP 47 (rs4335 Figure 4.3).  

 

 

Figure 4.3 RFLP analysis of Snp 47 (rs4335) 

 

 

 

ASOs were designed for the A and G alleles respectively (ACE SNP 47 A Forward and 

Reverse; ACE SNP 47 G Forward and Reverse). In the 5’ direction a high concentration of 

SNPs were found in the region between 5 and 15 kb of the gene and so further primers were 

designed to amplify this region (Figure 4.4). 

 

In the 3’ direction there were fewer SNPs in the range of single allele PCR experiments 

anchored to SNP 47 and so 3’ experiments concentrated upon identifying the I/D 

polymorphism.  

 

 
G 

379 
 

180 
147 

 
92 
 

50 
44 

 
A 

379 
327 

 
 

 
92 
 

50 
44 
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Figure 4.4 Design and location of ASOs to SNP 47 (rs4335) (13230 bp) (A/G) 

 

 

a) A allele primers 

                                             ACE SNP 47AF 

                                                                   ctggtcct tcttacccca 

 

         13141 cctcacctac cctgccactt cctactggat agaagtagac agctcttgac tgtcctcttt 

         13201 tctccccact ggctggtcct tcttacccca gcccgtttga aagagctcac ccccgacaca 

         13261 aggacccgca cacagatacc tcccagctcc ctctcaaccc accctttcca gggttggaga 

 
                                                                           ACE SNP 47AR 

                                                                                                               t cgggcaaact ttctcg 

 

         13141 cctcacctac cctgccactt cctactggat agaagtagac agctcttgac tgtcctcttt 

         13201 tctccccact ggctggtcct tcttacccca gcccgtttga aagagctcac ccccgacaca 

         13261 aggacccgca cacagatacc tcccagctcc ctctcaaccc accctttcca gggttggaga 

 

 

 

 

                                             ACE SNP 47GF 

b) G allele primers 

                                                                   ctggtcct tcttaccccg 

 

         13141 cctcacctac cctgccactt cctactggat agaagtagac agctcttgac tgtcctcttt 

         13201 tctccccact ggctggtcct tcttaccccg gcccgtttga aagagctcac ccccgacaca 

         13261 aggacccgca cacagatacc tcccagctcc ctctcaaccc accctttcca gggttggaga 

 
                                                                         ACE SNP 47GR 

                                                                                                               c cgggcaaact ttctcg 

 

         13141 cctcacctac cctgccactt cctactggat agaagtagac agctcttgac tgtcctcttt 

         13201 tctccccact ggctggtcct tcttaccccg gcccgtttga aagagctcac ccccgacaca 

         13261 aggacccgca cacagatacc tcccagctcc ctctcaaccc accctttcca gggttggaga 
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5.1 ASO PCR Experiments  

This chapter will show the results of long range ASO PCR experiments. The aim of these was 

to amplify large allele specific amplicons to enable sequencing and direct visualisation of as 

much of the gene as possible in an attempt to validate the published ACE haplotypes.  

 

• Primers Specific to the I/D Polymorphism Insertion and Deletion 

Alleles  

All attempts at amplifying the respective PCR amplicons in these experiments were 

unsuccessful despite repeated attempts in differing PCR buffers (ABT 10X, 11.1X (Table 

8.12, Appendix)), annealing (45-65°C) and extension temperatures (72-64°C) and extension 

times (30s–7 min).  

 

• Primers Specific to SNP 47 (rs4335) 

5.1.1.1 A Allele PCR in the 5’ region 

Using heterozygote DNA at the SNP 47 locus a 7.0 kb amplicon was successfully obtained 

from A allele specific primers, 091R/47AR, and no product was obtained from the GG 

homozygote DNA (Figure 5.1) (PCR conditions are detailed in the Table 9.14 (Appendix). 

Initial DNA concentrations were inadequate to use in sequencing reactions and so the DNA 

was extracted from the agarose gel, purified (using a QIAquick Gel Extraction Kit, Qiagen) 

and used as a template in multiple PCR experiments using primers designed for DNA 

sequences within the 091R/47AR amplicon. The ASO amplicons generated from this second 

stage of PCRs (Figure 5.2) were designed to house all of the SNPs chosen to differentiate 

among the 13 haplotypes (17, 20, 24, 29, 40 and 47) and as many as possible of the other 

SNPs identified by Rieder et al 1999 (Figure 5.5). ASO amplicons were successfully obtained 

from these PCR experiments and were then used as templates in sequencing reactions 

(Example are shown in Figure 5.3).  
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Figure 5.1 5’ ASO PCR using primers 091R/47AR (7003 bp allele A specific amplicon 

for SNP 47 (rs4335)  

 

 

 
  
Comparison of 3 randomly selected heterozygous and homozygous GG DNA samples showing the ACE47AR 

ASO primer producing a PCR product from the A allele but not the G allele. 

 

 

 

 

Figure 5.2 PCR products used in sequencing reactions.  

 
 
Products shown were obtained by PCR with ACE gene primers using a SNP 47 A allele specific DNA template 

generated from primers 091R / 47AR .using DNA from genotypes H1/6 (lanes 1-2), H6/7 (lanes 3-4) and H1/13 

(lane 5) . 

 

 

Phi X AG  AG   AG  GG  GG   GG  –ve  –ve  

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

 4            1     2      3     4     5                    1    2    3      4     5       

1      2     3     4     5      

PhiX  143r/ 

            153 

    

PhiX  

    

PhiX  
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Figure 5.3 Selected Sequencing Histograms for 5 patients (H1/6; 3849, 3872), (H6/7; 3947, 

4038) and (H1/13 5739) comparing genomic DNA sequence with ASO amplicon 

(091R/47AR) sequence in the region of  a) SNP 20, b) SNP 33 
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5.1.1.2 G Allele PCR in the 5’ region 

The ASO PCR experiment using primers 091R/47GR failed to generate an allele specific 

amplicon. However, genomic amplicons were obtained for the region in question and so G 

allele sequence could be inferred by subtracting the A allele sequence in the 091R/47AR 

amplicon from the bi-allelic sequence.  

 

5.1.1.3 A & G Allele PCRs in the 3’ region 

3’ ASO amplicons were obtained using primers 47AF/Ace3 and 47GF/Ace 3. These were run 

on agarose gels to identify the ID polymorphism. Figure 5.4 confirms the haplotype structure 

of SNP 47 (rs4335) and the ID polymorphism (rs1799752) to be GD and AI respectively. 

 

Successful sequencing reactions were then performed for each of the chosen subjects using 

the primers outlined in the Figure 5.2. The direct haplotype data generated from these 

experiments was then compared with the published data of Rieder et al 1999.  

 

 

 

 

Figure 5.4 ASO PCR of the ID region.  

 
 
ASO PCR with 3 random heterozygous DNA samples using primers 47AF/Ace3 47GF/Ace3 in the region of the 

I/D polymorphism. Only the D allele amplifies with the G primer and the I allele with the A primer.

Phi 

X 

Phi 

X 
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Figure 5.6 Map of the sequenced regions of the 091R / 47AR Amplicon 

 

 

 

 

 

 

 

 
 

Exon Begins(BP)…Ends (BP) Exon Begins(BP)…Ends (BP) Exon Begins(BP)…Ends (BP) Exon Begins (BP)…Ends (BP) Exon Begins (BP)…Ends (BP) 

1 2662………...2910 6 6658…………6755 11 9415………...9537 16 14499……….14642 21 19773……….19917 

2 3498…………3665 7 7133…………7305 12 9896………...10107 17 14792……….14983 22 20223……….20321 

3 4574…………4667 8 8032…………8255 13 10802……….10938 18 16805……….16902 23 22245……….22367 

4 5336…………5479 9 8595…………8739 14 12123……….12281 19 17060……….17232 24 22649……….22836 

5 5904…………6095 10 9026…………9124 15 12552……….12639 20 19287……….19510 25 22988……….>23217 
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5.1.1.3.1 Results of Sequencing Reactions using the 091R/47AR amplicon template 

Table 5.1 shows the comparison between Reider et al’s (1999) indirect haplotype calculations 

and those obtained in the present study by direct sequencing of the single stranded 

091R/47AR amplicon. DNA from 2 patients in each of the H1/H6 and H6/H7 haplotypes and 

one in the H1/H13 was successfully sequenced for the majority of the SNPs. Genomic DNA 

sequence was obtained for the majority of the region and genotype data was available for the 

I/D polymorphism.  

 

The data obtained is consistent between patients assigned to the individual haplotypes. 

Additionally, the haplotype structure obtained from direct allele specific sequencing is 

consistent with that inferred by Rieder et al for each of the common haplotypes, H1, H6, H7 

and H13, in Caucasian subjects.  

 

Due to limitations with long range PCR methods data has only been obtained for a proportion 

of the ACE gene and has been validated on a small number of individuals, however this result 

provides good evidence for the validity in a UK caucasian population of the commoner of the 

13 ACE gene haplotypes identified by Rieder et al. It is now possible to assign haplotypes and 

produce valid comparisons of ACE haplotype frequencies in a large UK case control study of 

ischaemic stroke using RFLP analysis and the computer program Hmatch.  
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Table 5.1 Haplotypes H1, H6, H7 & H13 Identified in the ASO 091R / 47AR Amplicon Compared With Haplotypes Published by Rieder et al 1999.

Sample  3849 3849   3872 3872   3947 3947  4038 4038   5739 5739  

 

Rieder 

et al 

1999 

Genomic 

DNA 

ASO 

DNA 

Rieder 

et al 

1999 

Rieder 

et al 

1999 

Genomic 

DNA 

ASO 

DNA 

Rieder 

et al 

1999 

Rieder 

et al 

1999 

Genomic 

DNA 

ASO 

DNA 

Rieder 

et al 

1999 

ASO 

DNA 

Genomic 

DNA 

Rieder 

et al 

1999 

Rieder 

et al 

1999 

Genomic 

DNA 

ASO 

DNA 

Rieder 

et al 

1999 

HAP H1 H1/H6 H6 H6 H1 H1/H6 H6 H6 H7 H6/H7 H6 H6 H6 H6/7 H7 H1 H1/H13 H13 H13 

SNP                    

17 A AG G G A AG  G G GG G G G GG G A AA A A 

18  GG G   GG    GG G  G GG    A  

19  GG G   GG G   GG G   GG   GG G  

20 A AG G G A AG G G G GG G G  GG G A AG G G 

24 A AA A A A AA  A A AA A A  AA A A AA A A 

25 C CC C C C CC  C C CC  C  CC C C CC C C 

28 C  T T C  T T C  T T   C C  T T 

29 T  T T T  T T T  T T   T T  T T 

30 A   A A   A A   A   A A   A 

31 (G-) GGG GG (GG) (G-) GGG GG (GG) (G-) GGG GG (GG) GG GGG (G-) (G-) GGG GG (GG) 

32 G AG A A G AG A A G AG A A A AG G G AG A A 

33 T CT C C T CT C C T CT C C C CT T T CT C C 

38 G AG A A G AG A A G  A A A AG G G  A A 

39 C CG G G C CG G G C CG  G G CG C C  G G 

40 T TT T T T TT T T T TT T T T TT T T TT T T 

41 A AG G G A AG G G A AG G G G AG A A AG G G 

46 A AC C C A AC C C A AC C C C AC A A  C C 

47 G AG A A G AG A A G GA A A A AG G G AG A A 

52 D DI I I D DI I I D DI I I I ID D D DI I I 
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6.1 Demographic and Clinical Characteristics 

359 ischaemic stroke patients and 328 unrelated controls were enrolled into the 

study. Despite most of the data being collected retrospectively, clinical and 

laboratory data was available for a high proportion of the subjects (Table 6.1). 90% 

of the stroke patients had cranial imaging with cerebral infarction confirmed in 80%. 

Carotid and cardiac imaging was performed less frequently, (36% & 26% 

respectively) often because they were not clinically indicated. None of the controls 

had cerebral, cardiac or carotid imaging. Data on hypertension was available for 94% 

of patients and 90% of controls.  Serum glucose was recorded in 79.9% of patients 

and 91.4% of controls, and serum cholesterol in 71.6% patients and 84.0% controls. 

 

Table 6.1 Clinical and Imaging Data Obtained 

Data Patients Controls
Hypertension 94.4%  (339/359) 90.2% (294/328) 

Diabetes Mellitus 79.9%  (287/359) 91.4% (298/328) 

Hypercholesterolaemia 71.6%  (257/359) 84.0% (274/328) 

BMI 86.4%  (310/359) 90.2% (294/328) 

Cranial Imaging Studies 90.0%  (322/359) 0%     (0/328) 

            CT Only 88.0% (312/359)  

            MRI Only 2.0%     (7/359)  

            Results         Cerebral Infarction 80.0% (287/359)  

                                  Normal 9.0% (32/359)  

Cardiac Imaging     Echocardiography 26.5% (95/359) 0%   (0/328) 

Carotid Imaging      Doppler Studies 36.2% (130/359) 0%   (0/328) 

             Results         > 75% ipsilateral stenosis 3.6% (13/359)  

 

The demographic and clinical characteristics of the study sample are summarized in 

Table 6.2. The strongest clinical associations of stroke were DM, 

hypercholesterolaemia, hypertension, family history of stroke in a first degree 

relative,  age over 65 years, smoking, valvular heart disease, cardiac arrythmias 

(mainly AF), IHD, CCF and PVD (Table 6.3). A separate analysis of gender (Table 

6.4) revealed significantly higher proportions of males who were current or ex 

smokers or had  BMI>25, and significantly more females who had BP>160/90 and 

reported a FH a first degree relative with stroke, though both sexes had an equal risk 

of stroke. The mean BMI was equivalent in both groups. There was a significantly 

higher proportion of stroke victims less than 65 years old than controls (25.6% vs 
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Table 6.2. Characteristics of the Study Population  

Demographic Characteristics Patients (n=359) Controls (n=328) P
Mean Age 71.9 (+/- 12.1) 73.4 (+/- 8.0) ns 

Under 65 yrs 25.6% (92/359) 13.7% (45/328) <0.0001 

Male 53.0% (190/359) 53.7% (176/328) ns 

Age at First Stroke 70.2 (+/- 13.1)   

Known Family History of Stroke 50.2% (128/255) 28.3% (69/244) <0.0001 

Current Smoker 18% (66/359) 10% (33/328) 0.002 

Ex Smoker 45% (159/359) 45% (146/328) ns 

Smoking > 10 pack years 41% (146/359) 42% (136/328) ns 

History of Hypertension 58.1%(207/359) 23.3% (76/328) <0.0001 

Measured BP >160/90 mmHg 77% (258/336) 51.6% (165/320) <0.0001 

Mean SBP 153.8 (+/-23.7) 146.4 (+/-19.5) <0.0001 

Mean DBP 83.3 (+/- 13.1) 82.5 (+/- 12.5) ns 

History Of Diabetes 16.6% (59/359) 6.1% (20/328) <0.0001 

Measured random blood glucose > 7.0 32% (92/284) 7% (22/298) <0.0001 

History of Hypercholesterolaemia  

or measured total cholesterol >6.0  
52% (131/254) 13% (36/274) <0.0001 

BMI >25 Kg/m2 51% (157/308) 50.7%(150/296) ns 

BMI >30 Kg/m2 12.5% (38/308) 12.3%(37/296) ns 

Mean BMI 25.3 (+/-5.0) 25.6 (+/-5.7) ns 

Heart Failure 7.3% (26/359) 2.8% (9/328) 0.009 

Angina 14.6% (52/359) 11.0%(36/328) ns 

Valvular Heart Disease 6.5% (23/359) 0.61% (2/328) <0.0001 

Cardiac Arrythmias 

           Atrial Fibrillation 

23.0% (82/359) 

14.0 % (50/359) 

5.2% (17/328) 

5.2% (17/328) 

<0.0001 

<0.0001 

Peripheral Vascular Disease 11.8% (42/359) 0% (0/328) <0.0001 

Myocardial Infarction 10.4% (37/359) 8.0% (26/328) ns 

CABG  3.9% (14/359) 4.6% (15/328) ns 

Respiratory Disease 15.4%(55/359) 12.6% (41/328) ns 

Cancer 7.3% (26/359) 5.8% (19/328) ns 

 

 

Table 6.3 Odds Ratios of Clinical Risk Factors for Ischaemic Stroke 

Clincal Parameters OR 95% CI p
BMI (>25 vs <25) 1.0 0.73-1.40 0.95 

Never Smoked  0.76 0.55-1.05 0.09 

Ever Smoked 1.31 0.95-1.81 0.09 

Current Smoker 1.96 1.24-3.10 0.004 

Age >65 yrs 2.11 1.43-3.12 <0.0001 

Family History 2.37 1.63-3.42 <0.0001 

Hypertension (>160/90) 2.98 2.13-4.15 <0.0001 

Hypercholesterolaemia 4.13 2.78-6.14 <0.0001 

Diabetes 5.11 3.09-8.44 <0.0001 

 

13.7% respectively) although the mean age of the groups was equivalent (71.9 (+/-

12.1) vs 73.4 (+/-8.0). Severe hypertension (>160/90) was significantly more 
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prevalent in the stroke group (77%) but there was still a high proportion of severely 

hypertensive controls (51%). DM on the other hand affected 32% of the strokes and a 

significantly smaller proportion of controls (7%).  

 

Table 6.4 Gender Analysis of Stroke Risk Factors 

Risk Factor Male Female P
Ever smoked 75.3% (263/349) 47.1% (140/297) <0.00001 

BMI > 25 54.5% (175/320) 46.5% (132/284) 0.04 

BP > 160/90 17.6%   (58/329) 24.9%   (73/293) 0.03 

FH 34.6%   (93/269) 43.3%  (104/240) 0.04 

 

6.2 Sub-Classification of Stroke 

35% of the strokes were classified as cardiogenic, 17% small vessel, 12% large 

vessel in origin. The majority were localized to the anterior circulation using OCSP 

classification, 44% PACS and 29% TACS. 9% fell into each of the POCS and LACS 

groups and the minority were TIAs (3%) (Table 6.5). Insufficient clinical and 

investigation data was available to assign a TOAST aetiological classification in 34% 

of patients 

 

Table 6.5 Sub-Classification of Stroke 

TOAST CLASSIFICATION Numbers (n=359) %
1 - Large artery disease 44 12 

2 - Cardioembolic 124 35 

3 - Small Vessel 62 17 

5 – Undetermined 123 34 

   

OCSP CLASSIFICATION   
PACS 157 44 

TACS 104 29 

POCS 33 9 

LACS 32 9 

TIA 14 3 

UNKNOWN 16 4 
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6.3 Genotyping Experiments 

6.3.1 ACE ID polymorphism 

The frequency of the D allele was not significantly different between patients (55%) 

and controls (53%). The genotype of the I/D polymorphism showed no association 

with any other risk factor.  

 

6.3.2 Selected ACE Gene SNPs 

Genotype data was obtained for 9 of the 10 chosen SNPs (see Table 6.6). Enzymatic 

cleavage of the amplicon incorporating SNP 75 (rs4363) by Fau I was inefficient. 

SNPs 2 (rs4290), 29 (rs4317), 61 (rs4349), 69 (rs4357) and 76 (rs4364) were not 

informative in our caucasian population due to 100% homozygosity. Table 6.6 shows 

a comparison of the SNP allele frequencies in this sample and the European 

caucasian sample studied by Rieder et al 1999. Frequencies vary considerably for 

SNPs 17 (rs4290), 20 (rs4424958), 24 (rs4312), and 47 (rs4335) though these do not 

reach significance as Rieder et al only studied 6 subjects. 

 

Table 6.6 Comparison of Allele Frequencies between the Leicester Sample and 

European Caucasians (Rieder et al 1999) 

 

SNP
NCBI SNP Database 

ID
Bp Alleles

Leicester Sample of Caucasian 

Europeans  

SNP Frequency 

n=697

European 

Americans  

SNP Frequency 

n=11

P 

2 rs4290 00334 C/T 1.00/0.00 1.00/0.00 ns 

17 rs4305 06435 A/G 0.48/0.52 0.68/0.32 ns 

20 rs4424958 07831 G/A 0.39/0.61 0.77/0.23 ns 

24 rs4312 09191 A/T 0.56/0.44 0.91/0.09 ns 

29 rs4317 10527 T/C 1.00/0.00 1.00/0.00 ns 

47 rs4335 13230 A/G 0.47/0.53 0.59/0.41 ns 

52(I/D) rs1799752 14094 (ALU)/- 0.45/0.55 0.41/0.59 ns 

61 rs4349 17634 C/T 1.00/0.00 1.00/0.00 ns 

69 rs4357 20120 C/T 1.00/0.00 1.00/0.00 ns 

76 rs4364 23152 C/A 1.00/0.00 1.00/0.00 ns 

 



Hardy Weinberg Calculations 

Figure 6.1 shows an example of the HW calculation using the genotyped data from 

SNP 47 (rs4335). Table 6.7 shows the HW calculations for all of the genotyped 

SNPs. The HW equilibrium was upheld for all SNPs where the entire study 

population was tested. SNP 24 (rs4312) was not in HW equilibrium however this 

was an invalid analysis as the SNP was used to differentiate between H6/H9 and 

H7/H13 in a selected subset of subjects.  

Figure 6.1 : Example : Hardy–Weinberg calculation for SNP 47 (rs4335) 

Genotype AA AG GG Total (n) 

Number 72 175 98 345 

 

Allele frequencies: 

p =   2x observed (AA) + observed (AG)  

 2x {observed (AA) + observed (AG) + observed (GG)} 

p =       (2x72) + 175 

2x {72 + 175 + 98} 

p = 319 / 690 

p = 0.46 

q = 1-p = 0.54 

 

The Hardy–Weinberg expectation is: 

Expected AA =  p2n = (0.46)2 x 345 = 73.0 

Expected AG = 2pqn = 2 x (0.46 x 0.54 x 345) = 171.4 

Expected GG = q2n = (0.54)2 x 345 = 100.6 

 

Pearson's chi-square test states: 

χ   2  

χ  = (72 – 73.0) / 73.0 + (175 – 171.4) / 171.4 + (98 – 100.6) / 100.6 2 2 2 2 

χ2 = 0.014 + 0.076 + 0.067 = 0.157 
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No significant difference exists between observed and expected genotype frequencies 

and so the HW equilibrium is upheld in this example. 

 

Table 6.7 Genotype Frequencies 
 

Population SNP Unknown Genotype1 Genotype2 Genotype3 Total p sig vs ns

 47 
rs4335 

 AA AG GG    

Cases  14 72 175 98 345 0.93 ns 

Controls  44 62 141 81 284 0.99 ns 

         

 52 
rs1799752 

 DD ID II    

Cases  6  107 172 74 353 0.95 ns 

Controls  1 86 173 68 327 0.54 ns 

         

 17 

rs4305 
 AA AG GG    

Cases  1 81 186 91 358 0.75 ns 

Controls  10 62 176 78 317 0.12 ns 

         

 20 
rs4424958 

 AA AG GG    

Cases  4 46 177 132 355 0.53 ns 

Controls  13 52 157 105 314 0.87 ns 

         

 24 
rs4312 

 AA AT TT    

Cases  331 

(untyped) 
6 22 0 28 0.003 sig 

Controls  314 
(untyped) 

5 9 0 14 0.21 ns 
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6.3.3 Haplotype Identification 

Haplotypes were successfully identified by ‘Hmatch’ for the majority of subjects 

using genotype data from SNPs 17 (rs4305), 20 (rs4424958), 47 (rs4335) and the I/D 

polymorphism (rs1799752). Discrimination between genotypes H7/H13 and H6/H9 

could not be achieved in 42 subjects by genotyping these 4 polymorphisms alone. 

Analysis of SNP 24 (rs4312) was required in these individuals.  From the available 

data Hmatch could not assign 8.1% of the study sample to any of the haplotypes 

published by Rieder et al 1999 suggesting that there are more than the 13 ACE 

haplotypes identified in Rieder et al’s small sample of 11 individuals. 

 

6.4 Comparisons of Ischaemic Stroke Patients vs Controls 

6.4.1 SNP Genotype Frequencies 

The genotype frequencies at each of the chosen polymorphic loci (Table 6.8) did not differ 

significantly between stroke patients and controls. No significant associations were found 

between any of the genotyped loci and any of the vascular risk factors regardless of whether 

an individual had been labeled as having a stroke or not. Analysis of the subclasses of 

ischaemic stroke (large vessel, cardiogenic, small vessel or undetermined) also failed to 

identify any significant phenotype / genotype correlations.  

 

Table 6.8 Case control frequency comparison of `chosen ACE SNP Genotypes 
Genotyped  

SNP

NCBI SNP  

Database ID
Allele Stroke Patients Controls p 

17 rs4305 A 48% (348/716) 47% (299/636) ns 

17  G 52% (368/716) 53% (334/636) ns 

  Failed 0.3% (1/359) 3.0% (10/328) p=0.004 

      

20 rs4424958 A 38% (269/710) 41% (258630) ns 

20  G 62% (441/710) 59% (372/630) ns 

  Failed 1.1% (4/359) 3.9% (13/328) p=0.02 

      

47 rs4335 A 46% (319/690) 47% (267568) ns 

47  G 54% (371/690) 53% (301/568) ns 

  Failed 3.9% (14/359) 13.4% (44/328) p<0.0001 

      

52 rs1799752 I 45% (320/706) 47% (308/654) ns 

52  D 55% (386/706) 53% (346/654) Ns 

  Failed 1.7% (6/359) 0.3% (1/328) Ns 
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6.4.2 ACE Haplotype Frequencies  

The distribution and frequencies of the haplotypes were not significantly different 

from Rieder et al 1999. The commonest haplotypes were H6 (39.3%), H1 (35.3%), 

and H7 (8.6%).  H2, 3, 4, 5, 8, 11 and 12 were not identified in this sample.  

 

In case control comparisons there was a significant association of H9 with ischaemic 

stroke (OR = 2.11, 95% CI = 1.33-3.80, p=0.004). Multivariate regression analysis 

showed this association to be independent of other vascular risk factors. H9 also 

showed an apparent gene dose effect with homozygotes having greater OR (3.93) of 

ischaemic stroke than homozygotes, however this result was afflicted by wide 

confidence intervals reflecting the low frequency of the H9 haplotype (Table 6.9). 

 

Table 6.9 Case Control Frequencies Comparisons Of ACE Haplotypes 
Haplotype Patients Controls OR 95% CI P

H1 35.2 %  (253/718) 36.0 %  (236/656) 0.99 0.80-1.24 Ns 

H6 40.1% (288/718)  38.9 % (255/656) 1.07 0.90-1.32 Ns 

H7 8.7 %   (63/718) 8.3 %   (55/656) 1.05 0.72-1.52 Ns 

H9 7.2%  (52/718) 3.5%   (20/656) 2.05 1.25-3.35 0.004 

H9/H9 1.1 % (4/359)  0.3%     (1/328) 3.93 0.43-35.5 0.222 

H10 0.97%    (7/718) 1.2%     (8/656) 0.79 0.28-2.22 Ns 

H13 2.1%  (15/718) 2.1%   (14/656) 0.98 0.46-2.10 Ns 

Unknown  5.6%  (40/718) 10.1%  (66/656) 2.10 1.18-3.70 <0.001 

 

 

Table 6.10 Details of the Unknown Haplotypes 
Haplotype Patients Controls p

Total Unknown 
 5.6%  

(20/359) 

10.1%  

(33/328) 
<0.001 

Unable to assign haplotypes from Reider et al’s data despite adequate 

genotyping 
17 26 

0.11 

(ns) 

Undifferentiated haplotypes due to genotyping failures 3 7 
0.21 

(ns) 

 

Due to PCR and restriction enzyme failures, despite repeated attempts, we were 

unable to assign haplotypes to 53 subjects (Table 6.10). A significantly higher 

proportion of the failures occurred in the control subjects than the patients. (10.1% vs 

5.6%). This is potentially a serious confounding factor. In 3 patients and 7 controls 

the failures affected the differentiation of genotype H6/H9 from H7/H13. These 

subjects were coded as ‘unknown’, however in view of the small numbers involved 
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in the H9 analyses it is possible that these failures are the reason for the positive 

association of H9. In order to assess this further ,2 scenarios were explored ;  

1) all failed controls were H9 heterozygotes 

2) all failed subjects (cases and controls) were H9 heterozygotes. 

 

A sensitivity analysis was performed by recoding subjects to comply with both these 

2 scenarios. The results are shown in Table 6.11. Both scenarios maintained the 

association of H9 with ischaemic stroke but with reduced levels of significance.    

