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Thesis summary

Introduction: Presyncope or syncope are regarded as benign conditions. In patients with 

severe large artery disease, hypotension may potentiate infarction, specifically in low-flow 

vulnerable, borderzone regions o f  the brain. However, borderzone infarction accounts for 

12.5% o f  infarcts. Thus it is more com m on than the attributed cuase. This thesis investigated 

the possibility that presyncope or syncope may potentiate borderzone infarction in the 

absence o f  severe large artery stenosis, highlighting the hazardous effects o f  hypotension.

M ethods: Three prospective, cross-sectional studies were conducted in St. Jam es’s Hospital, 

Dublin. All patients with severe large artery disease (>70%  stenosis) were excluded. In study 

one, all acute stroke patients presenting to St. Jam es’s Hospital between July 2010 and 

January 2013 were screened for the presence o f  presyncope/syncope at stroke onset. Potential 

cases underwent syncope workup, including head-up tilt, to elicit symptom reproduction thus 

confirm ing symptoms related to hypotension and to identify a hypotensive disorder. 

Participants also underwent 3T MRl neuroimaging and the processing o f  MR perfusion data 

in Melbourne classified acute infarcts as borderzone or non-borderzone. In study two, 

between July 2011 and January 2013, prospective recruitment was conducted on all acute 

stroke patients that exhibited acute MR diffusion-weighted-positive lacunar infarction. 

Participants were dichotomised as having an acute borderzone lacunar infarct or a non- 

borderzone lacunar infarct. Consenting participants underwent phasic BP assessment and 

heart rate variability monitoring during 5-minutes supine rest, active stand, autonomic 

function assessment and also ambulatory 24-hour BP monitoring. In study three, between 

January 2012 and September 2012, all syncope unit attendees were prospectively screened for 

the presence o f  focal neurology during their syncope/presyncope events. All potential cases 

underw ent comprehensive syncope workup and a te lephone interview by a stroke-trained 

fellow to confirm co-extant focal neurology and hypotension.



Each case was matched to three controls, that did not report focal neurology, according to 

age, gender and hypotensive disorder.

Results: In study 1, 772 acute strokes presenting to St. Jam es’s hospital were screened, o f  

which 38 described presyncope or syncope at stroke onset, exhibited reproducible 

hypotensive sym ptom s or bradyarrythmia and did not have severe large artery stenosis 

(4.9%). The median age was 71.2 years (IQR 21.4). Nineteen o f  38 exhibited an acute infarct 

(50%). Fourteen o f  19 cases exhibited a borderzone infarct (BZI) (73.7%). Older people were 

significantly more likely to develop a borderzone infarct than younger people (BZI 79.2 

years (SD 9.3) and non-BZI 66.3 years (SD 15.8), P=0.002). In study 2, 37 acute lacunar 

strokes were recruited; 18 cases with lacunar BZI and 19 controls with lacunar non-BZI. 

Controlling for age and anti-hypertensive medication, cases exhibited more lifetime syncope 

events (7.1 (SD 1.6) versus 1.8 (SD 8.5), p=0.02), a delay in the recovery o f  their BP post

active stand at 35, 40, 45 and 50 seconds (p=0.03, p=0.02, p=0.03, p=0.05 respectively). 

Similarly, cases exhibited significant impairment o f  parasympathetic autonomic function 

(p=0.05) and, on 24-hour BP monitoring, exhibited lower day-time BP dips (p=0.02) and 

greater daytime systolic BP variability (p=0.05). In study 3, 540 syncope patients were 

screened, o f  which 31 described co-extant focal neurology with syncope or presyncope 

(5.7%). Mean age was 49 years (SD 6.8). W hen compared with syncope controls, cases were 

more likely to report childhood syncope (p<0.005) and more likely to report frequent syncope 

in the preceeding year (p=0.008). Controlling for anti-hypertensive medication, cases also 

exhibited a significant delay in recovery o f  their BP at 30 seconds post-active stand (p=0.02).

Conclusion: Episodic hypotension may potentiate cerebral tissue injury, in the absence o f  

severe large artery disease. Older people with a history o f  episodic hypotension are 

particularly susceptible. Possibly, in this group it is advisable to initiate a more catious anti

hypertensive regime or to target their BP variability.

V



T A B L E  O F  C O N T E N T S

1. I N T R O D U C T I O N ...................................................................................................................11

2. L I T E R A T U R E  R E V I E W ...................................................................................................... 16

2.1. A r te r ia l  supp ly  o f  the  b r a i n ............................................................................................... 17
2.1.1. The arterial supply and neuroanatomy of the grey m atte r ........................................ 17
2.1.2. The arterial supply and neuroanatomy o f  the white matter...................................... 21
2.1.3. Perfusion and white matter disease.................................................................................25

2.2. S tro k e  an d  h y p o te n s io n .......................................................................................................26
2.2.1. Definition of Stroke.............................................................................................................26
2.2.2. Stroke and hypertension.................................................................................................... 28
2.2.3. Stroke and hypotension......................................................................................................29
2.2.4. Category 1: Stroke and low baseline blood pressure................................................. 30
2.2.5. Category 2A: Stroke and neurocardiovascular instability (orthostatic
hypotension, syncope, post-prandial hypotension).............................................................................38
2.2.6. Category 2B: Stroke and intra-operative hypotension...............................................40
2.2.7. Category 2C: Stroke and blood pressure variability.................................................. 42

2.3. M eth od s  fo r assessing BP, including  m ean BP an d  BP v a r i a b i l i t y ...................44
2.3.1. BP measurement during a single sitting.........................................................................44
2.3.2. Serial BP measurements during successive outpatient attendances.........................45
2.3.3. laying and standing BP assessment.................................................................................46
2.3.4. 24-hour ambulatory BP assessment............................................................................... 46
2.3.5. Phasic BP assessment......................................................................................................... 48

2.4. B o rd er-zo ne  re g io n s ...............................................................................................................50
2 .4 .1. The pathophysiology of borderzone infarction............................................................53
2.4.2. Variability in the location of the borderzone regions................................................. 57
2.4.3. The unexplained prevalence of borderzone infarction...............................................63

2.5. N e u ro ca rd io v ascu la r  instabili ty  an d  ce reb ra l  tissue i n s u l t ................................ 67
2.5.1. Definition o f  neurocardiovascular instability............................................................... 67
2.5.2. Prevalence o f  neurocardiovascular instability............................................................. 69
2.5.3. Neurocardiovascular autoregulation.............................................................................. 69
2.5.4. Cerebral Autoregulation.....................................................................................................72
2.5.5. Measurement o f  autoregulation........................................................................................75
2.5.6. Cerebral autoregulation in patients with N C V I ...........................................................76
2.5.7. Cerebral autoregulation in the older person..................................................................78
2.5.8. Cerebral autoregulation in post-stroke patients............................................................80

2.6. Syncope an d  s t ro k e  o v e r la p ............................................................................................... 82
2.6.1. Mutually exclusive definitions of syncope and o f stroke.......................................... 82
2.6.2. Syncope and stroke over lap ..............................................................................................83

2.7. T h e  m ethodology  in s tud ies  to d a te  an d  o u r  a t te m p ts  to a d d re s s  perceived
l im i ta t io n s ...............................................................................................................................................85

2.7.1. Reason for search................................................................................................................ 85
2.7.2. Search strategy..................................................................................................................... 85
2.7.3. Eligibility of studies............................................................................................................85
2.7.4. Separate search strategies.................................................................................................. 86
2.7.5. Search 1: Assessment o f  neurocardiovascular instability in studies on
borderzone infarction................................................................................................................................. 87

VI



2.7.6. Search 2: Assessment o f  neurocardiovascular instability in studies on stroke
(borderzone or o therw ise)......................................................................................................................... 89
2.7.7. Search 3: Assessment o f  blood pressure variability in studies on stroke..............92
2.7.8. Search 4: Accurate classification o f  borderzone infarction..................................... 94

2.8. A i m .................................................................................................................................................97
2.9. R esea rch  q u e s t io n s .................................................................................................................. 98

3 . H Y P O T E N S I V E  S T R O K E  I N  T H E  A B S E N C E  O F  S E V E R E  

C A R O T I D  D I S E A S E ...................................................................................................................... 9 9

3.1. I n t ro d u c t io n ............................................................................................................................. 100
3.2. M e th o d s ...................................................................................................................................... 101

3.2.1. Recruitment.........................................................................................................................101
3.2.2. Syncope evaluation...........................................................................................................102
3.2.3. Syncope unit evaluation...................................................................................................102
3.2.4. Baseline d a ta ...................................................................................................................... 109
3.2.5. Im ag ing ................................................................................................................................I l l
3.2.6. Diagnosis based on 3T M R l............................................................................................126
3.2.7. Statistics...............................................................................................................................127

3.3. R e s u l t s ........................................................................................................................................ 129
3.3.1. Screening............................................................................................................................. 129
3.3.2. Prevalence...........................................................................................................................129
3.3.3. Baseline demographics.....................................................................................................131
3.3.4. Hypotensive sym ptoms....................................................................................................134
3.3.5. Investigations for a hypotensive d iso rder................................................................... 136
3.3.6. Neuroimaging.....................................................................................................................138
3.3.7. Risk factors for developing a borderzone infarct......................................................141
3.3.8. Sum m ary............................................................................................................................. 144

3.4. D is c u s s io n ................................................................................................................................. 145
3.5. C o n c lu s io n ................................................................................................................................157

4. B L O O D  P R E S S U R E  V A R I A B I L I T Y  A N D  I N S T A B I L I T Y  A M O N G  

B O R D E R Z O N E  L A C U N A R  S T R O K E S  W H E N  C O M P A R E D  W I T H  

N O N - B O R D E R Z O N E  L A C U N A R  S T R O K E S .......................................................  158

4.1. I n t ro d u c t io n ............................................................................................................................. 159
4.2. M e th o d s ......................................................................................................................................160

4.2.1. Recruitment........................................................................................................................ 160
4.2.2. Baseline d a ta ...................................................................................................................... 163
4.2.3. Patient assessment.............................................................................................................164
4.2.4. Analysis o f  data................................................................................................................. 170

4.3. R e s u l t s ........................................................................................................................................ 177
4.3.1. Baseline demographics, co-morbidities and hypotensive symptoms.................. 179
4.3.2. 24-hour ambulatory BP d a ta ..........................................................................................181
4.3.3. Active stand da ta ...............................................................................................................184
4.3.4. Phasic resting BP data......................................................................................................196
4.3.5. Autonomic function.........................................................................................................198
4.3.6. Sum m ary............................................................................................................................ 202

4.4. D isc u s s io n ................................................................................................................................ 203
4.5. C o n c lu s io n ...............................................................................................................................214



5. FOCAL NEUROLOGICAL EVENTS WITH SYNCOPE AND 
PRESYNCOPE..................................................................................................... 215

5.1. Introduction...........................................................................................................................216
5.2. M ethods................................................................................................................................... 218

5.2.1. Screening location ..................................................................................................................218
5.2.2. Pilot s tudy ................................................................................................................................. 218
5.2.3. Screening for prevalence o f  focal n e u ro lo g y ................................................................219
5.2.4. Rationale behind questionnaire c h o ic e s ..........................................................................220
5.2.5. Case identification................................................................................................................ 225
5.2.6. Follow-up to determine prevalence o f  progression to s troke .................................. 225
5.2.7. Case control com par ison ..................................................................................................... 226
5.2.8. N euro im aging ..........................................................................................................................227
5.2.9. Statistical A na lys is .................................................................................................................228

5.3. R esu lts ...................................................................................................................................... 229
5.3.1. Screening p rocess ................................................................................................................... 229
5.3.2. P reva lence ................................................................................................................................ 229
5.3.3. Attributed hypotensive d isorder........................................................................................ 230
5.3.4. Presenting focal neurological ep isode ............................................................................. 230
5.3.5. Medical management o f  focal neurological ep isode...................................................234
5.3.6. N euroim aging.......................................................................................................................... 234
5.3.7. White matter sco r ing ............................................................................................................. 235
5.3.8. Case-control comparison, univariate analysis ...............................................................236
5.3.9. Case-control comparison; multivariate an a ly s is ..........................................................240

5.4. D iscu ss ion ................................................................................................................................241
5.5. C o n clu sion ............................................................................................................................. 248

6. DISCUSSION.................................................................................................249
6.1. Summary o f  results ..............................................................................................................250
6.2. Plausible explanations for the findings o f the th es is .............................................. 252
6.3. The role o f  a g e ...................................................................................................................... 257
6.4. Proposed interventions...................................................................................................... 260
6.5. Limitations..............................................................................................................................261

7. CONCLUSION.............................................................................................. 263

8. BIBLIOGRAPHY.........................................................................................265



Glossary of terms:

ACA anterior cerebral artery

AICA anterior inferior cerebellar artery

AHA American Heart Association

AV atrioventricular

BBB blood brain barrier

BP blood pressure

CAMI Centre for Advanced Medical Imaging

CBF cerebral blood flow

CSH carotid sinus hypersensitivity

CSS carotid sinus syndrome

CT computed tomography

DSC MRI Dynamic susceptibility contrast magnetic resonance imaging

ESO European Stroke Organisation

FLAIR fluid attenuation inversion recovery

FM first moment

GTN glyceryl trinitrate

HAQ The Health Anxiety Questionnaire

HITS high intensity transient signals

IQR interquartile range

MAP mean arterial pressure

MCA middle cerebral artery

MRI magnetic resonance imaging

MTT mean transit time



NCVI neurocardiovascular instability

NIHSS National Institute o f Health Stroke Scale

OH orthostatic hypotension

PCA posterior cerebral artery

PICA posterior inferior cerebellar artery

PET positron emission tomography

PHQ15 The Patient Health Questionnaire 15

PRIME-■MD primary care evaluation o f Mental Disorders

QVSFS questionnaire for verifying stroke-free status

ROI region o f interest

SDQ5 The somatoform dissociation questionnaire 5

SSI The Somatic Symptoms Inventory

SCL12 The Hopkins Symptom Checklist Somatization scale

SCA superior cerebellar artery

TE echo time measured by MRI

TI inversion time measured by MRI

Tr relaxation time measured by MRI

TR repetition time measured o f MRI

TTP time to peak

VVS vasovagal syncope

WHO World Health Organisation

WHO SSD World Health Organization Schedule for Somatoform Disorders screener

X



1. Introduction



This doctoral thesis, submitted in candidature for the degree o f Ph.D., presents the 

work carried out over three years o f full-time research (July 1*‘ 2010 -  July 1̂ ’ 2013). 

The thesis explores the relationship between episodic hypotension and cerebral tissue 

insult. Specifically, it investigates tissue insuh in low-flow vulnerable regions o f the 

brain (borderzone regions). Previous research has already identified a correlation 

between episodic hypotension and cerebral infarction in borderzone regions, however 

this link has been exclusively explored in patients with severe large artery disease (1- 

3). Patients that have large artery disease exhibit dramatic reductions in baseline 

cerebral blood flow as the rate o f flow through an artery is proportional to the fourth 

power o f the radius (Poiseuille’s law). Consequently, further flow reductions, brought 

on by episodic hypotension for example, may cause tissue infarction, particularly in 

low-flow vulnerable regions o f the brain. As severe stenosis appears central to tissue 

infarction, the impact o f episodic hypotension in these patients cannot be extrapolated 

to the general population.

Unfortunately, there is a scarcity o f literature investigating the correlation between 

episodic hypotension and borderzone infarction in the general stroke population 

(those with non-severe large artery disease). However, it has been observed in the 

general at-risk population, that the presence o f orthostatic hypotension does correlate 

with incident stroke (4-6). This correlation may describe the causal role hypotension 

plays in incident stroke or it may simply reflect an association. Possibly hypotension 

reflects frailty, which in itself is a risk factor for stroke, thus stroke risk is independent 

o f  hypotension (5, 7).
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If  the presence o f episodic hypotension correlates with infarction in low-flow 

vulnerable regions o f the brain then one might infer that hypotension is more likely to 

have directly contributed to stroke onset. To prove or disprove this correlation would 

inform the existing research that episodic hypotension may exert cerebral insult, even 

in the absence o f  severe large artery disease. Such information will enhance the 

management o f patients who have episodic hypotension, as there may be a subgroup 

o f patients, possibly older people that do not benefit from aggressive anti

hypertensive therapy.

This thesis explores the hypothesis that episodic hypotension may cause cerebral 

infarction outwith severe large artery disease. Specifically we hypothesise that if 

infarction occurs then it will occur in borderzone regions o f the brain. All patients 

with severe carotid stenosis (greater than 70%) were excluded from the study.

Firstly, through a systematic literature review, this thesis explores the role that 

episodic hypotension plays in the development o f stroke, among patients with and 

without severe large artery disease. The systematic review also deals with the concept 

o f neurocardiovascular instability and the disorders that form part o f this umbrella 

term. The review outlines cerebral autoregulatory processes that may be dysfunctional 

in this group o f patients and highlights vulnerable regions o f the brain that 

hypotension may preferentially damage.

Our hypothesis was investigated through three separate studies, all o f which explored 

different components o f the relationship between episodic hypotension, stroke and 

borderzone infarction.

13



The aim of study 1 (chapter three) was to identify the prevalence o f presyncope or 

syncope at stroke onset (a surrogate for hypotension) and explore the infarct 

topography in these patients. All acute stroke patients presenting to the hospital were 

screened for the presence o f presyncope or syncope at stroke onset. Once identified, 

participants underwent assessment in the syncope unit, which included active stand, 

head-up tilt assessment and/or 7-day ECG monitoring. The goal o f assessment was to 

elicit symptom reproduction and thus confirm/refute a hypotensive origin or to 

identify a bradyarrythmia. Participants also underwent 3T MRI with MR perfusion 

imaging. MR perfusion images were electronically sent to The Brain Imaging 

Laboratory, University o f Melbourne, Melbourne where vascular territory maps were 

generated. These aided in the classification o f acute infarcts, where present, as 

borderzone or non-borderzone in nature.

The aim o f the second study, chapter four, was to characterise blood pressure and 

autonomic behaviour in patients that developed borderzone infarcts. To do this, it was 

decided to select patients with infarction in low-flow vulnerable regions, record their 

blood pressure behaviour through phasic beat-to-beat assessment and 24-hour 

sphygmomanometer assessment, and to explore their autonomic function through 

heart rate variability. These variables were then to be compared to participants with 

infarction in territorial regions o f the brain. The results are presented and discussed 

chapter four.
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The aim o f the third study, chapter five, was to identify focal neurology at syncope 

onset. To do this, syncope-unit attendees were requested to complete questionnaires, 

which would prospectively screen patients for co-extant focal neurology at syncope 

onset, confirm focal neurology was accurate through stroke evaluation, confirm 

hypotensive symptoms were accurate through syncope evaluation, and finally detect 

cerebral tissue insult, through neuroimaging. The results are presented and discussed 

in chapter five.

Chapter 6 comprises a general discussion o f  the findings o f the thesis and how it 

embeds in the literature. Each study contributes to our understanding o f the interplay 

between episodic hypotension (study 1), focal neurology or TIA7stroke (study 3) and 

borderzone infarction (study 2) and are discussed in isolation in the previous chapters 

but chapter 6 discusses the overall findings and the conclusion one may deduce from 

the findings o f all three studies.
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2.Literature review
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2.1. A rterial supply o f the brain

The brain parenchyma is the region within the skull that contains neural cell bodies 

and or supportive neural tissue. The brain parenchyma can be subdivided into the grey 

matter o f the brain and the white matter o f the brain.

2.1.1. The arterial supply and neuroanatomy of the grey matter

Grey matter is a major component o f the central nervous system, consisting of 

neuronal cell bodies, glial cells (astroglia and oligodendrocytes), dendrites, 

unmyelinated axons and capillaries. Grey matter contains neuronal cell bodies, in 

contrast to white matter, which does not and mostly contains myelinated axon tracts 

(8). Neuronal signal Initiates in the grey matter and is transmitted to other regions of 

the brain via the white matter. The grey matter is located at the surface o f cerebral 

hemispheres, the cerebellum and within the structures o f the basal ganglia.

The grey matter o f the cerebral hemispheres, is known as the cerebral cortex. It is 

perfused by three major arteries, the anterior cerebral artery (ACA), the middle 

cerebral artery (MCA) and the posterior cerebral artery (PCA), which are themselves 

branches o f an anastomotic ring at the base o f the brain known as the circle o f Willis. 

These arteries course anteriorly, medially and posteriorly respectively from the circle 

o f Willis until they reach the cortex.

17



The divisions o f the major cerebral arteries extend across the cortex and branch into 

smaller mid- and end-arterioles; see Figure 2-1. Cortical mid and end-arterioles form 

a rich network o f anastomosis, known as conducting arteries.

Some conducting arteries branch further to form pre-cortical arteries. This rich 

anastomotic network protects the cortex and ensures that, if  single vessel occlusion 

occurs downstream, flow redirection occurs through anastomotic connections and 

parenchymal perfusion may continue (9).

Figure 2-1; W ith permission from N onaka et al (10). A) Pathological sam ple of the hu m a n  brain. 
Cortical a r te r ies  form a rich ne tw ork  o f  anastom osis  B) E lectron microscopy view of  cortical 
ar teries.  Some conducting a r te r ies  form precortica l ar te ries ,  which p ene tra te  the cortex.

Some conducting arteries extend along the surface o f the cortex to form 

communicating arteries. Communicating arteries become part o f a system known as 

the leptomeningeal anastomosis. Leptomeningeal arteries are communicating arteries 

that bridge the gap between the major cerebral vessels at a cortical level in the same 

way that the circle o f Willis bridges the gap between the major cerebral vessels at 

their source level.

18



Leptomeningeal arteries course distally from distant branches o f their respective 

source vessels, through the borderzone regions o f the brain; see section 2.4 and 

eventually meet leptomeningeal anastomoses from other major cerebral vessels, thus 

connecting two major cerebral arteries anterior cerebral artery and the middle cerebral 

artery; see Figure 2-2.

Leptomeningeal arteries can accommodate blood flow in either direction. 

Accordingly, they permit retrograde flow from an adjacent major cerebral artery in 

circumstances o f vessel occlusion. Figure 2-2 demonstrates the anastomotic 

connections between the ACA and the PCA. Figure 2-3 highlights the dual supply 

that these vessels can receive.
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between the an te r io r  ce rebra l  a r te ry  and  the middle ce rebral ar te ry .
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Figure 2-3: W ith  permission from Van d e r  Zw an  et al (12). The appearances  of  two 
leptomeningeal a r te r ies  Tilled with two differently  coloured a ra ld ite  F mixtures, both o f  which 
were infused into separa te  m a jo r  ce rebra l  ar te r ies  Two m a jo r  a r te r ies  have been infused with a 
d iffe rent colour Araldite  F dye at equal pressures . The a r te ry  receives perfusion from both 
m a jo r  ce rebra l  vessels, m ak ing  it a junc tiona l zone o r  a borderzone  (blue arrow).

In addition to anastomosis-based protection, cortical perfusion is maintained by 

extrinsic autonomic control. Such innervation enables accommodation to flow with 

redirection o f blood flow to appropriate regions in hypoxic conditions. An increased 

regional metabolic rate, for example, or occlusion o f a cortical pial vessel will initiate 

a compensatory dilation o f adjacent vessels, thus ensuring adequate blood flow to 

hypoxic regions within the cortex (13).



2.1.2. The arterial supply and neuroanatomy of the white matter

White matter consists mostly o f myelinated axons and glial cells that transmit signals 

from one region o f the cerebrum to another and between the cerebrum and lower 

brain centres. Whilst grey matter is primarily associated with processing and 

cognition, white matter modulates the distribution o f action potentials, and 

coordinates communication between brain regions. Like grey matter, white matter 

receives its blood supply from the three major cerebral arteries; the ACA, the MCA 

and the PCA. However, perfusion o f white matter differs from grey matter.

In contrast to grey matter, which is supplied by a redundant anastomotic network, 

white matter is supplied by non-anastomosing, tortuous arterioles. Their diameter 

ranges from 40 to 200 micrometres yet their vessel length can be up to 2cm (11). 

They penetrate down from the cortical pial vessels superiorly and penetrate up from 

the proximal MCA inferiorly and or in the posterior circulation they penetrate 

laterally from the basilar artery. Figure 2-4, Figure 2-5, Figure 2-6. White matter 

arterioles do not anastomose and thus cannot compensate for vessel occlusion or 

infarction like cortical vessels can. Synthesised occlusion o f arterioles that perfuse 

white matter results in tubular infarcts confirming the absence o f compensatory 

mechanisms (14).
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Figure 2-4: W ith  permission from Donnan et al ( I I ) .  C oronal views of  the b ra in  th a t  dem ons tra te  
the course of  ascending lenticulostria te  ar te r ies  and  the descending superflcial a r te r ies ,  which 
perfuse the  w hite  matter.

F igure  2-5: W ith  permission from D onnan  et al (11). Pathological coronal samples dem onstra t ing  
the  e longated  non-anastom osing n a tu re  of  the arte rio les  descending from the cortex to perfuse 
the  white  m a t te r  regions of  the ce n tru m  semivovale and  corona rad ia ta .
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Figure 2-6: W ith  permission from K ang  et al (15). Seven Tesla high powered M R ! dem onstra t ing  
the ascending lenticulostria te  a r te r ies  as they b ranch  from the proxim al middle cerebra l  a r te ry .

F igure  2-7: W ith  permission from D onnan  et al (11). IVlicroinjection radiological plates showing 
the cen tr ipeta l  a r te r io la r  blood supply  of  the pe r iven tr icu lar  regions in the  axial plane at the 
level o f  the cen trum  semiovale.

23



Moreover, white matter arterioles may be less richly innervated with autonomic 

neurons than grey matter arterioles, as they exhibit a relative lack o f response to in 

vitro stimulation by neurotransmitters associated with the autonomic nervous system 

(serotonin and adrenalin) when compared with cortical arterioles (16). Consequently, 

white matter may not have the same capacity for centrally controlled redirection o f 

blood flow to hypoxic regions. Instead, white matter arterioles appear to rely more on 

an intrinsic system o f autoregulation; reacting to local metabolic changes such as 

alterations in pH, nitrous oxide concentrations or ATP levels (17). Thus white matter 

vessels must rely solely on local metabolic substrates, while in contrast grey matter 

arterioles can rely on extrinsic autoimmune innervation to enable regional redirection 

o f blood flow. Consequently, unlike responses to occlusion o f grey matter arterioles, 

occlusion o f white matter arterioles does not cause a compensatory dilation in 

neighbouring vessels.

These observations are supported by in vivo experiments in rat brains, which suggest 

that white matter arterioles adjacent to an artificially occluded vessel do not dilate in 

response to occlusion and resultant ischaemia and also do not contract in response to 

reperfusion (18). In summary autoregulation in white matter is less developed than in 

grey mater and thus the region may be more vulnerable to hypoperfusion. This may 

be because white matter contains axons rather than neural cell bodies and therefore 

has a lower metabolic rate.
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2.1.3. Perfusion and white matter disease

A relative deficiency in autoregulation o f the white matter, when compared with the 

cortex, may precipitate white matter disease (WMD). It is accepted that WMD results 

from small vessel disease and consequent vessel narrowing with possible blood brain 

barrier breakdown (19). The body o f pathological and radiological evidence to date 

support the role o f  these processes. Some studies, however, also support a role for a 

hypoperfusion mechanism in the development o f WMD, probably in conjunction with 

small vessel disease. Work with xenon contrast computed tomography (CT) and 

magnetic resonance imaging (MRI) have shown that cerebral blood flow is reduced in 

regions with high concentrations o f WMD (20-22). Using a quantitative MRI 

perfusion, O ’Sullivan et al demonstrated that, in older adults with white matter 

abnormalities, cerebral blood flow is reduced in the white matter but not in the grey 

matter (23). This study also demonstrated a reduction o f cerebral blood flow (CBF) in 

the normal appearing periventricular white matter among patients with WMD when 

compared with controls. These findings provide evidence that hypoperfusion may 

precede the appearance o f  new lesions on T2-weighted images.

Our group has previously demonstrated that, if  cerebral autoregulation is limited by 

the presence o f a congenitally incomplete circle o f Willis, incident WMD is more 

likely to be present (see appendix 6 for the complete paper) (24).

Thus, it may be that impaired cerebral autoregulation, reduced cerebral blood flow 

and impaired anastomostic capacity correlate with white matter disease burden, and 

accordingly hypoperfusion may contribute to white matter insult.
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2.2 .Stroke and hypotension

2.2.1. Definition of Stroke

A stroke is defined as “a syndrome characterized by rapidly developing clinical 

symptoms and/or signs o f focal, and at times global (applied to patients in deep coma 

and those with subarachnoid haemorrhage), loss o f cerebral function, with symptoms 

lasting more than 24 hours and with no apparent cause other than that o f a vascular 

origin (25). In this thesis, when reference is made to stroke, the reference relates to 

ischaemic stroke and not haemorrhagic stroke.

A transient ischaemic attack is defined as “a clinical syndrome characterised by an 

acute loss o f focal cerebral or monocular function with symptoms lasting less than 24 

hours and which is thought to be due to inadequate cerebral or ocular blood supply as 

a result o f low blood flow, thrombosis or embolism associated with disease o f the 

arteries, heart or blood” (25, 26).

A new, American, tissue-based definition o f TIA also emerged after the development 

o f this thesis. The new definition, devised by the American Heart Association in 2009 

differentiates between a focal neurological event that exhibits changes on MRI and a 

focal neurological event that does not (27). The changes stipulated are that o f 

restricted diffusion on diffusion weighted imaging sequences which is highly 

sensitive for the presence o f ischaemic injury (up to 96% in the first 4 days post 

stroke) (28). They define a TIA as “a transient episode o f neurological dysfunction 

caused by focal brain, spinal cord or retinal ischemia without acute infarction.” 

Approximately 33% of TIAs exhibit these DWI features (29). Thus two,
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pathologically derived categories o f  ischaemic stroke were proposed by the AHA in 

2009; a) A DWI negative focal neurological deficit, which is regarded as a I 'lA  and b) 

a DWI positive focal neurological deficit, which is regarded as a stroke.

Importantly, however, the European Stroke Organisation (ESO) and the World Health 

Organisation (WHO) withdrew from discussions, which lead to the AHA-delivered 

consensus statement in 2009, and thus fail to recognise the AHA proposed, tissue- 

based definition o f TIA and stroke. The European Stroke Organisation has persisted 

with the traditional definition o f a TIA, making no allusion to a change in the 

definition in their 2009 update on their 2008 Stroke Guidelines. In 2008, at the 7'*’ 

Karolinska Stroke Update, some members o f the European Stroke Organisation issued 

a consensus statement advising that the ESO adapt a novel, tissue-based definition of 

a TIA. They suggested the following definition o f a TIA “a brief episode of 

neurological dysfunction caused by focal brain or retinal ischemia, with symptoms 

typically* lasting <1 hour (*but not exclusively) and without evidence* (*clinical 

signs, imaging or other) o f acute infarction” (30). This statement was intended as a 

recommendation to the ESO and is accompanied by the caveat that “the final text of 

the guidelines, is decided by ESO and the recommendation in this document may not 

be the final guidelines version” . The ESO has not issued a statement revising the 

definition o f a TIA and so the traditional definition still applies.

The Royal College o f Physicians issued updated stroke guidelines in 2012 on the 

definition and management o f  stroke and TIA. In these guidelines they stipulate that 

the traditional clinical-based definition o f TIA is preferred, as the newer, AHA- 

proposed, tissue-based definition “requires early scanning” .
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They state that “in practice the precise definitions used are not o f great 

im portance...w hether or not there is evidence o f neuronal damage on brain imaging, 

the investigations and medical treatment will be broadly similar. All cerebrovascular 

events need to be taken seriously” (31).

Finally the World Health Organisation defined a TIA in 1988 as “rapidly developed 

clinical signs o f focal or global disturbance o f cerebral function, lasting less than 24 

hours, with no apparent non-vascular cause” and this remains the official WHO 

definition o f  a TIA (32).

For the purpose o f this thesis the definition o f a TIA is taken as the WHO definition, 

which reflects the ESO and the RCP London position but not the AHA position as this 

thesis in intended to reflect the European view on TIA diagnosis. Most studies cited in 

this thesis use the traditional (clinical-based) categorization o f stroke as many o f the 

studies cited, particularly community-based studies, did not perform MRI on all 

patients. Studies that used tissue-based recruitment o f stroke patients rather than 

clinical-based recruitment tended instead to allude to acute infarction rather than 

categorise subjects as stroke or TIA. Thus, these data would be unaffected by the 

chosen TIA definition.

2.2.2. Stroke and hypertension

Before discussing the relationship between hypotension and stroke it is important to 

consider the relationship between hypertension and stroke. Hypertension accounts for 

40%  o f stroke events worldwide (25).
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In the primary prevention o f stroke, the association between hypertension and stroke 

risk is hnear. At diastohc blood pressures (BP) between 70 and llOm mHg, lower 

blood pressures equate to lower stroke risk (33). Lowering systolic blood pressures 

levels even to 140mmHg confers a benefit in cardiovascular disease prevention 

(including stroke) (34).

In the secondary prevention o f stroke, a BP reduction o f 9/4mmHg results in a 28% 

(95% Cl 17-38%) relative reduction in ischaemic stroke while a BP reduction of 

12/5mmHg results in a 43% (95% Cl 30-54%) relative reduction in ischaemic stroke. 

This data was generated from post-stroke patients of all BP levels and so probably 

normotensive post-stroke patients also benefited from anti-hypertensive therapy (35).

2.2.3. Stroke and hypotension

No standardised definition o f  hypotension exists, thus variance in its definition 

restricts interpretation o f results (36). Accordingly, for the purpose o f this literature 

review, hypotension is divided into two major categories; category one represents 

studies that report on baseline or mean BP. Category two represents studies that report 

on the variation in BP. Category two encompasses studies that recorded serial 

measurements o f BP and comment on BP variability and also studies that recorded 

dynamic BP changes in response to posture or meals etc. Such dynamic responses are 

referred to below as BP instability.