 

 

Table 6.11 Results of sensitivity analyses following recoding of potential H9 

subjects 

Scenario OR
Lower  

95% CI

Upper  

95% CI
P

1) All failed controls who were potentially H9 recoded as H9 1.65 1.01 2.70 0.04 

2) All failed subjects (cases and controls) who were potentially H9 recoded as H9 1.64 1.07 2.53 0.02 
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6.4.3 Genotypic Haplotype Frequencies (Table 6.12) 

The commonest ACE genotypes were H1/H6, H6/H6, H1/H1, and H1/H7. H6/H9 

was significantly more prevalent in the stroke group although the confidence interval 

was wide reflecting the small numbers (OR 2.31, 95% CI 1.04-5.10, p=0.04).  The 

sensitivity analysis described above to correct for possible confounding by failed 

genotypes found no significant association between H6/H9 and ischaemic stroke 

(Scenario 1; OR = 1.19, 95%, CI = 0.62 - 2.29, p=0.60 : Scenario 2; OR = 1.31, 95%, 

CI = 0.69 - 2.48, p=0.41) 
 

Table 6.12 ACE Genotypic Haplotype Frequencies 

Haplotype Patients (n=359) Controls (n=326) OR
Lower  

95% CI

Upper  

95% CI
P

H1/H1 11.7%    (42/359) 13.1%    (43/326) 1.18 0.88 1.57 ns 

H1/H10 0.83%      (3/359) 0.3%     (1/326) 2.07 0.34 12.5 ns 

H1/H13 1.7%      (6/359) 1.5%     (5/326) 1.18 0.37 3.73 ns 

H1/H6 31.2%  (114/359) 32.8% (107/326) 1.02 0.65 1.58 ns 

H1/H7 8.6%    (31/359) 6.1%   (20/326) 1.38 0.74 2.56 ns 

H1/H9 4.7%    (17/359) 2.5%     (8/326) 2.13 0.94 4.85 ns 

       

H6/H10 0.77%      (2/359) 2.0%     (6/326) 0.45 0.09 2.40  ns 

H6/H13 1.4%      (5/359) 1.8%     (4/326) 1.38 0.40 5.02 ns 

H6/H6 17.8%    (64/359) 16.3%   (53/326) 1.09 0.68 1.75 ns 

H6/H7 5.0%    (18/359) 5.8%   (19/326) 0.94 0.46 1.88 ns 

H6/H9 9.6%    (25/359) 4.0%   (13/326) 2.31 1.04 5.10  0.04 

       

H7/H13 0.83%     (3/359) 1.5%     (5/326) 0.69 0.15 2.40 ns 

H7/H7 0.83%     (3/359) 1.2%     (4/326) 0.59 0.15 3.11 ns 

       

H9/H10 0.28%     (1/359) 0.3%    (1/326) 1.10 0.28 4.32 ns 

H9/H13 0.28%     (1/359) 0.3%   (1/326) 2.76 0.24 31.2 ns 

H9/H9 1.1%     (4/359) 0.3%   (1/326) 5.52 0.59 51.0 ns 

Unknown 5.6%   (20/359) 11.0% (36/326) 2.10 1.18 3.70 0.01 
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6.4.3.1 Subgroup Analysis of The Most Accurately Phenotyped Patients 

The above analysis included a small number of patients whose cranial imaging was 

normal or no imaging was performed at all. This could potentially introduce 

inaccuracies in the data. To address this potential problem, further analysis was 

performed with these patients excluded. The results did not differ significantly from 

those of the entire patient sample. There was a slight strengthening of the association 

of H9 with ischaemic stroke ((OR= 2.12, 95% CI 1.3 - 3.3, p=0.001) vs (OR= 2.00, 

95% CI 1.3 - 3.1, p=0.002)). This suggests that the clinical phenotyping was only 

marginally less accurate when cranial imaging was not included and this has not had 

a significant effect on the final results.  

 

6.4.4 SNP / Polymorphism Analysis 

Although only a selection of the ACE SNP loci have been genotyped in this study, 

the successful validation of Rieder et al’s ACE haplotypes in our subjects has 

allowed for case control comparisons of each of the ACE SNP loci (Table 6.13).  

 

Table 6.13 Significant Case Control Comparisons of Calculated Genotypes at 

SNP loci  

SNP

NCBI SNP 

Database  

ID

Genotype OR 95% CI P

10 rs4298  1.94 1.18-3.18 0.009 

10  C/T 1.94 1.12-3.35 0.017 

10  T/T 3.71 0.41-33.5 0.243 

      

24 rs4312  1.94 1.18-3.18 0.009 

24  A/T 1.94 1.12-3.35 0.017 

24  T/T 3.71 0.41-33.5 0.243 

      

25 rs4313  1.94 1.18-3.18 0.009 

25  C/T 1.94 1.12-3.35 0.017 

25  T/T 3.71 0.41-33.5 0.243 

      

52 rs1799752  1.07 0.87-1.33 0.519 

52  I/D 0.89 0.61-1.31 0.575 

52  D/D 1.12 0.73-1.73 0.598 
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Only three SNPs, (10 (rs4298), 24 (rs4312) & 25 (rs4313)) have significant 

associations with ischaemic stroke. SNP 10 (rs4298) differentiates H8, H9 & H11 

from the other haplotypes and SNPs 24 (rs4312) and 25 (rs4313) differentiate H9 and 

H11 from all of the others. H8 & H11 were not identified in our or Rieder et al’s  

caucasian samples and so there was no requirement to differentiate between H8, H9 

and H11. This analysis of SNPs 10, 24 and 25 is therefore not valid in this dataset as 

it is essentially giving us the same result as the H9 haplotype analysis.  

 

A study of the independent effects of the  I/D polymorphism is a valid analysis in 

this sample however it was not found to be significantly associated with ischaemic 

stroke. 
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The first part of this study directly established the validity of a selection of the 

previously inferred ACE haplotypes in a caucasian UK population by direct allele 

specific PCR and sequencing of 7 kb of the gene. The validity of the remaining un-

sequenced haplotypes was inferred due to the accuracy of the selected sequencing 

experiments. Haplotypes were then assigned to the majority of individuals by 

genotyping five polymorphisms. This allowed for a case control association study of the 

ACE haplotypes in a large sample of ischaemic stroke victims (n=359) and unrelated 

controls (n=328) which discovered a significant association of the low frequency H9 

haplotype with ischaemic stroke.  

 

7.1 Haplotype Validation 

Using allele specific oligonucleotides annealed to the A allele of SNP 47 (rs4335) we 

have successfully amplified a single allele of the ACE gene in the region between 6227-

14429 bp (Rieder location (Rieder et al., 1999)). Sequencing of 43.7% of this region, 

which includes 21 polymorphisms (27% of total number of polymorphisms), using 

DNA from patients in the most common haplotypes 1,6,7, & 13 has confirmed the exact 

structure of these haplotypes in this region. We have not performed experiments on the 

less common haplotypes nor have we confirmed the haplotype structure in the 

remaining 66% of the gene. Nevertheless for a substantial proportion of the gene all 4 

haplotypes that were studied exactly matched the previously published data (Rieder et 

al., 1999) ; Genecanvas) so we feel justified in inferring a reasonable degree of validity 

of the haplotypes identified in the Rieder et al 1999 study which were not analysed in 

this study. This inference does presume that no new mutations have occurred in our 

sample to generate new haplotypes and as we have not sequenced the entire region for 

all of our subjects this possibility cannot be excluded. The numbers of unknown 

haplotypes (53/687 , 7.7%) in the total sample is more than we would have liked and 

this does limit the confidence with which the results can be presented.  

 

 

7.2 Patient Ascertainment 

The heritability of stroke is relatively low, suggesting that genetic risk factors are 

present but each is likely to have a small role to play in stroke development. In order to 
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identify these small effects it is essential to study large populations. With relatively few 

resources and a finite time in which to conduct this study it was not possible to ascertain 

sufficient numbers whilst also conducting detailed prospective phenotyping. We chose 

to obtain as many subjects as possible but as a consequence the phenotyping was based 

upon incomplete retrospective data which we accept is less than ideal. At the time that 

this study was conducted, however, many other similar genetic stroke studies suffered 

the same phenotyping difficulties. 

 

Ascertainment of patients in the acute hospital setting proved difficult. Patients were 

often elderly and had suffered significant morbidity as a consequence of their stroke. 

This resulted in problems with comprehension and subsequent difficulties with the 

consent procedure. More patients were willing to consent in the setting of the out-

patient clinic which resulted in the collection of more retrospective data and also biased 

the patient group in favour of survivors who may be genetically different than patients 

who experience fatal strokes.  

 

These difficulties of patient ascertainment resulted in only 359 cases and 328 controls 

being enrolled in to the study. Earlier power calculations had suggested that these 

numbers would have roughly given an 80% power of identifying a common disease 

causing allele (frequency of 0.55), in absolute LD with the marker allele, producing a 

RR of ischaemic stroke of 2.0 at the 0.001 significance level. In view of the 

identification of an associated haplotype (H9) with a much lower population frequency 

(0.05), post hoc power calculations using the same power and significance levels (Table 

7.1) would suggest that at least 10 fold greater numbers of subjects would be required to 

have more confidence in the accuracy of this association.  
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Table 7.1  

Post Hoc Power Calculation To Identify The Necessary Sample Sizes In This Study Using 

The Identified H9 Allele Frequency 
High  
Risk  
Allele  
Freq(H9) 

Prevalence 
 of Stroke 

Genotypic 
Relative  
Risk 
H9/Hx 

Genotypic 
Relative  
Risk 
H9/H9 

High  
Risk  
Marker 
Allele  
Freq 

LD 
(D’) 

Alpha Power N 
cases  
for 
80%  
Power 

N 
cases 
 for 
90%  
Power 

N 
cases  
for 
95%  
Power 

0.0052 0.0018 2.05 3.93 0.0052 1 0.05 0.20 2253 3016 3730 

0.0052 0.0018 2.05 3.93 0.0052 1 0.01 0.073 3352 4271 5113 

0.0052 0.0018 2.05 3.93 0.0052 1 0.001 0.015 4901 6000 6991 

            

0.0052 0.0018 2.05 3.93 0.0052 0.8 0.05 0.15 3274 4383 5421 

0.0052 0.0018 2.05 3.93 0.0052 0.8 0.01 0.05 4872 6207 7431 

0.0052 0.0018 2.05 3.93 0.0052 0.8 0.001 0.01 7123 8720 10002 

 

 

7.3 Population Demographics 

Although the mean age of the cases and controls was equivalent, there were 

significantly more controls over the age of 65 years. As common ischaemic stroke is 

usually a late onset disease the development of stroke after entry into the study would 

invalidate the case control comparisons. Thus, having an older control group 

strengthens their validity as they have had more time in which to have developed 

symptomatic cerebrovascular ischaemia if they were prone to it. Individuals with a 

genetic predisposition are likely to have younger age of onset and the younger patient 

group would also enhance the chances of identifying those genetically prone. The 

average age of first stroke of 70.2 years in the patient group cannot be considered 

victims of ‘young’ stroke and so it is likely that they reflect common forms of multi-

factorial ischaemic stroke.  

 

Our aim was to identify an elderly control population who were at risk of stroke but 

naive of clinical events. The frequencies of ex-smokers and mean cigarette dose (pack 

years) did not differ significantly between the groups however the prevalence rates of 

hypertension, FH, DM, hyperlipidaemia, current smoking, cardiac arrhythmias, and 

other vascular diseases were significantly higher in the cases than controls. 

Nevertheless, risk factor frequencies in the control group were higher than would be 

predicted from population studies for hypertension (51% vs. 30-38%), IHD (11.0% vs. 

4.5-7%) and DM (4% vs. 1.5-3%) (Table 7.1). The control population should therefore 
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be considered a reasonably valid control population for this type of study however it 

must be emphasised that the results require further assessment using a variety of control 

groups of differing ages and risk factor profiles. Additionally, the true status of a 

‘control’ should ideally be kept under review in case a clinical stroke occurs in a control 

subject as they age. 

 

Table 7.1 Comparisons of Risk Factor Prevalence In This Study and Published UK 
Studies   

Demographic 
Characteristics

Patients 
(n=359)

Controls 
(n=328)

p value Leicester 
Study 

OR

Population Based 
Studies 

OR or RR

UK Prevalence 
Of Risk Factor

Mean Age 71.9 (+/- 12.1) 73.4 (+/- 8.0) 0.03    
Under 65 yrs 26.4%(94/356) 9.5% (31/326) <0.001    
Known FH of Stroke 35%(126/356) 9% (31/326) <0.001 2.37 RR 1.4-3.3  

(See table of 
epidemiological 
studies in Ischaemic 
Stroke 

 

Current Smoker 18% (66/356) 10% (33/326) 0.015 2.24  1.5 
(Shinton and 
Beevers, 1989) 

Men = 28% 
Women= 27% 
(Erens and 
Primatesta, 
1999) 

Ex Smoker 45%(159/356) 45% (146/326) ns 1.62   
Hypertension  
(>160/90 mmHg) 

77% (258/336) 51% (149/294) 0.003 OR=3.86 RR=7, 160/95 vs. 
120/80  
(Markus, 2003) 
 

BP>140/90 
mmHg  
Men = 38% 
Women = 30% 
(Erens and 
Primatesta, 
1999) 

Diabetes Mellitus  
(glucose > 7.0) 

32% (92/284) 7% (22/298) <0.001 OR= 5.11 2-3 
(Ebrahim and 
Harwood, 1999) 

Men = 2-3%  
Women = 1.5-
2.5%  
(Erens and 
Primatesta, 
1999; Gatling et 
al., 1998) 
Men = 1% 
Women = 1% 
(Bennett et al., 
1995) 

Hypercholesterolaemia  
(total cholesterol > 6.6) 

52% (131/254) 13% (36/274) <0.0001 OR=4.13 1.4 between lowest 
& highest quartiles 
of total cholesterol 
(Benafante et al 
1994) 

 

Angina 14.6% 
(52/356) 

11.0%(36/326) 0.02  2.5 (Ebrahim and 
Harwood, 1999) 

Men = 7%  
Women = 4.5% 
(Erens and 
Primatesta, 
1999) 

Cardiac Arrhythmias 23.0% 
(82/356) 

5.2% (17/326) <0.001  4-5  (Brand et al., 
1985; Kopecky et 
al., 1999) 

5% of 65+ yrs 
(Sudlow et al., 
1998; Wheeldon 
et al., 1998) 

 

 

7.4 Phenotyping 

Unfortunately the accuracy of clinical phenotyping was variable and is a significant 

limitation of this study. Nevertheless, an exhaustive review of the medical case notes 
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and whenever possible personal assessments of controls was achieved. All cases were 

examined promptly by experienced consultant physicians and cranial imaging was 

performed in the majority of the sample usually allowing sufficient time for a cerebral 

infarct to be visualised (i.e. >6 hours post symptom onset).  

 

Cardiac and carotid imaging was performed in the minority of cases (36% and 26% 

respectively) often because the cause of cerebral infarction was evident or the 

individual’s prognosis was felt to be poor. Data on hypertension was only missing in 

5.6% of patients and 9.8% of controls. The deficits in this data ascertainment resulted in 

an inability to determine the pathological subtype of stroke in 34% of patients. Despite 

this our results compare favourably with the 39% of unclassifiable stroke seen in the 

deCODE genetics genome screen (Gretarsdottir et al., 2002). Nevertheless, this has 

limited the confidence with which any conclusions can be made regarding the role of 

H9 in the pathophysiology of the different subtypes of stroke.  

 

In order to evaluate whether phenotyping errors have affected the results, we reanalysed 

the data after excluding patients who had normal scans or had not undergone cranial 

imaging. Results showed only slight strengthening of the association of ischaemic 

stroke with H9 (OR=2.12, 95% CI 1.3-3.3, p=0.001 vs. OR=2.00, 95% CI 1.3-3.1, 

p=0.002). Additionally the lack of genetic associations of H9 with hypertension, 

hypercholesterolaemia and diabetes, independent of the presence or absence of stroke, 

would also suggest that the deficits in phenotyping have not significantly affected the 

results. 

 

Of the patients who were given a TOAST classification (66% of the total sample), 17% 

were considered to have small vessel disease, 12% large vessel disease as the primary 

cause of the stroke and 34% were classified as having a cardiogenic aetiology. 

Cardiogenic stroke is often related to cardiac arrhythmia and although there are 

associations between this and atheromatous disease it is clearly a very different 

pathological process than large or small vessel cerebrovascular disease.  Analysis did 

not identify any specific differences between these stroke subgroups and so the overall 

analysis was performed on the total sample made up of multifactorial causes of stroke.  

A similar approach of combining cases of cardiogenic and cerebral atherothrombotic 

large vessel stroke was also taken by researchers in the Icelandic deCODE study who 

argued that there were common mechanisms between the development of coronary 



 166

artery disease and cerebrovascular disease (Gulcher et al., 2004). Although this 

approach is less than ideal it should be considered to have some validity and whilst 

accepting the limitations of this method it would not preclude identification of a role of 

genetic mechanisms in the final common pathway of stroke, irrespective of the cause of 

the initial insult.  

 

 

7.5 Genotyping 

7.5.1 Genotyping Methods 

PCR and RFLP analysis proved to be a successful combination for the majority of the 

samples analysed. All of the genotypes at the SNPs loci where data was available for 

the entire population were not significantly different than expected by the Hardy 

Weinberg equilibrium in both the case and control groups. This therefore suggests that 

the genotyping methods produced no significant genotyping inaccuracies for the study 

population as a whole.  

 

Genotype frequencies at the SNP 24 (rsr312) locus were significantly different from 

Hardy Weinberg expectations however this is a highly selected group as SNP 24 was 

only used to differentiate between the haplotypic genotypes H6/H9 and H7/H13. Under 

these circumstances it is not surprising that the genotype frequencies differ from Hardy 

Weinberg expectations as none of the genotyped patients were likely to have a TT 

genotype at this SNP locus as they had been selected out by the previous genotyping 

experiments at the other loci. 

 

None of the chosen SNPs were within the coding region of ACE and although this 

would have reduced the likelihood of identifying any functionally relevant SNPs it is 

unlikely to have had any effect on the outcome of the haplotype association analysis as 

the chosen SNPs were merely being used as markers for the generation of the 

haplotypes.  

 

Haplotypes could not be ascribed to 66 individuals partly due to PCR and restriction 

enzyme failures but also due to the likely presence of more than 13 haplotypes in our 

population.  Since the commencement of this study large quantities of SNP and 
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haplotype data has been published on the dbSNP 

(www.ncbi.nlm.nih.gov/sites/entrez?db=snp) and Hapmap (www.hapmap.org/) 

databases which identify many more than the 13 haplotypes studied in this project. 

These developments will be covered in the additional chapter on ‘Advances in Common 

Disease Genetics’ as they have clear relevance for interpretation of the results of this 

study.  

 

Unfortunatley our methods did produce genotyping errors despite repeated testing of 

failed experiments. This has introduced a small element of doubt into the study findings 

particularly as a significantly larger number of PCR and RFLP failures occurred in the 

control group which could have produced a spurious association of H9 with ischaemic 

stroke. However the sensitivity analyses, which assumed the worst scenario of all the 

failed samples in the control group having the H9 haplotype and none of the failed 

patient samples being H9, was marginally significant (p=0.04, 95% CI = 1.01-2.70) 

thereby suggesting that this may still be a real phenomenon in this sample. Nevertheless 

these genotyping errors are clearly less than ideal and need further evaluation with 

alternative genotyping methodologies. Since this study was conducted, high throughput 

SNP genotyping techniques have been developed and this may provide a better solution 

for any future attempts at validating the findings of this study in larger study 

populations (see Chapter 8). 

 

7.5.2 The Choice Of SNPs 

SNPs 2 (rs4290), 29 (rs4317), 61 (rs4349), 69 (rs4357) and 76 (rs4364) were all 

monomorphic in our caucasian subjects. This finding is in line with Rieder et al’s data 

as each of these SNPs were only identified in their Afro-Carribean patients. Although in 

our population of caucasian European subject we could have reasonably assumed that 

the genotype frequencies of these SNPs would have been identical to those found in 

Rieder’s caucasian population we chose not to make this assumption and proceeded to 

genotype these SNPs in our sample. The finding that all of these SNPs are 

monomorphic has made them uninformative markers in our caucasian individuals 

however it has provided us with useful confirmation that our chosen subjects are 

derived from a stable and homogeneous population. 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp
http://www.hapmap.org/
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The monomorphic nature of these SNPs served to reduce the potential number of Rieder 

haplotypes that could be identified to 6 by excluding H2, H3, H4, H5, H8, H11 & H12. 

Genotyping only 4 SNPs and the I/D polymorphism was required to successfully 

identify haplotypes for the majority of the sample. A further SNP (rs4312) was 

genotyped in 41 subjects to differentiate between haplotypes 7/13 and 6/9 (this explains 

why genotype frequencies cannot be generated and Hardy Weinberg calculations cannot 

be performed for this SNP a.s not all subjects were analysed).  

 

SNP frequencies did not differ significantly from Rieder’s European and American 

sample. The HapMap data of the SNPs typed in this study is limited to rs4305 and 

rs4357. This suggests that the SNPs genotyped in this study which were chosen on the 

grounds that they could be analysed on agarose gels were sub-optimal and could have 

been improved. Future studies should ideally chose tagging SNPs within exonic regions 

identified from the HapMap database with high heterozygosity rates to optimally 

differentiate between haplotypes. Newer SNP genotyping methods which use easily 

recognisable non-gel based techniques are clearly better than those used in this study. 

 

7.6 Haplotype 9 as a Genetic Risk Factor For Ischaemic 

Stroke 

Accepting the limitations of this study outlined above, for the first time we have 

advanced the genetic assessment of the ACE gene in population based vascular disease 

by analysing haplotypes rather than single polymorphisms. We have found H9 twice as 

frequently in stroke patients in this study group as in the elderly controls (7.6% vs. 

3.5%, OR=2.00, 95%CI=1.30-3.08, p=0.002) and the association is independent of the 

other vascular risk factors studied.  

 

The validation of the ACE haplotypes in our population allowed for a search of all the 

recognised polymorphisms in H9 as well as the other polymorphisms, identified by 

Rieder et al 1999, in different haplotypes, in an attempt to locate any possible functional 

variants which are associated with ischaemic stroke. H9 incorporates the D allele of the 

I/D polymorphism however no independent association of the D allele was identified in 

our population. This is at odds with a number of studies (Castellano et al., 1995; Doi et 

al., 1997; Elbaz et al., 1998; Hosoi et al., 1996; Kario et al., 1996; Margaglione et al., 
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1996; Markus et al., 1995; Nakata et al., 1997; Sharma, 1998; Watanabe et al., 1997) 

but in keeping with a large number of negative outcomes (Aalto-Setala et al., 1998; 

Catto et al., 1996; Pullicino et al., 1996; Sharma et al., 1994; Ueda et al., 1995; Zee et 

al., 1999). These studies were performed in widely differing populations. In the present 

study this finding supports the view that the I/D polymorphism does not lead to ACE 

dysfunction itself but is in LD with a genetic variant(s) which affects the function of the 

gene. The variability of LD within different populations may account for the variability 

in the results of the association studies looking at the I/D polymorphism in ischaemic 

stroke and other vascular diseases.  

 

Three SNPs were found to have a significant association with ischaemic stroke in our 

population. One exonic, SNP 10 (rs4298T; p=0.004), and two intronic SNPs, 24 

(rs4312T; p=0.004) & 25 (rs4313T; p=0.004), all are present in the H9 as well as the 

H11 haplotype and differentiate these haplotypes from the other D allele linked 

haplotypes in caucasian populations. H11 was not identified in our population. These 

SNPs are therefore likely to be the reason for the positive association with H9.  SNP 10 

(rs4298T) is intuitively more likely to have some functional relevance although it is 

synonymous and so would not affect the amino acid composition of the protein. 

Nevertheless synonymous SNPs have been found to have functional affects as identified 

by Duan et al 2003 in the human DRD2 gene through affects on mRNA stability and 

translation (Duan et al., 2003).   

 

Despite being intronic the other 2 SNPs may also have functional roles as seen in 

studies on Drosophila where two non-coding polymorphisms have been found to 

influence alcohol dehydrogenase expression (Stam and Laurie, 1996) and a further 2 

intronic nucleotides have been strongly associated with variation in bristle number 

(Long et al., 1998). In humans, non-coding SNPs are also associated with measurable 

differences in mRNA levels in 6 out of 13 loci (Yan et al., 2002) and the intronic ACE 

I/D polymorphism has long been thought to have a directly functional role in regulating 

ACE levels (see Chapter 3). 

 

SNP 10 (rs4298T) lies within the 5’ region of the gene, falling within the QTL proposed 

by Villard et al 1996 and within the region 5’ of 8968 bp (Rieder’s location) (T17944C  

http://ecgene.net/genecanvas/modules/icontent/index.php?page=70) which may 

differentiate high ACE level clades B & D from lower ACE level clade C as proposed 

http://ecgene.net/genecanvas/modules/icontent/index.php?page=70
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by Cox et al 2002.  SNPs 24 (rs4312T : 9191 bp) and 25 (rs4313T : 9222 bp) both lie 3’ 

of exon 5 (approx 6435 bp Rieder location) and may lie close to the ancestral breakpoint 

of ACE giving them some possible functional significance. Both of these SNPs are 

located very close to each other and are likely to be in strong LD. 

 

The functional relevance of these polymorphisms remains speculative as further 

analysis has not been performed. The positive result may merely be due to chance as a 

consequence of the multiple testing required to generate the results although the highly 

significant p values at the level of 0.004 are stringent enough to suggest these results are 

real and clearly warrant future analysis of these polymorphisms in association and 

functional studies.  

 

The frequency of H9 is low in this study and is clearly not related to the pathogenesis of 

ischaemic stroke in all cases. One can speculate that interactions with other risk factors 

are required before it exerts its effects. Additional interactions not assessed by this study 

could also be relevant in the same way that epistatic phenomena have been identified 

between ACE and angiotensinogen (Nakata et al., 1997) and the Factor V Leiden 

mutation and MTHFR (Lalouschek et al., 1999). Such interactions warrant further 

assessment in future studies and chip based micro-array genotyping techniques (see 

Chapter 8) which allow for the study of multiple polymorphisms in large numbers of 

genes would make this possible.  

 

The relevance of these findings is unclear especially when considered in the context of 

the many complex biological interactions leading to stroke. ACE is not the only 

converter of ANGI to ANGII and it is possible that pathological enhancement of other 

pathways, for example the Chymase system, may override the ACE system in patients 

with genetically low ACE levels. Similarly, deficiencies in the pathways which down 

regulate or degrade ACE activity may lead to relative enhancement of the enzyme in the 

absence of any genetic predisposition to ACE over activity. Both these mechanisms 

may serve to produce an ischaemic stroke phenotype thereby reducing the chances of 

identifying other strong independent allelic or haplotypic associations in population 

studies.  

 

Additionally as small vessel disease manifesting as lacunar stroke (Elbaz et al., 1998; 

Markus et al., 1995) or silent white matter ischaemia on MRI, (Kario et al., 1996) 
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appears to have a greater association with the D allele, further study of H9 associations 

in this stroke subset are now indicated. Unfortunately, this study did not find any 

associations with the different stroke subtypes but this may have been due to relatively 

small numbers in each subgroup or sub-optimal phenotyping 



 

 

CHAPTER 8 

 

ADVANCES IN COMMON DISEASE GENETICS SINCE THE 

COMMENCEMENT OF THIS STUDY 
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8.1 Introduction 

 

Since the development of this project in 1998 many advances have been made in the 

field of common disease genetics. As a consequence the techniques used in the study 

have become outdated. Modern studies are generally multi-centered using higher 

throughput automated genotyping technologies and integrating the huge amount of 

genetic data held in public databases such as dbSNP and HapMap, available on the  

internet. The following chapter will summarise the advances in the field over the last 

decade. It will cover the topics of high throughput genotyping methods, haplotype 

identification techniques and optimal SNP identification using these internet 

resources. There will be an update of recent ACE gene haplotype studies before 

concluding with a section on the potential for future research based upon the findings 

in this study. 

 

 

8.1.1 Updates on SNP Genotyping 

 

Many different methods of high throughput SNP genotyping are now available which 

would have undoubtedly improved the quality of the genotyping data in this study. In 

general the methods use either hybridisation, enzyme cleavage, other post 

amplification techniques based upon DNA structure or a combination thereof.  

 

8.1.1.1 Hybridization-based methods  

 

These include dynamic allele-specific hybridization, molecular beacons and SNP 

microarrays. Cross hybridisation can complicate the process but can usually be 

overcome by increasing the stringency of the conditions to improve specificity of the 

hybridisation. 
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8.1.1.1.1 

8.1.1.1.2 

Dynamic allele specific hybridisation (DASH)  

This easily automated method makes use of the differences in melting temperature of 

DNA which results from the instability of mismatched base pairs produced by SNPs. 

Initially the amplicon under study is amplified and attached to a bead through a PCR 

reaction with a biotinylated primer. The amplicon is attached to a streptavidin column 

and the unbiotinylated strand is removed by washing with sodium hydroxide. An 

allele specific fluorescently labelled oligonucleotide is then added. The intensity of 

fluorescence is then measured as the temperature is increased until the melting 

temperature (™) can be determined. Any polymorphism will result in a lower than 

expected Tm {Howell, 1999 #1083}. 

 

Homogeneous solution hybridisation with fluorescence resonance 

energy transfer detection. 

Fluorescence resonance energy transfer (FRET) occurs when two fluorescent dyes 

(fluorophores) are placed in close proximity.  The energy is transferred when the 

emission spectrum of one dye overlaps the excitation spectrum of the other (Clegg, 

1992). There are now three FRET-based technologies , TaqMan assays, molecular 

beacons and the Invader assay. 

 

8.1.1.1.1.1 TaqMan genotyping 

This assay uses the 5' nuclease activity of Taq polymerase to detect a fluorescent 

reporter signal generated during or after PCR reactions (Ranade et al., 2001)(Livak et 

al., 1995).  The reaction requires one pair of PCR primers and one pair of allele 

specific TaqMan probes differing only at the polymorphic SNP site.  One of the allele 

specific primers has a 5’ reporter dye and a 3’ quencher dye linked to it.  During the 

annealing step of the PCR reaction the TaqMan probes hybridise to the targeted 

polymorphic site.  During extension the 5’ reporter dye is cleaved by Taq polymerase 

generating fluorescence of the reporter dye which allows detection of the allelic SNP. 
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8.1.1.1.1.2 Molecular beacons. 

These are oligonucleotide probes that have 2 complimentary DNA sequences flanking 

the target DNA sequence as well as fluorescently labelled fluorophores at opposite 

ends of each probe.  No fluorescence occurs unless the probes hybridise to the target 

sequence (Tyagi and Kramer, 1996)(Tyagi et al., 1998). Two allele specific molecular 

beacons labelled with different fluorescent dyes are used in each PCR reaction to 

enable detection of all three possible allelic combinations. 

 

8.1.1.1.1.3 Invader assay 

This FRET-based technique does not require PCR amplification.  Two allele specific 

primers plus an upstream invader probe are required.  Specific hybridisation of these 

probes to genomic DNA occurs when they anneal to the same region with overlapping 

of the probe by at least one base pair. The structure is then cleaved by a cleavase 

endonuclease (Lyamichev et al., 1999). Each cleavage product becomes an invader 

oligonucleotide in a secondary reaction directing the cleavage of a FRET probe 

template construct labelled with a donor and acceptor fluorophore.  Cleavage of this 

template separates the fluorophores, quenching is abolished and fluorescence 

generated.  The fluorescently labelled allele specific products are then read on a plate 

reader able to recognize this fluorescence. 

 

8.1.1.1.3 DNA micro-array genotyping 

This hybridisation method allows simultaneous identification of multiple 

polymorphisms.  The micro-arrays are created by attaching many allele specific 

oligonucleotides to a solid silicon surface.  Fluorescently labelled nucleotides are 

incorporated into a PCR generated amplicon which is then hybridised to the array. 

The degree of fluorescence directly corresponds to the strength of the hybridisation 

and signals can then be quantified by high-resolution fluorescence scanning 

techniques and analysed by computer software. (Chee et al., 1996; Lipshutz et al., 

1999) . Once a comprehensive high-density SNP map is generated, micro-array 

technology will allow the rapid assessment of tens of thousands of genetic variations 

in large patient groups.  At present heterozygous variation is less easily detected than 
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homozygous variation however with improvements in detection of degrees of 

fluorescence this potential error should be minimised.  

 

 

8.1.1.2 Enzyme Based Methods 

Along with restriction enzymes used in RFLP analysis (described in Chapter 4) DNA 

ligases, polymerases and nucleases have been used to identify SNPs. 

 

8.1.1.3 PCR-based methods 

Tetra-primer ARMS-PCR employs two pairs of primers to amplify two alleles in one 

PCR reaction. The primers are designed such that the two primer pairs overlap at a 

SNP location but each match perfectly to only one of the possible SNPs. Thus if a 

given allele is present in the PCR reaction, the primer pair specific to that allele will 

produce a product but not from the alternative allele. The two primer pairs should be 

designed to produce PCR products of significantly different lengths allowing for 

easily distinguishable bands by gel electrophoresis. 

 

Primer extension 

Primer extension is a two step process that first involves the hybridization of a probe 

to the bases immediately upstream of the SNP followed by a ‘mini-sequencing’ 

reaction in which DNA polymerase extends the hybridized primer by adding a base 

that is complementary to the SNP. This incorporated base is detected and determines 

the SNP allele {Syvanen, 2001 #1084}. Because, primer extension is based on the 

highly accurate DNA polymerase enzyme, the method is generally very reliable. 

Primer extension is able to genotype most SNPs under very similar reaction 

conditions making it also highly flexible. The primer extension method is used in a 

number of assay formats.  

 

Primer extension techniques generally use two main approaches which incorporate 

either fluorescently labelled dideoxynucleotides (ddNTP) or deoxynucleotides 

(dNTP).  ddNTPs, probes hybridize to the target DNA immediately upstream of SNP 
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nucleotide, and a single, ddNTP complementary to the SNP allele is added to the 3’ 

end of the probe (the missing 3'-hydroxyl in dedioxynucleotide prevents further 

nucleotides from being added). Each ddNTP is labelled with a different fluorescent 

signal allowing for the detection of all four alleles in the same reaction.  dNTPs, 

allele-specific probes have 3’ bases which are complementary to each of the SNP 

alleles being interrogated. If the target DNA contains an allele complementary to the 

probe's 3’ base, the target DNA will completely hybridize to the probe, allowing DNA 

polymerase to extend from the 3’ end of the probe. Fluorescent labelling of the dNTPs 

allows detection of the probe. If the target DNA does not contain an allele 

complementary to the probe's 3’ base, the target DNA will produce a mismatch and 

DNA polymerase will not be able to extend from this end. The benefit this approach is 

that several labelled dNTPs may get incorporated into the growing strand which 

increases the strength of the signal. In rare cases DNA polymerase can extend from 

mismatched 3’ probes giving a false positive result. 

 

The flexibility and specificity of primer extension make it amenable to high 

throughput analysis. Two commercially available methods of primer extension 

include arrayed primer extension (APEX) and the Infinium assay (Illumina). The 

Infinium assay uses hapten-labelled nucleotides which can be recognized by anti-

bodies, which in turn are coupled to a detectable signal. This technique allows over 

100,000 SNP to be detected at the same time{Gunderson, 2006 #1085}. 

 

Oligonucleotide ligation assay genotyping 

The oligonucleotide ligation assay (OLA) relies on hybridisation with specific 

oligonucleotide probes which discriminates between the polymorphic and wild type 

sequences.  Three oligonucleotide primers are required, one each for the wild type and 

mutant SNP and one fluorescently labelled common primer. The 3’ ends of the allele 

specific probes are immediately adjacent to the 5’ end of the common probe. 

Following amplification of the desired region by PCR techniques the amplicon is 

incubated with all 3 probes. In the presence of a thermally stable DNA ligase, ligation 

of the allele specific probe to the common probe occurs when there is a perfect match 

between the wild type or variant probe and the PCR amplicon. Electrophoresis is then 
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used to separate and recognise the products (Ross et al., 1998). Multiple reactions can 

be conducted at the same time by using different fluorescent markers (Baron et al., 

1996). 

 

8.1.1.4 Post-Amplification SNP Detection Methods Based Upon the 

Physical Properties of DNA 

 

Conformation based mutation scanning 

Single-stranded conformation polymorphism analysis is a widely used method of 

mutation detection. The underlying principle of these methods is that the melting 

characteristics of double stranded DNA are largely defined by its sequence. Following 

genomic amplification using PCR single-stranded regions of DNA are generated by 

denaturation of the amplicon.  These are then separated on a non-denaturing 

polyacrylamide gel.  Single base modifications produced different conformations of 

the amplicon which migrate differently.  The sensitivity can be increased to nearly 

100% in combination with restriction enzyme fingerprinting (Liu and Sommer, 1995) 

or dideoxy-sequencing fingerprinting (Sarkar et al., 1992) Other methods include 

conformation sensitive gel electrophoresis (Ganguly and Prockop, 1995), chemical or 

enzymatic mismatch cleavage detection (Youil et al., 1995) denaturing gradient gel 

electrophoresis (Myers et al., 1987) and denaturing high-performance liquid 

chromatography (dHPLC) (O'Donovan et al., 1998).   

 

Temperature gradient gel electrophoresis (TGGE) 

The temperature gradient gel electrophoresis (TGGE) or temperature gradient 

capillary electrophoresis (TGCE) method is based on the principle that partially 

denatured DNA is more restricted and travels slower in a porous material such as a 

gel. This property allows for the separation of DNA by melting temperature. To adapt 

these methods for SNP detection, two fragments are used; the target DNA which 

contain the SNP polymorphic site being interrogated and an allele-specific DNA 

sequence, referred to the normal DNA fragment. The normal fragment is identical to 

the target DNA except potentially at the SNP polymorphic site, which is unknown in 
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the target DNA. The fragments are denatured and then re-annealed. If the target DNA 

has the same allele as the normal fragment, homoduplexes will form that will have the 

same melting temperature. When run on the gel with a temperature gradient, only one 

band will appear. If the target DNA has a distinct allele, four products will form 

following the re-annealing step; homoduplexes consisting of target DNA, 

homoduplexes consisting of normal DNA and two heteroduplexes of each strand of 

target DNA hybridized with the normal DNA strand. These four products will have 

distinct melting temperatures and will appear as four bands in the denaturing gel 

 

8.1.1.5 Other SNP Genotyping Methods 

 

In silico SNP mapping 

This method uses the large amount of sequence data published in public databases 

generated from the human genome project.  Expressed sequence tags (ESTs) and 

genomic DNA sequences provide a rich source for in silico identification of SNPs. 

Multiple alignment of the available sequences from redundant ESTs and bacterial 

artificial chromosome clones is required however this does not require sequencing of 

multiple individuals and is considered a fast and cost-effective way to identify new 

SNPs.  A computer-based SNP screening algorithm (POLBAYES) is available for this 

purpose (Marth et al., 1999) 

 

Allele specific ligation 

This technique is a combination of FRET and PCR. Three labelled ligation probes for 

each SNP with low melting temperatures along with PCR primers designed with high 

melting temperatures are used. The 5’ labelled common probe is designed to 

terminate one base upstream of the polymorphic site.  Two allele specific acceptor 

dye labelled probes have polymorphic nucleotides at the 5’ end.  A thermostable DNA 

ligase and DNA polymerase with no 5’ nuclease activity are used in the experiment.  

Ligation probes prevented from annealing in the first stage of PCR by keeping the 

temperature high.  In the second stage of the reaction after sufficient PCR products 

are generated a lower annealing temperature allows ligation to occur.  The 
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fluorescents signals of all the dyes enables genotypes to be determined (Chen et al., 

1998) 

 

Rolling Circle amplification (RCA)  

This analysis is sensitive enough to work from genomic DNA (Lizardi et al., 1998) 

Two allele specific probes are designed for each SNP, each probe consisting of 

between 80 and 90 base pairs.  The 5’ end of the probe is phosphorylated with a 

sequence of approximately 20 nucleotides which is complimentary to the region 

immediately 5’ of the SNP.  The 3’ end of the probe contains between 10 and 20 

nucleotides complimentary to the region immediately 3’ of the SNP.  Each probe 

differs in one base complimentary to the SNP designed at the 3’ end.  In the 

remaining 40 bases the two probes contain two different generic backbone sequences 

that encode binding sites for two rolling circle amplification primers.   

 

The first stage of this assay involves ligation of each of the probes to their respective 

target DNA sequences. After denaturation both allele specific probes are then added 

to the denatured DNA and if a perfect match between the 3’ base of the probe and the 

polymorphic nucleotide is present in a stable hybrid is formed.  Complete 

hybridisation aligns the two ends of the probe on the target DNA and circularises the 

probe using a thermostable ligase. Amplification of a circularised probe by rolling 

circle amplification requires the first primer to hybridise to its complimentary region 

on the probe backbone.  A strand displacing DNA polymerase is then required to 

extend the primer which eventually displaces it at its 5’ end once one complete 

revolution of the circularised probe is made.  Continued polymerisation and 

displacement generates single-stranded DNA copies of the original probe. 

 

Allele specific nucleotide incorporation 

Pyrosequencing 

This detects de novo incorporation of nucleotides based on the specific template.  

During the process of incorporation a pyrophosphate is released which is converted to 

ATP in the presence of adenosine 5 phosphosulphate.  In turn a luciferase enzyme is 

stimulated which is able to produce light which can be detected by a charge coupled 
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device camera.  The amount of light produced correlates with the number of 

nucleotides incorporated. Current pyrosequencing technology allows the detection of 

500 SNPs per hour in a 96 well plate. (Alderborn et al., 2000). 

 

Single base extension with fluorescence detection 

This is a popular SNP genotyping method.  It is a template directed dye terminator 

incorporation assay with fluorescence polarisation (FP) detection.  FP is based on the 

principle that a small molecule tumbles rapidly in solution.  When plane polarised 

light is shone on fluorescent dyes the molecules tumble rapidly and the omission is 

polarised.  The fluorescence polarisation is directly proportional to molecular volume 

and molecular weight (Chen et al., 1999). The sequencing primer is designed 

immediately upstream of the polymorphic site.  Fluorescent dideoxynucleotide 

triphosphate target DNA and the allele specific probes are then incubated and specific 

sequence generated.  The genotype of the target DNA molecule can then be 

determined by exciting the fluorescent dye in the reaction in determining the change 

in fluorescent polarisation.  A commercial high throughput version of this method is 

now available. 

 

Mass spectrometry (MS) 

This technique provides precise information on the molecular mass of DNA 

fragments.  Each nucleotide base differs slightly in their mass which allows detection 

with this technique (Ross et al., 1998). Unlike fluorescent genotyping methods MS 

offers specificity and accuracy without needing to label the probes.  MS does however 

require samples to be free of impurities. This technique can be incorporated into a 

chip based genotyping assay which provides high throughput at relatively low cost 

(Tang et al., 1999). 

 

In conclusion, I have outlined the many different techniques that are now available for 

SNP genotyping.  Many of these are user-friendly, cost efficient and allow automation 

which improves efficiency and increases their throughput.  Of the options available 

FRET and micro-array chip based technologies are likely to be the most popular in the 

near future for large scale genetic studies. 
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8.2 Publicly Available Internet Based Genetic Databases 

The last 10 years has seen the expansion and wide spread use of the internet. The field 

of genetics has grasped this opportunity and has posted vast amounts of easily 

accessible genetic information in public databases for the benefit of the world’s 

geneticists. The two most relevant databases for common disease geneticists are the 

HapMap and dbSNP databases and these will now be covered in turn. An 

independednt SNP and haplotype database held at the Washington University website, 

the Seattle SNP database, will also be referred to later in the chapter. 

 

8.1.2 International HapMap Project 

 

The International HapMap Project (International HapMap Consortium (2003) has 

been organized as an extension to the human genome project.  Its aim was to develop 

a haplotype map of the human genome (the HapMap), which will describe the 

common patterns of human genetic variation and assist in the discovery of genes 

affecting health, disease and responses to drugs and environmental factors.  

 

The project began after the commencement of this study in 2002, and was expected to 

take about three years. It comprises two phases; the complete data obtained in Phase I 

were published on October 27, 2005 (International HapMap Consortium (2005). The 

Phase II data has been published very recently {Frazer, 2007 #1087}. 

Background

A haplotype is a series of consecutive alleles on a particular chromosome. In many 

parts of chromosomes nearly a handful of haplotypes may be identified. Meiotic 

recomination should potentially ensure a constant variation in haplotype structure 

however  preferential recombination (recombination hotspots) and reduced levels of 

recombination (recombination cold spots) occur in specific regions. This has lead to 

the development of the concept of haplotype blocks. The generally stable structure of 

a haplotype block through the generations allows researchers to identify and genotype 

the most important and stable SNPs (tagging SNPs) within a specific haplotype block 

and infer other alleles without genotyping all of the SNPs (Figure 8.1). Within the 
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human genome it is estimated that 300,000 to 600,000 tagging SNPs are present 

which is far fewer than the 11 million common SNPs currently deposited in the 

dbSNP database.  

 

 
Figure 8.1 Haplotypes. The construction of the HapMap occurs in three steps. (a) SNPs are identified 

in DNA samples from multiple indivduals. (b) Adjacent SNPs that are inherited together are compiled 

into "haplotypes." (c)"Tag" SNPs within haplotypes are identified that uniquely identify those 

haplotypes. By genotyping the three tag SNPs shown in this figure, researchers can identify which of 

the four haplotypes shown here are present in each individual.  

(http://www.hapmap.org/whatishapmap.html.en) 

 

Samples used to generate Hapmap 

Haplotypes are generally shared between populations, but their frequency can differ 

widely. Four populations were selected for inclusion in the HapMap: 30 Nigerian 

offspring and parents trios (YRI), 30 trios of U.S. residents of northern and western 

European ancestry (CEU), 44 unrelated Japanese individuals from Tokyo (JPT) and 

45 unrelated Han Chinese individuals from Beijing (CHB). Parallel studies are 

currently examining the usefulness of including additional populations in the project. 

Scientific strategy 

At the start of the project, less than 3 million SNPs had been identified and published. 

In phase I of HapMap 1 million polymorphic SNPs spaced approximately 5000 bases 
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apart were genotyped in 10 centres using 5 different genotyping technologies.  By 

August 2006, there were more than 10 million SNPs in the public domain, 40% of 

which were polymorphic and therefore informative for haplotype generation. Phase II 

of the project has genotyped another 4.6 million SNPs incorporating DNA samples 

from additional populations and it is hoped to make the phase I data even more robust.  

 

The data generated from HapMap will hopefully increase the chances of association 

studies successfully identifying alleles conferring susceptibility or resistance to 

common disease.  Additionally it may provide a deeper understanding of the 

architecture of disease, for example the number of genes involved, the extent of  

allelic interaction and the role of environmental factors. The HapMap consortium 

have highlighted the importance of heavily investing in the discovery and 

characterisation of relevant lifestyle factors, environmental exposures, detailed 

characterisation of clinical phenotypes and the ability to obtain such information in 

longitudinal studies of adequate size.  They warn that unless we can learn to capture 

environmental variation with the same precision and completeness as genotypic 

variation, replication of association studies will be a difficult task (International 

HapMap Consortium (2005).  

 

Along with HapMap other internet linked haplotype databases generated by 

independent researchers are also available and can provide unique information that is 

not available in the HapMap dataset. One such example is the Seattle SNP (Parc) 

database which can be viewed at http://pga.gs.washington.edu/gty_data/ace/  
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8.1.3 dbSNP 

 

The dbSNP database was created in the late 1990s through a collaboration between 

the US National Centre for Biotechnology Information (NCBI) and the US National 

Human Genome Research Institute.  It serves as a multi-species repository for SNPs, 

short deletion and insertion polymorphisms and haplotypes which have been 

generated from this information. The database is freely available on the World Wide 

Web (www.ncbi.nlm.nih.gov/). dbSNP entries record the sequence information 

around the polymorphism, its frequency, the specific experimental conditions needed 

to perform experiments and descriptions of the population studied.  The dbSNP 

database also provides links to other external databases.  This will therefore facilitate 

searches across the major axes of information linking in sequence location, function, 

cross species homology and degree of heterozygosity. 

 

8.1.4 Methods of Generating Haplotypes 

Haplotypes have gained increasing attention in the mapping of complex disease genes 

because of the limited power of conventional single locus analyses and the abundance 

of recognised SNPs within the genome. The haplotype approach which combines the 

information of adjacent SNPs into composite multilocus haplotypes is more desirable.  

Not only does it reduce the need for Bonferroni corrections which would be required 

when performing multiple testing of multiple SNP loci it is also more informative as it 

catches the regional LD information which is arguably more robust and powerful 

(Akey et al., 2001; Daly et al., 2001; Pritchard, 2001).  

 

Generating haplotypes for autosomal loci when only the multilocus genotype (i.e. the 

unphased genotype configurations) for each individual is available is inherently 

ambiguous. Diploid genotype information for multiple sites allows an individual 

haplotype phase to be resolved with certainty when no more than one heterozygous 

site is present.  Phase information is difficult to identify when a large amount of  

heterozygous data has been generated.  
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Two direct solutions to this difficulty are genotype studies of close biological relatives 

or molecular haplotyping. Genotyping of close relatives increases the size of 

population studies and is usually difficult to perform in genetic studies of late-onset 

adult diseases. A number of molecular haplotyping methods have been identified, 

these include single molecule dilution (Ruano et al., 1990), allele specific long-range 

PCR (Michalatos-Beloin et al., 1996) isothermal rolling circle amplification (Lizardi 

et al., 1998), long insert cloning (Ruano et al., 1990) and carbon nano tube probing 

(Woolley et al., 2000). All of these techniques are difficult to automate, they have low 

throughput, are prone to experimental errors and are therefore costly and often 

impractical.  The novel diploid to haploid conversion method identified by Douglas et 

al in 2001 (Douglas et al., 2001) has been shown to have some promise however it is 

also technically difficult and expensive and has not been widely adopted at present.   

More recently indirect algorithm-based approaches based upon explicit statistical 

inference models have been devised which provide a robust economical and accurate 

method of generating haplotypes.  There are generally four algorithms for the 

inference of haplotype phases of individual genotype data; Clark’s parsimony 

algorithm (Clark, 1990), the expectation-maximization (EM) algorithm, (Chiano and 

Clayton, 1998; Excoffier and Slatkin, 1995; Hawley and Kidd, 1995; Long et al., 

1995) the pseudo-Gibbs sampler (PGS) (Stephens et al., 2001b) and a pseudo-

Bayesian algorithm method (Stephens et al., 2001b). The following section will study 

these methods in turn. 

 

Haplotype Inference Methods 
Each of the following methods have advantages and disadvantages when applied to 

haplotype inference in large genetic studies. Clark’s parsimony approach begins by 

using data from individuals whose phase is known and then assigns the smallest 

number of haplotypes for the observed genotype data. This popular algorithm has 

produced successful results in the delineation of the gene-based haplotype variations 

(Stephens et al., 2001a) as well as genomewide LD studies in populations with 

different histories (Reich et al., 2001). However the handling of a very large number 

of linked SNPs has not been satisfactorily addressed by this method.  
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The EM algorithm initially guesses haplotype frequencies and then updates them to 

maximize the log-likelihood function. This approach has been shown to be reasonably 

accurate under a wide range of conditions (Fallin and Schork, 2000) but it does suffer 

in the same way as Clark’s algorithm when handling very large numbers of linked 

SNPs.  

 

Another method was described by Stephens et al (2000b) who used a stochastic-

sampling strategy—the pseudo-Gibbs sampler (PGS) to assign haplotype phases. By 

coalescence-based simulations, they showed that this method performs better than 

both Clark’s and the EM algorithm (Stephens et al., 2001b). However although these 

conclusions hold for stable populations that have evolved over long periods of time 

Niu et al 2002 have shown that deviations from this assumption which often occur in 

real populations can adversely affect the performance of the PSG technique (Niu et 

al., 2002). Such deviations include past gene flow, stratifications, or bottlenecks. 

Furthermore all of these algorithms have difficulties with the commonly occurring 

technical problem of missing data.  

 

More recently Niu et al (2002) have developed a robust Bayesian procedure that 

builds on the EM algorithm and makes no assumptions on the population evolutionary 

history. In this model, each individual’s haplotype pair is treated as two random draws 

from a pool of haplotypes with unknown population frequencies. Two novel 

techniques are then applied (partition ligation (PL) and prior annealing) which are 

considered to improve both the accuracy and capacity of the technique. This method 

has been shown to deliver improved performance, in comparison to existing methods, 

in a wide variety of simulated and real data sets (Niu et al., 2002).  

Once haplotypes are constructed, various statistical methods can be applied to detect 

associations between haplotypes and the disease under study including the chi-

squared (χ2) test, the likelihood-ratio test (Fallin et al., 2001), logistic regression 

analyses (Wallenstein et al., 1998), cladistic analysis (Heng and Low, 2000; 

Templeton, 1995), and the haplotype pattern-mining method (Toivonen et al., 2000).  
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8.3 Current Understanding of Genetic Variation and 

Haplotype Structure at the ACE locus 

 

The following section will study the current data held in the HapMap and dbSNP 

databases pertaining to the ACE gene and apply this to the results that have been 

identified in the current study.  

8.1.5 LD and Genotype Frequency Data 

Out of the four subsets used to generate HapMap data those with European ancestry are the 

most similar to our native Leicester subjects. The most comparable HapMap data has been 

obtained from 88 individuals from CEPH trios (U.S. residents with northern and western 

European ancestry by the Centre d'Etude du Polymorphisme Humain). In this dataset 

comparable LD information is only available for SNP 61 (rs4357). Frequency data is however 

available for SNPs 2 (rs4290), 17 (rs4305), 29 (rs4317), 61 (rs4349), 69 (rs4364) and 76 

(rs4364) and is shown in Table 8.1.  The frequencies of all the SNPs genotyped in all of our 

subjects are not significantly different to those generated from caucasian subjects in the 

HapMap database.  This provides strong evidence of the validity of our Leicestershire 

caucasian population as well as the accuracy of the genotyping methodology that we used.   

 

Table 8.1 Comparison of Allele Frequencies between the Leicester Sample, 

HapMap and Seattle SNP (Parc) data 

SNP
NCBI SNP 

Database ID
Bp Alleles

Leicester Sample 

of Caucasian 

Europeans  

SNP Frequency

HapMap Caucasian 

American Population 

(CEU) 

SNP Frequency

Seattle SNP (Parc) 

European Caucasian 

Population SNP 

Frequency 

2 rs4290 00334 C/T 1.00/0.00 1.00/0.00 no data 

17 rs4305 06435 A/G 0.48/0.52 038/0.62 no data 

20 rs4424958 07831 G/A 0.39/0.61 no data no data 

24 rs4312 09191 A/T 0.56/0.44* no data 0.91/0.09 

29 rs4317 10527 T/C 1.00/0.00 1.00/0.00 no data 

47 rs4335 13230 A/G 0.47/0.53 no data 0.34/0.66 

52(I/D) rs1799752 14094 (ALU)/- 0.45/0.55 no data no data 

61 rs4349 17634 C/T 1.00/0.00 1.00/0.00 no data 

69 rs4357 20120 C/T 1.00/0.00 0.90/0.10 no data 

76 rs4364 23152 C/A 1.00/0.00 1.00/0.00 no data 

* Selected data generated from only 42 individuals as SNP 24 was only genotyped to 
differentiate haplotypes in individuals H6/9 or H7/13 
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Figure 8.2 shows the LD map of the ACE gene from the HapMap Database. Each 

horizontal line in figure 8.2 represents genotypes from one individual for more than 

50 SNPs across the ACE gene. Many more than 13 haplotypes have now been 

identified from HapMap and these have been segregated into 7 haplotype blocks.  

 

1 2 3 64 5 7

Figure 8.2 

Haplotype Structure of ACE

(HapMap Database)
http://www.hapmap.org

a)

b)

a) Haplotypes generated 
by genotyping CEPH 
trios (U.S. residents with 
northern and western 
European ancestry by 
the Centre d'Etude du 
Polymorphisme
Humain). Each 
horizontal line 
represents genotypes 
from one individual for 
multiple SNPs across the 
ACE gene 

b) Linkage 
disequilibrium plot. 
Each square represents 
the LD between 2 SNPs
in the genotyping panel. 
The darker the colour 
the greater the degree 
of LD.

 
 

Genotype data is also available on the Seattle SNP (Parc) database for 69 ACE SNPs 

from a sample of 61 individuals (Table 8.1 & Figure 8.3). Unfortunately there are 

only 2 common SNPs in our study and the Parc database, SNP 24 (rs4312) and 47 

(rs4335). No significant differences in frequency are found between the 2 studies for 

SNP 47. Frequencies of SNP 24 genotypes do significantly differ from our dataset 

however as we only genotyped a selected group of 42 individuals in order to 

differentiate between haplotypes H6/H9 and H7/H13 this is not a valid comparison. 