Finally each category is subdivided according their patient population i.e. patients 

with severe carotid stenosis, elderly patients and unselected patients.
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2.2.4. Category 1: Stroke and low baseline blood pressure

Several studies have looked at associations between baseline BP and stroke in 

unselected populations. Bangalore et al observed baseline blood pressures in 10,001 

patients followed for 4.9 years (mean age 61 years, range 35-75 years) and 

investigated correlations with cardiovascular-related death (including stroke). Patients 

who had low systolic or low diastolic BP incurred more cardiovascular-related deaths 

than patients who had normal systolic or diastolic BP. As expected, the study found 

that patients with high systolic and diastolic BP also incur more cardiovascular- 

related deaths (37). The bimodal increase in cardiovascular deaths at both extremes o f 

blood pressure is known as the J-shaped phenomenon. Evidence to date suggests that 

excess cardiovascular events correlate with high BP and to a lesser extent, with low 

BP (cardiovascular events were defined as death due to coronary artery disease. Ml, 

stroke, cardiac arrest). The optimal BP, which correlated with the lowest CV event 

rate, was 146.3/ 81.4mmHg. O f note, stroke was analysed as a secondary endpoint 

and, while diastolic BP exhibited a J-shaped correlation, systolic BP did not; see 

Figure 2-8. D ’Agostino et al reported on the Framingham cohort, mean age 49 years, 

and they observed that post-myocardial infarct patients with low baseline BP incurred 

more cardiovascular deaths (including stroke) than did patients with normal BP. 

Similar to Bangalore et al, D ’Agostino concluded that the optimal diastolic BP was 

75-79mmHg. O f note, this effect was not seen for non-myocardial infarct patients 

(38).
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Boutite et al conducted a meta-analysis o f 40,000 patients, mean age 57.5 years who 

received anti-hypertensive therapy or placebo during 3.9 years follow-up. He 

observed that low diastolic and low systolic BP increased the risk for future 

cardiovascular events (including stroke), both for groups on anti-hypertensive therapy 

and for those on placebo. The optimal diastolic BP was SOmmHg in the treated group 

and 85mmHg in the untreated group (39). ROADMAP, a randomised control trial that 

investigated the ability o f olmesartan to prevent the progression o f microalbuminurea 

in diabetics, imposed tight blood pressure targets o f less than 130/80mmHg, mean age 

57.8 years. Mean BP in the treatment group was 125/74mmHg compared with 

128/76mmHg in the placebo group. There was an excess o f 5.4 cardiovascular events 

(including stroke) per 1000 patients treated, p=0.01 and this was attributed to the J- 

shaped phenomenon. O f note, there were only four strokes in total, two in each group 

(40).

So a probable association exists between low diastolic BP (below SOmmHg) and the 

onset o f fatal and non-fatal cardiovascular events, including stroke, whilst a possible 

association exists between low systolic BP (below 146mmHg) and the onset of 

cardiovascular events, including stroke. However, the majority o f the available 

evidence exists in patients at high-risk for cardiovascular events. Moreover, if stroke 

is analysed as the sole outcome rather than part o f a composite outcome (all 

cardiovascular events) stroke may correlate less well with a J-shape BP model. For 

example. Bangalore analysed BP correlation with incident stroke (secondary 

outcome) in addition to incident cardiovascular events (primary outcome). They 

reported no J-shaped correlation between systolic BP and stroke and reported a weak 

J-shaped correlation between diastolic BP and stroke.
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This contrasted to the primary outcome o f cardiovascular events, which as mentioned 

previously, demonstrated a robust J-shaped correlation. This effect may be due to 

inadequate power to demonstrate effect in a secondary outcome or it may be due to a 

more complex blood pressure relationship with stroke.
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Figure 2-8: With permission from Bangalore et al (37). Figure A) describes hazard ratios for 
stroke by systolic pressure. Figure B) describes the hazard-ratios for stroke by diastolic pressure. 
The upper and lower 95% confidence intervals are denoted by dotted lines.
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In an elderly population, the J-shaped correlation between blood pressure and stroke 

is more apparent. For example, Ovbiagele demonstrated that, among 20,330 stroke 

patients, mean age 66.1 years, a low-normal BP (<120mmHg) conferred a relative 

risk for recurrent stroke o f 1.29 (1.07-1.56) when compared with a high-normal BP 

(130-140mmHg). This effect was observed for all ages but was most pronounced in 

the older patient (>65 years); see Figure 2-9 (41). The European Working Party on 

hypertension (EWPE) in the Elderly study reported a J-shaped phenomenon in 

systolic BP for incident cardiovascular mortality (7).

Finally, it is important to mention and contextualise the results o f two large 

randomised control trials o f hypertension treatment in older people. HYVET 

(Hypertension in the Very Elderly Trial) is the largest randomised control trial on the 

treatment o f hypertension in elderly patients to date. They reported that lowering BP 

from 160mmHg to ISOmmHg in patients over 80 years (mean age 85.8 years) reduced 

stroke risk by 30% (p=0.05, Confidence intervals -1, 30) (42). Accordingly, there is 

certainly a subgroup o f older patients, if  not all older patients, who benefit from anti

hypertensive therapy lowered BP below 160mmHg. O f note, however, the over 80s 

population were a healthy older group o f patients. HYVET excluded patients with 

dementia, creatinine levels greater than 150 millimoles/dl and those already receiving 

anti-hypertensive treatment for heart failure. Comparison o f the HYVET population 

has since been made to that of a typical geriatrics outpatient population in the 

Nederland’s. Age was similar in both groups; however, the Dutch geriatric outpatient 

population had a significantly higher prevalence o f stroke disease (22.4% compared 

with 6.7% in HYVET) and heart failure (11.6% compared with 2.9% in HYVET) 

(43).
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Thus HYVET confirms that non-frail older patients benefit from having their BP 

lowered below 160mmHg but does not represent the average outpatient attending a 

geriatrics service.

STOP-hypertension (Systolic hypertension Therapy in the Older Person) was another 

randomised control trial for the treatment o f hypertension in the elderly. Again, this 

demonstrated a significant reduction in stroke; among those with systolic BP above 

ISOmmHg and diastolic above 90mmHg who did not have any exclusion criteria, 

isolated systolic hypertension or orthostatic hypotension (44). A recent meta-analysis 

o f randomised control trials for hypertension in the elderly concluded that anti

hypertensive therapy reduced stroke incidence and mortality but the greatest reduction 

was demonstrated in studies that had the least intensity o f BP treatment (least BP 

reductions) (45).

The results o f the aforementioned studies were noted in the recently published 

guidelines by the S"* report o f the Joint National Committee for Hypertension 

Guidelines. In patients over 60 years the target blood pressures have been changed 

from less than 140/90mmHg (recommended in the 7 '’’ report) to 150/90mmHg. They 

revised their position because, in reviewing o f the evidence to date, they could not 

appreciate sufficient benefit in lowering BP to belowl40/90m m Hg in this age group 

(46).

Recently a large randomised controlled trial has commenced, which is a joint venture 

between the European Society for Hypertension and the Chinese Hypertension 

League.
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The study, termed ESH-CHL-SHOT (European Hypertension Society-Chinese 

Hypertension League-Stroice in Hypertension Optimal Treatment) proposes to 

investigate the existence o f a J-shaped BP curve in relation to stroke risk among 

elderly patients. It will explore the stroke preventative benefit for three blood pressure 

targets; Group 1 SBP < 145 to 135 mmHg (average target 140 mmHg), group 2 SB? 

< 135 to 125 mmHg (average target 130 mmHg) and group 3 SBP < 125 mmHg 

(average target 120 mmHg). The study was commenced in 2012 and is scheduled to 

complete recruitment in 2018 (47).

Researchers have posited several hypotheses to explain the correlation between 

hypotension and incident cardiovascular deaths, and why this correlation is more 

apparent in the elderly. One explanation is that the correlation is merely a statistical 

confounder. Mid-life hypertension potentiates later life cardiovascular events. 

However, mid-life hypertension may evolve into late-life hypotension, at which time 

correlation now exists between hypotension and cardiovascular events i.e. 

hypotension is the end-stage o f long-term hypertension (48). This effect also occurs in 

hypercholesterolemia, whereby patients with hypercholesterolemia in mid-life 

develop hypocholestrolemia in late-life. Subsequent death now correlates with 

hypocholesterolemia but is probably a statistical confounder (48).

Another hypothesis is that treatment o f isolated systolic hypotension may potentiate 

hazardously low diastolic hypotension, which may increase cardiovascular events. 

However, patients with isolated systolic hypertension have increased pulse wave 

velocities and Protegerou found that the J-shaped correlation between blood pressure
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and cardiovascular events (including stroke) was independent o f pulse wave velocity 

(49). Thus this effect is probably independent o f isolated systolic hypertension.

Yet another hypothesis states that hypotension is a surrogate for frailty. Frailty 

culminates in greater cardiovascular and stroke events but these events are not 

hypotension-mediated. For example, the EWPE (the European Working Party on 

hypertension in the Elderly) study observed that while patients with hypotension had 

more cardiovascular events, this group also exhibited more weight loss and 

haemoglobin loss during the follow up period (7). Thus they were frailer. In the 

international stroke trial-3 (IST-3) the presence o f low baseline BP at thrombolysis 

conferred a poor prognosis and higher mortality rate on follow-up than normal or high 

BP and so hypotension may reflect co-morbidity (50).

Incidence of recurren t non-cardioembolic stroke 
according to  age and baseline blood pressure

•>65 yrs 

•<65 yrs

130-140 

BP (mm Hg)

Figure 2-9: Data adapted from Ovbiagele et al and represented in graphical format (41). The 
graph dem onstrates the J-shaped association between quartiles o f systolic blood pressure and 
incident stroke
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Odden et al separated an older group o f patients into frail and non-frail categories 

according to their performance on 6-minute walk test. Then they observed correlation 

between mortality and baseline BP among 2340 patients over 65 years during 

approximately 5 years follow-up. They found that if  patients were ‘frail old’, 

mortality rates were similar whether patients were hypertensive, normotensive or 

hypotensive. However, in patients who were ‘non-frail old’, mortality rates were 

lower if  patients were normotensive compared with hypertensive, hazard ratio 1.35 

(95% Cl 1.03-1.71). Frail older patients may require higher blood pressures to 

maintain cerebral perfusion (51).

It would seem that older non-frail patients benefit from anti-hypertensive therapy just 

as middle-aged people do (42). Possibly older non-frail patients have younger 

“physiological” ages than is suggested by their chronological age. A frail subtype of 

older people may or may not benefit to the same extent. Possibly higher systolic 

blood pressures may be required to maintain cerebral perfusion in the latter. However, 

it is also conceivable that frail older patients exhibit lower blood pressures than non

frail patients but experience cardiovascular events independent o f presence of 

hypotension, as suggested by Greenberg et al; see Figure 2-10 (48).
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2.2,5, Category 2A: Stroke and neurocardiovascular instability 

(orthostatic hypotension, syncope, post-prandial hypotension)

Researchers have investigated the correlation between stroke and episodic

hypotensive behaviour, such as orthostatic hypotension, post-prandial hypotension

and syncope. As with baseline hypotension, studies that describe episodic

hypotension have been divided according to the patient population: Patients with

severe carotid stenosis patients, unselected patients and elderly patients.

The orthostatic TIA is a well-recognised but rare phenomenon whereby patients with 

unilateral severe carotid stenosis, and orthostatic hypotension experience myoclonic 

limb-jerking activity on assuming the upright position. Removal o f offending 

medications, or correction o f the stenosis arrests the symptoms (52).
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Ouchi et al used PET scanning techniques to demonstrate that the orthostatic TIA is 

due to locahsed cerebral hypoperfusion (53). Case-reports have Unked both syncope 

and post-prandial hypotension initiating the onset o f a haemodynamic stroke in 

patients with severe carotid stenosis (54, 55). In both cases infarction occurred in 

border-zone regions o f the brain, which are sensitive to flow-related insult; see section 

2.4. Bougousslavsky et al reported that patients with carotid occlusion more 

commonly presented with syncope or hypotension at stroke onset than patients with 

normal carotids, p<0.001 (56).

Among patients without severe carotid disease, fewer studies exist that demonstrate 

associations between episodic hypotension and the induction o f stroke, particularly 

borderzone stroke. One case study by Altiera et al does describe a patient with 

nocturnal syncope, hand weakness and borderzone infarction (4). Intracranial imaging 

and extracranial imaging in this patient was normal. Strandgaard et al describes four 

hypertensive patients who received treatment for hypertension and subsequently 

experiences episodic hypotension with visual disturbances. CT demonstrated 

borderzone occipital infarcts (57). Kamyar describes a case o f electric shock-induced 

cardiogenic hypotension, which resulted in visual loss and bilateral occipital lobe 

infarction (58). Matsushita describes a 32 year-old man with a history o f recurrent 

syncope that experienced a borderzone infarct after a syncope event. His hypotensive 

symptoms were reproduced on a head-up tilt test to confirm a diagnosis o f vasovagal 

syncope (59). Bladin prospectively screened 300 stroke patients and identified 29 

with hypotensive symptoms at stroke onset, a non-cardioembolic source for their 

stroke and a borderzone infarct on CT. Ten o f the 29 patients had no carotid stenosis, 

however, the remaining 19 had moderate or severe stenosis (60).
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After clinical history and examination, lying and standing BP assessment (with a cuff 

sphygmomanometer) and a 24-hour holter monitoring, a hypotensive disorder was 

attributed to all 29 patients. However, no formal hypotension evaluation was 

conducted, merely a ward-based lying and standing BP measurement.

Several studies have evaluated a correlation between the presence o f orthostatic 

hypotension and subsequent stroke disease in patients without carotid disease. O f 

note, these studies did not investigate infarct topography. Orthostatic hypotension is 

defined in these studies as a drop o f greater than 20mmHg systolic or lOmmHg 

diastolic BP on standing from a supine position, using a cuff sphygmomanometer 

assessment. Verwoert reports on 5064 patients from the Rotherdam study, and found 

that at 6 years (SD 3.5) years follow up, mean age 68.1 years (SD 8.5), the presence 

o f OH among patients conferred a relative risk for coronary heart disease o f 1.31 

(95% Cl; 1.08-1.57) but no increased risk for stroke. Among those in the oldest 

tertile, however, the relative risk o f stroke was 1.35 (1.04-1.75) (6). Eigenbrodt 

assessed orthostatic hypotension in 11,704 middle-aged patients free from stroke and 

overt cardiac disease. During 7.9 years follow-up, the presence o f OH conferred a 

relative risk for incident stroke o f 2 (95% Cl; 1.2-3.2).

2.2.6. Category 2B: Stroke and intra-operative hypotension

Studies that describe post-operative stroke offer a unique opportunity to observe 

continuous intra-arterial BP monitoring during the pre-stroke period. Accordingly 

these data may detect episodic hypotension in the lead up to a stroke.
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Bijker et al demonstrated that an intraoperative BP drop o f 30% relative to baseline or 

duration o f intra-operative hypotension correlated with post-operative stroke, 

particularly stroke within the first 24 hours post-operation. In his sample o f 32 stroke 

patients, 22 had infarcts on CT, 7 o f which were borderzone infarcts and 4 o f which 

were subcortical infarcts; see Figure 2-11 (61). Gerraty reported on 4 post-operative 

stroke cases from 358 vascular surgeries. All four had a stroke in the first 24 hours 

after surgery and all four experienced a hypotensive episode less than 90mmHg 

during surgery (62). Cao described 32 stroke cases from 430 coronary bypass-grafting 

procedures. Hypotension, intra-operatively, conferred a relative risk o f 2.55 (95% Cl 

1.07-6.04) for post-operative stroke (63). Feezor et al reported on nine strokes from 

196 thoracic endovascular aortic repairs (TEVAR). The risk o f stroke related to 

intraoperative hypotension <80mmHg and to a proximal repair, as proximal repair 

increased embolic risk (64). Finally, Gottesman reported that 48% o f post-operative 

MRI-diagnosed stokes in their series were borderzone infarcts, and the risk for 

developing a borderzone infarct was 4.1 times greater in patients who experienced 

intraoperative drops in blood pressure o f greater than lOmmHg (65). It is possible to 

surmise from this data that intra-operative hypotension coupled with a high embolic 

load during surgery may result in cerebral infarction; see section 2.4.1.
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Figure 2-11: W ith  permission from Bijker et al (66). The ad jus ted  odds ratios for the association 
between the dura tion  of  in traopera tive  hypotension ( lO H ) and  postopera tive  stroke for A) cases 
with a s troke  within 24 hours  (n=22) (red line) and  B) cases with a s troke  10 days (n=42) af te r  
su rgery  (blue line). The dashed  lines and  blue and  red shaded  a reas  rep resen t the 99.9% 
conTidence intervals. The horizontal dotted line represen ts  the level o f  no effect (odds ra t io= l) .

2.2.7. Category 2C: Stroke and blood pressure variability

Blood pressure variability is an umbrella term that refers to a) long-term inter-visit 

variability b) 24-hour ambulatory variability or home blood pressure variability and c) 

short term intra-visit variability or phasic beat-to-beat BP variability.

Kikuya assessed morning-to-moming variability over median 26 days among 2455 

Japanese nursing home patients and followed them for a median o f 11.2 years. 

Increased BP variability (systolic and diastolic BP) correlated with incident stroke, 

hazard ratio 1.41 (95% Cl 1.15-1.73), p=0.009 (67).
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Inter-visit variability, first referred to by Conway in 1970 as “labile hypertension”, 

correlates with incident cardiovascular events, including stroke (68). This effect was 

independent o f mean BP (69). Inter-visit BP variability correlates with incident stroke 

and again this effect is independent o f mean BP (70). Importantly, certain agents, 

such as calcium channel blockers ameliorate variability more than others (71). As a 

modifiable risk factor for stroke, BP variability has become all the more important to 

detect.

BP variability detection has improved with increasing availability o f 24-hour blood 

pressure monitors. Unfortunately most studies that report on BP as derived from 24- 

hour monitoring identify correlations with white matter disease or old infarction 

(rather than stroke) while studies that identify correlation between 24-hour BP results 

and stroke tend to describe mean BP or nocturnal change in BP rather than variability. 

Pringle et al is one o f the few studies that did report on 24-hour BP variability and its 

correlation with stroke. In their analysis o f the Systolic Hypertension in Europe trial 

(Sys-Eur) data they demonstrated that 24-hour BP variability correlates with incident 

stroke but not with cardiovascular events (measurement: standard deviation o f 24- 

hour BP) (72).

None o f the aforementioned studies report on the location o f infarction that results 

from BP variability or indeed on the stroke subtype that results. Accordingly it is not 

possible to determine which stroke subtype or which region o f the brain is most 

affected by variability, however, it is plausible that the borderzone regions, the 

regions most susceptible to flow variations, may be the worst affected by BP 

variability.
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2.3.Methods for assessing BP, including mean BP and BP

variability

2.3.1. BP measurement during a single sitting

The commonest method for BP assessment is measurement during a single sitting 

using a standard mercury sphygmomanometer or an automated BP measurement 

device (such as a dynamap). The reported BP may be that of a single blood pressure 

assessment or the average of two or of three readings measured in close proximity to 

one another (35, 42). The American Heart Association has issued guidelines on BP 

measurement and regard this method as entirely acceptable. They state “it is generally 

agreed that conventional clinic readings, when made correctly, are a surrogate marker 

for a patient’s true BP, which is conceived as the average level over prolonged 

periods of time” (73).

This approach is convenient and time efficient but may be confounding by the 

presence of “white coat hypertension”, which effects between 24% and 33% of 

hypertensive patients (74). Furthermore, it does not generate any information 

regarding BP variability or BP response to dynamic changes in posture, both of which 

have become important parameters that predict cardiovascular risk independent of BP 

level (75, 76). The European Guidelines state that, in the absence of markedly raised 

BP, repeat readings “should be obtained over several months to define the patient’s 

usual BP as accurately as possible” (77).
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2.3.2. Serial BP measurements during successive outpatient 

attendances

This method collates data from successive BP measurements performed as part o f 

routine outpatient attendances. Mean BP is calculated from this method, which yields 

more accurate readings o f mean BP but may again be confounded by the presence of 

white coat hypertension (77). Mean BP may be confounded by the addition o f anti

hypertensive medication or compliance issues during the observation period. The data 

captured is part o f routine clinic assessments and so this data can be collected in 

parallel, rather than separate to routine clinical practice.

This approach also provides information regarding the variability in BP readings with 

time. The variability described reflects long-term variability rather than short term 

variability (continuous BP measurement over 5 to 10 minutes) or intermediate term 

variability (BP measurement at intervals over 24-hours) and this may represent a 

different physiological phenomenon to other forms o f variability. Long-term 

variability maybe more influenced by the effect o f varying medication prescribed 

during the clinic or inconsistent compliance with medication over time. Both short 

and intermediate term variability are described below. Long-term variability is 

associated with increased stroke risk independent o f mean BP (70, 71).
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2.3.3. Lying and standing BP assessment

A standard mercury sphygmomanometer or an automated BP measurement device 

such as a Dynamap records BP readings in the supine position, with the patient lying 

for at least 5 minutes then does so 2 or 3 minutes after standing to assess the impact of 

posture change. Studies using this approach may or may not record BP readings at 30- 

second intervals during the standing period (5, 6, 60). Such an approach assesses 

baseline supine BP and also autonomic response to orthostasis. Again this technique 

can be carried out quickly, with relatively inexpensive measurement equipment, and 

does not require extensive training. Values are confounded by multiple factors such as 

the presence of dehydration or the occurrence of profound intermittent drops in BP 

which occur on standing but which may be absent at the two and three minute mark. 

These intermittent dips probably reflect similar autonomic pathology to that of 

persistent relative hypotension at 2 and 3 minutes but go undetected by this approach, 

thus confounding later investigation of associations (78). Finally, the very frail may 

be unable to stand for 2 or 3 minutes, so such data may go uncaptured in this 

important group of patients. A drop in BP from supine to standing of greater than 

20mmHg systolic or lOmmHg diastolic hypotension at 2 minutes is associated with 

increased incidence of heart failure, death and stroke (5, 6, 60).

2.3.4. 24-hour ambulatory BP assessment

This approach measures BP for 24 hours, every 15 minutes or every 30 minutes 

during waking hours, and every hour during sleep. Consequently more accurate mean 

daytime BP data is generated as the effect of white coat hypertension is minimised. 

Between 24% and 33% of hypertensive patients exhibit white coat hypertension (74).
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It may be that 24-hour BP measurement correlate more strongly with end-organ 

damage than do outpatient BP assessments (79).

However, 24-hour assessment is affected by the degree o f ambulation, as ambulation 

exacerbates variability (80). Therefore active patients may appear to exhibit more 

variability during 24-hour monitoring than immobile, or poorly mobile, patients but 

this increased variability reflects movement rather than physiological variation. 

Nonetheless, BP variability as assessed over 24-hours is an important parameter and 

correlates with incident lacunar infarction and white matter disease (81, 82). Worth 

noting, however, the aforementioned studies are cross-sectional and so inference 

regarding causality is not possible.

There are several accepted methods to assess variability. The most widely accepted is 

the standard deviation (SD) o f variability. Using statistical computation the standard 

deviation reflects the degree o f  dispersion o f BP sampling over the 24-hour period. 

Standard deviation over 24-hours, however, does not distinguish random variation 

from physiological variation. Random variation is the variation o f BP with time but 

physiological variation is the relative drop in BP from daytime to night-time. The 

nocturnal drop in blood pressure is a normal physiological response, and is not 

associated with end-organ damage. In contrast, random BP variation is associated 

with end-organ damage, specifically left ventricular mass index (83, 84). Such a 

physiological response, however, will enhance the apparent variability in BP over 24- 

hours. Consequently, it is common to analyse daytime (or awake) BP variability 

separately to night-time BP variability (85).
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2.3.5. Phasic BP assessment

Phasic BP assessment consists o f continuous measurement o f BP. Continuous-fmger- 

blood pressure measurement is performed with a fmometer, a non-invasive beat-to- 

beat blood pressure device using digital photoplethsmography. This method for BP 

measurement is capable o f assessing beat-to-beat blood pressure with reasonable 

accuracy (86, 87). A brachial cuff is placed on the right upper arm and the finger cuff 

was placed on the second finger. The finger cuff detects expansive forces in the 

digital artery caused by systolic BP. It generates an equal and opposite contractile 

force to the extent that no expansion o f the digital artery occurs. Consequently the 

contractile force reflects the expansive systolic BP force in the digital artery. Diastolic 

BP is measured in a similar way. A brachial cuff is also attached and this measures 

BP using standardised automated methods. Comparison o f finger cuff readings with 

the standard measurements generated from the occlusion o f the brachial artery permits 

calibration o f the finometer device. During the testing period subjects rest quietly, 

supine for ten minutes in a temperate, low noise environment. Beat-to-beat data 

records o f DBP, SBP and MAP are collated.

Using Matlab-derived software these data are interrogated to generate standard, time- 

domain indices o f cardiovascular variability, which includes standard deviation and 

interquartile range. In addition spectral analysis may be conducted to derive interval 

frequency spectra for SBP, DBP, and MAP recordings. Frequency domain variables 

are calculated by integration o f spectral estimates within a number o f standard 

predefined frequency bands: very low frequency (0.003-0.04 Hz), Low frequency 

(0.04-0.15 Hz), and high Frequency (0.15-0.4 Hz) (88).
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Varying frequency bands o f variability are initiated by either parasympathetic or 

sympathetic input on BP (89). Thus relative quantity o f high frequency, low 

frequency and very low frequency variability reflects the relative input on BP by 

parasympathetic and sympathetic function.
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2.4.Border-zone regions

The border-zone regions within the brain are regions o f distal vascular supply. A

suitable analogy is that o f an irrigation network supplying fields with water. Fields 

that are distant from the water supply are susceptible to a drop in the flow rate or the 

pressure that water is delivered. If  flow drops in the pipes, due to drought for 

example, crops will die first in the fields most distant from the main water supply 

(90). This analogy is based on Poiseuille’s law explains this phenomenon. It states 

that flow through a vessel is proportional to the radius to the power o f four and 

inversely proportional to the length o f the vessel. Thus flow is lowest in the regions 

supplied by the longest vessels i.e. Border-zone regions o f the brain. Accordingly if 

infarction is detected in the borderzone regions one may infer that, potentially flow- 

related insult may have caused it.

L

POISEUiLLE^S LAW

A P  7T
FLOW  --------------------

rjL 8

Figure 2-12: Poiseuille's law, which states flow th rough  a vessel is p roport ional  to the fourth  
pow er o f  the radius,  the pressure  grad ien t  and inversely proport iona l  to the length of the vessel. 
P=pressure ,  r= rad ius ,  L=the length of  the vessel
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There are three types o f borderzone region; the cortical borderzone region, the 

internal borderzone region and the cerebellar borderzone region. Cortical borderzone 

regions exist in three main cortical locations within the brain; firstly in the posterior 

aspect o f the brain at the junction between the supply territory o f the MCA and the 

supply territory o f  the PCA, secondly in the anterior aspect o f the brain at the junction 

between the supply territory o f the MCA and supply territory o f the ACA, and lastly 

in the superior aspect o f the brain between the supply territory o f the MCA and the 

supply territory o f the ACA; see Figure 2-13.
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BFB M C A * MCX>LE C E R E B R A L  A R TER Y ‘-S (M )  ■ LE N T IC U U O ST R IA T E  f r o m  M CA

P C A  ■ P O S T E R IO R  C E R E B R A L  A R T E R Y L S ( a } - L E N T lC U L O S T R IA T t f r o m  A C A
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Figure 2-13: With permission from Del Sette et al (91). Diagram s from Del Sette et al, which are 
a modified version o f vascular territory tem plates described by Damasio et al (92). This diagram  
represents the vascular territories o f the brain. The red arrows point to the ACA-M CA  
borderzone region and the M CA-PCA borderzone region. The green arrow points to the internal 
borderzone region between the deep and superficial perforating arteries o f  the MCA.
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The internal horderzone (lacunar horderzone) is located in the white matter at the 

junction o f the superficial branches and the deep branches o f the MCA. The proximal 

MCA gives off lenticulostriate branches (deep branches) as it courses from the circle 

o f Willis to the insula. These deep branches supply the basal ganglia and the internal 

capsule. The MCA divides in the insula and the superior division ascends to the 

vertex o f the cortex whereupon it gives off long, non-anastomosing, perforating 

branches (superficial branches). These descend perpendicular to the cortical pial 

vessels, through the cortex, and perfuse the centrum semiovale and corona radiata; see 

Figure 2-4. The corona radiata region is thus a borderzone region perfused, in part by 

the lenticulostriates, and in part by the deep perforators; see Figure 2-13. The inferior 

centrum semiovale also forms part o f the internal borderzone region (93-95).

The cerebellar borderzone region is located at the junction between the vascular 

supply region o f the posterior inferior cerebellar artery (PICA) and the superior 

cerebellar artery (SCA), or at the junction between the vascular supply region o f the 

PICA and the anterior inferior cerebellar artery (AICA); see Figure 2-14.

I S u p e rio r ce re b e lla r  a r te ry
m  A n te rio r in fe rio r ce re b e lla r  a r te ry  

^  B order reg io n
H I  P o ste rio r in ferio r ce re b e lla r  a r te ry

Figure  2-14: Axial images of the vascu la r  supply regions w ithin the cerebellum from Moeller et al 
(96). The various colours rep resen t d ifferent vascu la r  supply  regions. The lined regions rep resen t 
bo rderzone  regions within the cerebellum.
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2.4.1. The pathophysiology of borderzone infarction

Poiseuille’s law offers insights into the cause o f borderzone infarction. It states that 

any reduction in the radius o f a vessel will cause a dramatic reduction in flow. A 70% 

stenosis o f a vessel, for example, will result in a 99.2% reduction in flow through the 

vessel as flow is proportional to the fourth power o f the radius; see Figure 2-12. In 

reality, arteries are not inert vessels and can compensate for such diameter reduction 

by nitrous oxide mediated arterial smooth muscle relaxation. Nonetheless, borderzone 

infarction in the anterior circulation exhibits high correlation with carotid stenosis and 

the less prevalent MCA stenosis while borderzone infarction in the posterior 

circulation exhibits high correlation with vertebral artery stenosis (97, 98).

Yong et al reported on 120 Japanese patients with borderzone infarct, 45 o f whom had 

severe MCA stenosis. The prevalence o f intracranial disease is considerably higher in 

Asian populations than Caucasian populations. NASCET (North American 

Symptomatic Carotid Endarterectomy Trial) post-hoc analysis demonstrated that, 

among 108 (predominantly Caucasian) patients with internal borderzone infarcts on 

CT, 62% had severe carotid stenosis (70-99%) while, among 104 patients with non- 

borderzone infarcts on CT only 42% had severe carotid stenosis (99). They also found 

the mean ipsilateral carotid stenosis among those with internal borderzone infarcts 

was 70%, while among those with non-borderzone infarcts, it was 58% (p<0.001). 

Bladin et al observed either moderately stenosed, severely stenosed or occluded 

carotids in 19 o f 29 patients with borderzone infarcts (60).
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Belden observed that, among 21 patients with borderzone infarcts, 10 had severe 

carotid stenosis, 3 experienced systemic hypotension while 7 had an unknown 

mechanism for infarction.

Surprisingly, they concluded that an embolic mechanism caused all borderzone 

infarction as evidenced by the presence o f carotid stenosis (1). However, Chaves 

utilised perfusion MRI, in addition to diffusion MRI, to demonstrate that the situation 

was more complex (100). Five o f 17 patients with carotid stenosis exhibited a positive 

lesion on diffusion weighted MR imaging (DWI) but had an entirely normal perfusion 

scan. They concluded that these infarcts had arisen from global hypoperfusion rather 

than migrating emboli as embolic occlusion would have exhibited a localised 

perfusion deficit. If they had not performed perfusion sequences, like Belden et al did 

not. they would not have detected a subgroup o f patients without an embolic cause for 

their hypoperfusion. Therefore they may have concluded, like Belden et al, that all 

borderzone infarcts came from emboli. O f note, it is also possibly that such an infarct 

occurred (MR DWI positive but perfusion negative) because an embolus dissolved 

after infarcting tissue or because MR perfusion was not sufficiently sensitive to detect 

the localised defect.
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Figure 2-15: W ith permission from Yong et al (98). A con tou r  m ap  o f  the frequency  o f  infarction 
in the in te rnal  bo rderzone  region. T he  location varies along the la tera l  ventricle b u t  the location 
is not nearly  as heterogeneous as the cortical borderzone.

Certainly the correlation between borderzone infarction and large artery disease is 

apparent. However, disagreement exists regarding the exact pathogenic mechanism by 

which large artery disease potentiates borderzone infarction. Some researchers believe 

that haemodynamic insult causes tissue infarction, because severe vessel stenosis has 

already dramatically reduced flow. Others believe that plaque inflammed atheroma 

causes large artery-to-artery embolism, which lodges in the borderzone regions or the 

“cul de sac” regions o f the brain. Positron emission tomography (PET) studies support 

a haemodynamic mechanism. For example Yamauchi used PET to measure 

concentrations o f hypoxia and low perfusion (benzodiazepine receptor and oxygen 

extraction fraction concentration) to investigate haemodynamic behaviour (94).
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All patients had severe carotid stenosis. Some had infarcted and some had not. PET 

was used to quantify perfusion/hypoxia. Those that infarcted, exhibited diffusely 

reduced perfusion in the affected hemisphere when compared with those that had not 

infarcted. O f note, it is possible that the affected hemisphere exhibited low perfusion 

because o f post-stroke autoregulation dysfunction.

Moustafa explored the potential for both an embolic mechanism and a haemodynamic 

mechanism. Among 16 borderzone infarct patients with large artery disease they 

explored an embolic mechanism through transcranial doppler ultrasound monitoring 

o f high intensity transient signals (HITS) and PET investigation o f plaque 

inflammation. They explored a haemodynamic mechanism through MR perfusion and 

MR DWl. They quantified blood flow and compared it with stenosis severity. They 

concluded that embolic mechanisms occurred in some patients (increased ipsilateral 

HITS and or plague inflammation) and haemodynamic mechanisms occurred in 

others (reduced perfusion correlating with severity o f stenosis). Thus two separate 

processes may cause infarction in different patients as they may synergistically 

precipitate infarction.