 

Figure 8.3 shows the haplotype data for the Parc European caucasian dataset. 11 

haplotypes have been identified from this data however comparisons between them 

and those published by Rieder et al 1999 that were analysed in our study are difficult 

to make due to the different SNPs used to generate the haplotypes. Table 8.2 shows 
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the structure of the Parc haplotypes and Table 8.3 attempts to show the similarities 

between these and the haplotypes published by Rieder et al 1999. Only Rieder et al’s 

haplotype 7 matches with Parc haplotype 9. Rieder et al’s haplotypes 1, 2, 3, 6, 9, 10, 

& 11 match with at least more than one other Parc haplotype. Rieder et al’s 

haplotypes 4, 5, 11 & 12 were not seen in their European subjects which is likely to 

explain why there were no comparable haplotypes seen in the Parc European sample. 
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Figure 8.3
ACE Haplotype Data published on the Seattle 
SNP website (Parc database) 
http://pga.gs.washington.edu/gty_data/ace/
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Table  8.2: The Structure of the Seattle SNP (Parc) ACE gene Haplotypes in a European Caucasian Sample 

PARC 

Database 

SNP 

Location

NCBI BP 

Number 

AF118569 

SNP 

Number 

Used in 

This Study

PARC 

Haplotype 

1

PARC 

Haplotype 

2

PARC 

Haplotype 

3

PARC 

Haplotype 

4

PARC 

Haplotype 

5

PARC 

Haplotype 

6

PARC 

Haplotype 

6

PARC 

Haplotype 

8

PARC 

Haplotype 

9

PARC 

Haplotype 

10

PARC 

Haplotype 

11

3548              3834 T T T T T T T T T T T

3586              3872 G A A A G G G G A A A

3944              4230 A A A A A A A A A A A

4218              4504 C G G G C G G C G G G

5120              5406 10 C C C C C T T C C C C

5206              5492 12 C C C C C C C C C C C

5693              5979

5743              6029 G G G G G G G G G G G

5821              6107 G G G G G G G G G G G

5859              6145 C C C C C C C C C C C

6149              6435 17 A G G G A A A A G G G

6240              6526 C C C C C C C C C C C

7843              8129 C C T T C C C C C C T

8581              8867 C C C C C C C C C C C

8683              8969 T C T C T C C T T C C

8824              

8858              9144 C C C C C C C C C C C

8906              9191 24 A A A A A T T A A A A

8937              9223 C C C C C T T C C C C

9676              9962 A A A A A A A A A A A

10091              10377 G G G G G G G G G G G

10293              10579 A A A A A A A A A A A

10414              10700 D D G G D D D D D G G
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Table  8.2 (continued ): The Structure of the Seattle SNP (Parc) ACE gene Haplotypes in a European Caucasian Sample 

PARC 

Database 

SNP 

Location

NCBI BP 

Number 

AF118569 

SNP 

Number 

Used in 

This Study

PARC 

Haplotype 

1

PARC 

Haplotype 

2

PARC 

Haplotype 

3

PARC 

Haplotype 

4

PARC 

Haplotype 

5

PARC 

Haplotype 

6

PARC 

Haplotype 

6

PARC 

Haplotype 

8

PARC 

Haplotype 

9

PARC 

Haplotype 

10

PARC 

Haplotype 

11

10474              10760 G G A A G G G G G A A

10695              10981 T T C C T T T T T C C

10876              11162 C C T T C C C C C T T

11092              11378 A A G G A A A A A G G

11121              11405 37 C A C A C C C C C A A

11163              11449 G G A A G G G G G A A

11194              11480 C G C G C C C C C G G

11334              11620 T T T T T T T T T T T

11379              11663 41 A A G G A A A A A G G

11582              11868 A A A C A A A A A C A

11973              12259 A G A G A A A A A G G

12202              12488 T T C C T T T T T C C

12443              12729 T C T C T T T C T C C

12619              12905 A A A A A A A A A A A

12626              12912 C C C C C C C C C C C

12861              13147 46 A C A C A A A A A C C

12946              13232 G G A A G G G G G A A

12990              13276 A A A A A A A A A A A

13813              14099 D + D + D D D D D + +

14644              14930 G A G A G G G G G A A

16419              16705

16497              16783

16896              17182

16940              17226 G G G G G G G G G G G

17064              17350 C C C C C C C C C C C



Table  8.2 (continued ): The Structure of the Seattle SNP (Parc) ACE gene Haplotypes in a European Caucasian Sample 

PARC 

Database 

SNP 

Location

NCBI BP 

Number 

AF118569 

SNP 

Number 

Used in 

This Study

PARC 

Haplotype 

1

PARC 

Haplotype 

2

PARC 

Haplotype 

3

PARC 

Haplotype 

4

PARC 

Haplotype 

5

PARC 

Haplotype 

6

PARC 

Haplotype 

6

PARC 

Haplotype 

8

PARC 

Haplotype 

9

PARC 

Haplotype 

10

PARC 

Haplotype 

11

17448              17734 C C C C C C C C C C C

17460              17746 G G G G G G G G G G G

17652              17938 G A G A G A G G G A A

18342              18628 A A G G A A A A A G G

19130              19416

19372              19658 C C C C T C C C C C C

19488              19774 T T T T T T T T T T T

19550              19836 C C C C C C C C C C C

19756              20042 C C C C C C C C C C C

19827              20113 G G G G A G G G G G G

20263              20549 T C T C T T T T T C C

20616              

20898              21184 G G G G G G G G G G G

21095              

21681              21967 T C T C T T T T T C C

22287              22573 T T T T T T T T T T T

22412              22698 G A G A G G G G G A A

22582              22868 C C C C C C C C C C C

22632              22918

 Numbers in 

each 

Haplotype 

              15 2 2 13 1 1 3 1 6 1 1
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Table 8.3 : Similarities Between the Parc and Rieder et al (1999 )Haplotypes  

Generated from the Common Data on SNPs 10, 12, 17, 24, 37, 41, & 46. 

 
  Parc Parc Parc Parc Parc Parc Parc Parc Parc Parc Parc

  1 2 3 4 5 6 7 8 9 10 11

Rieder 1  

  
 

X          X X

  
 

X X

  
 

X X X

Rieder 2  

  
 

X          X X

  
 

X X

  
 

X X X

Rieder 3  

  
 

X          X X

  
 

X X

  
 

X X X

Rieder 4 X           X X X X X X X X X X

Rieder 5 X           X X X X X X X X X X

Rieder 6 X         X X 

  
 

X X X X X

  
 

 

  
 

Rieder 7 X          X X X X X X X

  
 

X X

Rieder 8 X           X X X X X X X X X X

Rieder 9 X          X X X X

  
 

 

  
 

X X X X

Rieder 10  

  
 

X          X X

  
 

X X

  
 

X X X

Rieder 11 X          X X X X

  
 

 

  
 

X X X X

Rieder 12 X           X X X X X X X X X X

Rieder 13 X           X X X X X X X X X X
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8.1.1.6 Tagging SNPs 

 

Tagging-SNPs capture most of the genetic variation in a region. Small numbers of these 

highly informative markers can be used in association studies to reduce the number of SNPs 

needed to detect LD-based association between a trait of interest and a genomic region. Both 

the HapMap and Parc datasets have identified tagging SNPs within the ACE region and have 

placed them in a number of ‘bins’. Within each ‘bin’ only one tagging SNP needs to be 

genotyped as the extent of LD within the ‘bin’ ensures that information is also obtained for 

other SNPs within the same bin. Unfortunately the nomenclature differs between the 2 

databases and so the data is not directly comparable. Additionally the location of tagging 

SNPs also differs. Table 8.4 details the most informative tagging SNPs published on the 

HapMap website showing that genotyping merely 5 SNPs would give genotypic information 

about 22 other linked SNPs. Table 8.5 shows a comparison of the tagging SNP ‘bins’ 

published on the HapMap and Parc databases. These bins are made up of highly informative 

SNPs and also other SNPs (*) which give slightly less information but are nevertheless 

important markers. It can be seen that there are 14 ‘bins’ identified from the Parc dataset and 

4 from the HapMap study. Some bins only contain a single tagging SNP. 

 

Unfortunately out of the SNPs that were genotyped in our study only SNPs 17 (rs4305) and 

24 (rs4312) have been highlighted as tagging SNPs. SNP 24 and SNP 10 make up the Parc 

‘bin 2’ which confirms that they are in tight LD and supports our conclusions that they play a 

similar role in differentiating H9 individuals from those with other haplotypes. Despite being 

an intronic SNP, SNP 17 has been identified by both databases as a tagging SNP. This SNP is 

linked with 2 other SNPs close by and collectively these make up Parc ‘bin 3’ and supports 

its use as one of the chosen SNPs in our study.  
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Table 8.4:  ACE gene Tagging SNPs identified the HapMap Project 

 
Tagging SNPs Suggested by HapMap 

Consortium (http://www.hapmap.org/cgi-

perl/gbrowse/hapmap_B35)

SNPs Linked with 

the Tagging Snp 

(NCBI dbSNP No.)

Rieder sequence 

position (Bp) 

AF118569

SNP No. 

in this 

study
rs4344 Rs4344 15214 56 

  Rs4316 10514 28 

 Rs4329 11663 41 

 Rs4333 12727 45 

  Rs4344 15214 56 

 Rs4351 18222 63 

 Rs4353 18912 65 

  Rs4362 22251 74 

  Rs4363 22982 75 

    

rs7221780 Rs7221780 ? na 

  Rs4316818 ? na 

  Rs4459610 ? na 

  Rs11658531 ? na 

 Rs10853044 ? na 

 Rs4267385 ? na 

 Rs4611524 ? na 

 Rs7221779 ? na 

    

rs8066114 Rs8066114 ? na 

 Rs12451328 ? na 

  Rs4968591 ? na 

    

rs4461142 Rs4461142 ? na 

rs8066276 Rs8066276 ? na 

 



Table 8.5  Comparison of ACE Tagging SNPs identified in HapMap 

(http://pga.gs.washington.edu/gty_data/ace/ ) and Seattle SNP (Parc) 

(http://droog.gs.washington.edu/parc/data/ace/) Databases
PARC Database 

 SNP Location

NCBI 

 BP Number 

AF118569

SNP ‘rs’ 

 Number

SNP Number Used 

in This Study

Parc Dataset 

Tagging SNP Bin Number 

HapMap Dataset 

Tagging SNP Bin Number 

3604    11  

3586 3872   3 2 

4218 4504   3 2 

5120 5406 s4298 10 2 3 

5693 5979   8  

6149 6435 rs4305 17 3 2 

7843 8129   1*  

8683 8969   1* 1* 

8824    14  

8906 9191 rs4312 24 2 3 

8937 9223   2 3 

10414 10700   1 1 

10474 10760   1 1 

10695 10981   1 1 

10876 11162   1 1 

11092 11378   1 1 

11121 11405 rs4325 37 1 1 

11163 11449   1 1 

11194 11480   1 1 

11379 11663 rs4329 41 1  

11582 11868   1* 1* 

11973 12259   1 1* 

12202 12488   1 1 

12381 12667   6  

12443 12727 rs4333  1* 1* 

12861 13147 rs4334 46 1 1 

12946 13232   1 1 

13813 14099   1 1 

14644 14930   1 1* 

16419 16705   10  

16497 16783   4  

16896 17182   4  

17652 17938   1* 1* 

18342 18628   1 1 

19130 19416   9  

19372 19658   5  

19827 20113   5  

20263 20549   1 1 

20616    13  

21095    12  

21681 21967   1 1 

22412 22698   1 1 

22632 22918   7  
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8.1.6 ACE Gene Haplotype Studies 

 

Over recent years haplotype studies of the ACE gene have begun to appear in the 

literature. To date no ACE gene haplotype studies on ischaemic stroke patients have 

been published.  The following section will summarise the result on studies conducted 

on the ACE gene in the fields of hypertension, MI, diabetes and Alzheimer’s disease.  

 

Zhu et al (2000) genotyped 7 polymorphisms in separate samples of Afro-Caribbean 

and European individuals spanning a 13 kb region within the 3’ end of ACE. They 

identified 3 distinct haplotype segments. The greatest linkage disequilibrium was 

identified in the middle region and using cladistic analysis they concluded that this 

was most likely to house the ACE linked quantitive trait locus (Zhu et al., 2000).  

Fewer haplotypes were identified in the sample of European patients showing that the 

greater genetic diversity of Afro-Caribbean subjects is more informative for fine scale 

mapping.  In a follow-on study of 332 Nigerian families in 2001, the same group 

genotyped 13 ACE polymorphisms and found all to be significantly associated with 

serum ACE levels.  A240T and A2350G were found to explain the greatest variation 

and these were the most significantly associated with high blood pressure (Zhu et al., 

2001). This finding had not been identified in previous studies of ACE levels and 

hypertension. 

 

Further cladistic analyses have been conducted in 4000 Swedish individuals by 

Katzov et al (2004).  In males they demonstrated significant associations between 

ACE SNPs and the metabolic traits of fasting plasma glucose levels, insulin levels and 

obesity.  When analysing patients with MI and Alzheimer's disease using cladistic 

haplotype analyses they noted that this analysis consistently outperformed analyses 

based upon single markers.  They identified significant associations with a greater 

effect size than those previously seen in analyses of the ACE I/D polymorphism.  

Frequencies of ACE genotypes varied with age suggesting that certain genotypes may 

be protective and lead to greater longevity (Katzov et al., 2004).  

 

Haplotype studies of Alzheimer's disease (AD) involving 2861 individuals from three 

European populations have been conducted by Kehoe et al 2004. Two markers were 
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linked with earlier age at onset of the disease and were independent of the genotype at 

the other associated gene in AD, APOE4, in both male and female subjects. The 2 

markers were rs4343 (SNP 55) in exon 17 ( P<0.0001), and rs4291 ( P=0.0095) 

located in the ACE promoter (Kehoe et al., 2004).  

 

More recently Meng et al (2006) (Meng et al., 2006) has looked at 15 SNPs within the 

ACE gene (including the I/D polymorphism) in a sample of 92 AD patients compared 

with 166 controls in an Israeli Arab community.  They also identified a significant 

association with SNPs rs4343 as well as an adjacent SNP rs4351 (p= 0.00001 and 

0.01 respectively). The haplotype generated by these SNPs was seen in a frequency of 

0.21 in cases and 0.01 in controls conferring a 45 fold increased risk of developing 

AD compared with any of the three other haplotypes identified.  

 

Neither rs4343 or rs4291 are tagging SNPs for this region of the ACE gene in the 

HapMap (http://droog.gs.washington.edu/parc/data/ace/) or Seattle SNP (Parc) 

databases (http://pga.gs.washington.edu/gty_data/ace/) nor are they in tight linkage 

disequilibrium with any tagging SNPs and so this would enhance their candidacy as 

functional variants. Neither of these SNPs were genotyped in our study. In contrast, 

rs4351 is in tight linkage disequilibrium with the tagging rs4344 in the HapMap 

database. Genotyping this SNP also generates information from SNPs rs4316, rs4329, 

rs4333, rs4344, rs4351, rs4353, rs4362 & rs 4363 and so this suggests that this 

particular haplotype may be associated with a functional variant in the ACE gene in 

this location.  These 2 studies have identified interesting results which will need 

further analysis of larger numbers of AD in different populations. 
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8.1.7 The Application of Contemporary Knowledge to This 
Study 

 

The use of the dbSNP and the HapMap databases and haplotype inference methods 

would have negated the need to perform the time consuming allele specific PCR 

experiments detailed in Chapters 4 and 5. The use of tagging SNPs in place of the 

chosen SNPs would have been more informative and improved the depth and quality 

of information that was generated from the genotyping experiments. Many more than 

13 haplotypes have now been identified at the ACE locus by the HapMap and Seattle 

SNP projects and this information would have provided a much more robust 

association analysis than was possible using the chosen methodology. Additionally it 

may have reduced the number of individuals who we were unable to assign 

haplotypes to.  

 

Any one of the newer SNP genotyping techniques that have been described is likely to 

have improved the quality and quantity of genotype and haplotype data that was 

generated by RFLP analysis. The likely time savings of the newer higher throughput 

techniques would have released more time to be spent in the clinical phase of the 

study. This would have allowed for the enrolment of much larger numbers of 

individuals with subsequent improvements in the power of the study and thus more 

confidence in the study results. 

 

 

8.1.8 Future Research 

 

This study has generated a number of exciting avenues of future research. The finding 

of an association between an ACE haplotype and ischaemic stroke needs further 

evaluation in the current dataset in view of the genotyping difficulties that occurred. 

The use of one of the more contemporary genotyping methods outlined earlier would 

allow for a higher throughput of samples and thus be more cost effective and time 

efficient. If the association with H9 is maintained then larger scale long term 

prospective studies would then be indicated involving the collection of between 5000 
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– 10,000 cases and controls in order to give sufficient power to identify any 

significant associations. Ascertaining individuals from different geographical 

backgrounds would increase the numbers of ACE haplotypes and thus allow for a 

more robust study of the gene. 

 

Phenotyping should ideally utilise information from MRI (including diffusion, 

perfusion and angiographic studies to give clearer information about the presence of 

large or small vessel disease), carotid dopplers (studying the extent of extra-cranial 

atheromatous large vessel disease), transoesophageal echocardiography (to identify 

routes of paradoxical emboli), clotting studies (fibrinogen), inflammatory markers 

(ESR, CRP) and serum ACE levels. Using surrogate markers such as cerebrovascular 

white matter hyperintensity {Carmelli, 1998 #621} and carotid intima / media 

thickness may improve the power to detect real differences. 

 

Genotyping experiments should incorporate analyses of the tagging SNPs published 

on the HapMap and other SNP databases in order to harness the power of LD to 

produce a more complete study of the entire gene. As SNP 10 has been identified in 

this study as being a major discriminator of H9 from other haplotypes and is one of 

the tagging SNPs identified in the HapMap and Seattle SNP projects, it suggests 

either a functional role or tight linkage with another functional polymorphism, thus 

direct genotyping of this marker should be incorporated into future studies. Similarly 

the results of the studies on AD by Meng and Kehoe and their colleagues (Kehoe et 

al., 2004(Meng et al., 2006)) which has identified SNPs rs4343 and rs4291 as 

possibly having functional relevance in AD should make these important markers for 

any future studies on the ACE gene. 

 

The findings of genetic associations of haplotypes spanning multiple genes ({Marre, 

1997 #1054}{Pei, 1997 #1078}{Yoon, 2002 #1075}) suggesting functional 

interactions of genes within common physiological pathways should also be explored 

in ischaemic stroke by harnessing the power of micro-array chip technology to 

perform a wider ranging study of multiple SNPs within many genes. 
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Confirmation of haplotype associations with ischaemic stroke would then allow in-

vitro and in-vivo analysis of ACE in order to study whether different haplotypes 

produce different functions of the gene under a variety of physiological conditions.  

From the clinical view-point ACE haplotype assessment could potentially be 

incorporated into routine assessments of ‘at risk’ individuals to allow preventative 

strategies to be more focussed, initiated earlier and more aggressive than is currently 

possible. 

 

The hugely rewarding development of the clinical and DNA resource in this project 

will allow for future case control analyses of other candidate genes for ischaemic 

stroke, and the other comorbid conditions that were identified in the study subjects, 

thereby allowing study of epistatic phenomena and gene-environment interaction. 

Collaboration with other national and international groups will also be possible as the 

interest in this fascinating, complex but vastly important area of medicine increases. 
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9.1 Diagnosis of Stroke 

A detailed history and bedside examination are usually all that is required to differentiate 

acute stroke from its mimics (tumours, systemic infection, post-ictal deficits, and metabolic 

disturbances) (Bamford 1992). However little directed research has been carried out to assess 

the process of stroke diagnosis (IWP 2000). US studies have shown that emergency personnel 

(ambulance and A+E staff) are extremely good at identifying the signs of acute stroke with 

levels of accuracy ranging from 76-95% (Kothari et al. 1995a; Kothari et al. 1995b; Libman 

et al. 1995). Experienced stroke physicians have a higher pick up rate with only 5 out of 325 

false positive ‘clinically definite first stroke’ diagnoses made in the OCPS (2 sub-dural; 2 

glioma; 1 metastasis) (Sandercock et al. 1985) and 3 out of 411 false negatives. However in 

the acute setting (within 6 hours of symptom onset) the diagnostic accuracy may be somewhat 

lower. In a series of 70 patients clinically diagnosed within 6 hours of symptom onset with an 

anterior circulation ischaemic stroke, 15 (21.4%) had another type of stroke (intracerebral 

haemorrhage; small vessel occlusion) and 6 (8.6%) had not had a stroke (3 metabolic upset; 1 

migraine; 1 alcohol withdrawal; 1 hysteria) (Allder et al. 1999). 

 

9.1.1  Imaging Stroke  

X-Ray (Computerised Axial Tomography (CT) and magnetic (Magnetic Resonance (MRI) 

imaging are the commonest forms of cerebral imaging.  

 

9.1.1.1 CT Imaging 

CT is easily accessible in most clinical settings and is helpful in the identification of cerebral 

haemorrhage and tumour which may not be identified clinically. The importance of early 

radiological diagnosis is now being highlighted by the availability of immediate thrombolysis 

therapy for acute cerebral infarction which requires rapid exclusion of cerebral haemorrhage – 

a task that cannot be performed clinically. CT signs of cerebral infarction may be seen a few 

hours after the ictus however up to 50% of clinically definite strokes may not have a 

diagnostic lesion on a CT scan (Davenport and Dennis 2000) and after two weeks, the scan 

may be classified incorrectly (Dennis et al. 1987).  

 

 

 



 

9.1.1.1.1 Acute Infarcts 

The earliest suggestion of acute cerebral infarction may be a hyperdensity within a cerebral 

vessel. The first parenchymal changes visible on CT reflect the cytotoxic oedema affecting 

primarily the gray matter and can be seen within a few hours. As the effects become 

permanent the normal gray-white contrast is lost as the oedematous cortex becomes isodense 

to the underlying white matter. After 6-8 hours the accompanying vasogenic oedema

highlights the areas of brain infarction. With large infarcts the fluid shifts increase local 

pressure which is responsible for sulcal and ventricular effacement and subsequent mass 

effect which becomes maximal at about five days. 

 

9.1.1.1.2 Subacute Infarcts 

The subacute stage begins during the second week with capillary proliferation in the area of 

infarcted brain tissue which has lost the protection afforded to it by the blood brain barrier 

(BBB). This allows radio-opaque contrast to freely diffuse into the interstitial spaces and give 

distinctive gyral enhancement which can last up to 8 weeks. As an infarct evolves, it becomes 

progressively lower in density on CT eventually approaching the density of CSF. As the mass 

effect resolves the infarcted tissue is resorbed allowing ‘ex-vacuo’ enlargement of the 

adjacent sulci and ventricle. The end result is a chronic infarct with focal areas of cystic 

encephalomalacia and some surrounding parenchymal change due to gliosis.  

 

9.1.1.1.3 Arterial Infarction 

In large cerebral vessel occlusion the CT abnormality often follows these vascular territories 

involving both the cortex as well as underlying white matter. This allows differentiation from 

inflammatory and neoplastic disease. If ischaemia results from systemic hypotension or 

hypoxia, infarction is commonly found in watershed areas between the major vascular 

territories. 

Lacunar infarcts are smaller infarcts (less than 1 cm) and are found in the basal ganglia, 

thalamus and brainstem. MRI is far more sensitive than CT for detecting small lacunar 

infarcts, particularly in the brainstem where CT scans are often degraded by artifacts from the 

bone at the skull base (Brown et al. 1988). 
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9.1.1.1.4 Venous Infarction 

Venous infarction occurs as a consequence of cerebral venous sinus occlusion leading to 

elevation in venous pressures and engorgement of the brain parenchyma. This may mimic 

arterial ischaemic stroke. Acute thrombus is hyperdense on CT and may be detected within 

one of the major sinuses or cortical veins. The "empty delta sign" may be seen due to 

nonfilling of the superior sagittal sinus on a contrasted scan. Venous infarction is often seen 

soon after the ictus (earlier than expected with arterial occlusion) and affects peripheral areas 

of the brain, sometimes bilaterally in a parasagital distribution. As arterial perfusion is 

maintained to the damaged tissue hemorrhagic infarction is not uncommon. MR imaging is 

far more superior to CT for diagnosing venous abnormalities. 

 

9.1.1.2 MR Imaging Of Acute Stroke 

Conventional CT and MR imaging are not sufficiently sensitive to evaluate acute stroke. MR 

scans can detect acute stroke changes by 6 to 12 hours, but the few available therapies are 

only successful within the first 3 hours after onset. The ultimate goal for imaging is to define 

the area of brain infarction and perfusion deficit, and to identify any ischemic tissue that can 

be salvaged by medical or surgical therapy. MR diffusion and perfusion -weighted imaging 

can provide valuable information in the early stages of cerebral infarction. Diffusion weighted 

imaging can detect acute brain infarction within 1 to 2 hours and perfusion imaging is positive 

immediately after arterial occlusion has occurred. 

 

9.1.1.2.1 Diffusion-Weighted Imaging 

By making use of the random movement ("Brownian motion") of water molecules in brain 

tissue diffusion imaging is very helpful in identifying acute ischemia and separating this from 

all other conditions which are not associated with cytotoxic oedema (old strokes, infection, 

neoplasia, contusions, and demyelinating diseases). In healthy tissues cell membranes, 

vascular structures, and axons limit the amount of water movement. Diffusion-weighted 

images are obtained by adding a pair (dephasing and rephasing) of strong gradient pulses to 

the MR sequence. If net movement of spins occurs between the gradient pulses, signal 

attenuation occurs.  

The diffusion data can be presented as signal intensity or as an image map of the apparent 

diffusion coefficient (ADC). A low ADC corresponds to high signal intensity (restricted 
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diffusion), and a high ADC to low signal intensity. In acute cerebral ischemia, as the cell 

membrane ion pump fails, excess sodium and then water enters the cell causing cytotoxic 

oedema. Diffusion of the intracellular water molecules is restricted by the cell membranes 

resulting in a decreased ADC and increased signal intensity on density-weighted images. 

Severe ischemia can lower the ADC by as much as 56% of normal tissue at 6 hours.  

 

9.1.1.2.2 Perfusion Imaging 

Measurements of brain perfusion include vascular transit time, cerebral blood volume, and 

cerebral blood flow. Cerebral blood volume measurements can be obtained easily with 

conventional 1.5 Tesla MR systems using a gradient-echo technique. The most common 

technique is called dynamic contrast-enhanced susceptibility-weighted perfusion imaging. It 

measures the changes in intravascular susceptibility as a bolus of paramagnetic contrast 

material, (i.e. gadolinium), passes through the circulation. The amount of signal attenuation is 

proportional to the cerebral blood volume. 

 

9.1.1.2.3 Comparison of Diffusion and Perfusion Weighted imaging. 

 

The goal of these techniques is to detect the ‘ischaemic penumbra’). The presence of the 

penumbra implies that local thrombolysis will allow reperfusion of theses areas and thereby 

salvage ischaemic tissue. The ischaemic penumbra would therefore appear as an area with 

reduced or absent perfusion but some evidence of water diffusion suggesting that the tissue 

may still be viable.  

 

9.1.1.2.4 MR Angiography (MRA) 

In the context of acute stroke MRA has an important role in the posterior circulation which is 

inaccessible to ultrasound. Imaging the neck vessels takes about 10 minutes and overall the 

accuracy is reasonable for estimating stenoses, although the method tends to overestimate the 

degree and length of stenosis. Very slow flow distal to a critical stenosis is difficult to detect 

and may be confused with a complete occlusion. MRA is also useful in cases of suspected 

arterial dissection with spin-echo images being very sensitive for detecting the intramural 

haemorrhage in the false lumen.  

MRA can also evaluate the major intracranial arteries around the circle of Willis. The 

resolution is lower, and flow artifacts limit accuracy in arteriosclerotic disease. Estimates of 
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carotid artery stenosis are possible following anterior circulation stroke however catheter 

angiography remains the gold standard. 

 

 

9.1.1.2.5 Catheter Angiography 

Catheter angiography provides views of the aortic arch, carotids and the intracranial 

circulation. When contemplating carotid angioplasty and stenting it is important to identify 

arch disease which may produce distal emboli during the procedure. The techniques allow 

accurate detection of carotid artery plaques and stenoses which may be amenable to surgery 

or endovascular techniques.  

In acute ischaemic stroke angiography provides a method of localizing cerebral arterial 

occlusion and direct infiltration of thrombolytic agents to improve perfusion.  
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9.2 The Treatment Of Stroke 

The last 10 years has been an exciting time for researchers and clinicians working in the field 

of stroke medicine. We are increasing our understanding of the precise underlying 

pathological mechanisms of the various subtypes of stroke which is improving the scope of 

acute and chronic treatments.  

 

Over the last few decades the rates of hospital admission for acute stroke has increased from 

55% in the 1980s in the OCSP (Bamford et al. 1986) to 70-84% in the 1990s (Wolfe et al. 