Internal borderzone infarction associates more with a haemodynamic mechanism and 

cortical borderzone infarction associates more with an embolic mechanism, possibly 

because o f superior cortical autoregulation (101, 102).

Conflicting data regarding the pathogenesis o f borderzone infarction has encouraged 

some researchers to adapt a unifying theory. This is known as “the impaired washout 

theory” (103, 104).
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It proposes that embolic material frequently pass through the cerebral circulation. 

This occurs in everyone. Pressure gradients, caused by systolic pressure waves, 

dissolve emboli at arterial bifurcations or in distal arteries through shear forces. 

However, if  a hypotensive event occurs at the same time that an embolus is travelling 

within the cerebral circulation, no pressure gradient exists and dissolution does not 

occur. Consequently the embolus will lodge in the borderzone region or the “cul de 

sac” region o f the brain and will cause tissue infarction.

Such a unifying model may explain 1) The difficulty in separating haemodynamic and 

cardioembolic mechanisms in the development o f borderzone infarction 2) the finding 

that patients with less severe carotid stenosis develop borderzone infarction yet some 

with severe stenosis do not and 3) the finding that some patients experience mild 

episodes o f hypotension at the wrong time and develop borderzone infarction yet 

some experience profound hypotension and do not develop borderzone infarction.

2.4.2. Variability in the location of the borderzone regions

Aetiology-focused borderzone research is hampered by variability in the location of 

the borderzone regions. These regions can vary quite considerably. They exhibit intra

individual variation and may even exhibit inter-individual variation as age-related 

stenosis o f a large artery will reduce the region that an artery perfuses. Attempting to 

determine whether emboli cause borderzone infarcts clearly depends on the ability to 

differentiate borderzone infarcts from non-borderzone infarct (territorial infarcts).
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Unfortunately, the variability in the location o f borderzone regions renders 

classification challenging. Pathological studies, by Van der Zwan and by Lang et al 

highlight the extent to which vessel territories vary, and hence the extent to which 

borderzone regions vary (105). They injected green or red Araldite F dye into 23 

cadaver specimens (46 cerebral hemispheres) via the MCA, the ACA and the PCA at 

equal pressures o f 90mmHg.

They concluded that the MCA-ACA, superior borderzone region was located on the 

superior surface in 37 cases and the inter-hemispheric fissure in the remaining 13 

cases; see Figure 2-16. The ACA-MCA boundary on the superior lateral surface o f 

the hemispheres was found in the superior frontal sulcus in 30 o f 50 cases and in the 

superior frontal gyrus in 10 cases, in the middle frontal gyrus in seven cases, and in 

the inferior frontal sulcus in three cases.

Figure  2-16: W ith  permission from Van d e r  Zw an  et al (105). Schem atic  d raw ings  showing the 
cortical d is tr ibu tion  of  the ACA. Figure A) dem onstra tes  the d is t r ibu t ion  of  the ACA (crossed 
line a rea )  on the supe r io r  surface  of  the hem isphere  in the largest g ro u p  (eight hem ispheres) with 
s im ila r  d is tr ibutions,  C) the a rea  of varia tion  on the supe r io r  surface. T he  vertical lines represen t 
a com posite  o f  the m inim um  d is tribu tion ,  and  the horizontal lines rep resen t  a composite of the 
m ax im um  distribution .  SFS= su p e r io r  fronta l sulcus. IFS= infer io r  fron ta l sulcus, CS= central 
sulcus, PO S =  parieto-occipital sulcus.
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The location o f the MCA-PCA borderzone region also exhibited dramatic variability. 

The borderzone was most commonly located at the superior temporal sulcus (in 9 

hemispheres), however, in other hemispheres the region extended from the superior 

temporal sulcus, through to the parieto-occipital sulcus; see Figure 2-17. A follow-up 

paper by Van der Zwan reported that the MCA volume o f distribution in the cortex 

ranged from 68cm^ to 202cm^ (mean 146cm^) (106). While the location o f  the cortical 

borderzone region varies, the internal borderzone region does not vary to the same 

extent. This is generally located at the corona radiata and inferior centrum semiovale 

region; see Figure 2-15 (91).

Figure 2-17: W ith  permission from Van d e r  Z w an  et al (105). Schematic d raw ings  th a t  show the 
cortical d is t r ibu t ion  o f  the pos te r io r  cerebra l  a r te ry :  A) The m ost com m on d is tr ibu t ion  on the 
la tera l surface of  the hem isphere  (nine hem ispheres),  C) T he  PCA te rr i to ry  in those with the 
m ax im um  te rr i to ry  (uncrossed horizonta l lines). CS =  cen tra l  sulcus; ITS = in fer io r  tem pora l  
sulcus; PCS =  p recen tra l  sulcus; PO S = parieto-occipital sulcus; STS = supe r io r  tem pora l  sulcus.

CS PCS CS PCS
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A B C
Figure 2-18: W ith  permission from Van d e r  Zw an et al (107). Schem atic  d raw ings  th a t  show the 
vascu la r  te rr i to ry  d is t ribu t ion  of  the an te r io r  (grey), middle (white), and  poste rio r  (hatched) 
cerebra l  a r te ry  accord ing  to reports  from three  d ifferent pathology papers  A, B and  C.

From radiological and pathological studies on stroke populations, the reported 

prevalence o f borderzone infarction ranges from 9.6% to 12.5% (98, 108, 109). Much 

o f this variability may be attributed to inaccuracies in categorising infarcts as 

borderzone or as territorial in nature. For example, Lang and Hennerici identified 21 

borderzone infarcts and categorised the infarcts as borderzone or territorial, based on 

Van der Zwan’s maps; see Figure 2-16 and Figure 2-17. Depending on whether they 

used the maximum or the minimum supply territory maps, the prevalence o f 

borderzone infarction changed from 81% down to 19% (110). Clearly, the maps used 

to categorise infarcts will affect patient selection for aetiology-focussed research.
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Novel imaging techniques have attempted to resolve this issue. At the end o f the 

twentieth and early part o f this century, studies emerged that utilised exogenous MR 

perfusion imaging to determine the borderzone regions in patients with severe carotid 

stenosis. Patients with severe carotid stenosis experience a diffuse reduction in 

cerebral flow because o f reductions in blood vessel diameter. Reductions in cerebral 

blood flow will be greatest in the borderzone regions. MR perfusion imaging uses 

parameters like mean transit time (the average time required for any given particle of 

tracer to pass through cerebral tissue after a contrast bolus injection) and time-to-peak 

to measure cerebral flow rates (Described in detail in Appendix 2) (111).

Consequently, MR perfusion will identify borderzone regions in patients with carotid 

disease. Characterisation o f infarcts as territorial or borderzone is thus possible. 

However, patients without carotid disease exhibit greater global perfusion rates and 

consequently less o f a gradient exists between borderzone and non-borderzone 

regions. As the technique is relatively insensitive and makes fundamental assumptions 

about cerebral tissue behaviour, classification o f infarcts as borderzone or non- 

borderzone is less accurate (112).

Such assumptions do not render measurements inaccurate in the context o f acute 

stroke as dramatic differences exist in flow rates within an area o f  infarcted tissue 

when compared with non-infarcted tissue. However, such assumptions make it very 

difficuh to accurately measure subtle changes in cerebral blood flow, as would be 

required to delineate a borderzone region from a non-borderzone region in a patient 

without severe carotid disease.
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A new MRI technique, arterial spin labelling has advanced our capacity to identify the 

borderzone regions in persons without severe carotid stenosis and to detect reduced 

flow outside o f the context o f acute stroke (113). Arterial spin labelling (ASL) is a 

technique whereby a head coil is placed around the patients neck and a strong 

magnetic force is applied to the blood as it ascends through the carotid and vertebral 

arteries. The magnetic force results in a reversal o f the spin on the water molecules 

within blood as they ascend to the brain. By applying three different magnetic field 

strengths to the left carotid, the right carotid and to the vertebral arteries, the magnet 

creates three different concentrations o f reverse-spin within the three arteries. By 

imaging the brain as the para magnetised blood enters the cerebral circulation, one 

can appreciate the different regions o f vascular supply in the brain. Arterial spin 

labelling has been compared to exogenous contrast MR perfusion and performs at 

least as well (114).

This is a recent development, however, and is not as yet widely utilised to determine 

the aetiology o f borderzone infarcts in clinical practice but remains relatively 

experimental. It is reasonably well validated, but not to the same extent as exogenous 

perfusion imaging. Consequently no gold-standard technique exists for the 

identification o f the cortical borderzone regions.

Unlike the cortical borderzone region, the internal borderzone region probably 

exhibits minimal variation in its location. Radiology-based studies detailing multiple 

internal borderzone infarcts, in patients with severe large artery disease, illustrate this 

point (98).
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The cerebellar borderzone regions are susceptible to variability, as evidenced from 

pathological studies (115). However, no radiological technique is capable of 

identifying the vascular supply regions o f the SCA, the PICA and the AICA. 

Consequently, textbook maps o f the most frequent locations o f the borderzone regions 

must suffice (97).

2.4.3. The unexplained prevalence of borderzone infarction

Current literature suggests that borderzone infarction occurs in the context o f large 

artery disease (1, 60, 98). A discrepancy exists, however, between the prevalence of 

borderzone infarction and the prevalence o f it’s attributed causes. Recent radiological 

and pathological stroke population-based studies estimate the prevalence of 

borderzone infarction at 9.6-12.5% (60, 98). However, in a Caucasian population, the 

prevalence o f severe MCA stenosis is less than 1% (116).

In an Asian population this may approach 5.6% (117). The prevalence o f severe 

carotid stenosis is 3.6% in those over 80 years and 1.5% among in between 50 and 80 

years. Importantly, every year only 2-3% o f those with severe carotid stenosis 

actually infarct their brain (118, 119). Also post-hoc analysis o f the European Carotid 

Surgery Trial data concluded that severe carotid stenosis was not necessary nor 

sufficient to cause borderzone infarction (120). This study analysed the CT brains of 

384 symptomatic patients recruited to the ECST. They found 61 borderzone infarcts 

occurred in patients with severe carotid disease but 42 occurred in those with mild or 

moderate carotid stenosis.
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In a smaller study, Derdeyn et al reported on a series o f 11, prospectively observed, 

acute infarcts that occurred in patients with severe carotid stenosis. Six were territorial 

infarcts, three were borderzone infarcts, one was indeterminate and one occurred in 

the retina (121).

Thus, two important points emerge. Firstly the reported prevalence o f borderzone 

infarction appears greater than the reported prevalence o f it’s attributed causes (severe 

large artery stenosis) and secondly that the relationship between borderzone infarction 

and it’s attributed causes is less than perfect.

There are three possible explanations to explain such findings. The first explanation is 

the reported prevalence o f borderzone infarction (12.5%) may be inaccurate. The 

location o f cortical borderzone regions vary and so 12.5% may be an overestimation. 

However, the location o f the internal borderzone region does not vary and the 

estimated prevalence o f such an infarct is 4.8% o f all infarcts (98).

Therefore, the sum prevalence o f internal borderzone infarction coupled with a 

conservative prevalence o f cortical borderzone infarction amounts to more than the 

prevalence o f severe large artery disease.

The second explanation is that an embolic process underlies borderzone infarcts rather 

than a haemodynamic process and that an embolic process occurs at all levels o f large 

artery stenosis. Moderate sized carotid plaques will yield more embolic material than 

larger sized carotid plaques if  they are less calcified and contain more thrombus 

(based on ultrasound detection and peri-proceedural emboli) (122).
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Biasi et al performed graded echolucency o f stenosis in 418 cases o f carotid stenosis 

before inserting carotid artery stents (post-hoc analysis o f a trial registry). He 

demonstrated that if a patient had an echolucent plaque (compared with a more 

calcified plaque), the odds ratio for peri-proceedural stroke with carotid artery 

stenting amounted to 7.11 (p=0.002). He also demonstrated that the odds ratio in 

those with severe carotid stenosis was 5.76 (P=0.01) (123).

Consequently, an increased embolic load together with stenosis may explain 

borderzone infarction. However, this explains the less than complete correlation with 

severe carotid stenosis but not the high prevalence o f borderzone infarction. 

Moreover, as alluded to previously, haemodynamic factors do appear to contribute 

significantly to borderzone infarction. The third possibility is that another mechanism 

causes borderzone infarction but has not yet been detected.

It is possible, for example, that previously undetected episodic hypotension 

potentiates borderzone infarction, in conjunction with varying degrees o f carotid 

stenosis, but independent o f the severity o f carotid stenosis. Thus, patients with mild 

or moderate stenosis and episodic hypotension may experience hypotension, and thus 

develop a borderzone infarct. To date, most aetiology-focussed borderzone research 

has assessed blood pressure with one-off sphygmomanometer assessments.
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Some studies liave attempted to investigate episodic hypotension. Bladin conducted 

lying and standing BP’s on borderzone infarct patients (60). Isa used 24-hour BP 

monitors to detect post-prandial hypotension in a case o f borderzone infarction and 

Matsushita reproduced hypotension on head-up tilt in a case o f borderzone infarction 

and recurrent syncope (3, 59). However, these are isolated attempts to investigate 

episodic hypotension and their approach falls short o f a comprehensive 

haemodynamic evaluation. Indicators o f hypotension, when asked, have been patient 

histories, sometimes conducted by a vascular surgeon with no training in the cardinal 

symptoms o f hypotension -  syncope and pre syncope.

Therefore, it is conceivable that episodic hypotension may have gone undetected in 

borderzone infarct studies, particularly given that patients with episodic hypotension 

often have normal to high baseline blood pressures. Elderly patients with 

symptomatic orthostatic hypotension are more likely to have supine hypertension than 

patients without symptomatic orthostatic hypotension (124). Accordingly conditions 

that potentiate episodic hypotension may potentiate borderzone stroke, as long as 

emboli are also present. Such conditions include orthostatic hypotension, post

prandial hypotension, vasovagal syncope and carotid sinus hypersensitivity, and are 

collectively known as disorders o f neurocardiovascular instability (NCVI). 

Hypotension in this context may potentiate borderzone infarction with or without 

contribution from emboli.
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2.5.Neurocardiovascular instability and cerebral tissue insult

2.5.1. Dellnition of neurocardiovascular instability

Neurocardiovascular instability (NCVI) is an all-encompassing term that refers to 

conditions, which commonly potentiate syncope. NCVI is defined as “age-related 

changes in blood pressure and heart rate behaviour, predominantly resulting in 

hypotension and bradyarrythmia” (125). All conditions that this term represents 

exhibit similar patterns of erratic blood pressure and heart rate behaviour, which 

culminate in presyncope or syncope. This group of hypotensive disorders consists of 

vasovagal syncope, orthostatic hypotension, postprandial hypotension and carotid 

sinus syndrome.

Conditions that constitute neurocardiovascular instability:

1. Orthostatic hypotension:

A) Consensus or classical definition of OH: a drop of at least 20 mmHg in systolic 

(SBP) and/or 10 mmHg in diastolic blood pressure (DBP) within the first three 

minutes of orthostatic as measured by sphygmomanometer (126).

B) Initial OH (lOH) a transient blood pressure decrease, within 30 seconds after 

standing, of more than 40 mmHg in SBP and/or more than 20 mmHg in DBP, with 

symptoms of cerebral hypoperfusion, as measured by phasic beat-to-beat blood 

pressure recordings (127).
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2. Postprandial hypotension:

A fall in supine systolic blood pressure o f  20 mm Hg up to 75 m inutes (or 90 m inutes) 

after a meal (128).

3. Carotid sinus hypersensitivity

Carotid sinus m assage for 5-10 seconds (supine or erect) resulting in either:

“A ventricular pause lasting 3 seconds and/or a fall in systolic BP of 50m m H g” (129).

4. Carotid sinus syndrom e:

Carotid sinus hypersensitivity in association with spontaneous syncope (129).

5. N eurocardiogenic syncope:

A syndrom e in which “triggering o f  a neural reflex results in a usually self-lim ited 

episode o f  system ic hypotension characterized by both bradycardia (asystole or 

relative bradycardia) and peripheral vasodilation” (130). This is also referred to as 

vasovagal syncope or reflex syncope.
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2.5.2. Prevalence of neurocardiovascular instability

Disorders o f NCVI present clinically as syncope or as presyncope. Syncope is a 

common condition and accounts for 1.2% o f emergency room visits. (131, 132). 

Vasovagal syncope accounts for 66% o f syncope attendances to the emergency room 

and orthostatic hypotension for 10%, while cardiac disorders account for 16% and the 

remainder are non-syncopal attacks (133). The relative prevalence that each condition 

contributes to syncope events varies and depends on the context, such as the 

emergency department, a syncope unit or the community (133-135).

2.5.3. Neurocardiovascular autoregulation

2.5.3.1. The Physiology of blood pressure autoregulation

At any given time, 5% o f all blood volume is in the capillaries, 8% in the heart. 12% 

in the pulmonary circulation, 15% in the arterial system and 60% in the venous 

system. Because o f gravitational forces and hydrostatic mechanisms, sudden changes 

in posture cause sudden shifts in the distribution o f blood volume. Standing up from a 

lying down position, for example, is associated with 300ml to 800ml accumulation o f 

blood in the lower extremities (25% o f blood volume) (136). Furthermore, hydrostatic 

forces cause a shift in fluid from the capillaries to the extracellular fluid which can 

account for up to 10% o f blood volume loss (137).
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To counteract volume shift high-pressure receptors, located in the aortic arch and the 

carotid arteries, and low-pressure receptors located in the atria o f the heart and in the 

lungs, modulate the baroreflex response. Within the carotid, receptors are located in 

the adventitial layer at the origin o f the internal carotid, an area known as the carotid 

sinus. Sensory, stretch-related nerve fibres travel with the glossopharyngeal nerve to 

the nucleus ambiguus, ventolateral medulla and dorsal root o f the vagus nerve. 

Reduced cardiac output and reduced arterial pressure decrease the “stretch” on the 

carotid sinus, which in turn reduces its afferent output (128). According to Benneroch 

et al, this leads to a sympathetic excitation via the ventrolateral medulla and 

parasympathetic inhibition via the nucleus ambiguus and results in a tachycardic 

response (138).

Concomitantly the mechanoreceptors in the atria send vagal input to the nucleus 

tractus solitarius, and when cardiac output drops off, reduced input from this afferent 

limb results in constriction o f the splanchnic circulation and constriction o f blood 

flow to the skin and muscles, all o f which increase lower and upper limb vascular 

resistance by up to 50% (128).

According to Sprangers et al, standing causes a drop in peripheral resistance o f 

approximately 40% which causes a drop o f 25mmHg, mostly through posture-related 

redistribution o f blood flow (139). Wieling and colleagues found the extent o f the 

drop correlates with the magnitude o f the reduction in peripheral vascular resistance 

(78).
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Standing requires muscle contraction, which is an integral part o f the initial drop in 

blood pressure, either through rapid locally mediated vasodilation or 

cardiopulmonary-receptor-mediated withdrawal o f sympathetic input due to sudden 

increases in right atrial pressure. Both the drop in peripheral resistance and probably 

muscle contraction-activated sympathetic withdrawal cause initial orthostatic 

hypotension, known as “the initial response” (78). At the same time, standing initiates 

an abrupt increase in heart rate, which results in cardiovagal inhibition and increases 

cardiac output (140). This increase in cardiac output initiates the recovery o f blood 

pressure. This period is termed “the early steady state alteration” (141).

Haemostasis is maintained in this way. However, it is still not certain what defective 

compensation results in syncope. It is hypothesized that inadequate venous return 

results in stimulation o f the atrial receptors. Through medullary feedback, forceful 

contractions o f the ventricles are initiated. This in turn stimulates vagal efferent 

pathways. The result is a paradoxical drop in blood pressure and heart rate, 

culminating in loss o f consciousness or near loss o f consciousness, which is known as 

the Bezold-Jarisch reflex.

Such a theory is widely accepted, however, evidence in its favour is conflicting. 

Patients who experience syncope and undergo a vagotomy still report syncope after 

the procedure. Echocardiographic monitoring during head-up tilt-induced syncope 

does not demonstrate forceful contractions (141). Some believe that syncope may 

have a cortical focus. Syncope patients exhibit abnormal EEG activity in response to 

hyperventilation when compared with controls (142).
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Quantitative EEG studies performed by Mercader, identified cortical changes in the 

presyncope period, which lateralised to the left cerebral cortex (143). Contrasting this, 

O ’Dwyer et al have demonstrated that cortical EEG changes occur in post syncope 

period, and accordingly there is not a cerebral origin, however, they did demonstrate a 

relative left lateralization change in the cortex o f older people, which occurred in 

advance o f syncope (144). Nevertheless, the overwhelming evidence suggests that 

syncope probably does not originate in the cortex. Possibly a complex interplay 

between inappropriate sympathetic/parasympathetic balance resulting in inappropriate 

cardiac contractions and co-extant failing cerebral processes, as a result o f impaired 

cerebral autoregulatory mechanisms, cumulatively give rise to syncope.

2.5.4, Cerebral Autoregulation

Cerebral autoregulation is the capacity o f the cerebrovascular system to maintain a 

constant rate o f cerebral blood flow during changes in arterial blood pressure and 

cerebral perfusion pressure (145). The relationship between cerebral blood flow and 

cerebral perfusion is defined by Ohm’s law, which states that (cerebral blood) flow= 

(cerebral perfusion) pressures/(cerebrovascular) resistance. Under conditions where 

intracranial pressure is normal we can substitute into the equation cerebral arterial 

blood pressure rather than cerebral perfusion. Accordingly cerebral blood flow is 

maintained by adjusting cerebrovascular resistance in the face o f changes in arterial 

blood pressure.
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This mechanism reportedly maintains cerebral blood flow for arterial blood pressures 

between 50mmHg and ISOmmHg; see Figure 2-19, Figure 2-20 (146, 147). It does so 

through a combination o f autonomic innervation and endothelial function. These 

processes influence local vascular resistance at the level o f the end-arterioles. Arterial 

dilation maintains perfusion in accordance with Poiseuille’s law. Vessel dilation 

reduces resistance dramatically and increases flow while constriction has the opposite 

effect. In this way adjustment o f pial arteriole diameter maintains a constant cerebral 

blood flow over a range o f perfusion pressures. At extreme lows in blood pressure, 

however, pial arterioles are maximally dilated, and so further reductions in perfusion 

pressure result in decreases in cerebral blood flow (lower limit o f autoregulation). At 

extreme highs in blood pressure pial arterioles are forced to open and cerebral blood 

flow increases with increasing perfusion pressure.
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Figure 2-19: With perm ission from Paul et al (148). Representation o f autoregulatory response 
changes in cerebral perfusion pressure. Cerebral blood flow is m aintained constant over a range 
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limit o f pressures (indicated by dashed line) decom pensation occurs.
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Endothelial function and autonomic function are important components o f this 

cerebral autoregulatory process. The endothelial molecule, nitrous oxide, is a potent 

vasodilator and an important mediator o f cerebrovascular reactivity (149). It mediates 

MCA dilation in response to hypercapnia while in animals, genetic knockout of 

nitrous oxide synthase results in blunting o f cerebrovascular reactivity (150, 151). 

Impaired endothelial function correlates with reduced cerebrovascular reactivity (152, 

153). Upregulation o f endothelial activity may, for example, account for the 

neuroprotective effect o f statins (154).

Autoregulation through central autonomic control o f blood pressure probably occurs 

in the medial prefrontal cortex and the insular cortex (155). Animal studies have 

linked the medial prefrontal cortex with the parasympathetic component o f the 

baroreflex (156). Hand-grip exercises, which stimulate a tachycardia through vagal 

withdrawal rather than sympathetic stimulation, cause activation o f the medial 

prefrontal cortex on functional MRI (157). Humans with lesions in the right 

ventromedial prefrontal cortex display increases in heart rate and blood pressure upon 

emotional stimulation (158). The insular cortex on the other hand appears to exhibit 

sympathoexcitatory activity (155, 159). This region also exhibits lateralization. 

Lesions o f the left insular cortex in humans may increase cardiac sympathetic tone 

(160). Stroke patients who have involvement o f the right insular cortex have a higher 

incidence o f complex cardiac arrhythmias and reduction in heart rate variability (161, 

162).
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2.5.5. Measurement of autoregulation

Various techniques have evolved to measure components o f the cerebral 

autoregulatory system. Transcranial Doppler ultrasound can be utilized to measure 

passive changes in mean MCA flow in response to changes in systemic blood 

pressure, monitored through phasic beat-to-beat blood pressure assessment methods. 

Autoregulatory index can be calculated through this approach and this index reflects 

the extent to which fluctuations in systemic blood pressure are buffered by the 

cerebral circulation. Absent cerebral autoregulation can be deduced when mean MCA 

velocities fluctuate perfectly in-phase with systemic blood pressure fluctuations. 

Autoregulation tempers the systemic vascular BP changes, such that cerebral flow has 

lower amplitudes o f change. This observation is known as phase shift and the extent 

to which phase shift occurs reflects autoregulatory capacity. This method is useful in 

that it directly measures cerebral autoregulation, however, it’s reproducibility is poor 

(145).

Reproducibility may be enhanced through the application o f external stressors such as 

bilateral leg cuff release, in which two blood pressure cuffs arrest arterial flow to the 

legs for a defined period o f time and are simultaneously released causing a dramatic 

drop in systemic blood pressure. Corresponding changes in mean cerebral blood flow 

indicates autoregulation (163). Hyperventilation, repeated hand-grip and valsalva 

maneuvere are alternative, better tolerated techniques that do not instigate as dramatic 

a change in blood pressure (164).
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Also, the inhalation o f 5% carbon dioxide during MCA flow recording is a robust 

method for assessing cerebral autoregulation (165). This technique quantifies MCA 

dilation in response to hypercapnia, a measurement known as vasomotor reactivity. 

Vasomotor reactivity indirectly reflects autoregulatory capacity. It indicates the 

brain’s capacity for autoregulation rather than its real-time autoregulation at that time. 

It is a reproducible technique and in assessment o f severe carotid stenosis. A poor 

vasomotor reactivity has been shown to reliably predict future cerebral infarction 

(166).

2.5.6. Cerebral autoregulation in patients with NCVI

Patients with NCVI exhibit diminished cerebral autoregulation. For example, using 

TCD, patients with carotid sinus hypersensitivity exhibit lower mean MCA velocities 

in response to induced hypotension when compared with controls and exhibit a 

reduced autoregulatory index (167). Also, cases with a history o f syncope exhibited 

diminished vasomotor reactivity when compared with controls that do not have a 

history o f syncope. Impaired autoregulation may partly contribute to progression to 

loss o f consciousness (168).

Some patients with NCVI may also experience a paradoxical central vasoconstriction 

in response to peripheral hypotension rather than an appropriate central vasodilation. 

This inappropriate response culminates in absence o f flow and syncope (169).
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Supporting this theory Carey et al demonstrated that indices o f the cerebral 

autoregulation index deteriorate in syncope patients before syncope but not in controls 

(170). Such results suggest that cerebral flow failure, in conjunction with cardiac and 

peripheral vascular changes, contribute to syncope onset.

Such hypotheses are supported by data from infrared spectroscopy monitoring during 

syncope. Infra-red spectroscopy is a reproducible technique that measures cortical 

haemoglobin oxygenation and generates real-time results, making it suitable for 

assessment during head-up tilt (171). Three studies have demonstrated that 

deoxygenation o f haemoglobin occurs in the cortex before symptoms o f 

hypoperfusion develop and before there is an observed drop in systemic blood 

pressure (172-174). This deoxygenation pattern does not occur in control subjects 

(175).

Finally patients with NCVI in middle or later life, often have concomitant 

hypertension (124). The cerebral autoregulation curve probably shifts to the right in 

patients with chronic hypertension; see Figure 2-20 (25, 147, 176). Thus 

hypotension-related cerebral ischaemia begins at higher BP levels than in 

normotensive patients. Accordingly, episodic drops in blood pressure among 

hypertensive patients may culminate in greater degrees o f hypoperfusion than in 

normotensive patients, which drop to the same absolute level.
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2.5.7. Cerebral autoregulation in the older person

No studies have investigated cerebral autoregulation in patients more than 75 years 

old (177). Elderly patients (but less than 75 years old) exhibit an increase in 

cerebrovascular resistance and a decrease in cerebral blood flow (178). Consequently 

their cerebral autoregulatory curve probably changes; see Figure 2-21. Disagreement 

exists regarding the manner o f change. The curve may shift downward due to 

increased vessel resistance; see Figure 2-21. This results in a reduced cerebral blood 

flow at a given perfusion pressure. Alternatively the curve may shift rightward, which 

results in a poor tolerance for hypotension as the steep slope o f the lower end o f the 

curve begins at higher perfusion pressures. Consequently, elderly patients cannot 

compensate for drops in perfusion pressure and thus cerebral blood flow falls at an 

earlier level than in younger patients (179).
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Importantly, healthy older people, free o f co-morbid disease, do not appear to exhibit 

this autoregulatory decline (180). Regardless o f whether rightward shift occurs, 

healthy elderly people display intact cerebral autoregulation. Serrador et al, using an 

active stand in healthy older patients less than 75 years (mean age 72.4 years), 

demonstrated preserved autoregulation with orthostatic challenge in those with 

normotension (mean systolic blood pressure (SBP): 125 mm Hg), controlled 

hypertension (SBP: 135 mm Hg), and uncontrolled hypertension (SBP: 162 mm Hg) 

(181). Carey et al also observed a similar autoregulation capacity in older healthy and 

younger healthy patients, during hypotension-induced lower body negative pressure 

(180).
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With the exception o f heaUhy older people, age generally results in accumulation o f 

co-morbidity, and often these conditions affect autoregulation. For example, stroke, 

WMD and NCVI will all diminish autoregulatory capacity (182, 183). This may 

explain the general rightward shift in the autoregulatory curve seen in elderly patients 

and it may also explain the apparent benefit that non-frail old derive from anti

hypertensive therapy while frail-older may not derive the same benefit.

2.5.8. Cerebral autoregulation in post-stroke patients

Studies that have investigated cerebral autoregulation in the post stroke period can be 

divided into those that have assessed autoregulation in the acute stroke period (<96 

hours post stroke) and those that have assessed autoregulation in the subacute and 

chronic phase (>96 hours). Transcranial Doppler ultrasound has been used to assess 

both static and dynamic autoregulation among these patients. Due to it’s capacity for 

dynamic assessment and non-invasive nature, it is regarded as the most appropriate 

method to assess post-stroke cerebral autoregulation (184).

In the acute post stroke period it is clear that autoregulation is impaired, regardless o f 

the extent o f  the tissue infarction and at all patient ages. Beyond the acute period, 

however, there may be a gradual improvement in autoregulation, though at what point 

it normalizes or if  it ever does is not known. Reinhard demonstrated that dynamic 

cerebral autoregulation deteriorated from day one post-stroke to day 6 (183).
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However, Brodie demonstrated an improvement in autoregulation between 

assessment before 48 hours and assessment at 14 days (185). Dawson et al did not 

detect improvement at 14 days compared with 7 days post stroke (186). O f note, it 

appears that post-stroke autoregulation dysfunction depends on whether tissue 

infarction occurs (187). Kwan et al demonstrated an improvement in autoregulation 

between 7 days post stroke and 6 weeks post-stroke. A further improvement was 

observed at 12 weeks (188).
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2.6.Syncope and stroke overlap

2.6.1. Mutually exclusive definitions of syncope and of stroke

Transient global hypoperfusion potentiates syncope and concomitantly may potentiate 

transient global neurological symptoms. Examples include lightheadedness, 

unsteadiness, visual blurring, loss o f  vision, emotional lability, disorientation and 

amnesia for the event (134). Pain may also result. Coat hanger pain, which describes a 

dull ache across both shoulders, arises from hypotension and poor perfusion to said 

muscle groups and similarly chest tightness, in the absence o f coronary artery disease, 

may arise from hypotension.

Syncope and global hypoperfusion are not associated with focal neurological 

symptoms. The European Syncope Guidelines explicitly state that, “For all practical 

purposes a TIA concerns a focal deficit without LOC, and syncope the opposite” . 

Such a clear statement out rules the possibility that syncope may, in any way associate 

with focal neurology.

Correspondingly, a TIA is defined by the American Academy o f Neurologists as, “a 

transient episode o f neurological dysfunction caused by focal brain, spinal cord, or 

retinal ischemia, without acute infarction” (189). This definition excludes global 

ischaemia as a cause o f TIA. Furthermore, various stroke scales, such as the ROSIER 

scale, apportions less likelihood o f a TIA or a stroke in the context o f syncope. This 

scale is derived from 343 stroke and non-stroke presentations to the emergency 

department o f a tertiary hospital.
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The presence o f syncope conferred an odds ratio o f 0.1 (95% Cl 0.0-0.2) that the 

patient had a stroke (190). Clinically, in a case vignette series, the very presence of 

syncope lead 21 out o f 22 stroke neurologists to exclude a TIA (191).

2,6.2, Syncope and stroke overlap

Large-scale population studies, however, have alluded to the possible existence o f an 

overlapping syncope, which presents with both focal neurology and hypotensive 

symptoms. Bots et al analysed records from 7983 older community dwellers and 

identified 121 patients with neurologist-diagnosed “non-specific TIA events” .