1993; Wolfe et al. 1995; Du et al. 1997; Stewart et al. 1999; Collaboration 2000). However 

patients continue to be cared for in a variety of different settings including home, residential 

and nursing homes, day centres, hospital at home schemes, outpatient clinics and hospital 

medical wards. Consensus exists that in order to comply with the acute stroke guidelines, 

patients should be urgently referred to specialist care services so that they can be monitored 

and treated for fever, hyperglycaemia and dehydration as well as signs of impaired airway 

control so as to reduce risks of aspiration (Wolfe et al. 2001).  

 

9.2.1 Acute Treatments 

Table 8.2 shows the conclusions from recent Cochrane Stroke group reviews of acute stroke 

treatments. Although there have been many exciting prospective interventions based upon 

animal studies and studies in similar human diseases, very few have shown beneficial effects 

in acute ischaemic human stroke. There are currently only two interventions for which there is 

some RCT evidence of beneficial effect, aspirin and thrombolysis. 

 

9.2.1.1 Aspirin 

The pooled results of the International Stroke Trial (IST) and the Chinese Stroke Trial 

comparing aspirin with placebo, concluded that medium dose aspirin (160-300 mg) started in 

the acute phase of an ischaemic stroke produces a small net benefit (6% risk reduction, 13 

fewer patients per 1000 dead or disabled) (Chen et al. 2000). It is unclear whether this benefit 

is due to an effect on the stroke itself or simply through earlier initiation of secondary 

prevention of a further stroke or other thrombotic complications (Gubitz et al. 2000b).  
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9.2.1.2 Thrombolysis 

A recent systematic review of 12 randomised controlled trials of thrombolysis suggests that 

although thrombolytic therapy (with recombinant tissue plasminogen activator (r-TPA), 

streptokinase, or urokinase) is associated with 70 symptomatic (50 fatal) intracranial bleeds 

per 1000 patients treated, its use is associated with 65 more patients surviving free of 

dependency 3 to 6 months after the stroke (Wardlaw et al. 1997). Results of treatment with r-

TPA within 3 hours of symptoms demonstrate greater long term benefit with 130 extra 

patients alive and independent per 1000 treated as well as a lower risk of early intracranial 

haemorrhage. The current UK recommendations have taken a conservative approach and as a 

result 94.1% of UK stroke physicians have 'rarely or never used thrombolysis' (Ebrahim 

1999) The Cochrane review concluded that further trial evidence was required before 

thrombolytic therapy is adopted on a wider scale (Wardlaw et al. 2000). The 3rd International 

Stroke Trial is currently studying the effects of thrombolysis within 6 hrs of acute ischaemic 

stroke (http://www.dcn.ed.ac.uk/ist3/). 

 

9.2.1.3 Anticoagulants (Heparins) 

Anticoagulants are thought to prevent progression of thrombosis and early recurrence of 

embolic stroke. The use of high dose (20,000 U/24 h) heparin followed by oral anticoagulant 

therapy is well accepted as early treatment for ischaemic stroke in patients with a cardiac 

source of embolism or disorders such as the antiphospholipid antibody syndrome. The ideal 

timing of intervention is often disputed because of the early risk of haemorrhagic 

transformation in the ischaemic area. Two other conditions are commonly associated with the 

early administration of full dose intravenous heparin, progressing ischaemic stroke, and 

crescendo TIA, however, there is no randomised evidence in support of this intervention. 

 

A recent systematic review of 20,000 patients receiving immediate anticoagulant therapy for 

all sub-categories of ischaemic stroke concluded that the risk of DVT and pulmonary 

embolism were reduced but there were no short or long term benefits in terms of independent 

survival (Gubitz et al. 2000a). 

 

9.2.1.4 Other Acute Stroke Therapies 

These have been reviewed by the Cochrane collaboration and summarized in Table 8.2. 

Interventions that show some promise, but for which there is insufficient evidence of 

effectiveness to recommend them currently outside clinical trials, include cooling therapy and 
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fibrinogen depleting agents (Ancrod). Acute treatments that are in common use in several 

parts of the world but without good supportive evidence include anticoagulants, including low 

molecular weight heparins and deliberate lowering of BP.  

 

Table 8.2 Summary of Cochrane Reviews of Acute Stroke Treatments 
Date of 
Review 

Review Reviewer’s Conclusion 

 
Effective / promising treatments 

 
May 1999 Antiplatelet therapy for acute 

ischaemic stroke 
Aspirin (PO or PR 160 - 300 mg od) within 48 hours of onset reduces the risk of early 
recurrent ischaemic stroke without a major risk of early haemorrhagic complications and 
improves long-term outcome.(Gubitz et al. 2000b) 

July 1999 Thrombolysis for acute 
ischaemic stroke 

Increases deaths within the first 7-10 days and at final follow-up as well as significantly 
increasing symptomatic and fatal intracranial haemorrhage. These risks are offset by a 
reduction in disability in survivors giving a significant net reduction in the proportion of 
patients dead or dependent in activities of daily living 
Recombinant tissue Plasminogen Activator (tPA) has less hazards and more benefit. 
Further trials are needed to identify the patients most likely to benefit from treatment 
(Wardlaw et al. 2000) 

 
Ineffective Treatments 

 
Feb 1999 Anticoagulants  No Benefit (Gubitz et al. 2000a) 
Jan 1999 Piracetam Some suggestion of an unfavourable effect (Ricci et al. 2000)  
July 2001 Tirilazad  Appears to worsen outcome (TISC 2000) 

 
Unproven Treatments 

 
May 1999 Cooling therapy  Insufficient evidence but improvements seen for severe closed head injury, so trials in 

acute stroke are warranted (Correia et al. 2000)  
Nov 1996 Fibrinogen-depleting agents Ancrod appears to be promising but not possible to draw reliable conclusions from the 

available data (Liu et al. 2000) 
March 1999 Interventions for dysphagia Too few studies with too few patients. PEG feeding may be better vs NG feeding. Further 

research is required to assess type & timing of feeding and the effect of swallowing or 
drug therapy on dysphagia (Bath et al. 2000c) 

Oct 2000 Mannitol Insufficient evidence (Bereczki et al. 2000) 
Aug 1999 Haemodilution As used in RCTs, not proven to improve survival or functional outcome (Asplund et al. 

2000) 
May 2000 Glycerol Insufficient evidence (Righetti et al. 2000) 
Oct 1998 Corticosteroids Insufficient evidence (Qizilbash et al. 2000) 
Feb 2001 Interventions for deliberately 

altering blood pressure in acute 
stroke 

Insufficient evidence((BASC) 2001a) 

Oct 1999 Calcium antagonists Insufficient evidence (Horn and Limburg 2000) 
Aug 2001 Low molecular weight heparins 

or heparinoids versus standard 
unfractionated heparin  

Insufficient evidence (Counsell and Sandercock 2000) 

Aug 1997 Nitric oxide donors (nitrates), 
L-arginine, or nitric oxide 
synthase inhibitors 

Insufficient evidence (Bath et al. 2000a) 

June 1996 Pentoxifylline, propentofylline 
and pentifylline 

Insufficient evidence (Bath et al. 2000b)  

Jan 1998 Prostacyclin and analogues Insufficient evidence (Bath and Bath 2000) 
March 1999 Theophylline, aminophylline, 

caffeine and analogues 
Insufficient evidence (Mohiuddin et al. 2000) 

April 2000 Vasoactive drugs Insufficient evidence ((BASC) 2001b) 
July 1997 Vinpocetine Insufficient evidence (Bereczki and Fekete 2000) 
Aug 2000 Gangliosides Insufficient evidence, may cause GBS (Candelise and Ciccone 2000)  
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The recommendations on acute ischaemic stroke management of the Intercollegiate Working 

Party for Stroke (IWP), Scottish Intercollegiate Guidelines Network (SIGN) and the 

Edinburgh Consensus Conferences on stroke (ECC) are summarised in Table 8.3  

 

Table 8.3 Summary of the Guidelines of the Acute Treatment of Ischaemic Stroke 
CT scanning/brain 
imaging 

Should be undertaken within 48 h (ideally within 24 h (ECC)) (and no later than seven 
days.) (SIGN) unless there are good clinical reasons for not doing so.(IWP) 
Urgent imaging if the following are suspected:  
Sub-arachnoid haemorrhage, Hydrocephalus, Trauma.  
OR in the context of : 
Anticoagulant treatment, or with a known bleeding tendency. 
Clinical deterioration  

Aspirin 300 mg should be given as soon as possible after the onset of stroke symptoms (if a 
diagnosis of haemorrhage is considered unlikely). (IWP)
Early treatment with aspirin (150-300 mg daily) is recommended, starting as soon as 
intracranial haemorrhage is excluded by CT brain scanning. (SIGN)
Should be commenced within 48 h, or as soon as the diagnosis of cerebral infarction has 
been made (dose: 150-300 mg). (ECC) 

Thrombolytic 
therapy 

Thrombolytic treatment with tPA should be given only in a specialist centre, within 3 h 
of stroke onset (when haemorrhage has been definitely excluded). (IWP)
It is reasonable to use thrombolytic therapy (for example rtPA) in highly selected patients 
in a carefully monitored environment. (ECC) 

Other drug therapies No other drug treatment aimed at treatment of the stroke should be given unless a part of 
a randomised controlled trial. (IWP) 

Compression 
stockings 

Where stroke has caused weak or paralysed legs, full length compression stockings 
should be applied (unless contraindicated) to prevent venous thrombosis. (IWP)
Physical methods of preventing DVT in stroke patients should be evaluated. (ECC) 

Other There should be local policies for the early management of hypertension, 
hyperglycaemia, hydration and pyrexia. (IWP) 

Notes: IWP: Intercollegiate Working Party for Stroke; SIGN: Scottish Intercollegiate Guidelines Network; ECC: 
Edinburgh Consensus Conferences on stroke. 
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9.2.2 Medium and Long Term Treatments 

9.2.2.1 Stroke Rehabilitation 

The evidence in favour of the process of stroke rehabilitation as a whole is good. (Cochrane 

Collaboration 2000) The evidence for the individual components of rehabilitation however is 

a lot weaker. 

9.2.2.1.1 Stroke unit care 

Among patients admitted to hospital, a major distinction is whether patients are treated on a 

stroke unit, or in a general medical ward. The term 'stroke unit' care has come to be 

synonymous with 'organised in-patient' care. The Stroke Association’s 1998 survey of 

consultant physicians in the UK estimated that approximately 50% of stroke patients were 

cared for in an organised stroke service however only 12% of the responders admitted patients 

directly to a stroke unit (Ebrahim 1999). This is reflected in the National Sentinel Audit for 

stroke conducted in the same year which showed only 18% of patients spent more than half of 

their in-patient stay on a stroke unit, 15% on a rehabilitation unit, and 67% on general wards 

(Rudd et al. 1999).  

The benefits of stroke units was highlighted by Evans et al  who reported that there was more 

intensive monitoring, earlier use of assisted feeding with measures to reduce aspiration and 

greater use of oxygen and antipyretics (Evans et al. 2001) 

 

9.2.2.1.2 Physiotherapy 

A systematic review of 7 RCTs of post stroke physiotherapy involving 597 patients showed 

that more intensive physiotherapy resulted in lower rates of deterioration and death (OR 0.54; 

95% CI: 0.34-0.85) (Langhorne et al. 1996). A separate meta-analysis reached similar 

conclusions (Kwakkel et al. 1997) and a more recent randomised trial (n=101) of 

physiotherapy comparing three patient groups (arm training, leg training, and controls) with 

severe disability following a middle cerebral artery stroke, demonstrated that a greater 

intensity of rehabilitation improved functional recovery and health-related functional status 

(Kwakkel et al. 1999).
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Table 8.4 Summary of Cochrane Stroke Group Reviews of Rehabilitation Following 

Stroke 
Date of 
Review

Review Reviewers' conclusion

 
Effective OR Promising Treatments 

 
May 
2000 

Cognitive rehabilitation for 
attention deficits 

'Improves alertness and sustained attention but no evidence to 
support or refute the use of cognitive rehabilitation for attention 
deficits to improve functional independence following 
stroke.'(Lincoln et al. 2000) 

 
Ineffective & unproven treatments 

 
Feb 2000 Cognitive rehabilitation for 

memory deficits 
'Insufficient evidence'(Majid et al. 2000) 

April 
1999 

Electrical stimulation for 
preventing and treating post-
stroke shoulder pain 

'Benefits for passive humeral lateral rotation but no benefit on 
pain. Further studies are required.'(Price and Pandyan 2000)  

July 2001 Pharmacological treatment for 
aphasia following stroke 

Piracetam may be effective. Further research is needed with 
comparisons with SALT (Greener et al. 2000a)  

July 1999 Speech and language therapy for 
aphasia 

SALT has not been shown either to be clearly effective or 
clearly ineffective within a RCT. Further research is required 
(Greener et al. 2000b) 

Sept 
2000 

Speech and language therapy for 
dysarthria due to non-
progressive brain damage 

'There is no evidence of the quality required by this review to 
support or refute the effectiveness of SALT. Urgent need for 
good quality research in this area.'(Sellars 2000)  

  

 

9.2.2.1.3 Occupational Therapy (OT) 

Domiciliary OT for stroke, both in patients who stay at home (Walker et al. 1999) and 

patients after discharge from hospital has been shown to be effective in recent RCTs 

(Gilbertson et al. 2000). A meta-analysis of controlled studies of OT for older people in 

general including stroke victims found some evidence in support of OT in nursing homes and 

psychogeriatric wards (Carlson et al. 1996). 

 

9.2.2.1.4 Speech and Language Therapy (SALT) 

There is too little evidence from RCTs about the effects of SALT after stroke to draw any 

conclusions (Greener et al. 2000b). However intensive targeted therapy is effective for some 

specific dysphasic syndromes (Enderby and Emerson 1996).  

 

9.2.2.1.5 Feeding 

Observational studies using historical controls suggest that identification and treatment of 

dysphagia reduces the risk of pneumonia ((AHCPR) 1999). However, a Cochrane review 
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concluded that there is a lack of evidence to guide feeding policies (Bath et al. 2000c). 

Percutaneous endoscopic gastrostomy (PEG) feeding may be better than naso-gastric tube 

(NG) feeding, but this is based on two small trials only (Norton et al. 1996; Bath et al. 2000c)  

 

9.2.2.1.6 Depression 

Trials have been performed of both pharmacological and psychological treatments of post-

stroke depression. A recent systematic review concluded that patients with depressive 

symptoms respond to short-term antidepressant therapy, however psychological treatments 

suffer from a lack of evidence to make any firm conclusions (House 2001).  
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9.3 Association Studies Of Candidate Genes in Ischaemic Stroke 

With Predominantly Negative Results 

Table 8.5 Association studies of Ischaemic Stroke for Genes with Predominantly 
Negative Results  

Angiotensinogen      
(Barley et al. 1995) M235T Case-control: 100 

cases, 45 spouse 
controls 

Ischaemic stroke /Carotid 
IMT/ Carotid Atheroma 

Negative  

(Nakata et al. 1997) M235T Case-control: 55 
cases, 61 controls 

Ischaemic stroke Negative TT-positive interaction 
with ACE DD genotype 

Table 8.6 Haemostasis Gene Studies

Factor V      

(Catto et al. 1995) Q506 
Leiden 

Case-control: 348 
cases, 247 controls 

Ischaemic stroke/stroke 
mortality 

Negative  

(Kontula et al. 1995) Q506 
Leiden 

Case-control: 236 
cases, 137 controls 

Ischaemic stroke Negative  

(Ridker et al. 1995) Q506 
Leiden 

Nested case-control: 
209 cases, 209 
controls 

Ischaemic stroke/PICH Negative Association only with 
DVT and PE 

(Markus et al. 1996) Q506 
Leiden 

Case-control: 180 
cases, 80 controls 

Ischaemic stroke Negative  

(van der Bom et al. 1996) Q506 
Leiden 

Case-control: 112 
cases, 222 controls 

1schaemic stroke Negative Increased APC 
resistance independent 
of factor V 

(Martinelli et al. 1997) Q506 
Leiden 

Case-contro1: 155 
cases, 155 controls 

Ischaemic stroke Negative  

(Halbmayer et al. 1997) Q506 
Leiden 

Case-control: 229 
cases, 71 controls 

Ischaemic stroke Negative  

Prothrombin      

(De Stefano et al. 1998) G20210A Case-control: 72 
cases, 198 controls 

Ischaemic stroke <50 years Positive  

(Poort et al. 1996) G20210A Case-control: 104 
cases, 104 controls 

Ischaemic stroke Negative Association with DVT 
only 

(Martinelli et al. 1997) G20210A Case-control: 155 
cases, 155 controls 

1schaemic stroke   

(Longstreth et al. 1998) G20210A Case-control: 106 
cases, 391 controls  

Ischaemic stroke young 
women age 18-44 yrs 

Negative  

(Ridker et al. 1999) G20210A Nested case-control: 
259 cases, 1744 
controls 

Ischaemic stroke/PICH Negative Weak association with 
DVT 

Factor VII      
(Heywood et al. 1997) R353Q Case-control: 286 

cases, 198 controls 
Ischaemic stroke/OCSP 
subtype/stroke mortality 

Negative No association with 
stroke subtype or 
mortality 

(Corral et al. 1998) R353Q/323
A2  

Case-control: 104 
cases, 104 controls 

Ischaemic stroke Negative  

PAI1      
(Catto et al. 1997) 4G/5G Case-control: 421 

cases, 172 controls 
Ischaemic stroke/OCSP sub 
type and mortality 

Negative No association with 
stroke sub type or 
mortality 

Factor X III      
(Catto et al. 1998) Va134Leu Case-control: 529 

cases, 427 controls 
Ischaemic stroke/OCSP 
subtype 

Negative Weak association with 
PICH. No association 
with ischaemic stroke 
subtype 
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Table 8.6 (Continued) Association studies Of Ischaemic Stroke for Genes with 

Predominantly Negative Results 

Reference Polymor
phism 

Methodology Measure Results Comments

MTHFR      
(Harmon et al. 1999) C677T Case-control: 174 cases, 

183 controls 
Ischaemic stroke CT 
proven >60 years 

Inconclusive  OR 1.59 (Cl = 0.85-
2.97) 

(Markus et al. 1997) C677T Case-control: 345 cases, 
161 controls 

Ischaemic stroke/TOAST 
subtype 

Negative No association in 
folate deficient 
patients, young 
individuals or carotid 
atheroma 

(Lalouschek et al. 
1999) 

C677T Case-control: 81 cases, 
81 controls 

TIA or minor ischaemic 
stroke 

Negative Possible synergism 
between MTHFR and 
Q506 al1eles 

(De Stefano et al. 
1998) 

C677T Case-contro1: 72 cases, 
198 controls 

Ischaemic stroke <50 years Negative  

(Reuner et al. 1998) C677T Case-contro1: 91cases, 
182 controls 

Ischaemic stroke  Negative  

eNOS      
(Yahashi et al. 1998) eNOS 4a/b Case-control: 127 cases, 

91 controls 
Atherothrombotic/lacunar/ 
silent stroke 

Negative  

(Markus et al. 1998) Glu298Asp Case-control: 361 cases, 
236 controls 

Ischaemic stroke/TOAST 
subtype 

Negative  No association with 
carotid atheroma 

(MacLeod et al. 1999) Glu298Asp Case-control: 265 cases, 
293 controls 

Ischaemic stroke Negative  

 

Apo A1/CIII      
(Patsch et al. 1994) XmnI Cross-sectional: 268 

cases 
IMT in groups with 
different lipid profiles 

Positive 6.6 kb allele a risk 
factor in group with 
elevated cholesterol 
and triglyceride 

(Aalto-Setala et al. 
1998) 

SstI Cross-sectional: 234 
cases 

Carotid atherosclerosis in 
patients with ischaemic 
stroke <60 years 

 Negative  

Apo B      

(Aalto-Setala et al. 
1998) 

XbaI Cross-sectional: 234 
cases 

Carotid atherosclerosis in 
patients with ischaemic 
stroke <60 years 

Negative  

Lipoprotein 
lipase 

     

(Huang et al. 1997) A291G Case-control: 125/56 
cases, 95 controls 

Ischaemic stroke / carotid 
atherosclerosis 

Negative  

Paraoxonase I      

(Schmidt et al. 
1998a) 

glul92arg Cross-sectional: 316 
cases 

Carotid atherosclerosis 44-
75 years 

Positive leu541eu genotype 
met541eu  

(Cao et al. 1998) glu192arg Cross-sectional: 197 
cases 

IMT in NIDDM Negative  

ACE = Angiotensin Converting Enzyme. I/D = insertion / deletion polymorphism. PAI 1 = Plasminogen Activator Inhibitor. Gp = Platelet 

glycoprotein receptors. MTHFR = methylene tetrahydrofolate reductase. eNOS = endothelial nitric oxide synthase. apoE = apolipoprotein E.  

OCSP = Oxford Community Stroke Project Classification; TOAST = trial of org10172 in acute stroke treatment; PICH = primary 

intracerebral haemorrhage; APC= activated protein C resistance; NIDDM = non-insulin-dependent diabetes mellitus; IMT = carotid intima 

media thickness; CHD = coronary heart disease; DVT = deep vein thrombosis; PE = pulmonary embolism; TIA = transient ischaemic attack. 

Adapted from (Hassan and Markus 2000).
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Molecular Methodology 

9.3.1  DNA Extraction 

Table 8.7 Preparation of DNA from 10 ml of Whole Blood (in EDTA Tubes using 

Guanidine Hydrochloride). 

1) Thaw blood samples at room temperature. 

2) Lyse red cells by adding 45 ml of ice cold distilled water to the 10 ml of blood. 

3) Centrifuge at 2500 revolutions per minute (rpm) for 20 min at 4°C to produce a pellet of 

cellular debris. 

4) Pour off supernatant and retain the pellet. 

5) Wash the pellet and dissolve any remaining lipid rich leucocyte membranes by adding 

35 ml of ice cold 0.1% (v/v) Nonidet (NP40) detergent. Vortex until the pellet has 

dissolved. 

6) Centrifuge at 2500 rpm for 20 min at 40°C to re-precipitate the pellet. 

7) Pour off the supernatant. 

8) Preciptate the DNA by adding 7 ml filtered Guanidinium Hydrochloride (6 M) and 0.5 

ml Ammonium Acetate (7.5 M). Vortex to disperse the pellet. 

9) Enzymatically remove unwanted intracellular proteins by adding 0.5 ml of Sodium 

Sarcosyl (20%, w/v) and 150 µl Proteinase K (10 mg/ml). 

10) Incubate at 60°C for at least 90 min. 

11) Precipitate the DNA by adding 1 ml 96% (v/v) ethanol and mix gently. 

12) Spool out the DNA and redissolve overnight in 1 ml TE buffer (10mM Tris-HCl buffer, 

1mM EDTA, pH 8.0). 

13) Re-precipitate the samples by adding 100 µl Sodium Acetate (3 M, pH 5.5) and 2.5 ml 

ice cold 96% (v/v) ethanol. 

14) Spool out the DNA, allow to dry and re-dissolve overnight in 1 ml TE buffer  

15) Calculate the concentration of the stock DNA using an optical densitometer. 

16) Dilute the stock DNA to 50 ng/µl for use in polymerase chain reactions. 
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9.3.2  The Polymerase Chain Reaction (PCR) 

PCR is a novel method to selectively amplify DNA fragments without cloning. PCR involves 

the annealing of flanking chemically manufactured oligonucleotide probes (primers) usually 

15-20 bases in length, complementary to the DNA sequence of interest (amplicon). Specific 

amplification of the amplicon is achieved by repeated rounds of DNA synthesis between the 

flanking primers. One primer is complementary to the DNA sequence 5' of the target 

sequence, and the second is complementary to the antisense strand 3' to the target sequence.  

 

After the DNA sequence is denatured the primers anneal to their target sequences. Annealing 

temperatures differ depending upon the primers used. The amplification process is catalysed 

by a DNA polymerase which is resistant to the heat required by the denaturation process. 

When DNA synthesis is completed, the old and newly synthesized DNA strands are separated 

by denaturation, and the cycle is repeated. Subsequent cycles produce greater quantities of 

newly amplified specific DNA sequences compared with the initial non specific template 

thereby making the annealing process more specific. Typically 35 cycles of PCR are 

performed per experiment giving exponential increases in the mass of the required sequence. 

 

Automated PCR reactions are possible using purpose built PCR blocks. A typical PCR cycle 

is as follows:  

Denaturation at 95° C for 30 seconds. 
Annealing at 55° C for 1 minute  
Primer extension at 72° C for 1 minute 
Repeated for 35 cycles 
Final extension 72° C for 5 minutes 

 

The specificity of PCR is primarily determined by the annealing temperature. Lower 

annealing temperatures lead to reduced sequence specificity. Higher temperatures may 

prevent annealing. 

 

9.3.2.1 Allele Specific PCR 

This is identical to conventional PCR in every way except the final base in the primer 

sequence is designed to specifically anneal to a SNP but not the wild type base, or vice versa. 

A particular locus may either have an Adenine (A) or Cytosine (C) base, for example, and if 

PCR conditions are stringent enough then the primer complementary to the A will not anneal 

to the C and so pure A allele sequence will be obtained.   
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9.3.3  DNA SEQUENCING 

The ability to decipher the DNA sequence of a fragment has provided the basis for elucidation 

of the genetic code and has generated the human genome project. There are several 

sequencing methods, (enzymatic chain termination, hybridization based approaches, and 

chemical sequencing), however only the most commonly used enzymatic chain termination 

method is described further. In this method, a DNA fragment is provided as a template for the 

synthesis of new DNA strands with a DNA polymerase. The reaction is primed by a 

sequencing primer usually 17 to 22 bp long that specifically binds to the region being 

sequenced. In addition to the regular deoxynucleotide triphosphates (dNTPs; N stands for any 

of the four bases, Adenine (A), Thymidine (T), Guanine (G) & Cytosine (C)), smaller 

amounts of dideoxynucleotide triphosphates (ddNTPs) are added to the reaction mix. ddNTPs 

can be incorporated into the growing newly synthesized DNA chain but cause abrupt 

termination because their lack of the 3' hydroxyl group does not permit formation of the 

phosphodiester bond.  

 

For each nucleotide a separate sequencing reaction is prepared, each containing the four 

dNTPs but only one of the ddNTPs in a much smaller concentration. For example, one of the 

four reactions contains ddATP. Chain termination occurs randomly whenever a ddATP is 

incorporated into the growing chain and as the number of dATP molecules greatly 

outnumbers the ddATP molecules, many fragments of different lengths are generated. The 

length of the fragments can be determined by polyacrylamide gel electrophoresis indicating 

the presence of an A at this position of the DNA chain. Fragments for the remaining three 

DNA bases are generated in similar reactions. The fragments can be visualized by 

radioisotope labelling or with  

Fluorophores incorporated into the primer or the dNTPs. The use of different coloured 

fluorophores for each DNA base permits the running of the four sequencing reactions in one 

lane of the polyacrylamide gel, thus greatly increasing throughput. The DNA sequence is 

represented as an intensity profile for each fluorescent dye as detected by a fluorescent 

detector at the bottom of the gel. Automated sequencing with fluorescent dyes provides 

generally longer sequences than manual sequences and is currently the preferred method for 

large scale sequencing. 
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9.4 The Haplotype Generator HMATCH  

(Dr. Simon Ambler, Leicester University) 
{- 
      File: Hmatch.hs 
    Author: Simon Ambler 
 Copyright: University of Leicester, 1999. 
   Created: 7th December 1999. 
Time-stamp: <99/12/08 12:28:53 sja4> 
 
   Program to analyse the possible haplotypes of a DNA sample from the results of typing a selection of sites. 
 