These were defined as visual, unilateral or bilateral weakness with associated 

impaired consciousness or jerking (192). Such an entity may reflect syncope with 

focal neurology or may reflect atypical seizure behaviour. Boss et al analysed records 

from 6064 community dwellers and identified 38 with “mixed TIA events” . Such 

events were defined as a mixture o f  focal and non-focal neurological events. In 21% 

of cases, syncope was associated non-focal event (193). These descriptions are vague, 

however, if  indeed these studies do allude to the existence o f focal neurology with 

syncope then clearly it is a rare phenomenon in the community. Possible a specialist 

syncope or stroke unit may be a more appropriate setting, as the characteristics and 

cause o f the syncope population will differ from that o f the community setting.
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In an old retrospective syncope-unit study, Wayne et al reported that 24 o f 298 

syncope cases were caused by cerebrovascular disease (194). The Framingham cohort 

was analysed by Sotaritades, and after consensus opinion by both an internist and a 

cardiologist, a stroke or TIA was reported to co-exist in 4% of all cases o f syncope 

(135). Alboni too alludes to the existence o f co-extant cerebrovascular events with 

syncope occurrence, however, at a much lower prevalence, 0.5% (195). Davidson 

reported that TIA symptoms co-existed or caused a syncope event in 7.8% of all 

syncope admissions to the emergency department, however, no formal tilt evaluation 

was carried out on these patients and thus the existence o f syncope is uncertain (196). 

Jardine et al, using head-up tilt to induce hypotension, reproduced focal neurological 

episodes in 3 patients who were previously diagnosed with a TIA (197).

In emergency department-derived data, the aforementioned ROSIER study observed 

loss o f consciousness at presentation in 6% of the 176 diagnosed strokes/TIA’s. As 

mentioned in section 2.4.1, Matsushita described a case o f borderzone cerebral 

infarction in a man with recurrent syncope, which was later reproduced on head-up 

tilt and Isa reported on borderzone cerebral infarction in a man with post-prandial 

hypotension (3, 59).

If  NCVI does overlap with stroke, tissue infarction in flow-vulnerable borderzone 

regions o f the brain would likely suggest a correlation and/or causal relationship 

between hypotension and stroke.
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2.7.The m ethodology in studies to date and our attempts to

address perceived limitations

2.7.1. Reason for search

A systematic review was performed to establish the evidence in three key areas:

1. The methodology used to investigate the existence hypotensive disorders 

among patients at risk o f stroke or among patients who are post-stroke

2. The methodology used to measure 24-hour blood pressure variability and it’s 

association with stroke

3. The methodology used for the classification o f an infarct as a borderzone 

infarct or a non-borderzone infarct.

2.7.2. Search strategy

We searched the published literature from January 1966 (MEDLINE) and from 

January 1989 (EMBASE). We performed 3 separate searches in order to determine 

the methodology used in studies that have previously explored a correlation between 

hypotension and stroke.

2.7.3. Eligibility of studies

We sought publications with original data, in English on humans that were either at 

risk o f or post-stroke. Articles concerning only hemorrhagic stroke were excluded, as 

were studies that primarily described intracranial pathology other than ischaemic 

stroke (such as phaeochromocytoma or pituitary adenoma).
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We excluded studies relating to genetically determined stroke, such as cerebral 

autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 

(CADASIL). We excluded studies that included patients under 18 years old. Studies 

that exclusively explored WMD and not stroke were also excluded. Studies involving 

pregnant patients were excluded. Studies that explored hypotension in the acute stroke 

period (less than 2 weeks after the stroke) were excluded. As we could not reproduce 

intraarterial BP monitoring, studies that described intraoperative BP monitoring were 

also excluded. Review papers were also excluded.

2.7.4. Separate search strategies

Search 1: We searched for studies that explored the relationship between NCVI 

(including baseline hypotension) and borderzone infarction

Search 2: We searched for studies that explored the relationship between NCVI 

(including baseline hypotension) and stroke

Search 3: We searched for studies that explored the relationship between 24-hour 

blood pressure variability and stroke

Search 4; We searched for studies that explored borderzone infarct prevalence and 

pathogenesis, as detected by MRI, in order to appreciate the way in which they 

identified the borderzone regions.

86



2.7.5. Search 1: Assessm ent o f neurocardiovascular instability in 

studies on borderzone infarction

By way o f the advanced search method, we combined the following terms; 

‘hypotension(mesh)’, ‘syncope(mesh)’using the Boolean operator ‘O R’. We used the 

Boolean operator ‘A ND’ to link these to the terms ‘borderzone’ ‘border zone’ 

‘border-zone’ ‘watershed’. The search was updated until April 2013.

2.7.5.1. Search 1: Methodology in studies that investigated NCVI in 

studies on borderzone infarction

This search yielded 20 studies. After applying the exclusion criteria mentioned in 

section 2.7.3, 12 studies fulfilled the criteria for the search.

All 12 studies attempted to determine the pathogenesis o f borderzone infarction. Two 

of the 12 studies determined the existence o f hypotension on the basis o f a clinical 

history o f syncope or presyncope at stroke onset alone (198, 199). One study based 

the existence o f hypotension at stroke onset on a documented history o f syncope 

events before or after the stroke (200). A history o f such hypotensive behaviour was 

regarded as an indication o f probable hypotension at the time o f the stroke. Three 

studies described acute blood pressure lowering in hypertensive patients and reported 

lowering o f inpatient ambulatory cuff blood pressures (57, 201, 202). Two studies 

observed real-time lowering o f blood pressure as in patients precipitating stroke (and 

in one case hypotension was due to an observed cardiac arrest) (54, 59, 203).
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Two studies diagnosed a hypotensive disorder and deemed the existence of a 

hypotensive disorder as evidence for hypotension at stroke onset. One study 

diagnosed OH from lying and standing BPs and one diagnosed post-prandial 

hypotension from 24-hour monitoring (2, 3). One case report investigated recurrent 

s>'ncope and borderzone infarction with head-up tilt to reproduce syncope and 

confirm the co-existence of vasovagal syncope (59).

2.7.5.2. Methodology for the investigation of NCVI in studies on

borderzone infarction in this study

Outlined below in section 2 .1 .6 2 .
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2.7.6. Search 2: Assessm ent o f neurocardiovascular instability in 

studies on stroke (borderzone or otherwise)

By way o f the advanced search method, we combined the following terms: 

‘hypotension(mesh)’ (exp), ‘syncope(mesh)’ (exp) hypotension orthostatic(mesh) 

(exp), ‘faintness(title)’ using the Boolean operator ‘O R’. We used the Boolean 

operator ‘A ND’ to link these to the mesh heading ‘stroke’ (exp) and the terms ‘border 

zone’ ‘border-zone’ ‘watershed’. The search was updated until April 2013.

2.7.6.1. Search 2: Methodology in studies that investigated NCVI in

studies on stroke

The search yielded 223 studies. After applying the exclusion criteria mentioned in 

section 2.7.3, 21 studies fulfilled the criteria for the search.

18 studies investigated disorders o f NCVI and their correlation with stroke. Seven of 

the 18 studies assessed for orthostatic hypotension through BP cuff assessment 

methods, five o f the seven used lying and standing assessments (6, 53, 60, 204, 205) 

and two o f the seven used sit to stand assessments (206, 207). In all seven studies, the 

consensus (classical) definition o f orthostatic hypotension (section 2.5.1) was used 

and the time o f BP measurement post-stand varied from 2 minutes to 5 minutes.
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Seven o f the 18 studies identified the presence o f NCVI on the basis o f a clinical 

history suggestive o f syncope episodes (one also used lying and standing BP 

assessments and consensus OH definition in addition to history) (1, 54, 56, 58, 60, 

198,208).

Three o f  the 18 studies identified the presence o f NCVI through the use o f head-up tilt 

assessments; two to measure orthostatic hypotension, based on consensus definition 

o f OH and one study, which involved one patient, used head-up tilt to establish 

symptom reproduction and confirm a diagnosis o f vasovagal syncope (59, 209, 210).

One o f the 18 studies used 24-hour BP monitoring to diagnose post-prandial 

hypotension (55).

In addition to investigation o f hypotension, 3 studies monitored heart rate. All used 

24-hour ECG monitoring to detect an arrythmogenic source for hypoperfusion (56, 

59, 60).

Only four studies investigated NCVI in the specific context o f borderzone infarction, 

while the others just observed correlation with non-specific stroke. Belden defined 

hypotension as the presence o f syncope or on the basis o f a borderzone infarct in the 

territory o f a severe large artery stenosis or occlusion (1). Chaves defined hypotension 

as patients with BP less than 70mmHg or patients who experienced a cardiac arrest 

(100). Gottesman utilised intraoperative blood pressure monitoring data (65). Bladin 

defined hypotension as either orthostatic hypotension (consensus definition) or a 

clinical history suggestive o f syncope or presyncope but not light-headedness (60).
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2.T.6.2. Search 2: The proposed methodology for the investigation 

of NCVI among stroke patients in this study

In study one o f this project, a clinical history o f syncope or presyncope at stroke onset 

was taken as a potential surrogate for hypotensive behaviour, which was described in 

previous studies. In addition we referred cases o f suspected hypotension to the 

syncope unit, whereupon they underwent comprehensive syncope evaluation, in 

accordance with the European Syncope Guidelines (129). This included an active 

stand and head-up tilt to reproduce symptoms o f presyncope or syncope, in those 

where the history suggested a hypotensive source (orthostatic or reflex). 

Alternatively, if  the history suggested a cardiac source, patients underwent 7 day ECG 

monitoring and/or carotid sinus massage (based on European Syncope Guidelines 

recommendations) (129). The process o f hypotension evaluation is described in more 

detail in section 3.2.2

In study 2, a clinical history o f prior syncope or presyncope among stroke patients 

was taken as a surrogate for hypotensive behaviour. If syncope or presyncope 

occurred at stroke onset, evaluation proceeded as per study one but otherwise clinical 

history in the syncope unit and active stand and autonomic function were carried out 

but not head-up tilt, continuous ECG monitoring or carotid sinus massage; see section 

4.2.3.

In study 3, among syncope unit patients, a clinical history o f syncope or presyncope 

was taken as a potential surrogate for hypotensive behaviour. All patients in the 

syncope unit (cases and controls) then underwent comprehensive syncope evaluation, 

in accordance with the European Syncope Guidelines (129).
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2.7.7. Search 3: Assessm ent o f blood pressure variability in studies 

on stroke

By way o f the advanced search method, we combined the following terms:

‘blood pressure(mesh)’, ‘stroke(mesh)’using the Boolean operator ‘AND ’. We used 

the Boolean operator ‘A N D ’ to link these to the term ‘variability’. The search was 

updated until April 2013.

2.7.7.1. Search 3: Methodology in studies assessing BP variability in 

stroke

Several studies have used 24-hour blood pressure monitoring to explore a relationship 

between hypertension and stroke but only two studies have utilised this investigative 

tool to explore the relationship between blood pressure variability and stroke (in the 

non-acute stroke period). One study assessed the correlation between 24-hour blood 

pressure variability and the onset o f cardiovascular events, including stroke. This 

study analysed the co-efficient o f variability o f 24-hour BP measurements over day, 

night and over 24 hours but did not use the standard deviation o f variability (211). 

Another study investigated a correlation between 24-hour blood pressure variability 

and stroke in the Syst-Eur (systolic hypertension in Europe) trial population. They 

calculated variability over three time frames, day, night and 24-hour variability (72).
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One study utilised phasic beat-to-beat variability among stroke patients. However, it 

was carried out in the acute stroke period and so their findings may have been 

affected by cerebral autoregulation dysfunction and acute medical intervention during 

that time. Moreover, they investigated the correlation between variability and poor 

outcome post-stroke rather than a correlation between variability patterns among 

differing infarct locations (212).

Many studies have investigated the correlation between inter-visit blood pressure and 

incident stroke but not 24-hour BP variability (71, 213).

2.7.7.2. Search 3: The proposed methodology for this study

investigation of 24-hour ambulatory BP assessment

All patients in study one and study two had a 24-hour BP monitoring with a daytime 

sampling rate o f twice per hour and a night-time sampling rate o f once per hour. It 

was decided 24-hr BP assessment would be conducted in the stroke secondary 

prevention service at St. Jam es’s hospital. It was decided the measure o f variability 

should be the standard deviation o f the BP measurements, analysed separately as day 

and as night time standard deviations o f variability because nocturnal dipping or non

dipping o f blood pressure influences 24-hour SD o f variability values. High SD of 

variability may be due to variability or simply reflect nocturnal dipping o f BP, which 

is a normal physiological entity (214).
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2.7.8. Search 4: Accurate classification o f borderzone infarction

By way o f the advanced search method, we combined the following terms: 

‘borderzone(title)’, ‘border zone(title)’‘border-zone(title)’, ‘watershed(title)’ using the 

Boolean operator ‘O R’. We used the Boolean operator ‘A ND ’ to link these to the 

terms ‘cerebral infarction’ and ‘M RI’. The search was updated until April 2013.

2.7.8.1. Search 4: Methodology in studies classifying borderzone 

infarction

The search yielded 23 studies. After applying the exclusion criteria mentioned in 

section 2.7.3, 20 studies fulfilled the criteria for the search. As described in section 

2.4.2, there are three methods to classify a borderzone infarct 1) templates derived 

from pathological studies, which outline the location o f the borderzone regions 2) 

exogenous MR perfusion with Gadobutrol or 3) A non-contrast enhanced MRI 

technique called arterial spin-labelling.

O f the 20 studies 15 studies used templates derived from pathological studies or CT 

studies to classify an infarct as borderzone or non-borderzone in nature (1, 94, 95, 98, 

100, 215-221). The most commonly used templates were from Damasio and from 

Bogousslavski, which were used by 9 studies (92, 198). Other templates that were 

cited included those from Van Der Zwan. Bladin and Zulch and cerebellar region 

templates by Amarenco (2, 105, 222, 223). Three o f the 20 studies did not cite their 

methods for borderzone classification (93, 224, 225).

94



One o f the 20 studies did not use templates, relying instead on neuroradiology opinion 

(65). One o f the 20 studies was an intraoperative study and used near infrared 

spectroscopy (226).

2.7.8.2. Search 4: The proposed methodology for borderzone

infarction classiflcation in this study

Templates that map out the vascular territories o f the brain are sometimes inaccurate 

due to the variable nature o f the borderzone regions; see section 2.4.2. Consequently, 

we utilised MR perfusion imaging with IV Gadobutrol contrast to determine the 

location o f the borderzone regions for each patient.

In this study a modified MR perfusion protocol was utilised to identify borderzone 

regions in patients who did not have severe large artery disease. This method is 

described in greater detail in section 3.2.5.3. The standard MR perfusion protocol was 

amended to increase the likelihood o f borderzone region identification. The time 

between repeat scanning is normally 2 seconds during MR perfusion data acquisition, 

however, this was shortened to 0.93 seconds and the field o f view was reduced to 

enable this shorter repetition time. Furthermore “first m om enf’ measurements were 

utilised rather than measures such as mean transit time and cerebral blood flow as 

these are derived values based on assumptions (regarding arterial input function) 

while first moment measurements describe the time for the first molecules o f contrast 

to arrive in a given voxel (or part o f  the brain). Accordingly this measurement is more 

direct in its assessment o f blood flow (112).
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Though it has a lower signal to noise ratio than the previously mentioned 

measurements, it is a more appropriate measurement method for this particular study.

First moment measurements from MR perfusion data were inputted into a Matlab- 

derived software programme that traced the contrast from the point at which it enters 

the brain and as it extends superiorly and laterally in the brain, while time progresses. 

This technique identified the territorial maps for patients; see Figure 2-22. Maps were 

used to classify the infarct as a borderzone lesion or a non-borderzone lesion.

Figure 2-22: Axial images of  one p e rso n ’s brain . A) C o n t ra s t  as it first arr ives  in the brain .  Each 
island is labelled as ACA, M CA  o r  PCA. B) As time advances con tra s t  expands la terally  and  
superio r ly  an d  the sam e label is applied to the expand ing  “ is land” of contrast.  C) T he  software 
p ro g ra m m e  uses this in form ation  to generate  vascu la r  supply te rr i to r ies  o f  the brain .  F ou r  axial 
slices on one p e rso n ’s b ra in  a re  dem ons tra ted  here. G reen  and  blue are  M CA te rr i to ry ,  red and  
pink  are  the ACA te rr i to ry  and  pu rp le  and  light blue are  the PCA te rr i to ry .  W h e re  vascu la r  
te rr i to r ies  meet a re  the borderzone  regions.
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2.8.Aim

The aim o f this thesis was to explore the relationship between stroke or TIA and 

disorders that cause episodic hypotension. We aimed to determine whether episodic 

hypotension might precipitate cerebral tissue infarction, specifically in flow- 

vulnerable regions. Conversely, we aimed to determine whether patients with flow- 

vulnerable infarcts might exhibit signs o f episodic hypotension. As this relationship is 

already recognised in patients with severe large artery disease we aimed to explore the 

potential link in patients with non-severe disease. Thus patients with severe large 

artery disease (greater than 70% stenosis) were excluded from all studies.

In order to comprehensively investigate this correlation three separated studies were 

constructed.

1. Investigate the  p revalence of hypotensive sym ptom s at stroke  onse t and 

the  p revalence of bo rderzone  infarction am ong this group

2. Investigate the blood p ressu re  behav iour of p a tien ts  v^ îth acute 

bo rderzone  infarction

3. Investigate the  p revalence of focal neurological events a t syncope onset
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2.9.Research questions

1. W hat is the prevalence of hypotensive sym ptom s at s troke onset

2. Do patients tha t describe hypotensive sym ptom s at s troke onset 

develop border-zone infarction

3. Do patients with internal borderzone lacunar infarction exhibit m ore 

blood pressure  instability and blood pressu re  variability than  patients 

with non-borderzone lacunar infarction

4. W hat is the prevalence of focal neurological events at syncope onset

5. In w hat way do patients  who experience focal neurology a t syncope 

onset differ from patients w ho never experience focal neurology at 

syncope onset?
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3. Hypotensive stroke in the absence of 

carotid disease
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3.1.Introduction

It is generally acknowledged that hypotension will occasionally induce stroke, but 

only in the presence o f severe large artery disease or after a cardiac arrest. 

Hypotensive stroke, when it occurs, tends to cause infarction in the borderzone 

regions; regions o f distal vascular supply that are susceptible to sudden changes in 

blood flow. However, borderzone infarction accounts for 12.5% of all infarcts, the 

documented causes o f which are not nearly as frequent. Thus it is conceivable that 

episodic hypotension may cause borderzone infarction outwith large artery disease or 

cardiac asystole.

We aimed to investigate whether patients might experience hypotensive symptoms at 

stroke onset in the absence o f severe large artery disease (carotid or middle cerebral 

artery) and whether, on analysing their neuroimaging, a predilection for borderzone 

infarction might be revealed.
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3.2.M ethods

3.2.1. Recruitment

Screening

Screening took place on all stroke patients that presented with an acute ischaemic 

stroke to St. Jam es’s Hospital between July 1̂ ‘ 2010 and January 5”’ 2013. Patients 

were screened for the presence o f presyncope or syncope at the onset o f their stroke 

by the admitting stroke team. Presyncope or syncope at stroke onset was taken as a 

potential indicator o f episodic hypotensive behaviour.

Summary o f inclusion criteria

The inclusion criteria are described in more detail below. In summary, they included 

patients who exhibited presyncope or syncope symptoms at stroke onset, and through 

symptom reproduction, were diagnosed with a hypotensive disorder in the syncope 

evaluation unit. Included patients must have undergone neuroimaging in the acute 

period.

Exclusion criteria

Patients were excluded if  they exhibited carotid stenosis greater than 69%, as 

demonstrated by the St. Jam es’s hospital vascular service using carotid duplex 

ultrasound scanner; Philips UI22 (227). Patients were also excluded if MRA revealed 

middle cerebral artery stenosis greater than 50%, as demonstrated by the St. Jam es’s 

hospital Centre o f Advanced Medical Imaging, on-site 3 Tesla MRI scanner. Prior 

research has already described a correlation between severe large artery disease and 

incident borderzone infarction. Finally, patients were excluded if  their MMSE was o f
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less than 23/30, in keeping with the study ethics proposal. All patients completed a 

consent form before undergoing 3T MRI and also before undergoing cardiovascular 

investigations. The consent details were approved by the St. James’s 

Hospital/Adelaide Meath National Children’s Hospital Research Ethics Committee, 

reference number 2009/12/05 in advance o f study commencement.

3.2.2. Syncope evaluation

If patients did not demonstrate any o f the exclusion criteria, the stroke team referred 

the patient to the stroke research fellow, trained in syncope evaluation, for a more 

detailed clinical history and examination. Those that described a probable presyncope 

or syncope history at the time o f stroke, and migraine or seizure were unlikely to have 

occurred, were then referred to the Falls and Blackouts Unit for reproduction o f their 

symptoms and identification o f a hypotensive disorder.

3.2.3. Syncope unit evaluation

All participants underwent initial evaluation in the Falls and Blackouts unit, which is 

a national referral unit for syncope evaluation in Ireland. The unit is equipped with 

fmometric, phasic blood pressure assessment equipment {Finometer pro; Phillips 

medical), head-up tilt table devices, ECG evaluation equipment, continuous 

ambulatory ECG recording equipment and Medilog Darwin AR12 devices used in the 

assessment o f  autonomic function.
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Syncope unit assessment took place at least 6 weeks post-stroke in the interest o f  

patient safety and to minimise bias due to post-stroke autoregulation impairment (184, 

188, 228).

All acu te  strol 
Hospital

itients praaanting to  St. Jam aa 's 
screened by th e  stroke con su lten t/reg is tra r

Suspected presyncope o r syncope at 
stroke  onset

Suspected presyncope or syncope a t 
stroke  onaat?

Refer to  Falls and Blackouts unit fo r sym ptom  
reproduction a n d / o r bradyarrythm ia evaluation

Sym ptom s reproduced or 
bradyarrythm ia detected?

No

Yes

No

Yes

No

Yes

Exclude

Exclude

Com prehensive w ard-based  evaluation by syncope- 
trained  stroke fellow

PATIENT IS RECRUITED BECAUSE:
1. History is suspicious fo r preayncope or syncope a t stroke onset
2. Sym ptom s reproduced on active stand o r head-up tilt

O f
Bradyarrythm ia detected  on 7-day ECG m onitoring

Figure 3-1: An overview o f the stages involved in screening for hypotensive disorder, symptom  
reproduction and eventual patient recruitm ent
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Exclusion during syncope evaluation;

Participants were excluded from the study at two stages in the syncope evaluation 

process. Firstly, at the clinical stage, the patient was excluded if their history did not 

suggest a hypotensive episode at the time o f the stroke. Secondly, at the evaluation 

stage, the patient was excluded, if  no hypotensive disorder was detected or no 

bradyarrythmia was identified.

All participants underwent an initial evaluation, which included a detailed history, 

examination and a 12-lead electrocardiogram. Consequently, participants were 

divided into those with suspected cardiac syncope and those with suspected reflex 

syncope, as described previously by Mitro et al (229).

Cardiac syncope was suspected if a patient described exercise induced syncope or a 

positive family history o f sudden cardiac death or if a patient described 

syncope/presyncope that occurred independent o f posture and they exhibited the 

following ECG findings (in accordance with the European Syncope Guidelines): 

bifascicular block (extended to include bundle branch block without axis deviation), 

interventricular conduction delay, second degree atrioventricular (AV) block 

(extended to include first degree AV block), asymptomatic inappropriate sinus 

bradycardia (<50bpm), sinoatrial pause >=3 seconds, pre-excited QRS complexes, 

long and short QT intervals, Q waves, suspected Brugada syndrome. Where cardiac 

syncope was suspected, participants underwent 7 day ECG monitoring.
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The diagnostic endpoint was syncope or presyncope (symptom recurrence) during 

monitoring or findings o f asystole >=3 seconds, bradycardia less than 40 b.p.m., type 

2 heart block or type 3 heart block, supraventricular tachycardia or ventricular 

tachycardia (229).

Reflex syncope was suspected if  participants described syncope/presyncope during 

prolonged standing, instrumentation, stress, or fear with typical prodromal symptoms.

Consenting participants underwent head-up tilt assessment using a front loaded head- 

up tilt protocol. This process involved patients remaining supine for a period o f at 

least five minutes during which the Finopres Finometer underwent a calibration 

process and ensured that signal quality was appropriate; see Figure 3-2. Subsequently, 

the table was tilted electronically, by means o f a footpad, to achieve a vertical angle 

o f 70 degrees; see Figure 3-4. The patient remained in at a 70-degree upright position 

for a total time o f 23 minutes, while glyceryl trinitrate (GTN) SOOmcg was 

administered 5 minutes after assuming the 70 degree-upright position; see Figure 3-2, 

Figure 3-3, Figure 3-4. The assessment continued until the patient a) experienced 

presyncope, which was either reproductive o f their symptoms (positive test if 

accompanied by appropriate blood pressure/heart rate changes as outlined below) 

b) experience presyncope which was not reproductive o f  their per-stroke symptoms 

(negative test) or c) the patient did not experience any symptoms (negative test).

This assessment exhibits good compliance in an elderly population and it has a briefer 

duration than the Italian head-up tilt protocol, which administers GTN 400mcg after 

20 minutes and continues for a further 23 minutes (230).
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As participants were referred to the Falls and Blackouts Unit and treated like other 

clinic patients, study participants occasionally underwent Italian protocol head-up tilt 

rather than front loaded head-up tilt. Though it was requested that they undergo front 

loaded head-up tilt protocol, it was left to the discretion o f the evaluating physician 

whether this was appropriate.

Figure 3-2: With permission from Scan Medical. An image of a patient in the supine position 
connected to the Finopres finometer device which assesses phasic blood pressure (231).

Figure 3-3: With permission from Scan Medical. An illustration of the finger cuff assessment 
method used by the Finopres finometer to measure blood pressure (231).
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Figure  3-4: W ith  permission from Scan Medical. An exam ple of  a patien t in the up r ig h t  position 
while investigators a t tem p t  to elicit sym ptom  rep roduction  and  in so doing, detect the presence of 
hypotension an d /o r  asytole d u r in g  sym ptom s (231).

A tilt-positive response was defined as symptom reproduction (hypotensive symptoms 

during the stroke event) with a systolic BP <90 mmHg and or an asystolic pause. A 

cut-off o f 90mmHg with symptoms was deemed in a population that may be 

vulnerable to tilt-induced TIA/stroke due to post-stroke cerebral autoregulation 

dysfunction. Such a cut-off is advised in the 2008 Newcastle protocol guidelines 

among frailer and older patients (232). For safety reasons, the purpose o f the head-up 

tilt evaluation was to reproduce hypotensive symptoms experienced during the 

stroke/TIA and not to reproduce focal neurological symptoms.

If  carotid sinus syndrome was suspected, participants underwent carotid sinus 

massage in the supine and erect position. A positive response to orthostatic 

hypotension was defined as an R-R interval delay o f greater than 3 seconds or a 

systolic drop in blood pressure o f greater than SOmmHg (129).
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An active stand was performed in all participants that attended the Falls and 

Blackouts unit. If the active stand reproduced the symptoms o f presyncope or syncope 

the patient experienced during stroke, and there was a blood pressure drop o f greater 

than 40mmHg systolic BP, then active stand was deemed diagnostic o f a hypotensive 

disorder and symptom reproduction. In this context, head-up tilt evaluation was not 

carried out.

In some cases a diagnosis o f orthostatic hypotension was made when a patient refused 

head-up tilt or was unable to stand due to hemiplegia but gave a classical history o f 

hypotension-induced syncope, had normal ECG recordings and, on active stand or 

active sit, had an orthostatic drop o f greater than 40mmHg in the presence of 

lightheadedness.

The diagnostic criteria used in all evaluations were internationally guideline based 

(129).

108



3.2.4. Baseline data

Data was collected on all participants with respect to the categories outlined below in 

order to eliminate potential confounders and to characterise a hypotensive stroke 

group.

3.2.4.I. Potential confounders

1) Antihypertensive Medication: Angiotensin converting enzyme inhibitors, 

angiotensin receptor inhibitors, diuretics, oral nitrates, alpha and beta-blockers 

and calcium channel blockers.

2) Vasopressor medication: Fludrocortisone and midodrine.

3) Hypertension: A history of hypertension or taking antihypertensive

medications.

4) Cardiovascular disease: A history of myocardial infarction, angina, congestive 

cardiac failure or other arrhythmias, rheumatic disease or peripheral vascular disease.

5) Atrial fibrillation or sick sinus syndrome

6) Stroke disease

7) Diabetes

8) Smoking: A current smoker at the time of the first study visit

9) Alcohol excess: For men: regular weekly consumption greater than 28 units. For 

women: regular weekly consumption of greater than 21 units. The duration of excess 

was recorded (233, 234).

10) Carotid disease: Category of carotid disease on the ipsilateral side and on the 

contralateral side according to Strandness criteria; 0%, 0- 19%, 20-49%, 50-69%, 70- 

99%, occlusion (235). Participants were excluded if they had ipsilateral or 

contralateral carotid stenosis greater than or equal to 70%.
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3.2.4.2. Group characteristics

1) History o f presyncope/orthostatic intolerance:

Participants were asked:

(i) If  they “ever feel near faint episodes or get lightheaded when standing 

up quickly”

(ii) The monthly frequency o f such events

(iii) Precipitating factors to the events

(iv) Average duration o f the events

(v) Duration of time that the patient has experienced these events

(vi) The severity o f the event (described below)

The average severity o f the patient’s presyncope/orthostatic intolerance was 

determined with the Sheldon presyncope scale. The Sheldon presyncope scale has a 

minimum score o f 0 (no symptoms at all) and a maximum score o f 10 (loss of 

consciousness) (236). The Sheldon scale uses information about visual symptoms, 

nausea, posture acquired to alleviate presyncope and the time needed to remain in that 

posture to resolve presyncope. A score is derived from this data and the patient is 

categorised as having mild (0-3), moderate (4-6) or severe (7— 9) presyncope 

symptoms (copy o f scale in appendix 1).

2) Syncope:

To determine syncope burden participants were asked a syncope questions validated 

in the TILDA population: “have you ever lost consciousness or fainted” to determine 

prevalence (237).
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The Irish Longitudinal Study on Ageing (TILDA) is a study o f a representative cohort 

o f approximately 8500 people resident in Ireland aged over 50 years, charting their 

health, social and economic circumstances over a 10-year period.

In addition, the following elements o f their syncope episodes were documented: (ii) 

precipitating factors (iii) average duration o f  syncope (iv) prodrome before syncope 

(ii) The duration o f time that the patient has experienced syncope events.

3) National Institute o f Health Stroke Scale (NIHSS):

To quantify the severity o f their neurological impairment

4) Duration o f focal neurology

5) Posture and activity at the time o f  stroke onse

3.2.5. Imaging

3.2.5.I. CT Brain

A CT scan o f brain was carried out routinely on all stroke participants on admission, 

in accordance with the Irish Stroke Guidelines (238).
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Patlant has a focal neurological aplsoda and presents to the ED

No hypotension coexists 
Routine stroke protocol- MRI If 

clinically Indicated

PanM nM nciulM

Possibly hypotension co-exIsts 
Patients undergo 1.5T MRI acutely

Also referred to the 
syncope unit

Syncope evaluation 
confirms a hypotensive 
disorder and symptom 

reproduction

Recruited subsets then 
undergo 3T neuroimaging in 

the non-acute period

If an acute Infarct ts present 
3T MR perfusion sequence 

Is included

Analysis of MR perfusion 
conducted in MeHioume Brain 

Imaging Laboratory

Figure 3-5: Flow chart demonstrating the process of neuroimaging recruited subjects
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3.2.S.2. Acute Neuroimaging, 1.5T MRI

All studies were performed on a 1.5T MRI scanner. The standard sequence protocol 

consisted o f an axial T2-Weighted Turbo Spin Echo (TR 4639ms, TE 96ms, FOV 

200mm, Matrix 528 x 528, NEX 2, Slice thickness 4mm), an axial Fluid Attenuation 

Inversion Recovery (FLAIR) sequence (TI 2800ms, TR 11000ms, TE 140ms, FOV 

200mm, Matrix 256 x 256, Slice Thickness 4mm), an axial Diffusion Weighted 

Imaging (DWI) sequence (TR 3343ms, TE 100ms, Matrix 256 x 256, b-values 0 and 

1000). Apparent Diffusion Co-efficient (ADC) maps were generated from the DWI 

sequences.

An acute infarct was defined as a lesion that exhibited restricted diffusion (high-signal 

intensity) on DWI and exhibited corresponding ADC changes within the acute period 

(0-7 days). Within the subacute period (greater than 7 days) and acute infarct was 

defined as a lesion that exhibited restricted diffusion on DWI and/or corresponding 

ADC changes (239).

If the predicted delay in undergoing imaging at the on-site MR scanner was deemed 

unacceptably long, then participants were referred to a local private scanning service 

with a compatible 1.5T MRI scanner. If  the time delay from symptoms to MRI was 

greater than 14 days and the MRI did not exhibit an acute infarct the patient was 

excluded, as the sensitivity o f DWI MRI more than 14 days after a minor stroke was 

deemed unacceptably low (28, 240, 241). If, however, the delay to MRI was greater 

than 14 days but the patient exhibited an acute infarct that correlated with symptoms 

then the patient was recruited to the study.
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In certain cases it was decided that if  a patient exhibited an acute infarct on CT and 

had a corresponding focal neurology but MRI was contraindicated, then this patient 

was still included in the study. It was felt that exclusion o f such patients would render 

inaccurate the prevalence estimates o f hypotension at stroke onset.

3.2.S.3. Non-acute neuroimaging, 3 Tesla MRI

Repeat neuroimaging was offered to all participants. When an acute infarct was 

detected on 1.5T MRI. The sequence was as follows:

1. T |-weighted images o f the brain, with field o f view o f 256 x 256 x 160 mm^ 

and spatial resolution 1 mm^.

2. T2-weighted images were acquired with a field o f view o f 230 x 184 x 

149 mm^ and a spatial resolution 0.57 x 0.72 x 4 mm^/ Thirty 30 slices were 

acquired with a 1 mm interslice gap

3. Fluid attenuation inversion recovery (FLAIR) images, with field o f view = 

230 X 183 x  150 mm^ and spatial resolution = 0.65 x  0.87 x  4 mm^. Thirty 

slices were acquired with a 1 mm interslice gap

4. Diffusion weighted imaging (DWI) was performed with field o f view = 245 x

2 3245 X 124 mm , spatial resolution = 2.1 x 2.5 x 4 mm . Twenty five slices 

were acquired with a 1 mm interslice gap

5. An extremely high spatial resolution time o f flight angiography dataset was 

acquired for MRA which used a sequence with a reduced field o f view=200 x

3 3190 X 90 mm to improve spatial resolution to 0.25 x 0.49 x 0.5 mm . The 

field o f view was positioned to include the superior borderzone regions and 

the circle o f Willis. Acquisition time for the MRA sequence was 10 min 38 s
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6. Dynamic Susceptibility Contrast (DSC) perfusion-weighted imaging (PWI) 

was performed by the rapid imaging o f a bolus o f contrast material perfusing 

through the vasculature. To acquire these images, a gradient echo-echo planar 

imaging sequence was optimised, achieving voxel sizes o f 2.5 x 2.5 x 5 mm^ 

in a temporal resolution o f 0.93 s. The standard temporal resolution (or 

repetition time) is 2 seconds. This was abbreviated to increase the likelihood 

o f obtaining images that would demonstrate contrast in the proximal regions 

while contrast had not yet perfused the distal regions. These distal regions 

with delayed perfusion would be then recognised as the borderzone regions. 

To achieve such fast acquisition rates, it was necessary to reduce the field of 

view to encompass only 85 mm supero-inferiorly. This field o f view consisted 

o f 17 axial slices, no interslice gap. The field o f view was positioned to 

include the superior borderzone regions and to include the circle o f Willis 

inferiorly. In all 120 dynamic scans were acquired giving a total acquisition 

time o f 117 s. A single-stage contrast injection o f 0.1 mmol/kg body weight 

o f gadobutrol (Gadovist® Bayer Schering Pharma AG, Germany) was used 

with an injection rate o f 5 ml/s followed by 40 ml saline flush. The contrast 

was injected after 20 baseline dynamic scans were acquired.
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3.2.5.4. MR perfusion post-processing analysis

The Brain Imaging Laboratory, University o f M elbourne, Melbourne conducted post

processing analysis on all MR perfusion images, using a Matlab-derived iteration 

process, which permits identification o f the vascular supply regions for each o f the 

three main cerebral arteries (242); see Figure 3-6, Figure 3-7, Figure 3-8 and Figure 

3-9.

For a comprehensive explanation o f the fundamental principles o f MR perfusion and 

justification for measurement methods used see appendix 2. The data was collected in 

DICOM format and transmitted electronically to the Brain Imaging Laboratory, 

Melbourne whereupon it was entered into a Matlab-derived software programme. The 

programme was specifically developed to map the path o f blood flow in the major 

cerebral vessels as they course from a proximal to a distal location. By altering the 

time thresholds on axial slices to the point where the perfusion contrast first enters the 

intracranial circulation, one can appreciate 4 “ islands” o f contrast, the left middle 

cerebral artery “ island”, the right middle cerebral artery “island”, the anterior cerebral 

artery “ island” (left and right are adjacent and thus cannot be separated) and the 

posterior cerebral artery “ island” (left and right cannot be separated); see Figure 3-6.
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Figure 3 -6 :F irs t m om en t IMR perfusion da ta  o f  an  axial slice 8. The time th reshold  is a t  12.13 
seconds and  one can app rec ia te  th a t  the  con tra s t  has ju s t  s ta r ted  to a r r ive  in the cerebra l  
circulation. The r ight " is lan d "  is the p roxim al left M C A  (blue), the left “ is land” is the proxim al 
r ight M CA (green), the posterio r  “ is land” is the p roxim al left and  r ight PCA (purple)  and  the 
an te r io r  “ is land” is the proxim al left and  r ight ACA (red). C o loured  labels a re  assigned to each 
island. As the  time th reshold  is changed , the islands expand and , th rough  an iteration  process, 
labels a re  assigned to ad jacen t  expand ing  con tras t ,  which eventually  generates perfusion maps.

A colour label is assigned to each o f  these “islands”. A s the thresholding is changed 

i.e. as the time progresses, more contrast can be seen and the islands gradually 

expand; see Figure 3-7.

Figure 3-7: The axial perfusion first m om ent images 0.6 seconds la te r  than  the  previous image. 
The softw are  uses and  iteration  process to assign the sam e colour label to all new con tra s t  
ad jacen t  to the labelled “ is land” .



The software uses an iteration process to assign the same colour label to all contrast 

that expands from a specific island. If the middle cerebral artery is assigned a blue 

colour, all contrast that extends laterally and superiorly from that “island” will also be 

assigned a blue colour, similarly for the ACA and the PCA islands. The images at the 

level o f the circle o f Willis are cut out o f the analysis to prevent the iteration process 

expanding inferiorly where all 4 islands will become one island and the programme 

would fail. In this way, perfusion territory maps are generated for the major cerebral 

vessels and the final point at which the expanding contrast islands meet each other are 

the borderzone regions; see Figure 3-8. A manually generated line is drawn through 

the midsaggital region o f the brain to separate the left and right ACA and the left and 

right PCA but this is artificial and thus no inference can be made regarding the left 

ACA- right ACA borderzone region or the left PCA- right PCA borderzone region.
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Figure 3-8: Eventually  the islands cannot expand  fu r th e r  and  meet the  o th e r  islands. These are  
the borderzone  regions. This figure dem ons tra te s  the M atlab-derived  perfusion te r r i to ry  m ap 
generated  for  a patient.  All the axial images a re  side-by-side from the m ost in fer io r  axial slice to 
the most su p e r io r  slice. The vascu la r  supply  regions of the m a jo r  a r te r ies  a re  d em ons tra ted ;  
M C A  (green and  blue), the ACA (red and  pink) and  the PCA (purp le  and  light blue).
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Figure 3-9: The sam e m ap  as F igure  3-8. A borderzone  in farc t can be app rec ia ted  in grey 
(arrow ),  located in the r igh t su p e r io r  A CA (pink) and  M C A  (green) bo rder-zone  region.
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3.2.5.S. MR angiography post-processing analysis

Post-processing analysis on all MRA images was carried out at St. James’s Hospital 

using Insight toolkit (ITK) SNAP post-processing software (243). This radiology 

programme is commonly used to segment regions o f interest in the body. Using this 

programme, the six major cerebral arteries (left and right anterior, middle and 

posterior cerebral arteries) were individually seeded (assigned a colour label) at the 

proximal arterial level, adjacent to the circle o f  Willis. Thresholds were set to enable 

seed growth along a specific signal intensity (the signal intensity o f flowing blood 

differs from that o f parenchyma). An iteration process was initiated, that instructed 

the programme to expand the seeds following the selected intensity (i.e. the intensity 

created by arterial blood flow) to more distal regions o f the brain. The result was 

expansion o f the seeding from the proximal arterial point to the most distal point and 

the programme generated a map o f the major cerebral vessels Figure 3-10.
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Figure 3-10: ITK snap seeding of the major cerebral vessels. The border-zone infarct is located in 
purple on the bottom left of the screen (white circle) and represents a PCA-MCA posterior 
border-zone infarct. A second infarct is also present and this represents a corona radiata infarct 
(red circle).

121



C & ( C I 
i i i i i
CEl I <
4 I 4 I (

( I ) :  A 71 year old man presented  with light h ead ed n ess  and right sided w eakness while shaving.

(II): A 76 year old man presented with a left hem iparesis
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( I i i ) :  A 74 year old man presented  with a right hem iparesis and severe  presyncope secondary to 
profuse diarrheoa, a s  part of an colonoscopy preparation regime

Figure  3-11: T h re e  identified cases, (i), (ii) and  (iii). (a) D em onstra tes  the F lair  o r  DWI image (b) 
the  processed M R A  da ta  and  (c) the processed M R  perfusion d a ta  dem ons tra t ing  axial images of 
b o rd erzo n e  m aps  for th a t  patien t ( inferior to su p e r io r  from top to bottom). T he  white boxes 
highlight the axial slices ap p ro p r ia te  to the level o f  the in farc t on flair  o r  DWI.
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3.2.S.6. Comparison with textbook perfusion territory maps

If the patient refused repeat 3T images then textbook based vascular supply territory 

maps were used to identify the borderzone regions, a technique used previously by 

several studies (1, 100, 109, 216, 218, 219, 221, 244). It was felt that excluding 

participants because o f refusal to undergo repeat MRI would bias prevalence 

estimates.

When an infarct was located in the internal borderzone region (lacunar borderzone 

infarct in the centrum semiovale or corona radiata), textbook based maps were used. 

The corona radiata and centrum semiovale are consistent in their location, as oppose 

to the cortical borderzone regions, which may vary (11) This classification technique 

has been used previously; see Figure 3-14 and Figure 3-15 (245).

The 3T MR perfusion method described above does not identify the internal 

borderzone region (as it does not discriminate between the superficial MCA vascular 

supply and the deep MCA vascular supply regions) and 3T MRA is not powerful 

enough visualise the white matter medullary arteries. Seven Tesla MRA is required 

for this purpose; see Figure 2-6.

When the infarct was located in the cerebellum textbook maps o f vascular supply 

regions were used to classify the infarct as borderzone or non-borderzone; see Figure 

3-12 and Figure 3-13.
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Figure 3-12: A) A DWI image of  a r igh t cercbel lar  in fa rc t  (circle). B) F rom  vascu la r  supply  m aps 
by Moeller et al, it can be apprec ia ted  th a t  the in farc t  is located in the non -borderzone  region of 
the cerebellum(96).

i m  Superior cerebellar artery 
[ ^ 1  Anterior inferior cerebellar artery 

^Z('/ Border region
Posterior inferior cerebellar artery

Figure  3-13: A) A DW I image o f  a small left ce rebel la r  in farc t (circle). B) From  the vascu lar  
supply  m ap, it can be apprec ia ted  th a t  the lesion is located in the bo rderzone  region of the 
cerebellum (96).
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Figure 3-14: A) A D W l image of  a patien t with a r ight cen trum  semiovale in farc t  (circle). B) A 
pathological sam ple  from Donnan of  Salam on (permission from Donnan) (11). This image 
highlights the cen trum  semiovale and  refers to “ the  w ate rshed  junc tiona l  zones. .through the 
cen trum  semiovale” .
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Figure  3-15: A) A flair  image and  B) A DWI image of  a pat ien t  with a r igh t  corona rad ia ta  
in fa rc t  (circle) C) F rom  the vascu la r  supply m ap  by Moeller et al, it can be app rec ia ted  th a t  the 
lesion is located in the corona rad ia ta  (96).
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3,2.6. Diagnosis based on 3T MRI

A) Infarcts were reviewed by two independent assessors, a consultant radiologist and 

a consultant stroke physician, both blind to each other and to the patient’s hypotensive 

disorder but informed o f the nature o f the stroke presentation. Both assessors firstly 

decided whether a) an acute infarct was present on DWI and/or b) a subacute infarct 

was present that corresponded with a delayed presentation to hospital and correlated 

with their clinical symptoms or c) no acute changes were present.

B) Secondly, they classified infarcts as an acute/subacute infarct if present, as a 

borderzone infarct or as a non-borderzone (territorial) infarct using FLAIR, DWI, 

maps derived from processing o f MR perfusion data and images derived from the 

processing o f MR angiography. Figure 3-11 outlines three examples o f this process. 

The type o f infarct was defined as follows:

Internal borderzone (lacunar); An infarct in the corona radiata or centrum semiovale 

region Figure 3-14, Figure 3-15 and Figure 3-16.

Cortical borderzone infarct; An infarct that is situated at the junction between the 

vascular supply territories o f the MCA and PCA posteriorly or between the MCA and 

ACA anteriorly or between the MCA and ACA superiorly; see Figure 3-9 and Figure 

3-16.

A cerebellar borderzone infarct; An infarct that is situated at the junction-zones 

between the posterior inferior artery, the anterior inferior artery or the superior 

cerebellar artery; see Figure 3-13 and Figure 3-16.
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Figure 3-16: A) The cortical bo rderzone  region, an  in farc t  is indicated by the sq u a re  rectangle. 
This lies in the su p e r io r  borderzone  region of  the ACA and  the M CA, B) The cerebel lar  
bo rderzone  region, indicated by the blue a r ro w ,  C) the in te rnal borderzone  region, indicated by 
the blue a rrow s .  T he  M C A  courses tow ards  the insula, giving off lenticulostriates to the  basal 
ganglia (in red). It then coursed superio r ly  and  gives off distal b ranches  to the cen trum  semiovale 
and  the corona rad ia te ,  denoted “ a ” and  “ b” in the d iag ram , respectively.

3.2.7. Statistics

Participants with acute borderzone infarction were compared to participants without 

acute borderzone infarction. The data was recorded in Microsoft Excel 2007 and 

exported to Stata 12 for case-control comparison. Chi-squared testing was used to 

compare categorical variables according to their background history, medication and 

history o f hypotensive symptoms. Students t test was used to compare parametric 

continuous data and Wilcoxon rank-sum test was used to compare non-parametric 

data. For multivariate analysis, non-parametric data underwent log transformation 

before being included in the model. Multivariate analysis was carried out controlling 

for the effects o f age. When age itself was entered into the model as a risk factor, 

multivariate analysis was carried out controlling for the effects o f anti-hypertensive 

medication and co-morbid disease.

127



Anti-hypertensive medication, as defined in section 3.2.4.1 was analysed as a 

categorical variable. Age was taken as a categorical variable, whereby age less or 

equal to 65 years was categorised as young and age greater than 65 years was 

categorised as old. This categorisation took place as we anticipated that the age-effect 

on blood pressure variability and blood pressure instability would be a non-linear one. 

We anticipated that a non-linear decline in age-related cerebral autoregulatory 

capacity and baroreflex function would take place. We hypothesised that 

accumulation o f co-morbid illness with age (such as longstanding hypertension, 

atherosclerosis, impairment o f myocardial infarction and progression to a frail state) 

would diminish the ability for compensation and hypoperfusion would result (246, 

247). Accordingly, assumption o f homoscedasticity in the relationship between age 

and the impact o f BP variability was not possible. Previous work has indeed 

documented impaired autoregulation in old compared with young but no standard age 

exists for the categorising participants to one group or the other (177, 179, 248, 249). 

Consequently an arbitrary, but well-established age cutoff was chosen; that o f 65 

years. Old was defined as more than 65 years and young was defined as 65 years or 

younger, a cut-off described by Odden et al which investigated the correlation 

between hypotension and mortality in the old (more than 65 years) (51).
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3.3.Results

3.3.1. Screening

Between July 1** 2010 and Jan 5"’ 2013 (30-month period) all patients that presented 

to St. Jam es’s Hospital, Dublin with an acute ischaemic stroke were questioned for 

the presence o f syncope or presyncope at stroke onset. During this time 772 patients 

were diagnosed with an acute ischaemic stroke at St. Jam es’s Hospital. O f these, 52 

described presyncope or syncope symptoms at stroke onset and had intact cognition 

(only those with MMSE greater than 22/30 recruited). Six o f 52 were excluded as 

they had severe large artery disease.

Thus, 46 patients were referred to the Falls and Blackouts unit for syncope evaluation. 

However, 3 o f the 46 were excluded in the Falls and Blackouts Unit at the clinical 

stage as, during a comprehensive syncope history assessment, it became apparent that 

their symptoms did not suggest a hypotensive event had occurred. Five o f 46 patients 

underwent assessment but no symptom reproduction was elicited.

3.3.2. Prevalence

Thus, 38 o f 772 patients presenting with ischaemic stroke described syncope or 

presyncope symptoms at stroke onset, did not have severe large artery disease, had 

intact cognition and reported symptom reproduction in the Falls and Blackouts unit or 

had a bradyarrythmia diagnosed on 7-day ECG monitoring in accordance with the 

European Syncope Guidelines (129).
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Figure 3-17: A description of the recruitment process

Therefore, 4.9% o f  all ischaemic strokes that presented to St. James’s Hospital during 

this period met the criteria for our definition o f  a hypotensive stroke in the absence o f  

severe carotid disease.
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3.3.3. Baseline demographics

Table 3.1 describes the baseline demographic details for participants that experienced 

a hypotensive stroke. The median patient age was 72.8 years (IQR 21.4) and 21 o f 38 

were female (55.3%). The median and mean carotid stenosis on the side ipsilateral to 

the stroke was 20-50% while the median and mean carotid stenosis on the side 

contralateral to the stroke was 0-20% but the difference in stenosis was not 

statistically significant, p=0.36 (Wilcoxon rank sum test). Though participants 

experienced hypotensive events, 24 participants had a history o f hypertension 

(63.2%). Twenty-two participants (57.9%) were taking antihypertensive agents, and 

the median number o f agents taken was 2 (IQR 2). The most frequently taken 

antihypertensive medication was a beta-blocker, which was taken by 12 o f 38 

participants (31.6%). The mean BP, as measured by 24-hour monitoring was 

137/76.6mmHg (SD 19.2/10.7). Eight participants had atrial fibrillation (21%).
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Table: Baseline demographics of the 38 hypotensive stroke patients 

Description N=38
Baseline characteristics

Age, median yrs (IQR) 72.8 (21.4)
Female gender, n (%) 21 (55.3)

Carotid stenosis, n (%)
Ipsilateral side

Normal 4 (10.5)
0-20% stenosis 14 (36.8)
20-50% stenosis 12 (31.6)
50-70% stenosis 8(21)
Median carotid stenosis category 20-50

Contralateral side
Normal 3 (7.9)
0-20% stenosis 19 (50)
20-50% stenosis 12 (31.6)
50-70% stenosis 4 (10.5)
Median carotid stenosis category 0-20

Co-morbid conditions, n (%)
Hypertension 24 (63.2)
Ischaemic heart disease/Myocardiai infarction 16 (42.1)
Diabetes 4 (13.8)
Atrial fibrillation 8(21)

Lifestyle, n (%)
Smoker 15 (39.5)
History of alcohol excess (>30units/weel<) 9 (23.7)

BP medication, yes n (%) 22 (57.9%)
Beta-blocker, n (%) 12 (31.6)
Diuretic, n (%) 8(21)
Alpha blocker, n (%) 1 (2.6)
Calcium chanel blocker, n (%) 9 (23.7)
BP medication number, median (IQR) 2(2)

Mean BP on 24-hour monitor
Time to 24-hour BP monitor post stroke, median days (IQR) 69 (60)
Systolic BP, mean mmHg(SD) 137 (19.2)
Diastolic BP, mean mmHg (SD) 76.6(10.7)

Table 3.1: Baseline demographics of the 38 hypotensive stroke participants
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Table 3.2 details the participants’ stroke presentation. Most participants presented 

with a focal deficit o f less than 24 hours duration and were categorised as a TIA, 26 

participants (68.4%). The median symptom duration among these participants was 1 

hour (IQR 2.25). Most participants presented with mild strokes. The median NIHSS 

score was 2 (IQR 7.6).

As per inclusion criteria, all participants reported hypotensive symptoms at stroke 

onset. Twenty-two (57.9%) participants felt close to fainting while 16 (42.1%) 

participants actually did faint. At the stroke onset, most participants were engaged in 

activities that are known to induce hypotension; 12 participants had just stood up, 

having previously been supine or seated, 15 participants were either standing or 

walking and 2 participants had just passed urine. Finally, hypotensive symptoms 

preceded focal neurology in 26 participants (68.4%) and occurred at the same time in 

3 participants (7.9%).

The aetiology o f their stroke was determined through the TOAST classification 

system. The cause o f the stroke was cardioembolism in 12 (31.6%), cause 

undetermined in 12 (31.6%), small vessel occlusion in 9 (23.2%) and large artery 

atherosclerosis in 5 (13.6%).
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Table: A description of the stroke presentation among the 38 patients

Stroke category, n %
Stroke 12 (31.6)
TIA 26 (68.4)

TIA duration in hours, median (IQR) 1(2.25)
Stroke severity

NIHSS, median (IQR) 2(7.6)
Stroke cause (TOAST classification)*, n %

Large artery atherosclerosis 5(13.2)
Cardioembolism 12 (31.6)
Small-vessel occlusion 9(23.6)
Stroke of undeterm ined aetiology 12 (31.6)

Hypotensive symptom at stroke onset, n %
Presyncope 22 (57.9)
Syncope 16(42.1)

The sequence of symtoms reported  by the patient, n %
Hypotensive symptoms seconds before focal neurology 26(68.4)
Focal neurology seconds before hypotensive symptoms 3 (7.9)
Both began at the same time 9(23.7)

Posture/activity at stroke onset, n %
Supine 1 (2.6)
Sitting 7(18.5)
Standing/Walking 15 (39.5)
Standing up from a supine/seated position 12 (31.6)
Seated post-prandial 1(2.6)
Seated post-micturition 2(5.2)

Table 3.2: A description of the stroke presentation am ong the 38 hypotensive stroke participants

3.3.4, Hypotensive symptoms

Table 3.3 describes the nature o f the hypotensive symptoms that subjects experienced. 

Thirty-five participants (92.1%) described a history o f  either orthostatic intolerance or 

o f presyncope symptoms but not loss o f consciousness. These events were present for 

a median o f 5.5 years before the event (IQR 13.5). These occurred a median o f twice 

a month during this time (IQR 7.6). The Sheldon presyncope scale scores from 0 to 

10; see section 3.2.4.2. Ten represents loss o f consciousness and 0 represents no 

symptoms at all.
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The median score among participants was 5.5 (IQR 3), which places their symptoms 

in the category o f  moderate presyncope (3-6); see Figure 3-18. Twenty-four 

participants described a history o f  syncope (63.2%) and the median lifetime syncope 

quantity was 2.5 (IQR 8).

Moderate lightheadedness (3-6):
* The need to pause (> 3 s) or sit down
* The need to take a break in the affairs of the day
* Other symptoms such as nausea, or the need to 

use the WEishroom urgently
* Moderate visual blurring, grejdng or tunnel vision
* Difficulty with hearing

Figure 3-18: Sheldon presyncope scale (0-10). A score o f 3-6 denotes m oderate lightheadedness

Table: A description of reported hypotensive symptoms among the  
38 hypotensive stroke patients

Orthostatic intolerance or presyncope
History of orthostatic intolerance or presyncope symptoms, n (%) 35 (92.1)
Duration of symptoms, median minutes (IQR) 3(4.1)
Sheldon presyncope scale, average severity (0-10)*, median (IQR) 5.5 (3)
Duration of symptoms, median years (IQR) 5.5 (13.5)
Monthly frequency of symptoms, median (IQR) 2(7.6)

Syncope
History of syncope, n (%) 24 (63.2)
Lifetime quantity of syncope events, median (IQR) 2.5 (8)

Table 3.3: A description o f reported hypotensive sym ptom s am ong the 38 hypotensive stroke 
participants.*Sheldon presyncope scale; 0=no sym ptom s, 10=syncope.
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3.3.5. Investigations for a hypotensive disorder

In the Falls and Blackouts Unit participants underwent comprehensive syncope 

evaluation, in line with the European Syncope Guidelines, primarily to reproduce 

their hypotensive symptoms at stroke onset or to detect a bradyarrythmia.

Table 3.4 describes the type o f hypotensive disorder that was detected. Twenty-four 

participants underwent head-up tilt assessment and experienced presyncope that was 

similar to that experience during the stroke event (symptom reproduction). Five 

participants did not need to undergo tilt as they reported symptom reproduction 

during active stand stage; presyncope with systolic BP less than 90mmHg. Four 

experienced symptoms similar to the stroke and exhibited a drop o f more than 

40mmHg in systolic blood pressure. Though their systolic BP did not drop below 

90mmHg, these 4 were frail or were unable to stand for a prolonged time so a head-up 

tilt was not performed. Four participants had a cardiac conduction deficit as detected 

on 7-day ECG recording and were diagnosed with arrhythmia-related cardiac syncope 

and 1 patient had a 5 second pause on carotid sinus massage and was diagnosed with 

carotid sinus syndrome. O f the 4 diagnosed with arrhythmia-related cardiac syncope, 

3 underwent head-up tilt (1 o f the 4 refused) and no symptom reproduction was 

elicited, thus confirming a bradyarrythmia as the most likely cause for their 

hypotensive symptoms.

Participants’ hypotensive symptoms were attributed to vasovagal syncope in 21 cases, 

orthostatic hypotension in 4 cases, arrhythmia-related cardiac syncope in 4 cases and 

carotid sinus syndrome in 1 case.
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Table: The investigative tools used to reproduce symptoms in the patients and 
the attributed hypotensive disorder

]

Syncope unit investigation used to reproduce symptoms, n (%)
Active Stand 9(23.6)

1 Tilt 24 (63.2)
Carotid sinus massage 1(2.6)
Bradyarrythmia detected on 7 day ECG monitoring 4(10.6)

Hypotensive disorder, n (%)
Reflex syncope 25 (65.8)

Vasovagal syncope 24
Carotid sinus syndrome 1

Orthostatic hypotension* 9(23.6)
Cardiac syncope (all arrythmia related) 4(10.6)

Tab le  3.4: The investigative tools used to reproduce symptoms in the cases and the attribu ted  
hypotensive d isorder. *  Defined as a drop  o f g reater than 40m m H g  systolic on standing w ith  
symptoms o f presyncope s im ilar to symptoms d urin g  th e ir stroke

Table 3.5 outlines the results o f head-up tilt. Vasodepressor VVS was the most 

common finding. Though it was not our intention to reproduce focal neurology, this 

occurred in 2 o f the 38 participants.

Table: Head-up tilt outcomes
1

Head-up tilt protocol used, n (%)
Italian 4(16.6)
Front loaded 20 (83.3)

Head-up tilt diagnosis, n {%)
Vasodepressor vasovagal syncope 21 (87.5)
Cardioinhibitory vasovagal syncope 1 (4.2)
Mixed Vasovagal syncope 3(12.5)

Head-up tilt characteristics
Minutes to symptoms* + BP <90mmHg (Front loaded protocol), mean (SD) 11.5 (6.1)
Minutes to symptoms* + BP <90mmHg (Italian protocol), mean (SD) 30.8 (10.3)
Systolic BP at bed up, mean (SD) 77.9 (11.2)
Experienced reproduction of focal neurology, n (%) 2 (8.3)

Tab le  3.5; H ead-up  t ilt  outcomes. *Presyncope as experienced during  the stroke event
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3.3.6. Neuroimaging

All participants underwent neuroimaging in the acute phase. Twenty-eight 

participants underwent on-site imaging in the Phillips 1.5T MR scanner, 7 underwent 

off-site imaging at a local, private 1.5T MR scanners, 2 were imaged acutely in the 

Centre o f Advanced Medical Imaging 3T scanner and 1 underwent on-site CT 

imaging due to pacemaker contraindications for MRI. The mean time to acute 

neuroimaging was 5 days (SD 5) from the stroke onset. Exclusion criteria used, based 

on time to MRI, are outlined in section 3.2.5.2.

An acute infarct was detected in 19 o f 38 participants (defined in section 3.2.5.2) 

eighteen on MRI and 1 on CT scan. Eighteen participants were offered a repeat 3T 

scan in the CAMI 3T scanner with an MR perfusion sequence to characterise the 

infarct as borderzone or non-borderzone. Fifteen participants underwent repeat 

neuroimaging in the 3T MR scanner. In fourteen participants, Matlab-derived MR 

perfusion territory maps, as described in section 3.2.5.4, assisted in characterising the 

infarct as borderzone or non-borderzone. In one o f the fifteen MR perfusion was 

refused and, MR angiography derived maps were used instead (described in section 

3.2.5.5).

Three participants declined repeat MR scanning. One o f the three had a cerebellar 

infarct, one had a centrum semiovale infarct and one patient had a cortical infarct. 

Thus only one o f the three participants that refused required MR perfusion maps to 

assist in borderzone characterisation.
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19 acute infarcts

18 offered  rep ea t 3T 
MR scanning

1 in te c t  from  CT acan 
(MRl contraind icated)

Textbook vascu lar aupfriy 
m ap s w ere  uaed to  

dete rm in e  B2X o r  Non- 
BZI***

15 u n d erw en t rep ea t 
3T acanning

BZl or Non-BZI clasclflcation

K>
15 p a tien ts: Hmtimb- 

derived  HR p e rfu ^ o n  
softw are*

1 patien t: MRA w ith 
ITK 'Snap aoftw are**

2 patien ts: tex tbook  
vascuiar supp iy  

m aps***

F igure 3-19: T he  process o f  neuro im ag ing  and  in farc t classification.*IMatlab-derived software 
(example in F igure  3-9), ** ITK -snap  software p ro g ra m m e (example in F igure 3-10), *** 
V ascu la r  supply  m aps outlined in (example in F igure 3-13). BZI= borderzone  infarct ,  Non- 
B Z I= non-borderzone  infarct.

Of the 19 acute infarcts detected, 14 were characterised as borderzone infarcts. Thus 

73.7% o f all acute infarcts were located in the borderzone region. The breakdown of 

infarct type and location is described in Table 3.6 and Figure 3-20.
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Table: Infarct type and infarct location
]

Infarct type, n (%)
Lacunar infarct (anterior circulation) 11 (57.9)
Cortical infarct (anterior circulation) 5 (26.3)
Posterior circulation infarct 3 (15.8)

Infarct location, n (%)
Borderzone infarct 14 (73.7)

Lacunar borderzone infarct 8
Cortical borderzone infarct 4
Posterior circulation (cerebellar) borderzone infarct 1

Non-borderzone infarct 5 (26.3)
Lacunar infarct 3
Cortical infarct 1
Posterior infarct 1

Table 3.6: Infarct type and infarct location

The location of the 19 acute infarcts

Non-BZI
(n=5)
26.3%

BZI (n=14) 
73.7% J

Figure 3-20: Percentage of infarcts that were in the borderzone region compared with the non- 
borderzone region
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3.3.7. Risk factors for developing a borderzone infarct

A univariate analysis was carried out to determine the baseline demographic that 

predicted the type o f participant likely to experience a hypotensive stroke and infarct 

their borderzone region versus the type o f participant likely to experience a 

hypotensive stroke and not infarct their borderzone. The results are described in Table 

3.7. Participants that developed borderzone infarcts were significantly older than 

participants that did not. 79.2 years (SD 9.3) compared with 63.3 years (SD 15.8), 

p=0.002. Participants with borderzone infarction were also more likely to have 

hypertension (p=0.03), atrial fibrillation (p=0.01) and a higher 24-hour mean systolic 

blood pressure than participants without borderzone infarction, 147.8mmHg (SD 

20.5) compared with 131.8mmHg (SD 16.6), p=0.02.
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Table; Univariate analysis of the baseline demographics, anti-hypertensive medication, co-morbid 

conditions and hypotensive behaviour in both groups > ,J

'■>

Baseline demographics
Age, y rs  m ean  [SD) 63.3 (15.8) 79.2 (9.3) 0.002
Female gender,  n {%] 14(58.3) 7(50) 0.62

BP and BP medication
2 4 -h r  systo lic  BP. m ean  (SD) 131.8 (16.6) 147.8 (20.5) 0.02
24-h r  diasto lic  BP, m ean  (SD) 74.2 (9.5) 81.4 (11.7) 0.07
BP m e d ica t io n  yes, n (%) 12 (50) 10(71.4) 0.20
BP m ed ica tion  num ber,  m ean  (SD) 2(2) 2(2) 0.78
Beta blocker, n [%) 8(33.3) 4 (28.6) 0.76

Diuretics, n [%) 4(16.7) 4(28.6) 0.39

Carotid stenosis
Ipsila teral ca ro tid  stenosis

0%  s tenosed ,  n (%) 3(12.5) 1(7.1)
0 -2 0 %  s tenosed ,  n (%) 9(37.5) 5(35.7)
2 0 -5 0 %  stenosed , n (%) 6(25) 6(42.9)
5 0 -7 0 %  stenosed , n (%] 6(25) 2(14.3) 0.65

C ontra la tera l caro tid  stenosis
0%  s tenosed ,  n (%) 3(12.5) 0(0)
0 -20%  s tenosed ,  n [%] 13 (54.2) 6 (42.8)
20 -50%  stenosed , n [%) 6(25) 6 (42.8)
5 0 -7 0 %  stenosed , n (%) 2(8,3) 2(14.3) 0.37

Co-morbid conditions, n (%)
H ypertens ion 12(50) 12 (85.7) 0.03
Previous s troke 5 (20.8) 5(35.7) 0.32
MI/IHD 11 (45.8) 5(35.7) 0.54
Atrial f ibrillation 2(8.3) 6 (42.9) 0.01

Hypotensive symptoms
O rthosta t ic  in to le ran c e /p re sy n co p e ,  n (%) 21 (87.5) 14(100) 0.17

F re q u e n c y /m o n th ,  m ed ian  (IQR) 1.4 (5.8) 2(9) 0.41

Syncope, n (%) 16 (66.7) 8(57.1) 0.56

Q uan t o f  events ,  m edian  (IQR) 2(9) 3(4) 0.41

Hypotensive disorder, n (%)
Reflex syncope  (VVS and  CSS] 19(79.1) 6(42.9) 0.02
O rthosta t ic  H ypotension 2 (8.3) 7(50) 0.004
A rry thm ia- re la ted  cardiac syncope 3(12.5) 1(7.1) 0.60

Lifestyle
Smoker, n {% ) 11 (45.8) 4 (28.6) 0.29
Alcohol excess, n (%) 5 (20.8) 4 (28.6) 0.59

Yrs >30 u n i ts /w k ,  m ean  (SD] 15(14) 20 (8.5) 0.54
Radiology

Tim e to acu te  imaging, days m ed ian  (IQR] 3(4) 4.5 (7) 0.16

Table 3.7; Univariate analysis o f the baseline dem ographics, anti-hypertensive m edication, co- 
morbid conditions and hypotensive behaviour in both groups. BZI= borderzone infarct, 
VVS= vasovagal syncope, CSS= carotid sinus syndrome
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Using multivariate logistic regression, we examined whether there was any difference 

in the prevalence o f co-morbidities and mean 24hour blood pressure, after controlling 

for the effects o f age. The dependent variable in the regression model was the 

presence or absence o f a borderzone infarct. After controlling for age, the between- 

group difference in the prevalence o f hypertension and atrial fibrillation became non

significant; as did the difference in mean systolic blood pressure; see Table 3.8. 