-} 
module Main where 
import Char 
import List 
import System 
 
------------------------- 
-- Haplotype sequences -- 
------------------------- 
-- We use the following sites. 
 
sites :: [Int] 
sites = [2,13,17,20,21,23,24,28,29,30,32,35,37,39,40,43,47,49,52,53,55,56,57,61,62,69,76] 
 
-- Translate back and forth between the site number and its position in the above list. 
 
site :: Int -> Int 
site p  | 0 <= p && p <= 51 = sites !! p 
 | otherwise   = error "Position out of range" 
 
position :: Int -> Int 
position s = case lookup s (zip sites [0..]) of 
  Just i  -> i 
  Nothing -> error "Site not listed" 
 
-- The haplotype sequences restricted to the sites listed. 
h :: Int -> [Char] 
 
h 1  = "CTAACTACTAGCCCTAGGDCGGACGCC" 
h 2  = "CCAGCCACCGGCCCTAAGDCAGGTACC" 
h 3  = "CCAGCCACCGGCCCTAAGDCAGGCACC" 
h 4  = "TTAGCCATTAATCGTGATIGAAATGTA" 
h 5  = "TTAGCCATTAATCGCGATIGAAATGTC" 
h 6  = "CTGGTCATTAATAGTGATIGAAACGCC" 
h 7  = "CTGGCTACTAGCCCTAGGDCGGACGCC" 
h 8  = "CTAGCCATTAATCGTGATIGAAATGTC" 
h 9  = "CTAGCCTCTAGCCCTAGGDCGGACGCC" 
h 10 = "CTAGCCACTAGCCCTAAGDCAGACGCC" 
h 11 = "CTAGCCTCCGGCCCTAAGDCAGACGCC" 
h 12 = "CTAGCCATTAATCGCGATIGAAATGTA" 
h 13 = "CTAGCCATTAATCGTGATIGAAACGCC" 
 
-- Picking suitable sites for the analysis. 
group0, group1, group2, group3 :: [Int] 
 
-- The following sites have already been typed. 
group0 = [2, 29, 47, 52, 61, 76] 
 
-- Ideal sites for further testing. 
group1 = [17, 20, 24, 32, 40, 43, 55, 56, 69] 
 
-- Okay sites (not too bad but preferably not). 
group2 = [23, 28, 35, 37, 49, 53, 57, 62] 
 
-- Poor sites (only if absolutely necessary). 
group3 = [13, 21, 30, 39] 
 
--------------- 
-- Key sites -- 
--------------- 
keySites :: [Int] 
keySites = group0 ++ [17, 24, 20, 69, 40] 
 
---------------------- 
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-- Expected results -- 
---------------------- 
-- Mixed results are ordered alphabetically, 
-- i.e. we write CT rather than TC. 
 
orientate :: String -> String 
orientate [c1,c2] = if c1 < c2 then [c1,c2] else [c2,c1] 
 
-- The expected results from Haplotype type pair Hi/Hj. 
 
expect :: Int -> Int -> Int -> String 
expect i j s = orientate [h i !! position s, h j !! position s] 
 
expectedResults :: Int -> Int -> [String] 
expectedResults i j = [expect i j s | s <- keySites] 
 
------------------------------- 
-- Table of expected results -- 
------------------------------- 
type Table = [([String],String)] 
 
-- The expected results for each pair Hi/Hj should be distinct. 
 
testTable :: Table -> Bool 
testTable tab = [(nm1,nm2) | (rs1,nm1)<-tab, (rs2,nm2)<-tab, 
   nm1/=nm2, rs1==rs2] == [] 
 
table :: Table 
table = if testTable tab 
 then tab 
 else error "Key sites do not discriminate all haplotype pairs ..." 
 where 
 tab = sort [(expectedResults i j, "H"++show i ++ "/H"++show j) 
      | i<-[1..13], j<-[i..13]] 
-------------------------- 
-- Displaying the table -- 
-------------------------- 
layoutTable :: String 
layoutTable = unlines [commaList rs ++ " " ++ nm | (rs,nm) <- table] 
       where 
       commaList = foldr1 (\s t -> s++","++t) 
 
outputTable :: String -> IO() 
outputTable outfile = writeFile outfile layoutTable 
 
------------------------ 
-- Processing results -- 
------------------------ 
match :: [String] -> [String] -> Bool 
match [] [] = True 
match [] (y:ys) = False 
match (x:xs) [] = False 
match (x:xs) (y:ys) = (x==y || x=="??") && match xs ys 
 
possibleMatches :: [String] -> [String] 
possibleMatches xs 
 = [name | (results, name) <- table, match xs results] 
 
--------------------- 
-- Read input file -- 
--------------------- 
-- items are separated by commas 
 
items :: String -> [String] 
items "" =  [] 
items s  =  let (x, s') = break (== ',') (dropWhile isSpace s) 
  in  x : case s' of 
   []      -> [] 
   (_:s'') -> items s'' 
 
readResult :: String -> (String,[String]) 
readResult str = (label, map orientate results) 
 where 
 label:results = items str 
 
 
readResults :: String -> [(String,[String])] 
readResults str = map readResult (filter (/="") (lines str)) 
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getResults :: String -> IO [(String,[String])] 
getResults infile 
 = do 
 contents <- readFile infile 
 return (readResults contents) 
 
------------------------ 
-- Processing results -- 
------------------------ 
showMatches :: (String,[String]) -> String 
showMatches (identifier, results) 
 = identifier ++","++ concat (map (++",") results) 
 ++ unwords (possibleMatches results) 
 
----------------------- 
-- Write output file -- 
----------------------- 
putMatches :: String -> [(String,[String])] -> IO() 
putMatches outfile results 
 = writeFile outfile (unlines (map showMatches results)) 
 
------------------ 
-- Main program -- 
------------------ 
hmatch :: String -> String -> IO() 
hmatch infile outfile 
 = do 
 results <- getResults infile 
 putMatches outfile results 
 
main :: IO() 
main 
 = do 
 args <- getArgs 
 case args of 
    [infile,outfile] -> hmatch infile outfile 
    _ -> putStr "\n\n\nusage: hmatch <infile> <outfile>\n\n\n" 
 
--------- 
-- End -- 
--------- 
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9.5 SNPs Identified in ACE 

Table 8.8 Comparison of SNP notation used in this study and sequence position of 2 
published sequences of the ACE gene ; Rieder et al 1999 (NCBI sequence no. AF118569) 
and Genecanvas 
sequence published at http://ecgene.net/genecanvas/modules/icontent/index.php?page=70, 
 
 
Rieder  
at al 1999  
BP 
position 
Sequence 
AF118569 

No. 
in 
this 
study

NCBI  
SNP 
Database 
No. 

Markers in  
genecanvas 
sequence  
 

Alleles Rieder at 
al 1999 
BP 
position 
Sequence 
AF118569

No. 
in 
this 
study

NCBI  
SNP 
Database 
No. 

Markers in 
genecanvas
sequence  
 

Alleles 

00117 1   C/T 13336 48 + rs4336 T22313A T/A 
00334 2 rs4290 A11377T C/T 13338 49 + rs4337 G22315T G/T 
02400 3 rs4291  A/T 13432 50 rs4338  A/G 
02547 4 rs4292  T/C 13506 51 rs4339  G/T 
03872 5 rs4293  G/A 14094 52 rs1799752 D/I-23069 (ALU)/- 
04230 6 rs4294  A/C 14480 53 + rs4341 G23454C G/C 
04504 7 rs4295 G13479C G/C 14488 54 rs4342 A23462C A/C 
04733 8 rs4296  G/A 14521 55 * rs4343 A23495G A/G 
04760 9 rs4297 G13735C G/C 15214 56 + rs4344 G24188A G/A 
05406 10 rs4298 C14379T C/T 15435 57 rs4345 A24409G A/G 
05424 11 rs4299  G/A 16020 58 rs4346  T/C 
05492 12 rs4300 C14465T C/T 16988 59 rs4347  C/G 
05878 13 rs4301  T/C 17107 60 rs4348  C/T 
06028 14 rs4302  C/T 17634 61 rs4349 C26608T C/T 
06029 15 rs4303  G/T 18030 62 rs4350  G/A 
06145 16 rs4304  C/T 18222 63 rs4351 A27196G G/A 
06435 17 rs4305 G15408A A/G 18671 64 rs4352  G/A 
06604 18 rs4306  G/A 18912 65 rs4353 A27888G A/G 
07693 19 rs4307 G16664A G/A 19942 66 rs4354 C28919T C/T 
07831 20 rs4424958 G16804A G/A 16020 58 rs4346  T/C 
08128 21 * rs4309 C17105T C/T 16988 59 rs4347  C/G 
08935 22 rs4310  G/C 17107 60 rs4348  C/T 
08968 23 rs4311 T17944C C/T 17634 61 rs4349  C/T 
09191 24 rs4312  A/T 18030 62 rs4350  G/A 
09222 25 rs4313  C/T 18222 63 rs4351  G/A 
09509 26 rs4314  C/T 18671 64 rs4352  G/A 
10242 27 rs4315  A/- 18912 65 rs4353  A/G 
10514 28 * + rs4316 C19490T C/T 19942 66 rs4354 C28919T C/T 
10527 29 * rs4317  T/C 19975 67 rs4355 G28952C G/C 
10578 30 * rs4318 A19554G A/G 20058 68 rs4356 T29035C T/C 
10696 31 rs4319 (3G)19673(4G) G/GG 20120 69 rs4357 C29097T C/T 
10758 32 rs4320 G19735A G/A 20397 70 rs4358 G29373A G/A 
10979 33 rs4321 C19956T T/G 20833 71 rs4359 C29809T C/T 
11084 34 rs4322  C/T 21831 72 rs4360  A/G 
11159 35 + rs4323 C20136T C/T 22155 73 rs4361  A/G 
11376 36 rs4324 G20354A A/G 22251 74 rs4362  C/T 
11405 37 rs4325 C20383A C/A 22982 75 rs4363 A31958G A/G 
11447 38 rs4326 G20425A G/A 23152 76 * rs4364 C32128A C/A 
11478 39 rs4327 G20456C C/G 23202 77 rs4365 G32178A G/A 
11618 40 rs4328 T20596C T/C 23945 78 rs4366 (CT)3/2-32915 (CT)2/3 
11663 41 + rs4329 G20641A A/G 22155 73 rs4361  A/G 
11866 42 rs4330 A20844C A/C 22251 74 rs4362 C31226T C/T 
12257 43 * + rs4331 A21235G A/G 22982 75 rs4363 A31958G A/G 
12486 44 + rs4332 C21464T T/C 23152 76 * rs4364 C32128A C/A 
12727 45 rs4333 C21705T T/C 23202 77 rs4365 G32178A G/A 
13145 46 rs4334 A22122C A/C 23945 78 rs4366 (CT)3/2-32915 (CT)2/3 
13230 47 rs4335 A22207G A/G 

 
*=coding 

+=LD with I/D polymorphism 

.

http://ecgene.net/genecanvas/modules/icontent/index.php?page=70
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Table 8.9 Primer Sequences 

SNP Rieder  

at al 1999  

Location. 
Sequence 
AF118569

Forward Primer Reverse Primer

2 

(rs4290) 

00334 ACE 010  
TGCCCAGACAGCCTTATCTC 

ACE 011  
CTAACAGCTTGGCCTTCCAG 

17 

(rs4305) 

6435 ACE 091 R   

TTGCTTCACATGCAGGAGAC 

ACE 110R  
TTGAGCCCAGAGCTTACCTG 

20 

(rs4424958) 

7831 ACE 111 R  
GGGCAGGGTAAAGAATTTGC 

ACE 130 R  
ATTGGCACCTGAAAGACAGG 

24 

(rs4312) 

9191 ACE 143 R  
AACCAAGTATCAGGGGAT 

ACE 152 R  

AACTCACAAAGTACCTGCA 

29 

(rs4317) 

10527 ACE 170  
CTGAGCCCTGGTACCCTGT 

ACE 171  

CGGCCCGAAATTGAGTATTG 

40 

(rs4328) 

11618 ACE 182  
TCAGTCTCTGGGAGGCCTAG 

ACE 181  
GCTCTGTGGCCTTTCTGAAC 

47 

(rs4335) 

13230 ACE 210  
CTCTCCCAGCATGTGACTGA 

ACE 211  
GCAGTGGCTTACAGAGTCCC 

52 (Alu I/D) 

(rs1799752) 

14094 ACE I/D F 

CTGGAGACCACTCCCATCCTTTCT  
ACE 1  

CATCCTTTCTCCCATTTCTC 
 

ACE I/D R 

GATGTGGCCATCACATTCGTCAGAT  
ACE 2  

TGGGATTACAGGCGTGATACAG  
ACE 3  

ATTTCAGAGCTGGAATAAAATT 

61 

(rs4349) 

17634 ACE 270  

GTTTGGGCAGAACTCCCTCT 

ACE 271  
CTAGCCTGGAGAGATGCCTG 

69 

(rs4357) 

20120 ACE 302 
AATATATGTTGGAAGATGAG 

ACE 3l2 

AGCCTCAGGTTCTGGAACAC 

76 

(rs4364) 

23152 ACE 353  

AGACAGCGGCCGCGTGACCTTC 

ACE 76 R  
AGTGCCGGTGGAGGCAGC 

  

 



Table 8.10 PCR Reaction Conditions 

SNP Primers (2 µM) Vol of Each 
Primer (µl) 

Vol of  DNA (50 
ng/µI) (µl) 

Vol of  PCR 
Buffer (µl) 

Vol of dNTPs (2 
mM) (µl) 

Vol of 
MgCL2 (µl) 

Vol of Taq 
Polymerase 

Vol of 
dH20 (µl) 

Total 
Vol 

Annealing Temp  
(°C) 

2 (rs4290) ACE 010  

ACE 011 

0.5 1.0 1.0 (ABT 10X) 1.0 1.0 (20 mM) 0.1 4.9 10 61 

17 (rs4305) ACE091R  

ACE 110R 

0.5 1.0 1.0 (ABT10X) 1.0 1.0 (20 mM) 0.1 4.9 10 58 

20 (rs4424958) ACE111R  

ACE 130R 

0.5 1.0 1.0 (ABT10X) 1.0 1.0 (20 mM) 0.1 4.9 10 54/58 

24 (rs4312) ACE 143R  

ACE 152R 

0.5 1.0 1.0 (ABT 10X) 1.0 1.0 (20 mM) 0.1 4.9 10 58 

29 (rs4317) ACE 170  

ACE 171 

0.5 1.0 1.0 (ABT 10X) 1.0 1.0 (20 mM) 0.1 4.9 10 63 

40 (rs4328) ACE 182  

ACE 181 

0.5 1.0 1.0 (ABT 10X) 1.0 1.0 (15 mM) 0.1 4.9 10 54 

47 (rs4335) ACE 210  

ACE 211 

0.5 1.0 1.0 (ABT 10X) 1.0 1.0 (20 mM) 0.1 4.9 10 61/ 65 

52  (I/D) 
(rs1799752) 

ACE I/DF  

ACE I/DR 

0.5 1.0 1.0 (ABT 10X) 1.0 1.0 (15 mM) 0.1 4.9 10 55 

52  (I/D) 
(rs1799752) 

ACE 1 , ACE 2 , 
ACE 3 

0.5 1.0 1.0 (ABT 10X) 1.0 1.0 (15 mM) 0.1 4.4 10 55 

61 (rs4349) ACE 270  

ACE 271 

0.5 1.0 1.0 (ABT 10X) 1.0 1.0 (20 mM) 0.1 4.9 10 65 

69 (rs4357) ACE302  

ACE 312 

0.5 1.0 0.9 (11.1 X) 0.0 0.0 0.1 7.0 10 48 

76 (rs4364) ACE 353  

ACE 76R 

0.5 1.0 1.0 (ABT 10X) 1.0 1.0 (20 mM) 0.1 4.9 10 61 
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Table 8.11 PCR Protocols for all primer pairs included in Table 8.9 

PCR Step  

Initial Denaturation Temperature (°C) 95.0 

Initial Denaturation Time (min) 5.00 

Annealing Temperature (°C) Variable (see table)

Annealing Time (min) 0.30  

Extension Temperature (°C) 72.0  

Extension Time per cycle (min) 0.30  

Number of cycles 35 

Final Extension Time (min) 5.00 
 

 

 

Table 8.12 Composition of 11.1X Buffer  

Reagent Volume ul Final Concentration
Tris (2M, pH 8.8) 167.0 4.5mM 
MgCl2 (1 M) 33.5 0.45 mM 
(NH4)2 SO4 (1 M) 83.0 1.1 mM 
EDTA (10 mM) 3.4 0.44 µM 
dATP (100 mM)  75.0 20.0 µM 
dCTP (100 mM) 75.0 20.0 µM 
dGTP (100 mM) 75.0 20.0 µM 
dTTP (100 mM) 75.0 20.0 µM 
Bovine Serum Albumin 85.0 11.0 µl /µl 
β-Mercaptoethanol 3.6 0.67 µM 
 

 

 



Table 8.13 Restriction Enzyme Digest Conditions 

SNP 
2 

rs4290 

17 

rs4305 

20 

rs4424958 

24 

rs4312 

29 

rs4317 

47 

rs4335 

61 

rs4349 

69 

rs4357 

76 

rs4364 

Enzyme TaqI HhaI PstI   DpN II FokI Hae III DdeI Banl Pvu II 

Enzyme Units 1.0         1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Volume of Enzyme (µl) 0.1         0.1 0.1 0.1 0.25 0.1 0.1 0.1 0.1

Restriction Digest Buffer Gibco React 2 Gibco React 2 Gibco React 2 NE Biolabs 1 NE Biolabs 2 or 4 Gibco React 2 Gibco React 3 
NE Biolabs  

2 or 4 
Gibco React 6 

Volume of Buffer (µl) 3.0         3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0

Volume of PCR Products (µl) 10         10 10 10 10 10 10 10 10

dH20 (µl) 16.9         16.9 16.9 16.9 16.75 16.9 16.9 16.9 16.9

Total Volume (µl) 30.0         30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0

Incubation Temperature °C 65         37 37 37 37 37 37 37 37

Incubation Period 12 Hours 12 Hours 12 Hours 12 Hours 12 Hours 12 Hours 12 Hours 12 Hours 12 Hours 
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Table 8.14 Successful ASO PCR Conditions 
SNP Primers (2 µM) Vol of 

Each 
Primer 

(µl) 

Vol of  
DNA (50 

ng/µI) 
(µl) 

Vol of  
PCR 

Buffer 
(µl) 

Vol of 
Tris 
2M) 
(µl) 

Vol of 
Herring 
Sperm 

DNA2 (µl) 

Vol of 
Taq Poly 
–merase 

(µl) 

Vol of 
PFU 
Taq 
(µl) 

Vol of 
dH20 
(µl) 

Total 
Vol 

Annealing 
Temp  (°C) 

47 
(rs4335) 

ACE 091 R 
TTGCTTCACATGCAGGAGAC  
ACESNP47AR  
GCTCTTTCAAACGGGCT 

0.5           1.0 11.1 X 0.062 0.17 0.1 0.03 6.7 10 53

 
Poly-

morphism 
Primers (2 µM) Vol of 

Each 
Primer 

(µl) 

Vol of  
DNA (50 

ng/µI) 
(µl) 

Vol of  
PCR 

Buffer 
(µl) 

Vol of 
dNTPs (2 
mM) (µl) 

Vol of 
MgCL2 

(µl) 

Vol of 
Taq 
Poly-

merase 

Vol of 
dH20 
(µl) 

Total 
Vol 

Annealing 
Temp  (°C) 

ID 
(rs1799752) 

ACESNP47AF  
CTGGTCCTTACCCCA 
ACE3                
ATTTCAGAGCTGGAATAAAATT 

0.5        1.0 1.0 (ABT
10X) 

1.0 1.0 (20
mM) 

 0.1 4.9 10 46

ID 
(rs1799752) 

ACESNP47GF 
CTGGTCCTTACCCCG 
ACE3                  
ATTTCAGAGCTGGAATAAAATT 

0.5         1.0 1.0 (ABT
10X) 

1.0 1.0 (20
mM) 

0.1 4.9 10 46

 

Table 8.15 Protocol for Successful Long Range ASO PCR Experiments 

Initial Denaturation Temperature (°C) 96.0 Extension Temperature (°C) 64.0  

Initial Denaturation Time (min) 5.00 Extension Time per cycle (min) 7.0  

Denaturation Time per cycle 20 secs Number of cycles 36 

Annealing Temperature (°C) Variable (see table)   

Annealing Time 30 secs    
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9.6 Patient Consent Form 
A Genetic Study of Stroke Disease 
 
Principal Investigator : Dr. Gary Dennis 
Supervisors          : Prof Trembath (Professor of Medical Genetics),  
          : Dr. Abbott (Consultant Neurologist) 
 
I have been given a full explanation of  the purpose of this research  Yes * /  No  * 
project and I have read and understood the information leaflet provided. 
Would you like to ask any questions and discuss this study further ? Yes * /  No  * 
If YES, have you received satisfactory answers to your questions ? Yes * /  No  * 
Have you been provided with sufficient information about the study ? Yes * /  No  * 
Who has spoken to you or provided information to you .................................................. 
I am aware that a researcher will seek information about my medical  Yes * /  No  * 
history.  
I am aware that I will be required to provide a blood sample for genetic Yes * /  No  *   
studies. I am also aware that the sample will be stored and used for the  
purpose of this study alone, any further testing in other studies will require 
me to give further consent. 
 
I realise that any information I give and all results obtained will be treated Yes * /  No  * 
confidentially and that I may at any time in the future obtain full details  
of information held or stored electronically arising from this study.    
  
I have been given the contact telephone number of Dr. G. Dennis  Yes * /  No  * 
should I require further information about any aspect of the research  
in the future.   
 
I am aware that I am free to decline and withdraw from participating   Yes * /  No  * 
in this research without giving a reason. I am aware that I can request  
that my DNA sample is destroyed at any stage. I am aware that this  
will NOT affect my own or my family's medical care in the future.   
 
I understand medical research is covered for mishaps in the same way as for patients undergoing 
treatment in the NHS i.e. compensation is only available if negligence occurs. 
 
I am willing  to participate in this research. 
 
To be completed by the Patient 
Signature of patient  
.....................................................................................................Date......................... 
(Name in BLOCK LETTERS)          
[This space has been left blank for any additional comments that you would like  to make regarding 
the research.] 
 
To be completed by the researcher 
I confirm I have explained the nature of the Study, as detailed in the Patient Information Leaflet, in 
terms which in my judgement are suited to the understanding of the patient. 
Signature of Investigator  .................................................Date...................................... 

(Name in BLOCK LETTERS) .................................................................................................... 



9.7 Sequence variation in the human angiotensin converting 

enzyme (ACE) 
Rieder,M.J., Taylor,S.L., Clark,A.G. and Nickerson,D.A. 

Nat. Genet. 22, 59-62 (1999) 

1 : AF118569 . Homo sapiens                      Protein, Related Sequences, 
angio...[gi:4732025]                                                LinkOut 
 
LOCUS        AF118569    24070 bp    DNA             PRI       28-OCT-1999 
DEFINITION   Homo sapiens angiotensin I converting enzyme precursor (DCP1) gene, 
                             alternative splice products, complete cds. 
ACCESSION   AF118569 
VERSION     AF118569.1  GI:4732025 
KEYWORDS    . 
SOURCE      human. 
ORGANISM  Homo sapiens 
                       Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Mammalia; 
                       Eutheria; Primates; Catarrhini; Hominidae; Homo. 
REFERENCE    1  (bases 1 to 24070) 
AUTHORS Rieder,M.J., Taylor,S.L., Clark,A.G. and Nickerson,D.A. 
TITLE     Sequence variation in the human angiotensin converting enzyme (ACE) 
JOURNAL   Nat. Genet. 22, 59-62 (1999) 
REFERENCE   2  (bases 1 to 24070) 
AUTHORS   Rieder,M.J. 
TITLE     Direct Submission 
JOURNAL   Submitted (07-JAN-1999) Molecular Biotechnology, University of 
                     Washington, UW Health Sciences Building, Rm. K316, 1705 NE Pacific, 
                     Seattle, WA 98195, USA 
FEATURES             Location/Qualifiers 
      source          1..24070 
                          /organism="Homo sapiens" 
                          /db_xref="taxon:9606" 
                          /chromosome="17" 
                          /map="17q23 between D17S794 and D17S795" 
 
SNP 1     variation       117 
                          /replace="t" 
                          /frequency="0.05" 
SNP 2     variation       334 
                          /replace="t" 
                          /frequency="0.09" 
          repeat_region   complement(<337..>488) 
                          /note="putative" 
                          /rpt_family="L2" 
                          /rpt_type=dispersed 
          repeat_region   <1785..>1841 
                          /note="putative" 
                          /rpt_family="MIR" 
                          /rpt_type=dispersed 
SNP 3     variation       2400 
                          /replace="t" 
                          /frequency="0.32" 
SNP 4     variation       2547 
                          /replace="c" 
                          /frequency="0.23" 
          mRNA            join(<2662..2910,3498..3665,4574..4667,5336..5479, 
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                          5904..6095,6658..6755,7133..7305,8032..8255,8595..8739, 
                          9026..9124,9415..9537,9896..10107,10802..10938, 
                          12123..12281,12552..12639,14499..14642,14792..14983, 
                          16805..16902,17060..17232,19287..19510,19773..19917, 
                          20223..20321,22245..22367,22649..22836,22988..>23217) 
                          /gene="DCP1" 
                          /product="angiotensin I converting enzyme precursor" 
          gene            <2662..>23217 
                          /gene="DCP1" 
          CDS             join(2662..2910,3498..3665,4574..4667,5336..5479, 
                          5904..6095,6658..6755,7133..7305,8032..8255,8595..8739, 
                          9026..9124,9415..9537,9896..10107,10802..10938, 
                          12123..12281,12552..12639,14499..14642,14792..14983, 
                          16805..16902,17060..17232,19287..19510,19773..19917, 
                          20223..20321,22245..22367,22649..22836,22988..23217) 
                          /gene="DCP1" 
                          /note="somatic form of ACE; dipeptidyl carboxypeptidase 1; 
                          kininase II" 
                          /codon_start=1 
                          /product="angiotensin I converting enzyme precursor" 
                          /protein_id="AAD28560.1" 
                          /db_xref="GI:4732026" 
                          
/translation="MGAASGRRGPGLLLPLPLLLLLPPQPALALDPGLQPGNFSADEA 
                          
GAQLFAQSYNSSAEQVLFQSVAASWAHDTNITAENARRQEEAALLSQEFAEAWGQKAK 
                          
ELYEPIWQNFTDPQLRRIIGAVRTLGSANLPLAKRQQYNALLSNMSRIYSTAKVCLPN 
                          
KTATCWSLDPDLTNILASSRSYAMLLFAWEGWHNAAGIPLKPLYEDFTALSNEAYKQD 
                          
GFTDTGAYWRSWYNSPTFEDDLEHLYQQLEPLYLNLHAFVRRALHRRYGDRYINLRGP 
                          
IPAHLLGDMWAQSWENIYDMVVPFPDKPNLDVTSTMLQQGWNATHMFRVAEEFFTSLE 
                          
LSPMPPEFWEGSMLEKPADGREVVCHASAWDFYNRKDFRIKQCTRVTMDQLSTVHHEM 
                          
GHIQYYLQYKDLPVSLRRGANPGFHEAIGDVLALSVSTPEHLHKIGLLDRVTNDTESD 
                          
INYLLKMALEKIAFLPFGYLVDQWRWGVFSGRTPPSRYNFDWWYLRTKYQGICPPVTR 
                          
NETHFDAGAKFHVPNVTPYIRYFVSFVLQFQFHEALCKEAGYEGPLHQCDIYRSTKAG 
                          
AKLRKVLQAGSSRPWQEVLKDMVGLDALDAQPLLKYFQPVTQWLQEQNQQNGEVLGWP 
                          
EYQWHPPLPDNYPEGIDLVTDEAEASKFVEEYDRTSQVVWNEYAEANWNYNTNITTET 
                          
SKILLQKNMQIANHTLKYGTQARKFDVNQLQNTTIKRIIKKVQDLERAALPAQELEEY 
                          
NKILLDMETTYSVATVCHPNGSCLQLEPDLTNVMATSRKYEDLLWAWEGWRDKAGRAI 
                          
LQFYPKYVELINQAARLNGYVDAGDSWRSMYETPSLEQDLERLFQELQPLYLNLHAYV 
                          
RRALHRHYGAQHINLEGPIPAHLLGNMWAQTWSNIYDLVVPFPSAPSMDTTEAMLKQG 
                          
WTPRRMFKEADDFFTSLGLLPVPPEFWNKSMLEKPTDGREVVCHASAWDFYNGKDFRI 
                          
KQCTTVNLEDLVVAHHEMGHIQYFMQYKDLPVALREGANPGFHEAIGDVLALSVSTPK 
                          
HLHSLNLLSSEGGSDEHDINFLMKMALDKIAFIPFSYLVDQWRWRVFDGSITKENYNQ 
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EWWSLRLKYQGLCPPVPRTQGDFDPGAKFHIPSSVPYIRYFVSFIIQFQFHEALCQAA 
                          