Duration o f focal neurology (greater than or less than 24 hours) was not included in 

the model as it is a symptom o f infarction rather than a risk for infarction.

Table; Multivariate logistic regression examining the assocations betw een  

the BZI group and the non-BZI group

Controlling for the effects of age and anti-hypertensive medication. N=38

D escription P-value R square F ratio

P reva len ce  o f  h yp erten s ion 0 .1 9 0 .4 7 2 3 .4 0

P reva len ce  o f  atrial fibrillation 0 .1 2 0 .2 4 9 .2 0

M ean  systo lic  BP 0 .1 9 0 .4 7 2 3 .4 0

P reva len ce  o f  OH 0 .0 5 0 .1 3 1 .60

P reva len ce  o f  reflex sy n c o p e  (VVS and CSH) 0 .4 2 0 .2 7 1 3 .40

Table 3.8: IVIultivariate logistic regression exam ining  the  association between the borderzone  
in farc t  g roup  and  the non-bo rde rzone  in farc t  g roup ,  contro lling  for the effects of age and  an t i
hypertensive medication. B Z I= borde rzone  in farc t

Using multivariate logistic regression, we examined whether there was a between 

group difference in age between the borderzone and non-borderzone groups, after 

controlling for the effects o f mean systolic BP, atrial fibrillation, category of 

ipsilateral carotid stenosis and the use o f anti-hypertensive medication. Age remained 

a consistent predictor o f borderzone infarction even after controlling for these effects, 

p=0.04. Rem odel 0.31.
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In the multivariate model, if participants had a borderzone infarct the odds ratio of 

them being over 65 years was 17.15 (95% Cl; 1.1, 273), p=0.04; see Table 3.9.

Table: Multivariate logistic regressionexam ining th e  assocations betw een 
the  BZI group and the  non-BZI group
Controlling for the  effects of anti-hypertensive medication, atrial fibrillation, 
ipsilateral carotid stenosis and 24-hour systolic BP. N=38

D escription P-value R sq u are  F ratio
Age 0.04 0.31 13.35

Table 3.9: M ultivariate  logistic regression exam in ing  the association  between the borderzone  
infarct grou p  and the n on-borderzone infarct group , controlling for the effects o f  anti
hypertensive m edication  atrial fibrillation, ipsilateral carotid stenosis and 24-hour mean systolic 
BP. B Z I=b ord erzon e  infarct

3.3.8. Summary

4.9% (n=38) o f all acute strokes that presented to this acute hospital, reported 

reproducible hypotensive symptoms at stroke onset. Most presented with minor 

neurological impairment (median NIHSS was 2), and most had a TIA (68.4%) (25, 

26). Nineteen participants had an acute infarct, confirmed on neuroimaging, 14 

(73.7%) o f which occurred in the borderzone region, even though no patient had 

severe large artery stenosis. Older age was an independent risk factor for borderzone 

infarction, after controlling for anti-hypertensive medication, baseline blood pressure 

and co-morbid conditions, p=0.02.

These participants were a clinically distinct group as they reported frequent 

hypotensive symptoms for 5.5 years before the event. Nearly two thirds described a 

history o f syncope (63.2%, n=24) and reported an average o f 2.5 (IQR 8) lifetime 

events.

144



3.4.Discussion

These data demonstrate that, outwith severe large artery disease, syncope and 

presyncope commonly occur at stroke onset, co-existing in 4.9% of all stroke at this 

tertiary referral centre. The European Syncope Guidelines state, “A TIA concerns a 

focal deficit without loss o f consciousness and syncope the opposite” . The exception 

cited is that o f the basilar TIA, when large artery occlusion may mimic syncope (129). 

The American Academy o f Neurologists state that a “TIA is caused by..focal brain 

ischemia” and not global hypoperfusion (27). Among one series o f case vignettes, the 

presence o f syncope encouraged 21 out o f  22 neurologists to exclude a diagnosis o f 

stroke while the widely used Rosier stroke scale uses the presence o f syncope to 

render a diagnosis o f stroke less likely (190, 191). It is recognised that syncope 

occasionally occurs with stroke but in the context o f severe carotid disease or carotid 

occlusion (referred to as the orthostatic TIA) (52, 250, 251). However, among our 

consecutive sample o f strokes presenting to an acute hospital over 2.5 years, 4.9% 

(n=38) described syncope or presyncope at stroke onset and did not have severe large 

artery disease.

Syncope or presyncope symptoms were reproduced in twenty-nine cases (24 during 

head-up tilt and 5 during active stand) and bradyarrythmia or carotid sinus 

hypersensitivity was detected in five cases. In four subjects who were frail, a drop o f 

greater than 40mmHg with symptom reproduction was observed. H alf o f the 38 

participants exhibited an infarct (n=19). This is not surprising as 68.4% (n=26) o f 

patients reported TIA symptoms and only 32% o f TIA’s will exhibit positive MRI 

changes (29).
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In all, 73% o f infarcts were located in the borderzone region. This suggests that 73% 

o f the infarcts were associated with a reduction in cerebral blood flow. Their 

classification as borderzone infarcts is robust as individualised territorial maps were 

used to identify the borderzone regions o f the brain. That these low-flow infarcts 

occurred in the context o f hypotensive symptoms suggests that hypotension may have 

caused the infarct. Those that did not exhibit an infarct were significantly younger 

(p=0.002). As younger people have greater reserve capacity, it is possible that they 

experienced ischaemia but did not infarct as the insult was less severe or their 

autoregulation was more robust.

O f the 19 infarcts, 14 were in the borderzone regions o f the brain (73.7%). 

Borderzone regions o f the brain are areas that receive blood supply from two separate 

major cerebral vessels at once. They do so because they are located distal to all major 

vessels, such as the proximal MCA and ACA, and thus receive perfusion from small, 

distal branches o f these major vessels. Poiseuille’s law states that flow through any 

vessel is inversely proportional to the vessel length. Thus, if flow declines in a vessel, 

the greatest flow reductions will occur in the distal segment o f the vessel, which 

means the vessel supplying the borderzone region.

Researchers have attempted to determine the cause o f borderzone infarction. Cardiac 

asystole causes complete cessation o f flow, and thus often results in borderzone 

infarction (252). Similarly, severe carotid stenosis correlates with borderzone 

infarction (1, 2, 91, 94, 253). Again Poiseuille’s law explains this relationship, as flow 

through a vessel is proportional to the radius to the power o f four, so reducing a vessel 

diameter by 90% reduces flow by 99.99%.
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Likewise, severe MCA stenosis will exert a similar effect on flow and, like carotid 

stenosis, correlates with borderzone infarction (98). In reality autoregulatory function 

permits arterial dilation, which partly overcomes the stenosis. Collateralisation also 

plays a role. Nonetheless a clear correlation exists between large artery disease and 

borderzone infarcts. However, borderzone infarcts make up 10-12.5% o f all infarcts, 

based on both neuropathology and radiology consecutive series (98, 108, 218). 

Among Caucasians, severe carotid stenosis (defined in that study as a stenosis greater 

than 80%) has a prevalence range from 0.2% in those between 40 and 50 years old 

and 4.1%) in those over 80 years old while severe MCA stenosis has a prevalence o f 

around 1%> (116, 119). Collectively, large artery stenosis (MCA and carotid stenosis) 

cannot account for a 12.5% prevalence o f borderzone infarction. Moreover, every 

year 97% of patients with severe carotid stenosis do not infarct their brain and post- 

hoc analysis o f ECST data concluded that “severe carotid stenosis is neither necessary 

nor sufficient to cause borderzone infarct” (118, 254).

Some plausible explanations have been postulated to resolve this discrepancy between 

the prevalence o f borderzone infarction and the low prevalence o f it’s attributed 

causes. Firstly, it has been hypothesised that emboli migrate from atheromatous 

plaques in large arteries and that the embolic tendency o f plaques is at least partially 

independent o f their size. Consequently borderzone infarction may be more common 

than severe large artery stenosis because infarction can result from migrating emboli 

in moderately stenosed large arteries and from stenosis-induced haemodynamic 

mechanisms in severely stenosed large arteries.
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Secondly, it is proposed that this unexplained high prevalence is because borderzone 

regions vary in location, and inaccurate classification o f infarcts, based on textbook 

maps, has resulted in over-diagnosis o f borderzone infarcts. Lastly, in this study it has 

been hypothesised that episodic hypotension causes borderzone infarction in patients 

with mild or moderate large artery stenosis, and not just those with severe large artery 

stenosis. Furthermore, it has been postulated in this thesis that such a cause has gone 

undetected to date as blood pressure assessment methods used in prior studies have 

been inadequate. They have relied on BP cuff-assessment methods to detect episodic 

hypotension and they have not attempted to reproduce hypotensive symptoms.

Intra-operative data provides the potential to detect episodic hypotension, through 

continuous BP monitoring. Researchers have found that episodic hypotension 

correlates with incident post-operative stroke, particularly within the ensuing 24- 

hours and particularly in the borderzone regions. They also found that, experiencing 

an intraoperative drop o f more than lOmmHg resulted in an odds ratio o f 4.1 for 

developing a borderzone infarct (65). Other studies have detected a greater incidence 

o f post-operative stroke among patients that experienced drops below SOmmHg or 

drops o f 30% relative to baseline. These data are derived from patients with non- 

severe and severe large artery stenosis (64, 66).

Larger, community based studies correlate episodic hypotension with stroke, but do 

not attempt to correlate their findings with infarct topography (borderzone or non- 

borderzone). These data have given rise to the J-shaped phenomenon o f the blood 

pressure curve, whereby both hypotension and hypertension correlate with incident 

stroke.
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Bangalore et al observed baseline blood pressures in 10,001 patients followed for 4.9 

years (mean age 61 years, range 35-75 years) and investigated correlations with 

cardiovascular-related death (including stroke). Patients who had low systolic or low 

diastolic BP incurred more cardiovascular-related deaths than patients who had 

normal systolic or diastolic BP. As expected, the study found that patients with high 

systolic and diastolic BP also incur more cardiovascular-related deaths. D ’Agostino 

too demonstrated a J-shaped association in their observation that a diastolic BP less 

than 75mmHg correlated with incident stroke in post-myocardial infarct patients but 

not in patients without prior myocardial infarction (mean age 49 years). Boutite et al 

conducted a meta-analysis o f 40,000 patients, mean age 57.5 years who received anti

hypertensive therapy or placebo during 3.9 years follow-up. He observed that low 

diastolic and low systolic BP increased the risk for future cardiovascular events 

(including stroke), both for groups on anti-hypertensive therapy and for those on 

placebo. The optimal diastolic BP was SOmmHg in the treated group and 85mmHg in 

the untreated group.

Contrary to this evidence, however, PROGRESS has demonstrated that among a post

stroke group, mean age 64 years, no J-shape curve exists for incident stroke, and 

continued stroke benefit could be attained by lowering BP in normotensives (255).

Among older patients, the J-shaped phenomenon is more apparent. For example, 

among 20,300 strokes mean age 66.1 years, Ovbiagele, demonstrated that having a 

low-normal BP (<120mmHg) conferred a relative risk for recurrent stroke o f 1.29 

(1.07-1.56) when compared with having a high-normal BP (130-140mmHg), a trend 

that wasn’t observed in patients under 65 years (41).
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The EWPE study (European Working Party hypertension in the Elderly) observed 

elderly patients over 10 years and reported a J-shaped phenomenon in systolic BP for 

incident cardiovascular mortality (7, 256).

The optimal blood pressure in older people may depend on co-morbid load. Odden et 

al studied a population o f 2300 older people (greater than 65 years) that incurred 590 

deaths during the monitoring period. According to the performance on 6m-walk test 

they categorised people as non-frail (fast walker), frail (slow walker) or very frail (did 

not complete the test). They demonstrated that the non-frail old with systolic blood 

pressures below 140mmHg had a 35% lower mortality than the non-frail old with 

blood pressures above MOmmHg (51). However the frail old, behaved differently. 

Regardless o f BP (<140mmHhg or greater than MOmmHg) they had the same 

mortality rate. They also found that, the very frail old had lower mortality rates if their 

blood pressures were above MOmmHg than if they were below MOmmHg (p=0.01).

In this study it was observed that older people are most at risk for developing, what 

we define as, hypotensive stroke with infarction. The mean age among those that 

experienced a hypotensive stroke and infarcted their borderzones was 79.2 years (SD 

9.3) while the mean age among those that experienced a hypotensive stroke but did 

not infarct their borderzones was 63.3 years (SD 15.8), p=0.002. The difference in 

risk with age was independent o f anti-hypertensive medication, the severity o f carotid 

stenosis, the presence o f atrial fibrillation and mean blood pressure.
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Moreover, those that developed borderzone infarction had a hypertension prevalence 

o f 85.7% (n=12), a previous stroke/TIA prevalence o f 35.7% (n=5) and an atrial 

fibrillation prevalence o f 42.9% (n=6). Therefore they were a frail older group of 

patients and so may behave similarly to the aforementioned research.

It is worth noting that the cases we have identified did not have baseline low blood 

pressure. In fact their mean blood pressure, at 146mmHg was that o f  mild 

hypertension. Furthermore, those that experienced a borderzone infarct had 

significantly higher baseline blood pressures than those that did not. 147.8mmHg (SD 

20.5) compared with 131.8mmHg (SD 16.6), p=0.02. Thus cases had episodic 

hypotension but had high or normal baseline blood pressures. Other studies have 

found a correlation between orthostatic hypotension and incident stroke cardiac 

failure and mortality. Contrasting interpretations o f these correlations exist. Some 

believe these findings as orthostatic hypotension causing stroke. Others believe that 

orthostatic hypotension is merely a surrogate marker for underlying frailty and does 

not have a causal role in itself However, none o f these studies have attempted to 

identify the type o f stroke that results in patients with episodic hypotension. Also 

investigation o f hypotension has been relatively crude. In this study, by linking 

episodic hypotension with low-flow infarcts, our data supports the causal role that 

episodic hypotension has in the development o f certain types o f strokes. Important to 

note is that these cases may not have been identified with one-off cuff assessments. In 

fact, was one to correlate their one-off cuff blood pressures with borderzone 

infarction, as previous studies have done, one would conclude that borderzone infarct 

group had higher blood pressures than the non-borderzone infarct group.
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It is possible that hypotensive stroke in the context o f high-normal blood pressure can 

be explained by right shift o f the cerebral autoregulatory curve. Among older patients 

with co-morbid illness, researchers have observed a right shift in the cerebral 

autoregulation curve, thus if a patient experiences an episode o f hypotension, they 

will quickly move into the sharp end o f the curve and decompensation will ensue (see 

Figure 3-21). Also age renders endothelium less responsive, the baroreflex 

deteriorates and the prevalence o f neurocardiovascular conditions increase (246). 

Cumulatively this means the elderly person’s brain is likely to experience 

hypotension-induced interruption o f cerebral blood flow, and yet have ill-equipped 

endothelium and autoregulatory function to compensate. While no cerebral 

autoregulation assessments took place in this study, the patients described a history o f 

syncope in 58% of cases and this is probably more than those in other community 

studies. While prevalence estimates vary, one population based study, conducted on 

1925 patients with a mean age 62 years, estimated the male lifetime prevalence o f 

syncope at 15% and the female prevalence at 22% (257).

Furthermore, patients described hypotensive symptoms for an average o f 5.5 years 

preceding their stroke, which occurred twice per month and resulted in the need to sit 

down and wait, feeling visual blurring and nausea. These findings suggest that, 

indeed, their cerebral autoregulation was in difficulty. In addition, cerebral 

autoregulation is impaired in patients with neurocardiovascular instability and our 

entire patient group had a hypotensive disorder (167-170).
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—  NORMAL CURVE
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RIGHTWARD SHIFT
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Parasym pathetic Vasodilation? 
Unknown M echanism s?

ELDERLY Sympathetic Vasoconstriction? 
Vascular Changes with Aging? 

Unknown M echanism s?

Cerebral Perfusion Pressure

Figure 3-21: From Paul et al (148). Age-related shifts in the ce rebra l  au toregulat ion  curve. 
E lderly subjects  a re  known to have reduced global ce rebra l  blood flow (CBF) a t  the same 
perfusion pressure .  O ne  possible explanation  is a r igh tw ard  shift in the curve result ing  from 
d iminished vasodila tory  capacity  (grey line). In this case elderly  subjects are  no longer able to 
au to regu la te  in response to perfusion p ressu re  and  thus  C B F  falls. A no ther  explanation  is tha t  
dow nw ard  shift in the curve occurs  so th a t  overall ce reb rovascu la r  resistance increases, 
decreas ing  flow w ithout affecting au to regu la t ion  (dotted line).

Regardless o f the underlying pathogenesis, our data suggests that older frail people 

with episodic hypotension and co-morbid illnesses are unlikely to benefit and may be 

at risk from current blood pressure targets for secondary prevention. Possibly they 

need higher blood pressure to maintain cerebral perfusion. Failing to individualise 

their BP management may result in hypotension-induced stroke.

At least 6 weeks after their stroke, participants underwent investigative procedures to 

reproduce hypotensive symptoms. The median time to head-up tilt investigation was 4 

months. This was deemed safer and also more specific, as the post-stroke cerebral 

autoregulation period would render the procedure more dangerous and also more 

likely to generate a false-positive result (183, 185, 186). It is, however, conceivable 

that such a time delay could lead to recall bias.
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However, all but two participants experienced presyncope symptoms before their 

stroke and those two participants had experienced syncope events before their stroke. 

Accordingly, participants were familiar with the feeling o f hypotensive symptoms. 

Lastly, all participants had an MMSE of greater than 22/30 and thus should have 

intact recall.

Borderzone infarct classification is challenging, as cortical and cerebellar borderzones 

vary in their location. Previous studies have merely relied on textbook maps, which 

because o f the known variability in topography, will lead to errors in classification. 

We have attempted to overcome this inaccurate methodology through the use o f MR 

perfusion and MRA combined with complex post-processing methods that generate 

individualised borderzone maps and map the trajectory o f the individual arteries. 

However, neither perfusion maps nor posterior circulation vessel mapping could be 

generated for cerebellar infarcts. Accordingly in two participants with cerebellar 

infarcts we relied on textbook perfusion maps, which as we mentioned may or may 

not be accurate. Furthermore, one patient with a cortical borderzone infarct refused 

repeat imaging and thus textbook maps were required for this patient also. However, 

even at a conservative estimate (assuming that all three cases were misclassified and 

were instead non-borderzone infarcts) the prevalence o f borderzone infarction would 

still be 57.9% ( n=l l )  well in excess o f the documented 12.5% in the general 

population (98). O f note, this study excluded severe carotid stenosis, which should 

have reduced the final borderzone infarct prevalence.
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It is also possible that stroke caused syncope rather than syncope causing stroke. 

Possibly infarction in autonomic centres o f the brain potentiated syncope. Previous 

cases have been documented whereby humans with lesions in the right ventromedial 

prefrontal cortex display increases in heart rate and blood pressure upon emotional 

stimulation (158). Lesions o f the left insular cortex in humans may increase cardiac 

sympathetic tone (160). Stroke patients who have involvement o f the right insular 

cortex have a higher incidence o f complex cardiac arrhythmias and reduction in heart 

rate variability (161, 162).

However, the autonomic centres are believed to be located in the insular cortex and 

the medial pre-frontal cortex, and not in the borderzone regions. Thus it is unlikely 

that infarction o f autonomic centres might explain our findings (160-162). Stroke 

lesions outside o f autonomic centres may generate orthostatic hypotension that 

previously did not exist and all participants were assessed in the post-stroke period. 

(258). Consequently such a bias is possible. However, all participants described 

similar hypotensive symptoms before their stroke onset for a median o f 5.5 years and 

also the time delay o f 4 months (median time to tilt) will have permitted 

reconstitution o f most cerebral autoregulation. Kwan et al, using Transcranial Doppler 

imaging, observed that cerebral autoregulation improved significantly between the 

acute stroke period and 6 weeks post stroke while improvements were again observed 

12 weeks post stroke (188).

Finally, while episodic hypotension caused the stroke, the appropriate action may not 

be to allow for higher BP targets. Rather, it’s possible the appropriate action is to 

reduce blood pressure, which may, in turn reduce variability (71).
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Certainly exploration o f forearm blood flow variation suggests that lowering blood 

pressure in hypertensive people will reverse endothelial dysfunction and endothelial 

dysfunction correlates with BP variability. However, reversibility existed for newly 

diagnosed hypertensives and not for chronic hypertensives. Perhaps the message is 

that physicians should be more judicious in relation to the type o f medication chosen. 

For example 58% (n=18) o f cases were taking beta-blocker medication. Such 

medication does not protect against stroke (though it is effective for ischaemic heart 

disease), does not reduce variability and diminishes compensatory heart rate 

responses to hypotension (71). Possibly cases require moderate BP lowering therapy, 

and with agents known to reduce variability such as calcium channel blockers and 

ACE inhibitors (71).
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3.5.Conclusion

During a 2.5-year period, 4.9% (n=38) o f all stroke presentations to this acute hospital 

described hypotensive symptoms at stroke onset and did not have severe large artery 

disease. These symptoms were reproduced and a hypotensive disorder was identified. 

O f all infarcts, 73.7% (n=14) occurred in the borderzone region. As such, a low-flow 

mechanism probably precipitated the event. Importantly, no patient had large artery 

disease. Patients were clinically identifiable as they reported prior hypotensive 

symptoms and had multiple co-morbid illnesses. Older participants were most at risk 

o f incurring a borderzone infarct (p=0.002). More caution is advised regarding 

aggressive blood pressure management in older participants with co-morbid illness 

and hypotensive symptoms.
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4. Blood pressure variability and instability 

among borderzone lacunar strokes when 

compared with non-borderzone lacunar 

strokes
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4.1.Introduction

In most published series lacunar strokes constitute about one quarter o f all strokes. 

According to the American Heart Association lacunar strokes are caused by small 

vessel disease and vessel thrombosis. However, lacunar strokes o f the corona radiata 

and centrum semiovale also correlate with large artery disease, such as severe carotid 

stenosis and severe middle cerebral artery stenosis. It has been proposed that this 

category o f infarction arises from embolus migration and lodgement in borderzone or 

“cul de sac” regions o f the brain. A counter proposal is that such infarctions actually 

arise from low-flow mechanisms, exacerbated by severe vessel stenosis as flow is 

proportional to the fourth power o f the radius and inversely proportional to the length. 

Thus in the context o f a reduced radius diameter, reduced flow will disproportionately 

affect the borderzone regions.

Accordingly, we investigated whether patients with borderzone lacunar infarcts may 

exhibit more evidence o f low-flow behaviour than patients with non-borderzone 

lacunar infarcts (eg. basal ganglia and pons). We did this by assessing their 24-hour 

ambulatory BP behaviour, their 5-minute supine resting beat-to-beat phasic BP 

behaviour, 5-minute supine controlled respiration beat-to-beat phasic BP behaviour 

and their beat-to-beat BP response to active stand.

159



4.2. M ethods

4.2.1. Recruitment

Borderzone lacunar infarcts were compared with non-borderzone lacunar infarcts for 

blood pressure and heart rate variability. Recruitment took place in two tertiary 

referral centres; St. James’s Hospital and Adelaide Meath National Children’s 

Hospital (AMNCH or Tallaght hospital). St. James’s Hospital recruitment took place 

between July 1̂ ‘ 2011 and January 5'*’ 2013. Tallaght hospital AMNCH recruitment 

took place between July 2012 and January 5'*’ 2013.

This cross-sectional study recruited patients that presented to either institution with an 

acute stroke during the time frames outlined. Suitable patients were defined as 

patients that presented with clinical signs o f a stroke, exhibited an acute lacunar 

infarct on 1.5T MRI, had an MMSE greater than 22/30, were in sinus rhythm and did 

not have severe carotid stenosis in either carotid (70% carotid stenosis).

Patients were recruited prospectively from St. James’s Hospital during the period 

outlined above. Patients were recruited retrospectively from AMNCH during the 

period outlined above. In the AMNCH a stroke database was interrogated to identify 

potential stroke subjects from the previous 12 weeks. Medical records were 

interrogated to ensure the patient was in normal sinus rhythm and vascular imaging 

was reviewed to ensure no patient had severe carotid stenosis (>70%). Selected 

patients had all underwent MRI scans in the acute period and exhibited acute lacunar 

infarction.
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In all cases, a lacunar infarct was defined as a small infarct, 2-20mm in diameter, 

located in the basal ganglia, the deep cerebral white matter or the brainstem and 

perfused by a single small perforating cerebral artery (259). An acute lacunar infarct 

was defined as a lesion matching the description above that exhibited increased signal 

intensity on diffusion-weighted MRI brain. Infarcts in the distribution o f the anterior 

choroidal artery were excluded as the artery is not a small perforating artery and the 

infarct is more likely to have arisen from embolic mechanisms (11, 260). A border- 

zone lacunar infarct (internal borderzone infarct) was defined as a lacunar infarct 

occurring in the corona radiata or centrum semiovale region, as per previous studies. 

Figure 4-1 (11, 93, 102). Internal borderzone infarcts vary less in their location than 

cortical border-zone infarcts. Accordingly no perfusion imaging was performed to 

confirm the border-zone nature o f the infarct. Instead textbook maps o f borderzone 

regions, generated by Damazio and Bogousslavski were used to identify borderzone 

infarcts, a technique utilised in previous studies. This process has been described in 

detail in section 3.2.5.6 and this method has been utilised in several previous studies 

(1 ,9 8 ,2 1 8 ,2 1 9 , 261).

A non-borderzone lacunar infarct was defined as a lacunar infarct that is directly 

supplied by a proximal segment o f a major cerebral artery. Examples o f  non- 

borderzone regions are the internal capsule, the basal ganglia or the pons. Figure 4-2. 

This particular group o f infarcts may be categorised as “deep perforator infarcts” (65, 

198).
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For ease o f  interpretation we have categorised infarcts according to their relative 

location to the proximal middle cerebral artery, the source o f  perfusion. Henceforth, 

borderzone infarcts (centrum semiovale and corona radiata infarcts) are referred to as 

distal infarcts and deep perforator infarcts are referred to as proximal infarcts.

Figure  4-1: W ith  permission from Donnan et al ( I I ) .  A coronal image of  the brain .  The course  of 
the middle ce rebra l  a r te ry  (red) as it flrst perfuses the proxim al la cu n a r  regions (c), then the 
distal vascu la r  supply  region of  the cen trum  semiovale (a) and  finally the borderzone  region of  
the co rona  ra d ia ta  (b).

Basilar artery: superficial arteries
Median brain-stem  arteries 

Short circumferential a rtery  
Long circumferential a rtery

Basilar artery: central arteries
I 1 Anteromedial 
H I  Anterolateral 

Lateral 
Dorsal

n

Figure 4-2: T he  vascu la r  supply system for the pons (inside red circle). All regions a re  directly 
supplied by b ranches  of  the bas ila r  a r te ry ,  which courses ad jac en t  to the  pons.
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4.2.2. Baseline data

Data, as outlined below, was collected on all participants recruited to the study to 

eliminate potential confounders and to identify associative group characteristics.

4.2.2.I. Potential confounders

1) Antihypertensive/cardioactive medication: Angiotensin converting enzyme

inhibitors, angiotensin receptor blockers, thiazide diuretics, nitrates, beta-blockers, 

alpha-blockers and calcium channel blockers.

2) Vasopressor medication: Fludrocortisone and midodrine.

3) Hypertension: A self-reported history o f hypertension or hypertension documented 

in the patient’s medical notes.

4) Ischaemic heart disease: A self-reported history o f myocardial infarction, angina, 

congestive cardiac failure or any one o f the above documented in the patient’s 

medical notes.

5) Stroke disease: A self-reported history o f previous stroke or TIA or any one o f the 

above documented in the patient’s medical notes.

6) Smoker: A current smoker or an ex-smoker at the time o f the inpatient evaluation 

and the number o f pack years smoked. One pack year was defined as 20 cigarettes per 

day for one year.

7) Alcohol excess: A self-reported history o f regular weekly consumption o f greater 

than 28 units per week for males and greater than 21 units per week for females and 

the duration o f same in years (233).

8) Carotid disease: The severity o f carotid stenosis on the ipsilateral and contralateral 

side to the stroke as measured by carotid ultrasound in the post-stroke period.
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9) Intracranial stenosis: Phillips 1.5T MR angiography o f the intracranial circulation 

was carried out in some but not all participants.

4.2.2.2. Group characteristics

Characteristics collected included;

1) Presyncope: The patient was asked “Do you ever feel lightheaded or faint” and if 

so “How often do these events occur” .

2) Syncope: The patient was asked “Have you ever blacked out or fainted” and if so 

“H ow many events have you experienced in your life”

3) National Institute o f Health Stroke Scale (NIHSS): The severity o f their presenting 

stroke or TIA

4.2.3. Patient assessm ent

Participants underwent phasic BP assessment at least 6 weeks after their stroke event. 

Phasic BP assessment took place in the syncope unit, with a phasic, beat-to-beat 

Finometer Pro monitor (Finopres Pro, Phillips Medical); see Figure 3-2, Figure 3-3.

4.2.3.I. Blood pressure variability

In the supine position, 10 minutes o f phasic beat-to-beat blood pressure data was 

recorded: the first five minute period during supine rest and spontaneous breathing, 

The second five minute period during supine rest and controlled breathing at 12 

breaths per minute. During the supine resting phase, relaxation music was played 

through a headphone device to eliminate surrounding noise interference.
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During the supine controlled respiration phase, instruction to breath at 12 breaths per 

minute was played through a headphone device. Compliance with respiration was 

confirmed through simultaneous researcher activation o f  the events button on the 

heart rate variability monitor during the initial 30-second period o f  5-minute 

respiration assessment. See Figure 4-3 and Figure 4-4.

(i) BP cuf f  
c a l i b r a t i o n

(ii) S t a r t  o f  5 
m i n u t e s  r e s t i n g  
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(iii) End  o f  5 
m i n u t e s  r e s t i n g  
p h a s e  /

(iv) S t a r t  o f  5 m i n u t e s  
c o n t r o l l e d  r e s p i r a t i o n  
p h a s e
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f j

 ̂ i- T .  ‘ 1 ■ I • (vj) Height

1 1
1 : I (vij iDteriuUdiibration method 1
1 1 1 I i  1 , .  1 i l l

correction
1 1

Figure 4-3: This diagram dem onstrates the output param eters generated by the Finopress Pro 
during the supine rest period. The y-axis represents blood pressure (mmHg). The x-axis 
represents time. The total tim e for this recording is approxim ately 15 minutes. The upper level o f  
the shaded region is the recorded systolic BP and the lower level is the diastolic BP. 
Interpretation o f the diagram  is as follows: (i) an initial calibration phase takes place. Phasic BP 
readings are com pared with a single, standard am bulatory cu ff m easurement. (ii),(iii) After the 
calibration phase, the 5-m inute resting phase com m ences. This period is bounded by an event 
marks (iv) the beginning o f  the 5-m inute, controlled respiration phase (v) Aside from the initial 
calibration, there is an internal calibration system , known as physical (see below). No BP 
readings are taken during this period (vi) It is possible to m onitor the height of the finger 
(finopress cuff) relative to the arm (BP cuff in place for calibration). This can be used to 
determ ine whether the patient is supine or standing.

Data records were scored for significant noise and artefact. We excluded all 

recordings with significant arrhythmia, such as atrial fibrillation or excessive ectopic 

activity.
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Figure 4-4: The output parameters generated by Finopress p ro  from the above recording (resting 
supine period). Again the x-axis denotes time while the y-axis represents blood pressure in 
mmHg and heart rate in beats per minute, (i) Systolic BP is represented by the red line (ii) 
diastolic BP is represented by the olive green line and (iii) heart rate is represented by the blue 
line.

4.2.3.I. Active stand

Continuous-finger-blood pressure measurement was performed with a fmometer, a 

non-invasive beat-to-beat blood pressure device using digital photoplethysmography 

(Finopres Pro; Philips Medical). For measurement o f orthostatic changes, the brachial 

cuff was placed on the left upper arm and the finger cuff was placed on the second 

finger. The height correction system o f the finometer was active.

The Finometer contains an internal calibration device, known as a physiocal device. 

Fhe quality o f  the Finometer signal is indicated by the frequency o f physical 

calibration. When the physiocal calibrates less frequently than 30 second intervals, the 

signal is considered to be o f acceptable quality (262). In order to achieve signal o f this 

quality, it was occasionally necessary to warm the patient’s hand with a heated cloth 

:n a sealed plastic bag. All active stands took place in the Falls and Blackouts Unit, St 

James’s Hospital, and all Finometers underwent regular calibration.
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Subjects rested in the supine for five minutes in a temperate environment before the 

assessment. As mentioned in section 4.2.3.1, 10 minutes o f resting BP variability data 

was recorded. Following the completion o f this 10-minute period, the patient received 

repeat instructions as to the method o f active stand. Physiocal was deactivated before 

standing as calibration takes 2-4 seconds to take place and during this time no data is 

recorded. As per manufacturer instructions, the Finometer device will yield accurate 

results for 5-minutes after the physical has been deactivated, provided the signal 

quality is acceptable. Participants were asked to stand in a timely fashion and to allow 

the arm connected to the Finometer to rest by their side, fully extended (263). If the 

patient was unable to stand assistance was provided to ensure a quick transition from 

supine to erect position. The participant continued to stand unaided for three minutes 

and during this time continuous Finometer blood pressure recordings took place, as 

did Medilog HRV recordings. The test was aborted if severe presyncope or syncope 

occurred (263, 264). See Figure 4-5 and Figure 4-6.