GHTGPLHKCDIYQSKEAGQRLATAMKLGFSRPWPEAMQLITGQPNMSASAMLSYFKPL 
                          
LDWLRTENELHGEKLGWPQYNWTPNSARSEGPLPDSGRVSFLGLDLDAQQARVGQWLL 
                          LFLGIALLVATLGLSQRLFSIRHRSLHRHSHGPQFGSEVELRHS" 
          repeat_region   complement(2694..2737) 
                          /note="putative" 
                          /rpt_type=tandem 
                          /rpt_unit=cag 
SNP 5     variation       3872 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.32" 
          repeat_region   <3951..>4250 
                          /note="putative" 
                          /rpt_family="Alu" 
                          /rpt_type=dispersed 
SNP 6     variation       4230 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.05" 
SNP 7     variation       4504 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.41" 
SNP 8     variation       4733 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.05" 
SNP 9     variation       4760 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.05" 
SNP 10    variation       5406 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.14" 
SNP 11    variation       5424 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.05" 
SNP 12    variation       5492 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.09" 
SNP 13    variation       5878 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.09" 
SNP 14    variation       6028 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.05" 
SNP 15    variation       6029 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.05" 
SNP 16    variation       6145 
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                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.05" 
          repeat_region   complement(<6245..>6320) 
                          /note="putative" 
                          /rpt_family="MIR" 
                          /rpt_type=dispersed 
SNP 17    variation       6435 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.32" 
SNP 18    variation       6604 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.05" 
          repeat_region   <7584..>7889 
                          /note="putative" 
                          /rpt_family="Alu" 
                          /rpt_type=dispersed 
SNP 19    variation       7693 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.05" 
SNP 20    variation       7831 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.23" 
SNP 21    variation       8128 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.18" 
          repeat_region   <8893..>8941 
                          /note="putative" 
                          /rpt_family="L2" 
                          /rpt_type=dispersed 
SNP 22    variation       8935 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.05" 
SNP 23    variation       8968 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.36" 
SNP 24    variation       9191 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.09" 
SNP 25    variation       9222 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.09" 
SNP 26    variation       9509 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.05" 
SNP 27    variation       10242 
                          /gene="DCP1" 
                          /replace="" 
                          /frequency="0.05" 
          mRNA            join(<10434..10632,10802..10938,12123..12281, 
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                          12552..12639,14499..14642,14792..14983,16805..16902, 
                          17060..17232,19287..19510,19773..19917,20223..20321, 
                          22245..22367,22649..22836,22988..>23217) 
                          /gene="DCP1" 
                          /product="angiotensin I converting enzyme precursor" 
          CDS             join(10434..10632,10802..10938,12123..12281,12552..12639, 
                          14499..14642,14792..14983,16805..16902,17060..17232, 
                          19287..19510,19773..19917,20223..20321,22245..22367, 
                          22649..22836,22988..23217) 
                          /gene="DCP1" 
                          /note="testicular form of ACE; dipeptidyl carboxypeptidase 
                          1" 
                          /codon_start=1 
                          /product="angiotensin I converting enzyme precursor" 
                          /protein_id="AAD28561.1" 
                          /db_xref="GI:4732027" 
/translation= 
"MGQGWATAGLPSLLFLLLCYGHPLLVPSQEASQQVTVTHGTSSQ 
 
ATTSSQTTTHQATAHQTSAQSPNLVTDEAEASKFVEEYDRTSQVVWNEYAEANWNYNT 
 
NITTETSKILLQKNMQIANHTLKYGTQARKFDVNQLQNTTIKRIIKKVQDLERAALPA 
 
QELEEYNKILLDMETTYSVATVCHPNGSCLQLEPDLTNVMATSRKYEDLLWAWEGWRD 
                          
KAGRAILQFYPKYVELINQAARLNGYVDAGDSWRSMYETPSLEQDLERLFQELQPLYL 
                          
NLHAYVRRALHRHYGAQHINLEGPIPAHLLGNMWAQTWSNIYDLVVPFPSAPSMDTTE 
                          
AMLKQGWTPRRMFKEADDFFTSLGLLPVPPEFWNKSMLEKPTDGREVVCHASAWDFYN 
                          
GKDFRIKQCTTVNLEDLVVAHHEMGHIQYFMQYKDLPVALREGANPGFHEAIGDVLAL 
                          
SVSTPKHLHSLNLLSSEGGSDEHDINFLMKMALDKIAFIPFSYLVDQWRWRVFDGSIT 
                          
KENYNQEWWSLRLKYQGLCPPVPRTQGDFDPGAKFHIPSSVPYIRYFVSFIIQFQFHE 
                          
ALCQAAGHTGPLHKCDIYQSKEAGQRLATAMKLGFSRPWPEAMQLITGQPNMSASAML 
                          
SYFKPLLDWLRTENELHGEKLGWPQYNWTPNSARSEGPLPDSGRVSFLGLDLDAQQAR 
VGQWLLLFLGIALLVATLGLSQRLFSIRHRSLHRHSHGPQFGSEVELRHS" 
 
SNP 28    variation       10514 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.41" 
SNP 29    variation       10527 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.14" 
SNP 30    variation       10578 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.14" 
SNP 31    variation       10698 
                          /gene="DCP1" 
                          /replace="gg" 
                          /frequency="0.46" 
SNP 32    variation       10758 
                          /gene="DCP1" 
                          /replace="a" 

 239



                          /frequency="0.41" 
SNP 33    variation       10979 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.46" 
          repeat_region   <11065..>11358 
                          /note="putative" 
                          /rpt_family="Alu" 
                          /rpt_type=dispersed 
SNP 34    variation       11084 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.05" 
SNP 35    variation       11159 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.41" 
SNP 36    Variation       11376 
SNP 37    variation       11405 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.18" 
          repeat_region   <11426..>11531 
                          /note="putative" 
                          /rpt_family="Alu" 
                          /rpt_type=dispersed 
SNP 38    variation       11447 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.41" 
SNP 39    variation       11478 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.41" 
SNP 40    variation       11618 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.09" 
          repeat_region   complement(<11663..>11841) 
                          /note="putative" 
                          /rpt_family="MIR" 
                          /rpt_type=dispersed 
SNP 41    variation       11663 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.41" 
SNP 42     variation       11866 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.41" 
SNP 43    variation       12257 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.41" 
SNP 44    variation       12486 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.41" 
SNP 45    variation       12727 
                          /gene="DCP1" 
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                          /replace="c" 
                          /frequency="0.46" 
SNP 46    variation       13145 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.41" 
SNP 47    variation       13230 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.41" 
SNP 48    variation       13336 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.41" 
SNP 49    variation       13338 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.41" 
SNP 50    variation       13432 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.05" 
SNP 51    variation       13506 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.05" 
          repeat_region   <13519..>13653 
                          /note="putative" 
                          /rpt_family="Alu" 
                          /rpt_type=dispersed 
          repeat_region   <13654..>13945 
                          /note="putative" 
                          /rpt_family="Alu" 
                          /rpt_type=dispersed 
SNP 52    variation       14094..14381 
                          /gene="DCP1" 
                          /replace="" 
                          /frequency="0.59" 
          repeat_region   complement(<14094..>14381) 
                          /note="putative" 
                          /rpt_family="Alu" 
                          /rpt_type=dispersed 
SNP 53    variation       14480 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.41" 
SNP 54    variation       14488 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.41" 
SNP 55    variation       14521 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.41" 
SNP 56    variation       15214 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.41" 
SNP 57    variation       15435 
                          /gene="DCP1" 
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                          /replace="g" 
                          /frequency="0.09" 
          repeat_region   complement(<15774..>15866) 
                          /note="putative" 
                          /rpt_family="MIR" 
                          /rpt_type=dispersed 
SNP 58    variation       16020 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.05" 
          repeat_region   <16283..>16458 
                          /note="putative" 
                          /rpt_family="MIR" 
                          /rpt_type=dispersed 
SNP 59    variation       16988 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.05" 
SNP 60    variation       17107 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.05" 
SNP 61     variation       17634 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.23" 
          repeat_region   complement(<17663..>17803) 
                          /note="putative" 
                          /rpt_family="MaLR" 
                          /rpt_type=dispersed 
SNP 62    variation       18030 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.09" 
          repeat_region   complement(<18099..>18227) 
                          /note="putative" 
                          /rpt_family="MaLR" 
                          /rpt_type=dispersed 
SNP 63    variation       18222 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.41" 
          repeat_region   <18591..>18732 
                          /note="putative" 
                          /rpt_family="Alu" 
                          /rpt_type=dispersed 
SNP 64    variation       18671 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.05" 
SNP 65    variation       18912 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.46" 
SNP 66    variation       19942 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.05" 
          repeat_region   complement(19958..20063) 
                          /rpt_type=tandem 
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                          /rpt_unit=ca 
SNP 67    variation       19975 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.05" 
SNP 68    variation       20058 
                          /gene="DCP1" 
                          /replace="c" 
                          /frequency="0.05" 
SNP 69    variation       20120 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.18" 
SNP 70    variation       20397 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.05" 
          repeat_region   <20791..>20904 
                          /note="putative" 
                          /rpt_family="MIR" 
                          /rpt_type=dispersed 
SNP 71     variation       20833 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.46" 
          repeat_region   <21171..>21369 
                          /note="putative" 
                          /rpt_family="L2" 
                          /rpt_type=dispersed 
SNP 72    variation       21831 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.79" 
SNP 73    variation       22155 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.09" 
SNP 74    variation       22251 
                          /gene="DCP1" 
                          /replace="t" 
                          /frequency="0.46" 
          repeat_region   22915..22961 
                          /rpt_type=tandem 
                          /rpt_unit=tgccc 
SNP 75    variation       22982 
                          /gene="DCP1" 
                          /replace="g" 
                          /frequency="0.50" 
SNP 76    variation       23152 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.09" 
SNP 77    variation       23202 
                          /gene="DCP1" 
                          /replace="a" 
                          /frequency="0.05" 
SNP 78    variation       23949..23950 
                          /replace="" 
                          /frequency="0.36" 
     BASE COUNT     4993 a   7310 c   6817 g   4950 t 
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ACE GENE SEQUENCE          

  

            1 tgcccagaca gccttatctc  tttcctacct ttcaaggtta ttgtaaatac caaattagat   ACE 010  

SNP 1       61 tgtttataca caagaattta gcactaaagc actatacaaa tgtaagctat ttatttctat 

           121 ttatccttct ccttcatgaa taagacccta aaaatagaag atatttttaa tttttactca 

           181 ctgggctcaa ggttgcagtg tctgtattat tgcaaattcc aaattaatga agtctggctc 

           241 ttcttatatt attcctgcaa aaggctgtgt gctcaccccc cggagtgtga atacgagtgt 

SNP 2      301 gggtcatttc ctctttcctc tgcacccttc cttcgatgag gttttgccct gtgctaggca 

           361 ccatgctaaa ctctgagaaa accacagaga acaaggcaga cgccatccct gccctccagt 

           421 aacatacaat ttagtgatga agctggggga tttaacaagc cattctaata aagcgttaca 

           481 gtgagggagg tgcagggtga tgcctccagc agccctggtg tcagctgctc caggtccagg 

           541 ggaagacttc cattatcttc caaccctgtc ggaagtggag gcggaggctg tttattgctg 

           601 acacagtccc taacccaggg tctatagaca ttgtggaaat gccttggagt cagacgggag 

           661 aatgaaccag cagaagcaat gcccgccctc caccctcctg aagagggttc tcaggaactc 

           721 tttggaggcg aggccagcct ctggctgagg gcctctggat acaggttagg cctcaggctc 

           781 ttctcctctc tactcatctc tcctcccttg gcccctcctt cagaggctga cagagcccca 

           841 ctctcatctc ttccccaccc aagcctcttt ccacagaaag actgcttcct cccaggagac 

           901 agcagctcat ttgcacacag acacccacag ccctcaaagc ctggaaggcc aagctgttag   ACE 011  

           961 gacccctgag agcagggtgg ctcctgggag gagagcccag gccaccacct tgccctccct 

          1021 ggcccctggc cttcgatggg gctgctctga tcacaaacgt ccaccaacgt agccggccca 

          1081 gaagtgcacc catgtcctct ggtatccact ggctctccaa gccaaactgg gcagggagga 

          1141 gttgtgaggg aaaactgcag gtcaggaggg aggctggcaa agcgggccag ggccaggcct 

          1201 gaccccagct ctcctctccc ggccccactg ccggccagtg tttaacaagg ccctgccttc 

          1261 tccctctagt gctagggaca gccaccttct tcctctcccc accgccccct ctcccctgca 

          1321 acacgtcatc tgacaagtca gtgcgatctc actggaggtg catctcacag gaacgcgggg 

          1381 tcacagcctc ctgcacacac tccatgctgc acagcaaggt gcacgtgtcc ctcagagccc 

          1441 cagacaccat cccccactca cccagaagcc caagtgattc ccaacagccc ccagcagcct 

          1501 aatgggttgg ggtcttggga gcagctgtcc ctggctcctt ccctgatccc accgcccagc 

          1561 ctcaccccac ggttcctcca ttgccccacc tcccactgcg ccgccgggcc tctgccaggg 

          1621 tcaaggggct tcccccctct ggcagcagac gccatggtgc cgaggtggcc tccacaaccg 

          1681 ccctgtgcgc caataggaca agactgtcct ccctccccca cacttgtcac tttgagggac 

          1741 acgtggatga gacaggaaaa cacaggggag tgtggagacc tgaggtgact tggagcaagc 

          1801 ctctcaacct gagcggcaat ttcttcatct gtaaaatgag ggggttgttc tcatctctga 

          1861 ggctttgtgt cgctctcaaa gcctgctagc ctcgggttct aggactctgt tgggatcgtg 

          1921 tgtgatgttt tctgctgagc gactggcagc ctgtgtcctc ggggggaaag agggcaggcg 

          1981 ctccaaagct cctgcgctct gtggctcccc ctccctcgca gccccaagcc ccaggtgtgc 

          2041 cggccgccct gagcccctcc agcacctccc ggaggcgcct gcaagacacc taaggtcccc 

          2101 gcctccctcc tctccccccc gccacacccc tacccccggc aggcgacgtc cccgcccctc 

          2161 gaccatggcc tggtgaagaa gccggccagg cccgatcagc cccatccccg ccgcacgagc 

          2221 ggcgcctgcg gacagctcct ggggccccgg ccttgtcact ccggaggcgg gaggctccgg 

          2281 ggggtcgggc tgggaagatc gagccggagg ccgctaggct cccaggcccc ggccgaggct 

SNP 3     2341 gcgcggccgc acggtgggca ggctcgggtg ttccggcaaa ctgccgggtc cccatcttca 

rs4291    2401 aaagagagga ggccctttct ccagcttcct ctgcgggagc ccgacccagc cccatcccgc 

          2461 cacccccggg ctgcacctcg gcccctcccc ggcccgcgcc cctgcccggg gcgggccagg 

SNP 4     2521 aacctcggcc cgcgccgctg gggactttgg agcggaggag gaagcgcggc ggggcggggg 

rs4292    2581 cgggggtgtg tcgggtttta taacccgcag ggcggccgcg gcgcaggaga aggggcagag 

EXON 1    2641 ccgagcaccg cgcaccgggt catgggggcc gcctcgggcc gccgggggcc ggggctgctg 

          2701 ctgcccctgc cgctgctgtt gctgctgccg ccgcagcccg ccctggcgtt ggaccccggg 

          2761 ctgcagcccg gcaacttttc tgctgacgag gccggggcgc agctcttcgc gcagagctac 
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          2821 aactccagcg ccgaacaggt gctgttccag agcgtggccg ccagctgggc gcacgacacc 

          2881 aacatcaccg cggagaatgc aaggcgccag gtgggcgccc gggcccgggc gggggcgggg 

          2941 cggggccgcg gcggccaatc acagcacgcg gccggcttgt ggggcgggca ggctggcgcc 

          3001 cccgacccga accccacccc gaccccggac cctcgccccg acagtcagcc gcggggcccg 

          3061 agcgccgggc tgcgcgcacg gcctacgctc ccagcatgca cgagttggat ggatgaaggt 

          3121 ggctgctccc aggccgcgcc cgccttcgcc gaaggtgctg ggcttggctc tggggccccc 

          3181 gcgctctcgg gcagctgcct tctcacctcc ggacgctgtc gctgtcaccg tcaccgcact 

          3241 gcactgtcca tccaccctcc actcgcccgg cctcttttct ggtcccaatt tctgctccac 

          3301 cattcccatg aggcagattc cctccagaag gaggaagcgc ggcttccgca aactaaggtc 

          3361 tcccgcaggg atctccccag ggcccgggct ctggaagccc ttggccttcc tcccctcccc 

          3421 cagcaccgtg gcttctcctt tatggcctgc atctaagcag ggtcctacac cctccctgcc 

EXON 2    3481 ctcctggtgc ccaataggag gaagcagccc tgctcagcca ggagtttgcg gaggcctggg 

          3541 gccagaaggc caaggagctg tatgaaccga tctggcagaa cttcacggac ccgcagctgc 

          3601 gcaggatcat cggagctgtg cgcaccctgg gctctgccaa cctgcccctg gctaagcggc 

          3661 agcaggtggg ctgagggctg aggcagagct cgggggcggc ctcctagtgc cccatcgtgg 

          3721 gggtcggggg agagcagccc atcagggagg gaggaaccct gggatccaca tgggccctga 

          3781 cagaagggaa agcccaggta agcacagaat ggctttctga gcattgattt ttc t tggaga 

SNP 5     3841 tggggtgggg agttactttc tgttaaagga agcattctgg agtaggaagc caaattcaaa 

rs4293    3901 tacacttctc cctaggctgg tttatgagct tctttggaag agttgagaag ggctgggcgt 

          3961 ggtggctcaa gcctgtaatc ccagcacttt gggaggctga ggtgggcgca tcgcttgagc 

          4021 ccaggagttc aagaccagcc tggccaacat ggcaaaacct cgtctctaca aaaaaaaaat 

          4081 agctgggctt ggtggtgcgt gcacctacag tcccagctac tcttgaaact gagggggaag 

          4141 gatcacctga gcccaggagg tcaaggctac agtgagctgt gattgcacta ctgcacccca 

SNP 6     4201 gcctgcgtga cagagtgaga cctcccccca aaaaaaagag agagagaaaa ggttgagaaa 

rs4294    4261 gactgggaag tcaccaaagc cagagaatgg gagggatctg ccctcactgc agggtggtgc 

          4321 caagctggga cttgacccag accctgactt tcaggactcc tgtcccccac tccacaggct 

          4381 gcctccactg gcaggggact cagaagtgat ccggtcacac taagtgacac ttagtgatca 

          4441 gaagtgcccc ggtgccactg agtggccttg tccaagctac atccactctg tgggctcctc 

SNP 7     4501 ctt g tagcag cgaggggagg gcagatgtcc caggggctgg tcactggagc attcctcccc 

rs4295 

EXON 3    4561 tctgactccc cagtacaacg ccctgctaag caacatgagc aggatctact ccaccgccaa 

          4621 ggtctgcctc cccaacaaga ctgccacctg ctggtccctg gacccaggta cggcccttgc 

SNP 8     4681 agctcccctc tcggcggtgc cctagtgttc ccacattgcc ctgctgcact ccggaccatg 

rs4296    4741 cagttgtgta gggtctgtgg agacagcagg taaacccaaa ggtgttgccc tccaactggg  SNP 9  

          4801 gctggacggt gcagataccc ccacgccctg cttctcttgg caagtggact tccggaatct  rs4297 

          4861 ccagctgcag cccccacttc tgtgtgtacc tcggcctctc ccatcacccc taggccttcc 

          4921 tcctggctgc ctggtttccc ctttcgtggg tcctctcatg ttccccaaga gccctcaggc 

          4981 cagggacccc tcgtggcttc cccttaaacc ccgctccagc cccctttatg agcagcttcg 

          5041 aggaaggcac tccatccaat aggccgctaa gtgtctgtct gggttttggc ctttgggtgt 

          5101 ccccttggtg tcagccacct taggtggtca tgtctctggg gcaggggccc tgcctgggtg 

          5161 tttctgtagc tcccagcccc ctcccaccag gcctgtaggt ggcccctgtc tctgggggca 

          5221 ccgtgatgtt caggaagctg gtgggagcag taaggactgg tgcaggctct ggtgaaggcc 

EXON 4    5281 gttgaagact tcaacgtgga ggcctcctca ccgaccctgc ctgcctgtgt ctcagatctc 

          5341 accaacatcc tggcttcctc gcgaagctac gccatgctcc tgtttgcctg ggagggctgg 

SNP 10   5401 cacaa c gctg cgggcatccc gctgaaaccg ctgtacgagg atttcactgc cctcagcaat SNP11 rs4299 

rs4298   5461 gaagcctaca agcaggacgg tgagcaggcc t c tccctgtccaggaaccac gccaggtgtc SNP12 rs4300 

          5521 ctctctcagc tgtctcccca gagtcccagc ccagagtcag gcagagcagc tggtatgaca 

          5581 attccagcag gccctgagtt tcccagaaag tggaggtggg accggcctgc acccagtgtg 
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          5641 cctggacttt gctgctggcc tgccccacgt ggccatcctg ctgtcactcc tggccctgat 

          5701 gctcctcttt gcctctggga acctccagga tctgtttagc tggctgtagc taattagaaa 

          5761 ttgtagagtg gcaaccccca agccaatttt ccagctagct gcagatccac gggcctcgag 

          5821 ccagtggaag agccgactta cagctgagag gctgaggtcc gagcctttgg cctgagctac SNP13 rs4301 

EXON 5    5881 atacctcacc cccacgcccc caggcttcac agacacgggg gcctactggc gctcctggta 

          5941 caactccccc accttcgagg acgatctgga acacctctac caacagctag agcccctcta 

SNP14     6001 cctgaacctc catgccttcg tccgccgcgc actgcatcgc cgatacggag acagatacat SNP15 rs4303 

rs4302    6061 caacctcagg ggacccatcc ctgctcatct gctgggtaag gacctggcct cgcctccaca         

SNP 16    6121 tgagtcccac ggaagtgtgg gtcccgaggt aggggtgggg gatgtccagg gtaagggaag 

RS4304    6181 gtgggttgtg accctcacat ctcacatgtg tggggcatca tactgt ttgc ttcacatgca   ACE 091R  

          6241 ggagaccatt cgtgttccca ctttacaggt ggggaccctg aggcttaggg tcgtgaggga 

          6301 cttagtggtc agagagctag gggccaaacc aaaggctctg gccctgggtc cagtggggga 

          6361 gccatcagcc tagctcatgc ccaaggaaac aagcactgtg gccctgcctc aggattgagt 

SNP 17    6421 ggctggggcc tggc a cagcc agaaatgaca gtggcagcat cttgcagccc caggacatgt 

rs4305    6481 ggccctcgga ggagtgtggg tgggactgat gtgtgagatt tctggcccta agccaggcct 

          6541 gcagcccttg agggccccag ggtacaggtg ccggccccag ggtgccactc agcgatgcat 

EXON 6    6601 gaagaagcag gcacagccag gcagggagcc aagctgtccc cttccttcct tatctaggag SNP18 rs4306 

          6661 acatgtgggc ccagagctgg gaaaacatct acgacatggt ggtgcctttc ccagacaagc 

          6721 ccaacctcga tgtcaccagt actatgctgc ag caggtaag ctctgggctc aa gcctgggg  ACE 110R  

          6781 tggtgggggt cgggggtggg gcgcaaaaaa agggagtcac agatgggcac aggggcggga 

          6841 aggtttcggg tactgagcag cagcctggtg tgtctgtagg agcagtgagc tggggtcggc 

          6901 cccctcagtg aggtgccagc tcctccctcc aggctccaca gtggcaggat gagagcaaca 

          6961 acgcactttc actcatctgc tgtgggagtg agggccctgc ctctgggaat ggtggccaca 

          7021 gagcagagaa gctttcatgc acagggagtt gacccgagat ggggacccca gccctgtccc 

EXON 7    7081 caggccagcc agagtgggct ccccctgacc tggctccaca cccctcctcc agggctggaa 

          7141 cgccacgcac atgttccggg tggcagagga gttcttcacc tccctggagc tctcccccat 

          7201 gcctcccgag ttctgggaag ggtcgatgct ggagaagccg gccgacgggc gggaagtggt 

          7261 gtgccacgcc tcggcttggg acttctacaa caggaaagac ttcaggttca gacatgggaa 

          7321 gagcacgttc tggggttccc cggttctggg gcccggggaa aggcaggcag cccaggcgca 

          7381 gggaagctgg ttcccaggcc tgcctctacc ctaccccagc actggttgga ggctgggtct 

          7441 gttccagggc tagggggtat aggaggccta ttagtccacc ttctctggca gctttgacaa 

          7501 atagtcactt ctataccttg gaatggagga agaaggccca agtggtggtg agcca gggca   ACE 111R  

          7561 gggtaaagaa tttgc ttgtt tctgccaggc acggtggtca cacctgtaat cccagcactt 

          7621 tgggaggtca aggcgggtgg atcacctgag gccaggagtt cgagaccagc ctggccaaca 

SNP 19    7681 tggcgaaacc ccgtctctac taaaaataca aaaataaatt agccaggggt gatggcgggc 

rs4307    7741 gcctgtaatc ccagctactc aggaggctga ggcaggagaa tctcttgaac ccgggaggcg 

SNP 20    7801 gaggttgcag tgagctgaga ttgtgccact gcaggccagc ctgtgcaaaa gagtgagacg  

rs4424958 7861 ctgtctcaaa aaaaaaaaga aaaaaagaag ttacttgttt ctactgcggc ttcatgcccc  

          7921 agggcagctc cctcctcatt cctgtctttc aggtgccaat  ctgccctgtg ccctggccct ACE 130R  

EXON 8    7981 gccctgttct gtccatccgt cactctcacc ctcgccctct ctacgcccca ggatcaagca 

          8041 gtgcacacgg gtcacgatgg accagctctc cacagtgcac catgagatgg gccatataca 

SNP 21    8101 gtactacctg cagtacaagg atctgcccgt ctccctgcgt cggggggcca accccggctt 

rs4309    8161 ccatgaggcc attggggacg tgctggcgct ctcggtctcc actcctgaac atctgcacaa 

          8221 aatcggcctg ctggaccgtg tcaccaatga cacgggtatg ggagggctga gaggccccca 

          8281 cccagcctca cctaaacccc gctccacccc acagcaggac ctcacttgcc ccactcagct 

          8341 ctgcccttct ttctgcctcc cggccccagg tcaggcaggg ttcgggatcc tcctagagcc 
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          8401 tcacggtgca cactgcgccc agctcagcac acctgggggt cctcttccaa gcagggccca 

          8461 gggtctcgag ggccagccat accttctctg catctccctg gcctcacttt ctgctgcccc 

          8521 gccagcccac actcttaggg gaccctcttc tccctctgac ctcttccctc tcctttcatc 

EXON 9    8581 tcatctccca acagaaagtg acatcaatta cttgctaaaa atggcactgg aaaaaattgc 

          8641 cttcctgccc tttggctact tggtggacca gtggcgctgg ggggtcttta gtgggcgtac 

          8701 ccccccttcc cgctacaact tcgactggtg gtatcttcgg tgagaggagg gatagaaaag 

          8761 ccttcgcccc agctagccct ccccagcctc ctggacagcc aggcgcctcc tgccccagcc 

          8821 agttctagcc tctcctctct aatgatgtcc cccgctgtga cccaccgcct tctcctttcc 

          8881 tgcctgaaac tccctcttcc aggaagtctt ccccagttcc tcaggatggg gaagggttgc SNP22 rs4310 

          8941 cgggtggaaa tgccttttct acaaaagcta aatccatctg tttgcaacct ctaggcccta SNP23 rs4311 

EXON 10   9001 agacaattta accatccttt tccag aacca agtatcaggg gat ctgtcct cctgttaccc   ACE 143R  

          9061 gaaacgaaac ccactttgat gctggagcta agtttcatgt tccaaatgtg acaccataca 

          9121 tcaggtatta gcgcccccac cccacccacc cccagtactg tcacaccctc aatccacttc 

SNP24    9181 tcctcctgtg a tcctagctg cctcatcccc agggcttgtc cccatgctcc tccagacctc SNP25 rs4313 

rs4312    9241 aaaggcctgg agttagagtg gcccactctc ctgagcctgt cttgggtctc ccttctcccc 

          9301 caagatagct tctggtccag cctctgccct gcaggaagct ggatggtgcc tgggtaagga 

 EXON 11  9361 acccctgttc ctggcccccc atgatcttcc ctgactccca ccctgtgcc t gcag gtactt  ACE 152R  

          9421 tgtgagtt tt gtcctgcagt tccagttcca tgaagccctg tgcaaggagg caggctatga 

          9481 gggcccactg caccagtgtg acatctaccg gtccaccaag gcaggggcca agctccggtg SNP26 rs4314 