Mark for end of
controlled
respiration

Height correction 
indicates patient 
has stood up

Mark for start of 
active stand

Mark for end of 
active stand

Figure 4-5: This d iag ram  dem onstra tes  the o u tp u t  p a ra m e te rs  generated  by the  Finopress Pro 
du r in g  the  active s tand  period. The y-axis rep resen ts  blood pressu re  (m m H g). The x-axis 
represen ts  time. T he  total time for this record ing  is approx im ate ly  8 minutes. The in te rp re ta t ion  
is as follows (i) A m a rk  signifies the end of  5 -m inute  controlled resp ira tion  (ii) T h e  beginning of 
the active s tand  (iii) T he  height correction  facility dem ons tra te s  th a t  the pat ien t  has  stood up at 
th a t  point (iv) 180 seconds la te r  the  active s tand  is complete.
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Figure 4-6: The output parameters generated by Finopress pro  from the above recording (active 
stand period). Again the x-axis denotes time while the y-axis represents blood pressure in mmHg  
and heart rate in beats per minute, (i) Systolic BP is represented by the red line (ii) diastolic BP is 
represented by the olive green line and (iii) heart rate is represented by the blue line.

4.2.3.2. Autonomic function assessment

Parasympathetic test:

Heart rate responses were recorded using Medilog Darwin AR12 heart rate variability 

monitor. Signals were sampled at a rate o f 4096 Hz and filtered and stored digitally 

on a personalized computer for further analysis.

Heart rate response to deep breathing

Heart rate response to breathing was recorded by performance o f 6 deep breaths per 

minute at a constant tidal volume (5 seconds inspiration, 5 seconds expiration). 

Participants were given adequate rehearsal to achieve the required frequency and were 

counted through the 6 breaths. The maximum and minimum heart rate during each
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breathing cycle o f deep breathing was measured and subtracted from one-another to 

calculate the difference in heart rate. The mean o f three successive breathing cycles 

was taken to as the maximum-minimum heart rate change in response to deep 

breathing (264).

The heart-rate change in response to deep breathing was classified as normal, 

borderline or abnormal according to validated criteria (Normal > 15, Borderline 11- 

14, Abnormal < 10) (265).

Heart rate response to active stand

The heart rate response to active stand is an R-R interval ratio. It is the R-R interval 

30 heart beats after the patient stands up divided by the R-R interval 15 heart beats 

after the patient stands up. The R-R intervals were determined from the Medilog 

Darwin HRV data. The ratio is used to classify the heart rate response as normal, 

borderline or abnormal (Normal > 1.04, Borderline 1.01-1.03, Abnormal < 1.00) 

(265).

Sympathetic test

Blood pressure response to active stand

The blood pressure response to active stand describes the difference between the 

baseline systolic blood pressure before standing and the lowest recorded systolic 

blood pressure after standing (also known as the nadir). Baseline systolic blood 

pressure is the mean value o f syncope BP from the readings between 60 and 30 

seconds before standing, while the participants is supine.
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4.2.3.3. 24-hour ambulatory blood pressure

Participants underwent 24-hour BP assessment as an outpatient in tiie stroke 

secondary prevention clinic using the A&D  Medical ambulatory blood pressure 

monitor TM2430. Participants underwent daytime blood pressure recordings at 15- 

minute intervals and night-time recordings at 1-hour intervals. Night-time intervals 

commenced at 23.00 and ended at 0800. On returning o f  the BP monitor, participants 

were requested to detail their sleep time and daytime/night time status was recorded 

via an A& D  medical software programme pre-analysis.

4.2.4. Analysis o f data 

4.2.4.I. Blood pressure variability

All initial data processing was performed with custom written analysis software using 

MATLAB 6.5© (Mathworks, Inc., Natick, MA, USA). Data records were scored for 

significant noise and artefact. Data records o f DBP, SBP and MAP were linearly 

detrended and then underwent spectral analysis.

Standard time domain indices o f cardiovascular variability were extracted from BP 

and R -R  series including standard deviation and interquartile range. To derive 

interval frequency spectra, SBP, DBP, and MAP recordings were analysed according 

to the technique described by DeBoer et al. Frequency domain variables were
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calculated by integration o f spectral estimates within a number o f standard pre

defined frequency bands. Standard blood pressure variability frequency bands VLF 

(0.003-0.04 Hz), LF (Mayer wave band 0.04-0.15 Hz), HP (Traube-Herring band 

0.15-0.4 Hz) were examined (266).

4.2.4.2. Active stand

The active stand data first underwent (i) data quality screening (ii) 5-second averaging 

of BP and heart rate data (iii) data manipulation to extract values.

A) Screening:

The data was anonymised and screened manually by an expert in waveform analysis 

to identify artefact and poor quality recordings. The assessor was blind to the patient’s 

infarct location. Physiocal remained active during baseline data acquisition but not 

during the active stand phase. Only readings that exhibited a physiocal calibration 

occurring at greater than 30-second intervals were included.

B) Filtering:

The data was exported to M icrosoft excel from Beatscope software 1.1a (Finometer 

Pro; Philips Medical). Data was exported in a filtered format, which averaged the 

recordings o f BP and heart rate, placing them into 5-second bins (267). This process 

was used for estimation o f baseline values and recovery values but not nadir BP nor 

time to nadir.
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Nadir BP and time to nadir was extracted from Beatscope in an unfiltered format as it 

was felt unfiltered format would more accurately detect the actual nadir result and the 

time to nadir. It was thought that 5-second averaging would render less accurate the 

nadir BP and the time to nadir.

There follows, a list o f  active stand variables derived from recordings and whether the 

variables were derived from unfiltered or from filtered data:

(1) Baseline BP and h ea r t  rate- The average value of BP and hea r t  rate 

be tw een  60 seconds and 30 seconds from standing  (filtered data)

(2) TO, point of standing- First point of sustained change in the height 

correction m easu rem en t [unfiltered data).

(3) Nadir- The point of the lovi/est systolic BP recorded within the  3 

m inutes  after s tanding and the diastolic BP and h ea r t  ra te  values at tha t 

point [unfiltered data).

[4) Time to nadir- Time, in seconds, from the first change in height 

correction m easu rem en t to the nadir systolic BP [unfiltered data).

[5) Delta systolic BP, Delta diastolic BP and delta hear t  rate- Change in BP 

and heart  ra te  on standing for each 5 second time point from TO- The 

baseline BP and hea r t  ra te  values minus the  nadir  BP and hea r t  ra te  

values [filtered data).

[6) Rate of change- the change in BP and h ea r t  ra te  be tw een  baseline and 

nadir, divided by the time to reach nadir [unfiltered data).
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Active stand:
A description of data  acquired for analysis

Time to  recovery 
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T zero
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Figure 4-7: A description of the data acquired for analysis in relation to the com ponents o f  the 
blood pressure response to active stand

Heart rate response to active stand and heart rate response to deep breathing were 

analysed using Medilog Darwin heart rate variabiHty software version 1.9.4. ECG R- 

R interval detection values were corrected for errors by automated software processes 

and by manual screening. Data records were assessed for noise and artifact. We 

excluded ECG recordings with significant arrhythmia, such as atrial fibrillation or 

excessive ectopic activity. Only recordings with greater than 90% valid readings were 

included.

Blood pressure response to active stand was analysed using Beatscope 1.1a software, 

as outlined in 4.2.4.2.

4.2A.3. Autonomic function assessment

173



4.2.4.4. 24-hour BP analysis

Participants with documented atrial fibrillation were excluded from recruitment at 

inpatient stage or when atrial fibrillation was detected at phasic BP assessment. Thus 

it was assumed that all participants were in sinus rhythm, however, it is possible that 

some participants may have been in paroxysmal atrial fibrillation, undetected during 

their inpatient stay and on phasic BP analysis. However, previous work indicates that 

patients in atrial fibrillation do not exhibit different blood pressure variability patterns 

when compared with those in sinus rhythm and thus, ECG recordings were not taken 

to confirm the absence o f atrial fibrillation at the time o f the 24-hour monitor 

assessment (268). 24-hour BP recordings were excluded where recordings yielded 

less than 20 hours o f continuous data, either due patient removal or an air leak. If this 

occurred participants were requested to undergo a repeat assessment.

From this data, the A&D  medical software programme generated the following values 

for both groups; mean daytime BP, mean daytime heart rate, standard deviation o f 

mean daytime BP and standard deviation o f mean heart rate, mean night time BP and 

mean night time heart rate, standard deviation o f mean night time BP and standard 

deviation o f mean heart rate. O f note, the minimum and maximum value o f systolic 

and diastolic value was taken to be a true reading. It is possible that these outlier 

values were artefact-mediated values but the investigators were unaware o f any 

arbitrary method to disregard such extremes in BP readings. The use o f standard 

deviation o f variability, in addition to maximum and minimum values, was chosen to 

give a more accurate estimation o f the dispersion in BP values than would be afforded 

by analysis o f extreme (maximum and minimum) values in isolation.
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4.2.4.S. Statistics

The data was analysed using M icrosoft excel 2007 and exported to Stata 12 for case- 

control comparison. Chi squared testing was utilized for comparison o f categorical 

variables according to their background history, medication and history o f 

hypotensive behaviour.

Students t test was used to compare continuous parametric data and the Wilcoxon 

rank sum test was used to compare non-parametric data. In some cases, non- 

parametric data also underwent logarithmic transformation and if  the transformation 

converted the data to a parametric form the student’s t test was used. The analysis was 

carried out for baseline characteristics, blood pressure variability (supine resting and 

controlled respiration), BP and heart rate response to active stand, heart rate response 

to deep respiration and 24-hour BP variability.

Multivariate analysis was then conducted with linear regression on continuous data 

that a) was parametric and b) did not exhibit significant kurtosis. For baseline 

demographics, multivariate regression was used to control for age. For blood pressure 

and heart rate data, multivariate regression was used to control for age and the use o f 

anti-hypertensive medication.

The use o f anti-hypertensive medication, as defined in section 4.2.2.1, was analysed 

as a categorical variable. Age was taken as a categorical variable, whereby age less or 

equal to 65 years was categorised as young and age greater than 65 years was 

categorised as old. This categorisation took place as we anticipated that the age-effect 

on blood pressure variability and blood pressure instability would be a non-linear one.
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We anticipated that a non-linear decline in age-related cerebral autoregulatory 

capacity and baroreflex function would occur as accumulation o f co-morbid illness 

would accelerate dysfunction in these compensatory mechanisms and hypoperfusion 

would result. Accordingly, assumption o f homoscedasticity in the relationship 

between age and the impact o f BP variability was not possible. Previous work has 

indeed documented this effect in older people but no standard age exists for 

categorising patients as old or young. Consequently, we chose an arbitrary, well- 

established age cut o ff o f 65 years (51, 177, 179, 249, 269).
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4.3.Results

During 18 months recruitment from St. Jam es’s Hospital and 6 months recruitment 

from the AMNCH. Therefore, 37 participants were recruited with a DWI positive 

acute lacunar infarct, normal sinus rhythm, an ipsilateral carotid stenosis o f less than 

50% and a contralateral stenosis o f less than or equal to 70%, and an M MSE of 

greater than 22/30.

From 550 acute strokes that presented to both centres during the study period 76 

participants exhibited a DWI positive lacunar infarction. 33 patients were excluded 

from St. James’s Hospital and 6 from Tallaght hospital. Reasons for exclusion o f  the 

33 St. Jam es’s hospital participants were as follows: 15 had atrial fibrillation, 5 had 

moderate to severe carotid stenosis, 6 had an MMSE o f less than 23 out o f 30, 3 

exhibited infarcts in the anterior choroidal territory and were thus deemed to be due to 

an embolic cause and 4 refused consent. Reasons for exclusion o f the 6 Tallaght 

participants were as follows: 3 severe carotid stenosis, 2 had atrial fibrillation and 1 

was not resident in Ireland at the time o f recruitment; see Figure 4-8.
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Tallaght hospital 100 acu ta  strokaa 
over 6 m onths

so  underw en t l.S  T MRl
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450 acute  strokes over 18 m onths
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• 0  underw ent l.S  T MRl

i
9 exhibited 

DWl positive 
4*cunar infarction

62 exhibited 
OWl positive 

\ lacunar infarction

67
OWl positive 

lacunar infarcts

33 excluded:
15 atrial fibrillation
5 carotid stenosis >50%
6 MMSE < 2 3 /3 0
3 infarcts in an terio r choroidal territo ry
4 refused consent

3 p a tien ts  recru itad 34 p a tien ts  recruited

37 patien ts  recru ited  in total

Figure 4-8: The screening and recruitm ent process involved from both Tallaght hospital and St. 
Jam es’s Hospital

Consequently 37 lacunar strokes were recruited. Eighteen participants had a distal 

lacunar infarct (borderzone infarct) and 19 participants had a proximal lacunar infarct 

(non-borderzone infarct). The mean patient age was 70.1 years (SD 11.5). Fifteen o f  

the 37 participants were female (40.5%).
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Eighteen o f 37 participants underwent intracranial neuroimaging (15 underwent MRA 

and 3 underwent CT angiogram) and no intracranial stenosis was detected in any case. 

All 38 participants underwent doppler ultrasound imaging o f their carotid arteries and 

no patient had carotid stenosis o f  greater than 70%, as outlined in the exclusion 

criteria. The median NIHSS on presentation was 2 (IQR 1).

4.3.1. Baseline demographics, co-morbidities and hypotensive 

symptoms

4.3.1.1. Univariate analysis

Participants in the distal lacunar stroke group were significantly older than those in 

the proximal lacunar stroke group, 73.9 years (SD 9.5) compared with 66.5 years (SD 

12.6), p=0.05. The prevalence o f anti-hypertensive medication use and the mean 

number o f anti-hypertensive medication was similar in both groups; see Table 4.1.

The prevalence o f ipsilateral carotid disease, hypertension, previous stroke, and 

ischaemic heart disease was similar in both groups. The prevalence o f orthostatic 

symptoms was similar in both groups (n=l 1 in both groups p=0.84). However, the 

distal lacunar stroke group experienced significantly more frequent orthostatic 

intolerance than the proximal lacunar stroke group, 4 per month (SD 6.3) compared 

with 0.7 per month (SD 0.6), p=0.03. The distal lacunar stroke group exhibited a non

significant increase in the prevalence o f syncope, n = l l  (61.1%) compared with the 

proximal lacunar stroke group, n=6 (31.6%), p=0.07. The distal lacunar stroke group 

exhibited significantly more syncope events over their lifetime, 7.1 (SD 8.3) than the 

proximal lacunar stroke group, 1.8 (SD 6.6), p=0.01.
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Table: Baseline dem ographics, BP m edication and co-m orbid conditions in both groups

Baseline demographics
Age, yrs mean (SD) 66.5 (12.6) 73.9 (9.5) 0.05
Female gender, n (%) 7 (36.8) 8 (44.4) 0.96

BP Medication
BP medication, n (%) 11 (57.9) 9(50) 0.50
Bp medication number, mean (SD) 1.1 (1.0) 0.9 (1.2) 0.43
Beta blocker, n (%) 5 (26.3) 3(16.7) 0.43
Diuretic, n (%] 5 (26.3) 3 (16.7) 0.47
Alpha blocker, n (%) 1 (5.3) 2 (11.1) 0.52

Co-morbid conditions
Ipsilateral carotid stenosis

0% stenosed, n f%] 4(21) 3 (16.7)
0-20% stenosed, n [%) 9 (47.4) 7 (38.9)
20-50% stenosed, n (%) 6 (31.6) 8 (44.4) 0.72

Hypertension, n (%) 11 (57.9) 10 (55.5) 0.89
Years since Dx, mean (SD) 3.8 (4.1) 11.4 (9.9) 0.10

Previous stroke, n (%] 1 (5.26) 2 (11.1) 0.52
MI/IHD, n (%■) 5 (26.3) 2 (11.1) 0.24
Orthostatic intolerance, n (%] 11 (57.9) 11 (61.1) 0.84

Frequency/month, mean (SD) 0.7 (0.6) 4(6.3) 0.03
Syncope, n (%) 6 (31.6) 11 (61.1) 0.07

Quant, of events, mean (SD) 1.8 (1.6) 7.1 (8.5) 0.01
Smoker/Ex-smoker,n (%] 10 (52.6) 8 (44.4) 0.62

Pack years smoked, mean (SD) 28.3 (16.6) 46 (27.3) 0.09
Alcohol excess, n (%) 5 (26.3) 4(21.1) 0.78

Yrs >30 units/wk, mean (SD) 27.4 (9.2) 18.8 (10.4) 0.23

Stroke type
NlHSS,mean(SD) 2.68 (1.66) 2.7 (1.3) 0.97
Centrum semiovale, n 8
Corona radiata, n 10
Internal capsule, n 11
Lentiform, n 4
Caudate/Putamem, n 1.
Thalamus, n 2
Pons, n 1

T able 4.1: A com parison  of  the baseline dem ographics ,  BP medication , co-morbidit ies and  stroke 
p resen ta tion  am ong  both groups.
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4.3.1.2. Multivariate analysis

Using multivariate linear regression, and controlling for the effects o f  age and anti

hypertensive medication, we examined whether there was a between-group difference 

in a) the frequency o f orthostatic intolerance and b) quantity o f lifetime syncope 

events. The frequency o f orthostatic intolerance exhibited a non-normal distribution 

and thus underwent a log transformation. After controlling for age, and log 

transforming the data, the distal lacunar stroke group exhibited significantly more 

syncope events during their lifetime than the proximal lacunar stroke group, 

coefficient 1.2, (p-value 0.02) but did not exhibit a greater frequency o f orthostatic 

intolerance, co-efficient 0.87, p=0.14.

4.3.2. 24-hour am bulatory BP data

4.3.2.1. Univariate analysis

34 participants underwent 24-hour BP assessment as two patients refused 24-hour 

ambulatory monitoring and one was lost to follow up. If, on initial assessment, the 

data acquired in the 34 participants was o f poor quality, or the duration o f recording 

was insufficient, then a repeat assessment was carried out. We also excluded records 

in two cases as both the initial and the repeat assessment record was deemed 

unsuitable for analysis. Therefore in 32 cases a complete, clean, good quality 

recording was obtained.
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The distal lacunar stroke group were non-significantly older than the proximal lacunar 

stroke group, 72.5 years (SD 11.1) compared with 66.7 years (SD 12.8), p=0.18. 

There was a trend towards a lower prevalence o f anti-hypertensive medication among 

the distal lacunar stroke group, n=6 (37.5%) compared with n=12 (66.7%), p=0.09.

The distal lacunar stroke group exhibited lower daytime systolic dips in BP, 

87.7mmHg (SD 18.6) compared with 102.3mmHg (SD 15.7), p=0.02. They also 

exhibited a greater systolic daytime standard deviation o f variability, 26.2mmHg (SD 

9.3) compared with 19.7 (SD 5.8), p=0.02. The distal lacunar stroke group also 

exhibited a greater daytime diastolic BP standard deviation o f variability, 19.7mmHg 

(SD 5.8) compared with 15mmHg (SD 4.9), p=0.02 and a greater daytime mean 

arterial pressure (MAP) standard deviation o f variability, 21.3mmHg (SD 5) 

compared with 16.3mmHG (SD 4.4), p<0.005; see Table 4.2.
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Table: 24-hour BP m onitor data fo r both groups, univariate analysis
I I
Characteristics Proximal lacune Distal lacune P-value

N=18 N=14
Baseline demographics
Age, yrs (SD) 66.7 (12.8) 72.5 (11.1) 0.18
Female gender, n (%) 8 (44.4) 7(50) 0.9
BP medication, n (%) 12 (66.7) 6 (42.9) 0.09
BP medication number, mean (SD) 1.6 (0.8) 1.5 (0.8) 0.74
Beta blocker, n (%) 3 (16.7) 1(7.1) 0.35
Diuretic, n (%) 3 (16.6) 1(7.1) 0.35
Alpha blocker, n (%) 1 (5.6) 1(7.1) 0.84
Davtime. mean (SD) mmHa

Mean systolic BP 137.1 (17.8) 133.4 (15.5) 0.53
Mean diastolic BP 77.7 (12.4) 76.9 (9.9) 0.85
Min systolic BP 102.3 (15.7) 87.7 (18.6) 0.02
Min diastolic BP 50 (10.2) 46.4 (4.5) 0.23
Max. systolic BP 188.6 (27.4) 199.2 (36.2) 0.35
Max. diastolic BP 120.2 (27.7) 135 (25) 0.12
Stand, deviat. systolic BP 19.7 (5.8) 26.2 (9.3) 0.02
Stand, deviat. diastolic BP 15 (4.9) 19.8 (5.9) 0.02
Mean MAP BP 97.5 (13.3) 94.4 (11.1) 0.48
Min. MAP BP 68.1 (11.7) 60.8 (8.7) 0.06
Max. MAP BP 143.7 (24.9) 154.3 (25) 0.24
Stand. Deviat. MAP BP 16.3 (4.4) 21.3 (5) 0.005
Niehttime. mean (SD) mmHa
Mean Systolic BP 119.5 (19.3) 121.57 (13.9) 0.73
Mean Diastolic BP 65.1(12.7) 68.1(8.2) 0.45
Min Systolic BP 97.8 (19.8) 100.8 (17.6) 0.66
Min Diastolic BP 50.7 (10.3) 52.4 (9.6) 0.65
Stand. Deviat. Systolic BP 15.6 (6.7) 14.3 (5.3) 0.5
Stand. Deviat. Diastolic BP 10.6 (5.7) 13.4 (1.7) 0.2
Diastolic Max 82 (22.1) 101.4 (27.3) 0.04

Table 4.2: Univariate analysis of 24-hour ambulatory BP measurement in both groups. Stand 
deviat=standard deviation, min=minimum, max=maximum
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4.3.2.2. Multivariate analysis

Using multivariate linear regression, we examined whether there was a between- 

group difference, controlling for the effects o f age and the use o f anti-hypertensive 

medication.

Significance remained for daytime minimum systolic BP (p=0.02), daytime systolic 

standard deviation (p=0.05), daytime diastolic standard deviation (p=0.003) and 

daytime MAP standard deviation (p=0.001); see Table 4.3.

D escription P-value R square F-ratio
Daytime systolic minimum 0.02 0.69 15.7
Daytime systolic standard deviation 0.05 0.24 2.1
Daytime diastolic standard deviation 0.003 0.42 5.05
Daytime MAP standard deviation 0.001 0.41 4.65
Nightime diastolic maximum 0.02 0.61 10.2

T able  4.3: Multivariate analysis o f  24-hour BP data confounding  for age and anti-hypertensive  
medication . Stand deviat=  standard deviation, m a x= m a x im u m

4.3.3. Active stand data

4.3.3.I. Univariate analysis

All 37 participants underwent active stand assessment. If, on initial assessment, the 

data acquired was o f poor quality then a repeat assessment was carried out. We 

excluded records in one case as both the initial and the repeat assessment record was 

deemed unsuitable for analysis.
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The distal lacunar stroke group were older than the proximal lacunar stroke group 

although the difference did not reach significance, 73.6 years (SD 9.8) and 66.5 years 

(SD 12.4), p-value=0.07. There was no difference in anti-hypertensive medication use 

between the groups.

Systolic BP: The distal lacunar stroke group exhibited significant delay in recovery o f 

systolic BP compared with the proximal lacunar stroke group. This delay first became 

significant at 35 seconds, at which point the distal lacunar stroke group BP level was 

8.65 mmHg (SD 20.6) below the baseline value compared with the proximal lacunar 

stroke group, which has recovered to 7.43 mmHg (SD 18.2) above the baseline value, 

p=0.02. This significant relative delay in BP recovery persisted at 40 seconds 

(p=0.01), 45 seconds (p=0.02), 50 seconds (p=0.03), 55 seconds (p=0.05), 60 seconds 

(0.03) and 65 seconds (p=0.04).
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Figure 4-9: Systolic BP change from baseline BP after an active stand, plotted from time 0 
seconds to 120 seconds on the x-axis (though data was recorded for 180 seconds). Baseline BP is 
the mean BP from 60 to 30 seconds before standing. Baseline BP represents OmmHg on the 
graph, as all values are subtracted from it. Y-axis positive values on the graph arise when the BP 
at that time point is greater than the baseline BP. *=P<0.05
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Table: Systolic BP change from baseline BP after active stand 

Univariate analysis: N=36
I 1

Baseline characteristics
Age, mean (SD) 66.5 (12.4) 73 .6 (9 .8 ) 0.07
Female gender, n (%) 8 (42.1) 7 (41 .2 ) 0.96

BP medication, n (%) 13 (68.4) 9 (52.9) 0.34

BP medication number, mean (SD) 1.5 (0.8) 1.4 (0.7) 0.87

Beta-blocker, n (%) 5 (26.3) 2 (11.8) 0.27
Diuretic, n (%) 3 (15.8) 2 (11.8) 0.73

Alpha blocker, n (%) 1 (5 .3 ) 1 (5 .9 ) 0.94

Baseline systolic BP, mean mmHg 148 (16.6) 155 (21) 0.21

Systolic BP change from baseline BP, mmhg
Change in systolic BP 5 secs, mean (SD) -3 .6 (13 .4 ) -1.7 (12) 0.66
Change in systolic BP 10 secs, mean (SD) -13.8 (22.5) -14.4 (13.2) 0.9
Change in systolic BP 15 secs, mean (SD) -6.5 (26.7) -12.5 (23.5) 0.47
Change in systolic BP 20 secs, mean (SD) 3.3 (24.5) -2.2 (20.5) 0.47
Change in systolic BP 25 secs, mean (SD) 6 .6 (22 .1 ) -0.5 (15.7) 0.3
Change in systolic BP 30 secs, mean (SD) 5.5 (21.6) -4.1 (15.7) 0.14
Change in systolic BP 35 secs, mean (SD) 7.43 (18.2) -8.65 (20.6) 0.02
Change in systolic BP 40 secs, mean (SD) 7.5 (16.6) -8.9 (20.5) 0.01
Change in systolic BP 45 secs, mean (SD) 8.1 (15.3) -8.2 (23.1) 0.02
Change in systolic BP 50 secs, mean (SD) 8.5 (15.4) -7 (25.8) 0.03

Change in systolic BP 55 secs, median (IQR) 10 (26) -1.8 (28) 0.05
Change in systolic BP 60 secs, median (IQR) 6 (27 .7 ) -4 (18.3) 0.03
Change in systolic BP 65 secs, median (IQR) 5 (26.8) -6.1 (17.4) 0.04
Change in systolic BP 70 secs, median (IQR) 6.4 (26) -2.4 (18.9) 0.08

Change in systolic BP 75 secs, mean (SD) 12.2 (17.3) 1.8 (21.6) 0.12
Change in systolic BP 80 secs, mean (SD) 13.9 (18.5) 5.6 (17.8) 0.19
Change in systolic BP 85 secs, mean (SD) 13.9 (19.1) 4.6 (18.8) 0.16
Change in systolic BP 90 secs, mean (SD) 13.4 (18.7) 5.1 (20) 0.22

Table 4.4: The univariate analysis of systolic BP change from baseline BP after active stand. At a 
given time-point, a positive value indicates that BP is above baseline BP and a negative value 
indicates it is below baseline BP. SD= standard deviation, IQ R= interquartile range
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B) Diastolic BP: The distal lacunar stroke group exhibited a significant delay in 

recovery at 40 seconds, 2.5mmHg (SD 12.1) below baseline compared w ith 5.5mmHg 

(SD 10.6) above baseline BP, p=0.04. Otherwise there was no significant difference 

between diastolic BP recovery in both groups; see Table 4.5.

Active stand: Diastolic BP change from baseline 
(baseline=OmmHg) N=36

D istal lac u n e

P ro x im al

lac u n e

u

Time (seconds)

Figure 4-10: The diastolic BP change from baseline BP after an active stand, plotted from time 0 
seconds to 120 seconds on the x-axis (though data was recorded for 180 seconds). Baseline BP is 
the mean BP from 60 to 30 seconds before standing. Baseline BP represents OmmHg on the 
graph, as all values are subtracted from it. Y-axis positive values on the graph arise when the BP 
at that time point is greater than the baseline BP (*=P<0.05).
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Table: Diastolic BP change from  baseline BP a fte r  th e  active stand  
U nivariate analysis: N=36

I  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _             I

B aseline characteristics

Age, m ean  (SD) 66.5 (12.4) 73.6 (9.8) 0.07
Fem ale gender, n (%) 8 (42.1) 7 (41 .2) 0.96
BP m edication, n (%) 13 (68.4) 9 (52.9) 0.34

BP m edication num ber, m ean (SD) 1.5 (0.8) 1.4(0.7) 0.87
Beta-blocker, n (%) 5(26 .3 ) 2 (11.8) 0.27
Diuretic, n (%) 3 (15.8) 2 (11.8) 0.73
Alpha blocker, n (%) 1(5 .3) 1(5 .9) 0.94

Diastolic BP change from  baseline  BP, mmHg

Change in diastolic BP at 5 secs, m ean (SD) 0.6 (11,8) 2.5 (11.3) 0.62
Change in diastolic BP at 10 secs, m ean (SD) -8.6 (17.1) -6.4 (11.2) 0.66
Change in diastolic BP at 15 secs, m ean (SD) -3.9 (17.3) -3.2 (13.7) 0.88
Change in diastolic BP a t 20 secs, m ean (SD) 2.7(13 .9) 1.8 (10.2) 0.84
Change in diastolic BP a t 25 secs, m ean (SD) 4.3 (13.3) 1.7 (7.3) 0.48
Change in diastolic BP a t 30 secs, m edian (IQR) 4.3 (14.3) 0.6 (9.2) 0.40
Change in diastolic BP a t 35 secs, m edian (IQR) 6.3 (14.6) 0 (12.3) 0.09
Change in diastolic BP a t 40 secs, m ean (SD) 5.5 (10.6) -2.5 (12.1) 0.04
Change in diastolic BP a t 45 secs, m ean (SD) 5.2 (10.2) -2 (12.7) 0.07
Change in diastolic BP a t 50 secs, m ean (SD) 5.7 (10.2) -0 .7(15) 0.14
Change in diastolic BP a t 55 secs, m ean (SD) 6.3 (10.7) 0,9 (17.3) 0.26
Change in diastolic BP at 60 secs, m edian (IQR) 7 .9(15) 0.6 (14) 0.14
Change in diastolic BP at 65 secs, m ean (SD) 7.3 (11.2) 0,5 (14.4) 0.10
Change in diastolic BP a t 70 secs, m ean (SD) 7 .6 (11) 1,1 (13,9) 0.12
Change in diastolic BP a t 75 secs, m ean (SD) 8.2 (10.5) 1,4 (12,7) 0.09
Change in diastolic BP a t 80 secs, m ean (SD) 8.8 (11) 3,5 (8,6) 0.14
Change in diastolic BP at 85 secs, m ean (SD) 8.2 (11.2) 3.8 (11.2) 0.25
Change in diastolic BP at 90 secs, m ean (SD) 3.1 (13.2) 7.8 (11.4) 0.27

T ab le  4.5: Univariate analysis o f  the diastolic BP response to active stand in both groups as a 
ch an ge  from the baseline BP. A positive va lue  indicates the BP is above baseline BP at that time  
and a negative value indicates BP is below baseline BP at that time

C) Time to reach nadir systolic BP: The time to reach nadir systolic BP was 

significantly delayed in the distal lacunar stroke group, median 10.3 seconds (IQR 

5.6) compared with median 7.6 seconds (IQR 5.6) in the proximal lacunar stroke 

group, p=0.03. After log transformation, significance persisted; 2.5 (SD 0.7) in the 

distal lacunar stroke group compared with 1.9 (SD 0.5) in the proximal lacunar stroke 

group, p=0.02; see Figure 4-11.
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Figure 4-11: Univariate analysis of a) the time to reach nadir systolic BP and b) the log 
transformation of the time to reach nadir systolic BP
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D) Delta systolic BP: The delta systolic BP was similar in both groups, 42.7 mmHg 

(IQR 45.7) in the proximal lacunar stroke group compared with 38.9 mmHg (IQR 31) 

in the distal lacunar stroke group 38.9 mmHg (IQR 31), p=0.82; see Figure 4-12. The 

delta diastolic BP was similar in both groups, 17.7 mmHg (IQR 26.3) in the proximal 

lacunar stroke group compared with 19 mmHg (IQR 16.8) in the distal lacunar stroke 

group 19 mmHg (IQR 16.8), p=0.97; see Figure 4-13. The delta heart rate was also 

similar in both groups, 16.1 beats per minute (IQR 13.8) in the proximal lacunar 

stroke group compared with 12.8 beats per minute (IQR 11.3) in the distal lacunar 

stroke group, p=0.61; see Figure 4-14. All data underwent log transformation and 

students t test. No significant difference was observed in any o f the above measures.
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Figure 4-12: A boxplot representing the delta systolic BP for both groups. Delta systolic BP is 
described in 4.2.4.2 and is the change from the baseline BP to nadir BP during the active stand 
(proxim aN non-borderzone and distal=borderzone).
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Figure 4-13: A boxplot representing the delta diastolic BP for both groups. Delta diastolic BP is 
described in 4.2.4.2 (proximal=non-borderzone and distal=borderzone).
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Figure 4-14: A boxplot representing the delta heart rate for both groups. Delta diastolic BP is 
described in 4.2.4.2. (proximal=non-borderzone and distal=borderzone).
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E) Time to recovery: In the distal lacunar stroke group there appeared to be an 

association but this didn't reach statistical significance; the median time to recovery 

was 25 seconds (IQR 20-80) compared with 20 seconds (IQR 10-35) in the proximal 

lacunar stroke group, p=0.19. This remained the case after log transformation o f time 

to recovery; log time to recovery in the distal lacunar stroke group, 3.71 (SD 0.95) 

compared with 3.47 (SD 0.93) in the proximal lacunar stroke group, p=0.48.
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Figure 4-15: A boxplot representing: a) The time to recovery of systolic BP following active stand 
b) the log transformation of the time to recovery in systolic BP
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4.3.3.2. Multivariate analysis

Using multivariate linear regression analysis, we examined whether there was a 

between-group difference after controlling for the effects o f age and the use o f anti

hypertensive agents. The distal lacunar stroke group still exhibited significant delay in 

recovery o f systolic BP at 35, 40 and 45 seconds, p=0.03, p=0.02, p=0.03 

respectively. The log transformation o f time to nadir systolic BP also remained 

significant, p=0.04.