          9541 tgtggtggga agccggggga agtgggaggc agagaggagc ggctggcaaa gggtgtggca 

          9601 ggaggtgtct ggctgctctg atggggtggg gggcaccaac cacagagctg gactgatgtg 

          9661 gatgcctgtc tcctcgctat gtcatcaaat atttattgag tgggccttct ggctggcatg 

          9721 gggcgacaca aatgccccct gccaccatca gagagatccc aggccccagg gtcttattgc 

          9781 cacagtttct gcagtccatt ggggggcgga agtggccagg ggcatgtggg ccggggtcca 

EXON 12   9841 ggagcagact ccagcctgag tcccctgtgc ccatggtacc cactctgccc accaggaagg 

          9901 tgctgcaggc tggctcctcc aggccctggc aggaggtgct gaaggacatg gtcggcttag 

          9961 a t gccctgga tgcccagccg ctgctcaagt acttccagcc agtcacccag tggctgcagg  

         10021 agcagaacca gcagaacggc gaggtcctgg gctggcccga gtaccagtgg cacccgccgt 

         10081 tgcctgacaa ctacccggag ggcataggta aagccctgag tgaggatggt gtggggctaa 

         10141 ggtgggtcct caactctggg cttggcccag gccccaggtt cctggtcagc tcctaccag c    ACE 170  

         10201 tgagccctgg taccctgt cc tggagggcca ggcagccccc caagctcatc agcagggcct SNP27 rs4315 

         10261 gcgagtgggg acaggcatgt ctttccccca gcatcctaga gagggtgtgc tcagacctga 

         10321 gggcccctcc ccttccagag gaagccagac acaaggctct gtgaggtcac actgcgggct 

EXON 13  10381 ccgctcttat tggccagggg acggtagctg caggactctg ctctcctgcg gccatgggcc 

         10441 agggttgggc tactgcagga cttcccagcc tcctcttcct gctgctctgc tacgggcacc 

SNP28    10501 ctctgctggt ccccagccag gaggcatccc aacaggtgac agtcacccat gggacaagca SNP29 rs4317 

rs4316   10561 gccaggcaac aaccagcagc cagacaacca cccaccaggc gacggcccac cagacatcag SNP30 rs4318 

         10621 cccagagccc aagtgggacc atgcagggga ggggcagggt gccaggggtg ggagaggcgg 

         10681 ggccgggtag ggacagggca gggtacaagg gagtgcgaga gggataatgg cttctggtga SNP31 rs4319 

         10741 gaccacaaac ctggagaggg gaggcagagg tttgtctgtt tccctgcact ctgtcccaca SNP32 rs4320 

EXON 14  10801 gacctggtga ctgatgaggc tgaggccagc aagtttgtgg aggaatatga ccggacatcc  

         10861 caggtggtgt ggaacgagta tgccgaggcc aactggaact acaacaccaa catcaccaca 

         10921 gagaccagca agattctggt gggagccacc tccccacccc caaacctgag catgtgcata SNP33 rs4321 

         10981 cacacagaga tgctgtcccg ctcaccacac agtggggctg ccaccacatt ttaaattgaa 
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ACE 171  11041 tatttaaaa caatactcaatttcgggccg g gcgcggtggc tcacgcctgt aatcccagca  SNP34 rs4322 

         11101 ctttgggagg gggaggcggg cggatcacga ggtcagatca agaccatcct ggctaacacg SNP35 rs4323 

         11161 gtgaaacccc atctctagta aaaatacaaa aattagccgg gtgtggtggc gagcacctgt 

         11221 agtcccagta ctcaggaggc tgaggcagga gaatggcatg aacccgggag gcagagcttg 

         11281 cagtgagccg agatggcacc actgcactcc agcctgggcg acagagcgag actccatcaa 

         11341 aaaaaaaaaa aaaaaaaact caatttcaga ttttgatgaa catttactca atgcctgagc SNP36 rs4324 

                                            ACE 182  

SNP37  11401 aatt c ttctt tccttaaaaa tcagtctctg ggaggcctag  gtgggaggat cacttgaagc SNP38 rs4326 

rs4325   11461 caggagttgg agactagcct gggcaacata gcaagatccc atctctattc aaacaaacaa SNP39 rs4327 

         11521 ataaacaaaa atcaatctct agtaacagaa taatttgtac ataaataagt ggtgctcaag 

         11581 tcgtttttta aaagattgaa agcctctgtt tgtctcctct acaaaagggg ctacacttcc SNP40 rs4328 

         11641 tctttaccct cattccctgc ct a tttggctgagcacaaat tatgccactg agccacacac SNP41 rs4329 

         11701 tgttactgtt ccttggcact ttgatctgtt gcctcatctt tttctcaaca gccttgcaaa 

         11761 attggtgagc ttattcccat tttacagatg ggatttgata ttaactctga ggttcagaaa  

ACE 181  11821 ggccacagag c taataccaagctggctcct tcctaagggc ctttaagaca cttgggggtc SNP42 rs4330 

         11881 ttctcttctc tgcccctgcc tggatatgtg ttgcttgacc gcaggcatcc agggagggtg 

         11941 agtactgcat ccaggacgtt atcagcgtcc agcttgcaga gagtcttata ggcaaaggtt 

         12001 gcaacttaat tccactgccc cctcaccacc acctccagcc ctcagctccc acttggggcc 

         12061 tcccgctcag aggctgctct ggagctcctg ggccctgtga caccatcccc ctgtgccctc 

EXON 15  12121 agctgcagaa gaacatgcaa atagccaacc acaccctgaa gtacggcacc caggccagga 

         12181 agtttgatgt gaaccagttg cagaacacca ctatcaagcg gatcataaag aaggttcagg 

         12241 acctagaacg ggcagcactg cctgcccagg agctggagga ggtgtgtggc tcgcaaggta SNP43 rs4331 

         12301 cagggagagg ggaatcctgg ggcagtgagc ccaacacagg gtctggcctg gccttcacgc 

         12361 tgcttcctct tcctcgttgt atcaagtcat ggcatctgcc atgcgatgtg cacctcagaa 

         12421 ctgctgagag ggcagcgctc cccagctccc tggctcccca cctgccagcc catggggcct 

         12481 gggggtagtg caggccccag agagaccaag tgcaaaggag tacagctcat tgcctctcct SNP44 rs4332 

EXON 16  12541 tcctcctgca gtacaacaag atcctgttgg atatggaaac cacctacagc gtggccactg 

         12601 tgtgccaccc gaatggcagc tgcctgcagc tcgagccagg tgagagctca tgtgcaggct 

         12661 gagtgagagg cgagggctgg gactggcatg gggcccgggg gtgctgggtg agagcacaga 

         12721 gttgggttcc cctcgctctt ggggtcagcg tgcccaggaa atgccctttc ttgttttcca SNP45 rs4333 

         12781 cgaggggggc ttctctgccc cactgagagc cggcacctac ttcataccat gccccgatca 

         12841 gctgcccctc cctcagaacc gccctctgct taagggtgtc cactctctcc tgtcctctct 

         12901 gcatgccgcc cctcagagca gcgggatctc aaagttatat ttcatgggct tggactccaa 

         12961 atggggggaa ctcggggaca ctagctcccc ccggcctcct ttcgtgaccc tgcccttgac 

         13021 ttcctcacct tctctgtctt tcctgagccc ctctcccagc atgtgactga  taaggaaatt  ACE 210  

         13081 gagtcacaca gcccctgaaa gcgccagact agaacctgag cctctgattc ctctcacttc 

         13141 cctc a cctac cctgccactt cctactggatagaagtagac agctcttgac tgtcctcttt SNP46 rs4334 

         13201 tctccccact ggctggtcct tcttacccca gcccgtttga aagagctcac ccccgacaca SNP47 rs4335 

         13261 aggacccgca cacagatacc tcccagctcc ctctcaaccc accctttcca gggttggaga 

SNP48    13321 acttgaggca taaacttgct tccatgagga atctccaccc agaaatgggt ctttctggcc SNP49 rs4337 

rs4336   13381 cccagcccag ctcccacatt agaacaatga caaatagaag gggaaatgga aaataaacag SNP50 rs4338 

         13441 gagaaacggt tttcccagga cagggtttgg cctacaagtt gtggatgtgg gtacccatgc 

         13501 caagtgtgag gggaggctgg ccgggtgtgg tggctcatgc ctctaatccc agcactttgg SNP51 rs4339 

         13561 gaggccaagg tgagtagatc acttgaggcc gggagtttga gaccagcctg gccaacatgg 

 248



         13621 tgaaacccca tctgtactaa aaatacaaaa gttagctggg cgtggtggta gatgcctgta 

         13681 gtcccagcta cttgggaggc tgaggcatga gaatcgcttg agcccagcca gggcaataca 

         13741 gcaagacccc gtctctacaa ataaaataca aaaaattagt tggatgtggt ggtgcatgcc 

         13801 tgtagtccta gctgctaggg aggctgagat ggaaggattg cttgagcctg ggaggtcaag 

         13861 gctgcagtga gccgagatgg cgccactgca ctccagcctg ggcaacagag tgagaccctg 

         13921 tctcagaaag aaaaaaaaaa aaaaaggaga ggagagagac tcaagcacgc ccctcacagg 

         13981 actgctgagg ccctgcaggt gtctgcagca tgtgccccag gccg gggact ctgtaagcca   ACE 211  

I/D      14041 ctgc tg gaga ccactcccat cctttctccc atttct ctag acctgctgcctatacagtca ACE I/D F  

                   ___            _______ACE 1___________  

SNP 52   14101 cttttttttt ttttttgaga cggagtctcg ctctgtcgcc caggctggag tgcagtggcg 

rs1799752 14161 ggatctcggc tcactgcaag ctccgcctcc cgggttcacg ccattctcct gcctcagcct 

         14221 cccaagtagc tgggaccaca ggcgcccgcc actacgcccg gctaattttt tgtattttta 

         14281 gtagagacgg ggtttcaccg ttttagccgg gatggtctcg atctcctgac ctcgtgatcc 

         14341 gcccgcctcg gcctcccaaa gtgc tgggat tacaggcgtg a tacag tcacttttatgtgg  ACE 2  

         14401 tttcgcc aat tttattccag ctctgaaat t ctctgagctc cccttacaag cagaggtgag   ACE 3  

SNP53    14461 ctaagggctg gagctcaagg cattcaaacc cctaccagat ctgacgaatg tgatggccac SNP54 rs4342 

               __                                            ___ACE I/D R_ _____  

rs4341   14521 atcccggaaa tatgaagacc tgttatgggc atgggagggc tggcgagaca aggcggggag SNP55 rs4343 

         14581 agccatcctc cagttttacc cgaaatacgt ggaactcatc aaccaggctg cccggctcaa 

EXON 17  14641 tggtgagtcc ctgctgccaa catcactggc acttgggtcc cttcattttc ctcaaagagg 

         14701 tgctgtgaaa ccccaagcct aggaaaaggt agatccctgg aggaggcagg taatgtggtg 

EXON 18  14761 ttgggagagc ctggctgtgt cccctctgta ggctatgtag atgcagggga ctcgtggagg 

         14821 tctatgtacg agacaccatc cctggagcaa gacctggagc ggctcttcca ggagctgcag 

         14881 ccactctacc tcaacctgca tgcctacgtg cgccgggccc tgcaccgtca ctacggggcc 

         14941 cagcacatca acctggaggg gcccattcct gctcacctgc tgggtaaggg cacatgtcgg 

         15001 gccttgagga gggtaaagac ggaccacagt gtgagtgagg gttgggacag ggctgactag 

         15061 agggtaggga gcaggctggg gactgagaga ctccagccct gtgggggatg gttgcccagg 

         15121 ctggaggggg gtgggcgctg ggagtgggga gccccccact tgcatctggt gccacattca 

         15181 ctgcagatct atgtcgggca agtcaccatg gatgggggaa gaagttaata atcttgtcca SNP56 rs4344 

         15241 ggagaccacg gcacccatca caacattgtg tgatcttaga gggcgaggaa gaggctgtga 

         15301 gtgggagctg gggaggcttt gccaagaggt ggcctgtgag cagggcctcg gaagatgaca 

         15361 gggtttgaca gatgggaagt gggggatgag aggacagacg cagtgttcag gccaagggaa 

         15421 ctggaacaaa gaagaacctg agaatgtaaa tctacttcaa ccctggaccc tcctttgcca SNP57 rs4345 

         15481 agggctgcaa tctcagatgc cctgaatgtg tgaagtaggc ggtgaggaca gtaagggatg 

         15541 gtagggagta aggcaaagca gaggctactg gttctctgtc cctgatgggc tgttaggaac 

         15601 actttcctgg agcagagaga ccagacaggc cctcagacca tttagaaact ataagggagg 

         15661 ccccagagga cggcctggct gtgggtctag ctcccacaca ggctgggagt ccagccctct 

         15721 tcagcccctc tctggtgaga ccaaagaaca tctggtgatg tcacagtgga cgtcagttca 

         15781 ccaactggga gacacaggcc ccgggaagaa aagcaacatg cccagcgtgg cctgggagct 

         15841 ggggcagagc tggccttaga actcagcccc tgacaattgg taaaagggga aaggggagca 

         15901 acctaacact gatgcgctct ctgtctctct ctctggctct ctccctggct ctctccctct 

         15961 tctctctcat gttctctcca tcactcatcg ctctaaccct ctctcactgg tttgcacttt SNP58 rs4346 

         16021 agacttcatc tgatgtcagc cgaagcttca cctcacttgg ctaggaaaga gccttgagtc 

         16081 caaatctgtt tctgagcctt ccattcatcc tgagtttctt ccttttcctc tgtcgtggag 

         16141 aactaggctc ttttcttaca ctaaactcag aggcatcagc ctctcctgaa ggagacggct 

         16201 ggttcctgtc agagttgctg agctgcagac accgacctca ggtggtgcgg aggggacatg 
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         16261 gcagagtggc tggtgaagag agcagcctgc cagcctttca atcccagccc tgccacttag 

         16321 gagccgtggg cccccggcga ggggggcggt cacttaactc tccagcctgt ttcctttact 

         16381 agccaatggg aatcgtgaca gtacctgggt gcagacagga ttgaaagtga attcacacaa 

         16441 tgttcttggt gcagagccaa taagaggtgg ccaccggggt gtaggtgttc tggggacctg 

         16501 taatgtcctc acatgtcagc agttgctagt cacattggtc tccactgctc acggacagtg 

         16561 aagaccacct ggattccctg ataaccagca aggcccccac ctagagccag gcagtaatga 

         16621 cctactgggc tggatatgca caccaaagat gatgtgtgcc tcaaagcttg caaacagtag 

         16681 gtgctcaaga aatgccacta tgattagcag gactgggatc tggagcgctc ttcctgcagg 

         16741 agggcattga gcctaagtaa catttgtctt tcctctctct gccgtccccc acactcgcct 

EXON 19  16801 ccagggaaca tgtgggcgca gacctggtcc aacatctatg acttggtggt gcccttccct 

         16861 tcagccccct cgatggacac cacagaggct atgctaaagc aggtccgcac cagcccaggg 

         16921 gcagggaggc cccgccggga tgggagggac cctctgattc aggagttccc tccagtttag 

SNP 59   16981 ccctcccccg ggatccccac ggcagcacgc agtctgtccccggaaccccc a gtttgggca   ACE 270  

s4347 

EXON 20  17041 gaactccctc t gcttgcagg gctggacgcc caggaggatg tttaaggagg ctgatgattt 

         17101 cttcacctcc ctggggctgc tgcccgtgcc tcctgagttc tggaacaagt cgatgctgga SNP60 rs4348 

         17161 gaagccaacc gacgggcggg aggtggtctg ccacgcctcg gcctgggact tctacaacgg 

         17221 caaggacttc cggtacatcc agctagggct caggtctcgt tcctgagccc cacgggcaag 

         17281 ggaaatgaac caagcaaagg gtccactact gtcccccagc tggagccagc agggcaggat 

         17341 ggggacaggg ccagagtttg ggactgagtg tctagagagg tgttggcttc tggcaggaaa 

         17401 accccatccg cctgatgggg acttctgaag cacgcaacag ctctgtcagc ctggccgctg 

         17461 ggaagtgctc aaggtcccag tcctgggttt gagcatggta ggctgccccg cgtccctcct 

         17521 tgggagcagc ccctgcatgg agctggcctc tccctggggg cacatgctgt gacacaggga 

         17581 ggcacacgag gatgttgggt gctctgtaca gatccactct cacccctgac aggctcagaa SNP61 rs4349 

         17641 gctgccttcc ttggaggatg gcgttttagt tacctattgc tgtgcaacca agcaccccag 

         17701 agcttagcct tacgaaacaa ccagttgatt ttgcttatga ttttatgtgc caggaattca 

         17761 ggcagtacac agtggaaatg gcctttctct acagggcccc ctctgttggg ggcagctctc 

         17821 acagccggga tggctcaatg ggggccatac gtccagagcc ccagttctgg ctgtcggttg 

         17881 aggtcctcgg tttttcccat gtggcagatg ctggggcaca tgttcccagt ggcctctt g g 

         17941 ctcacatgtt gggtgcttgg ggtgagatgg ctggaacggc tggaggtggg t caggcatct   ACE 271  

         18001 ctccaggctag ctcgggcgc cctcccagcg tggaatctga ggtgggcaga tttacctggc SNP62 rs4350 

         18061 agccagcatc ccccacagca actactgacg cagccagttc tcaaggctag gtccaaaact 

         18121 ggcccagagt cacttctgcc atgttttatt ggctagaaca agtcacaagt tcacccagat 

         18181 tcaagagaag agaaaaaagt ccctcccact tgggagaagt ggcaaagacc atctgtcaca SNP63 rs4351 

         18241 gctgaagaag tgtctcttac aaggagaaca gacacgggga gcctgaaaca aaacccgatg 

         18301 ggattccctg ggctgtgcag gcccttccag gcatgaggac tcagccacag ggctgagagg 

         18361 agacaggatc tgggggatga gagcccttgt ggggtcttcc cttttatggg gagtcagagg 

         18421 agaagctgga tagatcccca gccttgtggc caggatgctg ggcagctctt ccttccccct 

         18481 ccccgatgag aatgacagaa aaacaggatt cacctgagcc aaaaggcttc cagttagatc 

         18541 caagagagaa tttcccgcag tttgaattgg tttgctaaac aacaaggaag ggctgggtgc 

         18601 ggtggctcac acctgtaatc tcagcacttt gggaagccga ggcaggaggt ctgcttgagc 

         18661 tcaggggttc gagaccatcc tgggcaacat agcgagaccc catttcataa aaaataaata SNP64 rs4352 

         18721 agtaaatgag aacaaggaag gactgacgag agacggtaga accttctggt ttgggcagct 

         18781 ctgcagctgc cattcatcct ggccataaga attcttgggg tgaataagtt tgtcgctgtt 

         18841 gggccgcatg agatgcagaa tcgcccactc tcacccctga cagaaacagt tgtttccttc 

         18901 agggagcctc catcttggga gataaagcat gtgtacatgg gaacccactg gccacacatt SNP65 rs4353 

         18961 ctctagaaag tacacaatgt cccagtgcct ctagagcaag cactttgtac agtcagaaag 
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         19021 caacaggtgg tgggggctgg agtcattcag gaaaatggga ggcagaggaa tggcctgaac 

         19081 ggcccgatgc taggggcttc tgcccccaga ttccctctta cgcacactca gtggttgccc 

         19141 ttcccctccc tccccacagt gctgtgtccc ctgcatgctg cagtgctggg gtctgccctg 

         19201 ggtatagcaa ggcccactgt tcccttatgc ccagggcttc tcactgtcct ctcccaacac 

EXON 21  19261 cctctccccc actccactat tcctaggatc aagcagtgca ccaccgtgaa cttggaggac 

         19321 ctggtggtgg cccaccacga aatgggccac atccagtatt tcatgcagta caaagactta 

         19381 cctgtggcct tgagggaggg tgccaacccc ggcttccatg aggccattgg ggacgtgcta 

         19441 gccctctcag tgtctacgcc caagcacctg cacagtctca acctgctgag cagtgagggt 

         19501 ggcagcgacg gtgagagaga agcgggaggc cctggtgggc tgaggaccaa gaaagggtgg 

         19561 tgagcttggg aggtgggaaa ggggcactta gtggcccatg ggcagaggtg tggggcagag 

         19621 caatcggaag gaagggagcc acccagacca tcccaggagg caggtcacag ggcccaaaag 

         19681 gtacagcacc cccacccctc caccatcaca ggcacaccag ggccaagccg ctaggaccct 

EXON 22  19741 gggtctgaca gctgggctcc cttcccttgc agag c atgac atcaactttc tgatgaagat 

         19801 ggcccttgac aagatcgcct ttatcccctt cagc t acctc gtcgatcagt ggcgctggag 

         19861 ggtatttgat ggaagcatca ccaaggagaa ctataaccag gagtggtgga gcctcaggtt 

SNP 66   19921 ctggaacact cccacgggat gcgggctggg ggatctctgc gagtgtctgc atgtgcctgg SNP67 rs4355 

rs4354   19981 gtgtctggat gggccagggt aggggagtgt gtgtgtgtgt gtacactatt gtgtctgtgc 

         20041 atatgatgtg tgtggtgtaa gtgatgggga aaacggggtg attgtgcaca gaggcccagc SNP68 rs4356 

         20101 acgcaggaga atggggtgcc cagtatagcc ccaagtgcag ggaccctccc tcaagtcaaa SNP69 rs4357 

         20161 aatgccaccc ccagcctggt tctccccaaa ctcatcttcc aacatatatt cccactcgac 

EXON 23  20221 aggctgaagt accagggcct ctgcccccca gtgcccagga ctcaaggtga ctttgaccca 

         20281 ggggccaagt tccacattcc ttctagcgtg ccttacatca ggtaacggga aaggcaggag 

         20341 ggcacattgt gaggggcagt acccacagct ttgtgtttca actgcggcca ctgcccggtc SNP70 rs4358 

         20401 cacaagctct gtcagtcagg gcagacccgg gggagccggc cgcacggtgc aggtgcctgg 

         20461 gcccactcac actgccaagg ctgatgggtt ttttcttgaa cattcttttg atgagagtct 

         20521 gtaccatcca aacagttgaa cacagaaact caacctaata attggctaat ggttaccaga 

         20581 ccttggttaa gtagttaaca ttaaccacga ctcatggctg gatcatgagc tctgcactgt 

         20641 tttgttttgc ttttaaaaca agactgtgat tcttttacta ttattgaaca ttgtctgcga 

         20701 tacaatttga attgtacctg gaagcccttc tagacactaa aatgtaggat tggagatcgg 

         20761 ttaaggtggg aggcagggtt gctggggcaa gttacagtca caggctgggg tcagacagaa 

         20821 ctgggttcaa accccgtctc cattactttg tttccttgag aaaattcctc aatttctgtg SNP71 rs4359 

         20881 agcttccatt tcctgacctg tgaaccccat ttcacaggat gcacgatggc taacttctta 

         20941 gcattctgtc tcatacacag cctcctcagg gaggggtggc caggacccca ctattcatca 

         21001 ctctctagtg gaatgtagct gcacactagg tctgcaggtc acatggccac agatgagtgt 

         21061 gcccaatgca gcccctctcc ttctgtgtgc cccgggagag cacttgctga gggctagcaa 

         21121 ggctgtttgt gatccgggag gctccctggg aggctggggg ctagagagac ctcaggctgg 

         21181 agttccaggt gcccccgggc tacaggtagc ccaggccacc cccagagggc tgtggctgcc 

         21241 tctggccctg gcctcccgtg gttcctggaa gcccagcaag ggcagggccc atgcccacct 

         21301 tgcctcctgg cacctgggat gatgccagca catcatcaag tgctaataac tgattgtggg 

         21361 atggatgaag tctgtcccca gagtccagga agagggcatc cctggagcac ctcagatagg 

         21421 cctgacctag acggtgctcc agagatgaca cttaggacag ggctcccgcc tgcctgctgg 

         21481 agtggtccct ggggttccca gccggcgctg gctctcaccc gggagccagc tggtgtgatg 

         21541 gctagcttcc cagcttaatg cagacaattc tccaaacagg ggtgggcaaa ggagacttgg 

         21601 ctgctctaga aaaacattcc ggattctggc cagcagcctt cacaaagcac ttttaggaaa 

         21661 gaccagggaa ctaggtggta catgcttgca cccagcattc aaagtgagag gcctgtgcca 

         21721 ctggctcagg acatttaaaa cctcttcaga ctttaagctg gggagaatcc tccagccttg 

         21781 actggcagat ttctaccagg gaattcgtga tgctttggat aagatcatgt aggactggct SNP72 rs4360 

         21841 tccctgccca gaccacccta gtagatccac acggcccatt tggccacacc ttgcctctac 

         21901 ttgcatatac cccagggatg gagacctcac tgcctccaaa gccacctgcc agatctctga 

 251



         21961 aggctctgcc ctgaccccat ggagcaggcc ctcctgagtt gtggaggcag ctctgtgggt 

         22021 gggaggcatc tacacaggca cggctaggaa gaggctcaga caatgctaag agctggggtg 

         22081 ggggagctca ccctgatagc tgtgggcaga gttggggggc cttggctctg ctgtgcgcat 

         22141 gtgacttagc acacatcaca tgtgatgtgc agaagggcct ggggcccagt ggcacaaggc SNP73 rs4361 

EXON 24  22201 cctcaaccaa ctccgccccg ggccacggcc tcgctctgct ccaggtactt cgtcagcttc SNP74 rs4362 

         22261 atcatccagt tccagttcca cgaggcactg tgccaggcag ctggccacac gggccccctg 

         22321 cacaagtgtg acatctacca gtccaaggag gccgggcagc gcctggcgtg agtgtcctcc 

         22381 agccctcctt tgtttccatg ctctggcctg cgcccctggg ccttgagggg tctgtccact 

         22441 ggagcttttg tgggaacact tgccattttg agccgggaac tcccacctgc agcgtgggcc 

         22501 aggcctgatt gccatctcct taggcacctg gagccctggg gccctgggac aagtttcagc 

         22561 tgggagtggg tatggagagt ggatgtcagg tgggggcaag aggggccatg tccttctgac 

EXON 25  22621 tctgcctccc tgtctcatgc ctccccagga ccgccatgaa gctgggcttc agtaggccgt 

         22681 ggccggaagc catgc a gctg atcacgggcc agcccaacat gagcgcctcg gccatgttga 

         22741 gctacttcaa gccgctgctg gactggctcc gcacggagaa cgagctgcat ggggagaagc 

         22801 tgggctggcc gcagtacaac tggacgccga actccggtac cgccacccac cccacctcca 

         22861 gccttgggtc ttaaccccct ccccaggctg ggcagccatg cggctgacct cggagcctgg 

         22921 ccctgccccg cacccttgcc ctgccctgcc ctgccctgcc catgctgtct ccttgcttcc 

EXON 26  22981 cactcagctc gctcagaagg gcccctccca gacagcggcc gcgtcagctt cctgggcctg SNP75 rs4363 

         23041 gacctggatg cgcagcaggc ccgcgtgggc cagtggctgc tgctcttcct gggcatcgcc 

         23101 ctgctggtag ccaccctggg cctcagccag cggctcttca gcatccgcca ccgcagcctc SNP76 rs4364 

         23161 caccggcact cccacgggcc ccagttcggc tccgaggtgg agctgagaca ctcctgaggt SNP77 rs4365 

         23221 gacccggctg ggtcggccct gcccaagggc ctcccaccag agactgggat gggaacactg 

         23281 gtgggcagct gaggacacac cccacacccc agcccaccct gctcctcctg ccctgtccct 

         23341 gtccccctcc cctcccagtc ctccagacca ccagccgccc cagccccttc tcccagcaca 

         23401 cggctgcctg acactgagcc ccacctctcc aagtctctct gtgaatacaa ttaaaggtcc 

         23461 tgccctcccc atctgagtct gtgtccctca cagggaagcc agggacaggg acaggctgct 

         23521 ttcctgcctc ctggcagtca agtgggtccc gttactaggt ttgttcctcc atcctccttc 

         23581 aggagccggg gaggatcccc agagctctgc cccagcacct cctggcgctg gcgcctgtct 

         23641 tccctccagc ccaggcagcc cgccactgtc ctgccaccgc aggcagcccc tgtctggccc 

         23701 aagcactgac ccacgcggac tctgggaagc agacatcctg ggctgctggc ctcacatttc 

         23761 cactggcagt ggagcctttc cctgctccac aaatggccag gtccccccag gggaaggctt 

         23821 ccggctgtta tcggctgcct cagggggcga gtaccttgga gggcctgctt caaggagggt 

         23881 gccccctgga gggcacacac cagcctagtg cttaccttgg ctcctgcctg taccagctcc 

         23941 atgactctct gctcgggtga acagccttgg ctctcagaca gccattctaa cactgccagt SNP78 rs4366 

         24001 gcagaggggc ctcagacgct ggagtgtagc agtggctgca cctgcacagg gattagctgc 

         24061 cagcagccac 

     // 
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