The systolic BP differences at 55, 60 and 65 seconds could not be entered into a 

multivariate model as they were non-parametric in distribution and log transformation 

was not possible as 50% of the values were negative numbers; see Table 4.6.

Description P-value R square F ratio
Change in systolic BP 35 secs 0.03 0 .16 2.81
Change in systolic BP at 40  secs 0.02 0 .18 2.45
Change in systolic BP at 45 secs 0.03 0 .17 2.17

Change in diastolic BP at 40  secs 0.08 0.15 1.80
Log tinne to  reach nadir BP 0.04 0.18 2.41

Table 4.6: M ultivariate linear regression exam ining the association between active stand 
param eters and infarct location, controlling for the effects o f age and anti-hypertensive 
medication.
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4.3.4. Phasic resting BP data

4.3.4.I. Univariate analysis

All 37 participants underwent phasic resting BP assessment. If, on initial assessment, 

the data acquired was o f poor quality then a repeat assessment was carried out. We 

excluded records in two cases as both the initial and the repeat assessment record was 

deemed unsuitable for analysis.

The distal lacunar stroke group were non-significantly older than the proximal lacunar 

stroke group, 73 years (SD 11.1) compared with 67.2 years (SD 12), p=0.15. The 

prevalence o f anti-hypertensive medication use was similar in both groups.

The distal lacunar stroke group had a greater baseline heart rate, 76.4 beats/min (SD 

14) compared with 65.2 beats/min (SD 8.5), p=0.01. All frequency variables were 

similar in both groups and all indices o f baroreflex function were similar in both 

groups; see Table 4.7.
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Table: Univariate analysis of 5-minute supine beat-to-beat phasic BP recordings 

N=35
I_____________________________________________________________________________________________I

Baseline characteristics

Age, mean (SD) 67.2 (12.0) 73 (11.1) 0.15

Female gender, n ( %) 7(41.2) 9(50) 0.62

BP medication, n { % ) 11 (64.7) 9 (50) 0.38

Beta-blocker, n { %) 4 (23.5) 2(11.1) 0.33

Diuretic, n {%) 3(17.6) 2(11.1) 0.58

Alpha blocker, n {%) 1(5.8) 1(5.6) 0.97

BP medication number, mean (SD) 1.5(1) 1.4 (0.9) 0.87

Phasic BP characteristics, mean (SD) mmHg

Mean Systolic BP 143.5 (15.5) 149.8 (20.4) 0.30

Mean Diastolic BP 71.9 (10.2) 77.5 (9.6) 0.10

Mean heart rate 65.2 (8.5) 76.4 (14) 0.01

Variation in systolic BP 7(2 ) 7.5 (6.4) 0.50

Variation in diastolic BP 3.6 (1.1) 4.1 (2.4) 0.50

BP Frequency power analysis, median (IQR)

Systolic BP

Low freqeuncy power 2695.6 (1493.5) 4199 (2844.7) 0.13

High frequency power 2481.1 (1782.1) 3977.8 (5310.2) 0.82

Very low  frequency power 7988.2 (5621.2) 11221.3 (10444.0) 0.32

Diastolic BP

Low freqeuncy power 911.2 (581.8) 1588.2 (1776.1) 0.30

High frequency power 797.1 (1050.0) 1222.6 (2004.8) 0.77

Very low frequency power 1896.9 (1215.7) 3750.2 (4884.3) 0.20

Baroreflex data, median (IQR)

Baroreflex ratio fo r systolic BP 0.009 (0.007) 0.006 (0.004) 0.30

Baroreflex ratio  fo r diastolic BP 0.016(0.01) 0.01 (0.06) 0.23

Baroreflex sequence, ms/mmHg 7.6(5) 5.3 (3.4) 0.12

Baroreflex up, ms/mmHg 6.98 (4.7) 4.88 (3.3) 0.19

Baroreflex down, ms/mmHg 8.5 (6.5) 5.6(3.8) 0.25

Table 4.7: Univariate analysis of 5-minute supine phasic BP data
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4 3 .4.2. Multivariate analysis

Using multivariate linear regression, we examined whether there was any difference 

controlling for the effects o f age and the use o f anti-hypertensive agents. The 

dependant variable in the regression model was baseline heart rate. After controlling 

for age and anti-hypertensive medication the difference in baseline heart rate was no 

longer significant, p=0.06, r  ̂ 0.33, f-ratio 5.33.

4.3.5. Autonomic function

Three autonomic function assessments, outlined in 4.2.3.2 were carried out in 34 

participants as in one cases deep breathing assessment was declined by the patient as 

they became tired during assessment (and they refused a repeat assessment), in two 

cases deep breathing was not carried out by the investigator as it was apparent they 

would not be able to partake in a deep respiration assessment and in one case deep 

respiration assessment was accidentally omitted from the assessment.

In the 34 participants, if  poor quality recordings were obtained the participant was 

requested to re-attend for repeat assessment. We excluded the deep respiration records 

in 4 participants as in 2 cases the patients were unable to comply with deep respiration 

and in 2 cases the initial and repeat assessment data was deemed unsuitable for 

analysis. The distal lacunar stroke group were significantly older than the proximal 

lacunar stroke group, 74.8 years (SD 8.7) compared with 65.1 years (SD 12.1), 

p=0.01. The prevalence o f beta-blocker use was higher in the proximal lacunar stroke 

group, though non-significantly so, n=l o f 17 compared with n=5 o f 17, p=0.07; see 

Table 4.8.

198



4.3.5.1. Univariate analysis

Parasympathetic assessment: The distal lacunar stroke group exhibited a non

significant blunting in the ratio o f heart rate response to active stand, 1.19 (SD 0.11) 

compared with 1.15 (0.11), p=0.21. The distal lacunar stroke group exhibited a 

significant blunting o f heart rate variability in response to deep breathing, 4.92 (SD 

3.36) compared with 10.33 (SD 7.13), p=0.01; see Table 4.8, Figure 4-16.

Sympathetic assessment

There was no difference in the magnitude o f the systolic drop in both groups, which 

was 43.3mmHg (SD 28.3) in the distal lacunar stroke group compared with 

40.2mmHg (SD 27.5) in the proximal lacunar stroke group, p=0.76; see Table 4.8.
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Table: Univariate analysis of autonomic function, N=34.
I ^  I

Baseline characteristics

Age, mean (SD) 65.1 (12,1) 74 .8(8 .7) 0.01

Female gender, n (%) 6(35 .3 ) 6 (35 .3 ) 1.00

BP m edica tion yes, n (%) 11 (64.7) 7(41 .2 ) 0.17

Beta-blocker, n (%) 5(29 .4 ) 1 (5.9) 0.07

D iuretic, n (%) 2 (11.8) 1 (5.9) 0.55

Alpha blocker, n (%) 1(5 .9 ) 1 (5.9) 1.00

BP m edication num ber, mean (SD) 0.6 (0.5) 0.4 (0.5) 0.18

Parasympathetic tests

Active stand (n=34)

HR response to  active stand (RR 30/RR 15), mean (SD) 1.15 (0.11) 1.10 (0.11) 0.21

Log HR response to  active stand, mean (SD) 0 .14(0 .10 ) 0.09 (0.09) 0.22

Deep respiration (n=30)*

Heart rate variab ility  (RR expiration-RR inspira tion), mean (SD) 10.3 (7.1) 4.9 (3.4) 0.01

Sympathetic test, mean (SD), mmHg

Active stand (n =33)**

Change in systolic BP (delta systolic BP), mmHg 43 .3(28 .3 ) 40.2 (27.9) 0.76

Table 4.8: The univariate analysis of autonomic function assessments in both groups. *Four 
datasets were deemed insufficient in quality for analysis/the patient did not properly comply with 
deep respiration. **Three  datasets was deemed insufficient in quality for analysis (Medilog A R I2  
Darwin H R V  monitor)
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Figure 4-16: A boxplot rep resen ting  the h ea r t  ra te  variabili ty  response to deep b rea th ing  in both 
groups.

4.3.S.2. Multivariate analysis

Using multivariate linear regression, we examined whether there was any difference 

controlling for the effects o f age and the use o f anti-hypertensive agents. The 

dependant variable in the regression model was heart rate variability response to deep 

breathing. After controlling for these factors significance remained, p=0.05, r^=0.31, 

F-ratio=4.02.

201



4,3.6. Summary

Participants with distal lacunar strokes exhibit a greater tendency for hypotensive BP 

dips, and more pronounced blood pressure variability when compared with proximal 

lacunar strokes. This effect is independent o f age and anti-hypertensive medication. 

They also exhibit a delayed systolic BP recovery on active stand. Again this effect is 

independent o f age and anti-hypertensive medication. Finally they exhibit a blunted 

parasympathetic activity, independent o f age and anti-hypertensive medication.

202



4.4.Discussion

These data suggest that patients with borderzone white matter infarcts exhibit 

different blood pressure behaviour to patients with non-borderzone white matter 

infarct (including the basal ganglia).

From 24-hour BP data, patients with borderzone white matter infarcts exhibit more 

hypotensive dips and greater variability in their blood pressure. From active stand 

data, they exhibit a relative delay in the recovery o f their blood pressure. Lastly, from 

autonomic function assessment they exhibit reduced variability in their heart rate, 

which suggests they have parasympathetic dysfunction. This consecutive sample o f 

acute lacunar infarcts also shows that borderzone lacunar infarcts are more likely to 

occur in the older person.

Cumulatively this data shows that borderzone lacunar infarcts are most likely in the 

older person that reports hypotensive tendencies, exhibits a relatively prolonged 

hypotension following an orthostatic stressor and an impaired capacity for heart rate 

variability, which is an indicator o f autonomic dysfunction.

Specifically, 24-hour BP data indicates that patients with borderzone lacunar infarcts 

demonstrate more frequent drops in systemic blood pressure than patients without 

borderzone lacunar infarcts. We do not know whether systemic hypotension causes 

cerebral blood flow interruption. Intact autoregulation, for example, would ensure that 

compensatory processes would buffer episodes o f  hypotension and ensure that 

cerebral blood flow remained constant.
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However, active stand data demonstrates that patients with borderzone lacunar 

infarcts experience hypotension and then have a delayed recovery. This suggests they 

have an impaired autoregulation rather than intact autoregulation. Consequently, it is 

possible that systemic hypotension does result in cerebral blood flow reduction. 

Moreover, parasympathetic autonomic function is impaired in these cases and so the 

autonomic component o f autoregulation is blunted. Finally, the patients themselves 

report episodic reduction in cerebral blood flow as they describe more syncope events 

than other non-borderzone lacunar controls.

Therefore, among borderzone lacunar stroke patients we have found evidence of 

arterial hypotension, impaired blood pressure autoregulation and symptomatic 

cerebral hypoperfusion. As their infarcts lie in flow-vulnerable regions o f the brain, 

these defining characteristics are significant and suggest that hypotensive episodes 

may be causing such infarcts. It may do this in isolation, or more likely, it does so in 

conjunction with pre-existing small vessel disease and possibly emboli migration. It is 

important to highlight that recruitment from one o f the centres, the AMNCH was 

retrospective, and as such some patients may have had acute lacunar infarcts and not 

underwent recruitment. As there was no on-site recruiting in AMNCH it is possible 

that only younger patients underwent MRI, as is often the case. Thus the three 

patients recruited from the AMNCH may not have been representative. As only three 

patients were recruited in this manner it is unlikely that it biased outcome.

The exact pathogenesis o f lacunar infarction remains uncertain (270). Fisher, in his 

pathological samples from the 1950s, demonstrated occlusion o f perforating arteries 

that supplied the region o f lacunar infarction.
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In the arteries that suppHed the infarcted region, he observed severe hypertensive 

small vessel disease and acute fibrinoid necrosis with consequent vessel occlusion. He 

therefore attributed the cause of lacunar infarction to small vessel disease (termed 

lipohyalinosis) and resultant vessel occlusion (259). Fisher’s work considerably 

advanced our understanding o f lacunar disease and his findings are still accepted 

today, however, it is also the case that severe hypertension was more prevalent in the 

1950s than it is today.

Consequently, extreme levels o f hypertension required to cause acute fibrinoid 

necrosis are rarely seen today (271). Possibly such a mechanism still potentiates 

vessel occlusion and fibrinoid necrosis may occur in contexts other than severe 

hypertension. Unfortunately, since Fishers work, it has become rare to get a 

pathological specimen o f lacunar infarcts, as lacunar strokes are rarely fatal. 

Furthermore, detailed perforating artery dissection is not routine in post-mortems. 

Accordingly we do not have as rich an understanding o f the pathological appearances 

o f lacunar infarcts among todays population. The few studies that have been carried 

out have identified a high prevalence o f lipohyalinosis, suggesting that disease o f the 

small vessels does indeed correlate with lacunar infarction among today’s stroke 

patients. While the degree o f small vessel disease is more moderate than that observed 

by Fisher, this probably reflects a more moderate hypertensive cohort than that 

observed by Fisher. These studies also describe a change in the natural history of 

lacunar infarcts, with less infarcts per patient and more white matter disease (66, 132).
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Lipohyalinosis will cause vessel narrowing but it will probably not cause the 

occlusive process that results from fibrinoid necrosis. So what then causes the 

infarction? Multiple theories have been proposed. One hypothesis is that small vessel 

disease increases vessel wall permeability (153). Blood brain barrier leakage causes 

migration o f toxins to the brain parenchyma. Neuronal damage and perivascular 

oedema develops. While this explains lacunar disease it is unlikely to explain acute 

lacunar infarction.

It is also the case that such mechanisms do not explain why large artery disease 

results in lacunar infarction. Why for example does a carotid endarterectomy reduce 

the incidence o f  lacunar as well as non-lacunar stroke (272)? Millikan et al suggested 

that when severe large artery disease is present, lacunar strokes arise from 

haemodynamic mechanisms (273). Several subsequent studies have corroborated his 

finding, while many more allude to an embolic mechanisms (1, 94, 110, 274). 

Probably both occur; microemboli travel through the circulation and are dissolved in 

the arteriolar vessels by a pressure gradient created through systemic blood pressure 

(94, 100). The absence o f such a pressure gradient causes lodgement o f embolic 

material in the arterioles and stroke results. The theory is known as the impaired 

washout theory (103, 275). The location o f large artery-related lacunar infarcts are the 

corona radiata and centrum semiovale, otherwise known as the borderzone region. So 

it would appear that large artery-related borderzone lacunar infarcts do not arise from 

small vessel disease but rather a combination o f haemodynamic and embolic 

mechanisms.

206



When severe stenosis is absent, it is assumed that borderzone lacunar infarction 

results from a different mechanism: small vessel disease. It is surprisingly common 

for borderzone lacunar infarction to occur in the absence o f severe carotid disease. 

For example, in one series borderzone lacunar infarction accounted for 4.7% (45/946) 

o f all infarcts (98). Severe carotid stenosis occurs in approximately 3.6% o f people 

between 50 and 80 years old (119). Severe MCA stenosis occurs in less than 1% of 

Caucasians and is more common in an Asian population so does not contribute much 

to large artery-related borderzone infarction (116, 276). So approximate community 

prevalence o f severe large artery disease is 4.6%. Only 3% o f patients with severe 

large artery disease actually infarct each year.

Therefore, it is probable that borderzone lacunar infarction may commonly occurs in 

patients with normal, mild or moderately large arteries (118). In support o f this point, 

post-hoc analysis o f CT brains in the European Carotid Surgery Trial concluded that 

severe carotid stenosis “was neither sufficient nor necessary to produce borderzone 

infarction” (254). Accordingly, borderzone lacunar infarcts occur commonly in 

patients without severe large artery disease.

Consequently, two plausible theories explain the development o f borderzone lacunar 

infarction. Firstly, in the presence o f severe carotid disease, borderzone lacunar 

infarcts arise from episodic hypotension or embolus or both, and in the absence o f 

severe large artery stenosis, borderzone lacunar infarcts arise from small vessel 

disease.
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The second is that there is one pathogenic mechanism that explains all borderzone 

lacunar infarcts. They arise because narrowed, diseased small vessels supply the 

region with blood, and if episodic hypotension occurs cerebral blood flow becomes 

interrupted. Emboli may or may not contribute. This interplay o f small vessel disease, 

episodic hypotension and emboli is more apparent in the presence o f severe large 

artery stenosis as flow is more reduced and emboli are more frequent. However, this 

process also occurs in the absence o f severe large artery disease, albeit due to a 

greater contribution from narrowed, diseased small vessels. Importantly, if  episodic 

hypotension does indeed play a role in this process, it has gone undetected to date 

because blood pressure profiling has consisted o f one-off cuff assessments rather than 

24-hour BP monitoring, phasic BP data and autonomic function assessment (1,2,  98, 

100, 198,254).

Certainly our data supports this latter theory. Our cohort did not have severe large 

artery disease. The patients in this study all had less than 50% carotid stenosis, as 

measured on carotid duplex ultrasound. MCA stenosis was not routinely screened for, 

however, all recruited patients were Caucasian and thus the presumed prevalence o f 

MCA stenosis would be less than 1% (116, 276). Also o f note, 15 underwent MRA 

while 3 underwent CT angiogram and no intracranial stenosis was detected in any 

;ase. Yet 50% o f our cohort had borderzone lacunar infarcts. Hypotensive tendencies 

and variable blood pressures were the features, which distinguished this group from 

patients with non-borderzone lacunar infarcts. From history taking, active stand 

assessment and 24-hour BP analysis, we observed evidence o f symptomatic and 

asymptomatic hypotension.
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Accordingly, our data suggests that episodic hypotension may fit into a lacunar infarct 

model, along with small vessel disease with our without emboli.

Our findings may point towards mechanisms that underlie hypotensive tendencies, 

which in turn may offer insight into the pathogenesis o f borderzone infarcts. For 

example, variable BP on 24-hour monitoring is an indicator o f  reduced barorefiex 

function, probably because o f dysfunctional feedback to the nucleus o f tractus 

solitarius and ventrolateral medulla o f the brain result in inappropriate compensatory 

mechanisms (277-279). Variable BP, may also indicate endothelial dysfunction (280). 

Most systemic vascular resistance occurs in the resistance vessels o f small and mid 

arterioles. Endothelium secretes nitrous oxide and endothelin, which have 

antagonistic effects on vascular tone. Accordingly inappropriate endothelial responses 

can result in dramatic changes in systemic blood pressure. Further, inappropriate 

secretion in response to blood pressure changes results in inappropriate compensation. 

Endothelial dysfunction occurs in the context o f small vessel disease and thus it is 

conceivable that, by observing blood pressure variability, we are actually observing a 

surrogate for endothelial dysfunction (281). Nevertheless we did not assess 

endothelial dysfunction and so we cannot comment on it’s role in this study, apart 

from suggesting that finding variable blood pressure indicates that endothelial 

dysfunction may also be present.

Impaired recovery on active stand is thought to suggest an impaired barorefiex 

function. Cooper and Hainsworth examined cases that exhibited poor orthostatic 

recovery and observed a blunted barorefiex response when compared with controls 

that exhibited a good orthostatic recovery (282).
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Impaired orthostatic recovery may result in reduced cerebral blood flow. In normal 

healthy patients this is not the case as cerebral autoregulation compensates (283-285). 

However, in patients with a history o f neurocardiovascular instability, reduced 

peripheral blood pressures often reflect reduced cerebral blood flow (170, 286-288). 

Borderzone lacunar stroke patients frequently reported syncope (11/18, 61.1%) and 

presyncope (I I / I 8, 61.1%) in advance o f their stroke, which suggests possible 

existence o f hypotensive disorder pre-stroke. As we did not assess cerebral blood 

flow, however, we cannot say that reduced orthostatic recovery reflects impaired 

cerebral blood flow. Delayed active stand recovery does reflect impaired baroreflex 

function, however, especially in the context o f a history o f syncope/presyncope. 

Furthermore, impaired heart rate variability on deep respiration suggests 

parasympathetic autonomic dysfunction. Accordingly the existence o f a hypotensive 

disorder is likely, and thus peripherally observed hypotension may well reflect a 

reduction in cerebral blood flow.

Other possibilities may explain our findings on 24-hour BP, active stand and 

autonomic function assessment. For example, the subjects’ strokes may have caused 

the hypotensive behaviour more than the hypotensive behaviour causing the stroke, as 

we have hypothesised. It is possible autonomic centres may exist in the borderzone 

regions and ischaemic insult to these regions caused the group differences we have 

observed. However, research to date suggests that autonomic centres are located in 

the cortical regions o f the posterior insular cortex and the ventromedial prefrontal 

cortex (155, 160-162). They are not located in the borderzone regions o f the white 

matter.
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Possibly the axonal processes that extend from these cortical autonomic centres pass 

through the borderzone regions as they descend, however, if so they will also pass 

through the internal capsule and connect with basal ganglia centres, the non- 

borderzone lacunar regions. Thus both groups should be affected equally by 

ischaemia to an autonomic centre and so we can consider the possibility that 

differences in autonomic function preceded the stroke.

The cohort o f patients in this study consisted o f a consecutive sample o f lacunar 

strokes, recruited from St. Jam es’s Hospital over an 18-month period, and from 

Tallaght hospital over a 6-month period. From this cohort it emerged that patients 

with borderzone lacunar infarction were significantly older than patients with non- 

borderzone lacunar infarction (73.9 years (SD 9.5) compared with 66.5 years (SD 

12.6), p=0.05). We confounded for age in our muUivariate analysis to identify age- 

independent defining characteristics that correlated with borderzone infarction, 

however, it is also important to consider age itself as a risk factor for borderzone 

infarction.

We have hypothesised that borderzone lacunar strokes occur in patients with greater 

BP variability and greater hypotensive tendencies and have demonstrated that this 

most likely the case. Importantly, however, we have demonstrated that older people 

are especially likely to incur borderzone infarction (289). It would appear therefore 

that borderzone lacunar infarction is more likely in older patients with variable blood 

pressure and with hypotensive tendencies.
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Such a finding aligns with previous blood pressure research in older people. SPS3 

enrolled 3020 lacunar stroke patients and investigated the benefit o f lowering BP 

below ISOmmhg compared with below 140mmHg. The primary outcome, all stroke, 

was non-significant but importantly older patients (>=65 years) demonstrated the least 

benefit, hazard ratio 0.89 (95% Cl; 0.62-1.26) (290). Other studies have demonstrated 

that older patients with orthostatic hypotension are more likely to develop stroke (5). 

Similarly older patients with low baseline BP are more likely to experience stroke (7, 

291). Some researchers have, however, suggested that such hypotensive tendencies do 

not play a causal role in stroke development, but rather they are indicators o f frailty, 

and frailty results in greater stroke risk. Our data refutes this point as we have 

demonstrated that the subtype o f lacunar stroke most likely to exhibit blood pressure 

variability and hypotensive tendencies are strokes that occur in flow-vulnerable 

regions o f the brain. It is plausible therefore that variable blood pressure and episodic 

hypotension may play a causal role in incident stroke.

Our findings have relevance in clinical practice. Even in the absence o f severe carotid 

disease, borderzone infarction correlates with blood pressure variability and 

hypotensive tendencies, especially in the older person. Accordingly we should pay 

close attention to the level o f variability in the blood pressure o f an older person that 

describes episodic lightheadedness and/or syncope. Also, if  we see a borderzone 

lacunar infarction we should not automatically attribute its cause to small vessel 

disease but rather consider the role blood pressure variability may have in the 

development o f the infarct.

212



Accordingly, future stroke prevention in such a patient may need to focus on 

minimising variability and avoiding hypotensive episodes as well as traditional risk 

factor modification. In such a patient, for example, one should consider calcium 

channel blocking agents or angiotension converting enzyme inhibitors rather than a 

diuretics, beta-blockers or alpha-blockers as the former reduce variability and the 

latter predispose to episodic hypotension (71).
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4.5.Conclusion

Patients that experience lacunar infarction in the borderzone region exhibit more 

hypotension and more variable blood pressure than patients that experience lacunar 

infarction in other areas o f the brain. Moreover, patients that experience borderzone 

infarction exhibit delayed recovery on active stand and a greater degree o f autonomic 

dysfunction. As borderzone infarction is often caused by a low-flow mechanism it is 

possible their hypotension may have precipitated the infarct. It is also possible, that 

small vessel disease and endothelial dysfunction precipitated the infarct and also 

caused the abnormal blood pressure behaviour that we have observed. If the former 

hypothesis is correct, these patients may benefit from anti-hypertensive agents that 

modify variability rather than simply lower blood pressure.
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5. Focal neurological events with syncope 

and presyncope
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5.1.Introduction

Syncope is a transient loss o f consciousness due to transient global cerebral 

hypoperfusion characterised by rapid onset, short duration, and spontaneous complete 

recovery(129). Syncope is associated with a wide variety o f non-focal neurological 

symptoms, such as blurred vision, headache and generalised muscle weakness. 

Hypoperfusion-related ischaemic symptoms include bilateral shoulder pain (coat 

hanger pain) and central chest tightness (in the absence o f coronary artery disease) 

(292).

The European Syncope Guidelines summarise the interface between syncope and 

stroke as follows; “For all practical purposes a TIA concerns a focal deficit without 

LOC, and syncope the opposite” (129). Recent clinical reviews in syncope echo the 

suggestion that syncope excludes a TIA and vice-versa (293, 294).

Correspondingly, the American Academy o f Neurology defines a TIA as: “a transient 

episode o f neurological dysfunction caused by focal brain, spinal cord, or retinal 

ischemia, without acute infarction’’ (189). This definition excludes global ischaemia 

as a cause o f  TIA. Various stroke scales, such as the ROSIER scale, consistently 

define a TIA as being less likely in the context o f syncope (190). In one vignette 

series, the very presence o f syncope lead 21 out o f 22 stroke neurologists to exclude a 

TIA (191).
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While guidelines define stroke and syncope as mutually exclusive entities, an overlap 

has been identified. Two large community-based studies have identified a possible 

“overlapping” syndrome o f neurological symptoms associated with reduced 

consciousness in 0.6 to 1.5% o f patients (192, 193). Jardine et al reported on the 

reproduction o f focal neurological symptoms in three stroke patients by inducing 

hypotension (197). Accordingly, the purpose o f this study was to prospectively 

determine the existence and prevalence o f focal neurological episodes in the context 

o f hypotensive symptoms.
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5.2. M ethods

5.2.1. Screening location

Subjects were recruited through the Falls and Blackouts Unit syncope assessment 

service in St. Jam es’s Hospital. The Falls and Blackouts Unit o f St. Jam es’s hospital 

is a tertiary referral centre for syncope and receives referrals nationally. O f referrals 

received, 20% of referrals are from general practice, 10% are from the Emergency 

Department and 60% are from other hospital consultants. O f the patients’ 

appointments, 22.55% are new visits and 78.45% are return visits. All patients 

attending the syncope service undergo full syncope evaluation in accordance with the 

European Syncope Guidelines (129). Patients were also requested to complete a self- 

report questionnaire while awaiting review. The questionnaire was subsequently 

checked by trained nursing staff in the Falls and Blackouts Unit to confirm that the 

questionnaires had been completed with reasonable proficiency and to provide 

assistance in completion where ambiguity arose.

5.2.2. Pilot study

A pilot study was conducted between November 2011 and December 18*'̂  2011 when 

84 syncope unit attendees completed a questionnaire. The pilot questionnaire did not 

use validated screening tools in the assessment o f stroke, syncope or migraine. Rather 

candidates were asked to comment on the existence and frequency o f fainting 

episodes, the existence and presence o f near fainting episodes and coincident 

weakness/numbness o f the leg or o f the arm or facial droop or slurred speech. In 

addition patients completed questions regarding past medical history, which asked
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whether “a doctor had ever told them that they had” migraine, stroke, TIA, 

depression, hypertension or ischaemic heart disease.

This pilot was used to estimate the potential prevalence o f focal neurological events at 

the time o f syncope and possible associative factors. Migraine emerged as a potential 

associative factor. A questionnaire was devised and powering o f a larger case control 

study was conducted on the basis o f this pilot study.

5.2.3. Screening for prevalence of focal neurology

All patients that presented to the Falls and Blackouts Unit o f St. Jam es’s Hospital 

between 4"’ January 2012 and 30**’ September 2012 were requested to complete a self- 

report questionnaire. The questionnaire assessed presyncope burden and used 

validated questions to assess syncope burden and past medical history (237).

In addition the prevalence o f migraine, cardiovascular risk and somatoform disorder 

was determined through validated questionnaires. The presence o f migraine was 

determined through the ID-Migraine questionnaire (295, 296). Ten-year

cardiovascular risk was determined through the use o f a Framingham derived 

calculator (297). The presence o f somatoform symptoms was determined through the 

Patient Health Q uestionnaire-15 (PHQ-15). As the community prevalence o f 

somatoform disorder approximates to 6%, the patients with PHQ-15 scores within the 

93rd percentile o f scores were excluded from analysis, as they were likely to have a 

somatoform disorder (298). For examples o f these scales see Appendix 4.
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5.2.4. Rationale behind questionnaire choices

5.2.4.1. Syncope burden

The large population study; The Irish LongituDinal Study o f Ageing (TILDA) 

specifically assesses syncope burden in subjects and since the questions used in 

TILDA have now been validated as a screening tool in an Irish population they were 

chosen for the questionnaire (237). The patient is asked (i) if  they “have ever in their 

life lost consciousness or blacked out?” (ii) “how many times have you lost 

consciousness in the last year?” and (iii) if they “were a frequent fainter in 

childhood?”.

5.2.4.2. Presyncope burden

Patients were asked (i) “do you get episodes where you feel you might pass out but 

don’t or feel lightheaded?” and (ii) “approximately how many times in a month do 

you get this feeling?”; less than once, one to three times, seven to 12 times, 12 to 20 

times or greater than 20 times. This method was not previously validated.

5.2.4.3. Migraine

Migraine is a complex headache disorder with an estimated prevalence 6% in men 

and 18% in women and may be associated with both syncope/presyncope and with 

focal neurology (299). Fifty-two percent o f patients with migraine have never 

received a formal GP or hospital physician diagnosis (300). Migraine questionnaires 

have developed in an effort i) to correctly estimate the prevalence o f migraine in the 

population and ii) to increase the detection o f migraine among general physicians.
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Questionnaires vary in their length, specificity, sensitivity and applicability to 

generalist conditions.

Commonly used migraine questionnaires include:

The International Headache Classification Questionnaire (301)

3 -Question headache screen (302)

ID-migraine (296)

The Migraine Screening Questionnaire (MSQ) (303, 304)

Lipton developed a questionnaire known as ID-migraine in a general practice setting 

and compared it with a diagnosis by a headache specialist. A 9-point questionnaire 

was abbreviated to contain the 3 most discriminatory questions. These questions 

assessed the effect headaches had on their quality o f life (sensitivity 0.87, specificity 

0.52), the presence o f photophobia (sensitive 0.7 specificity 0.74) and nausea 

(sensitivity 0.6 specificity 0.82) (296). Also o f note, a question relating to aura carried 

a specificity o f 0.72. This 3-point questionnaire has been well validated in an English 

speaking population (305-307). The ID-migraine has been converted into Portuguese 

and Italian (308-310). Due to its sensitivity and specificity and the broad spectrum o f 

populations in which it has been validated, coupled with its self-report nature, it was 

chosen as the most suitable questionnaire for this study.
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S.2.4.4. Somatoform Disorders

The prevalence o f  somatoform disorders presenting to primary and secondary care 

ranges from 3 to 14% depending on the assessment method used and the medical 

setting (298, 311-314). For the purpose o f this study the assumed prevalence was 

based on a Wittchen et al, who derived an estimate o f 6.3% based on a meta-analysis 

o f 7 somatoform disorder studies among European subjects. A somatoform 

questionnaire was included in the self-report questionnaire to detect and exclude such 

patients. The distinction between measuring symptoms due to organic disease and 

somatisation is somewhat arbitrary. Again, symptoms are a manifestation o f many 

defined diseases, whereas somatisation defines that subset o f patients who experience 

and report medically unexplained symptoms. Several abbreviated somatoform 

questionnaires exist to enable its evaluation.

These include;

The Health Anxiety Questionnaire (315)

The Whitely Index (316)

The Somatic Symptoms Inventory (SSI) (317)

The Hopkins Symptom Checklist Somatisation scale (SCL12) (318)

The Somatoform Dissociation Questionnaire (SDQ5)

The Patient Health Questionnaire 15 (PHQ15) (319, 320).

The Patient Health Questionnaire (PHQ-15) is a well-validated, recently developed 

15-point somatoform questionnaire that was developed from the PRIME-MD 

(Primary Care Evaluation o f Mental Disorders). The PRIME-MD has been validated
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in 3000 primary care patients and 3000 secondary care patients (321, 322). The PHQ- 

15 is an abbreviated form containing the most discriminatory questions (320). It 

contains fifteen questions which assess the extent to which a patient is “bothered” 

over the last 4 weeks by back pain, joint pain, dyspareunia, altered bowel habit, 

fatigue, insomnia, dizziness etc. Patients rate the extent o f their “bother” as 0 meaning 

not bothered at all, 1 meaning mildly bothered or 2 meaning very bothered.

It has been extensively validated in the English language, as well as Chinese and 

Korean, and is increasingly considered one o f the better measures for somatisation 

(323-325) Scores on the PHQ-15 are independent o f co-morbid illness and correlate 

with days o f sick leave (320, 326). It has been validated in a general practice setting 

and has been validated in a self-report context (327). Finally, the somatoform 

questionnaire is suitable to be used as a secondary measure in studies where a 

validated generic instrument to assess somatic symptom burden is desired (328).

5.2.4.S. The questionnaire for verifying stroke-free status (QVSFS)

The Questionnaire for Verifying Stroke-Free Status (QVSFS) is an 8-item interview 

developed to prospectively determine stroke free status in potential study participants. 

Patients are asked if  a doctor ever told them they had a stroke or TIA. They are asked 

if  they have ever experienced sudden painless weakness on one side o f the body, 

sudden painless numbness, loss o f vision in one or both eyes, loss o f vision in both 

eyes, or ever lost the ability to express oneself verbally or in writing.

Compared with neurology opinion, its sensitivity is 0.97 and the specificity is 0.6

(329). Compared with medical case notes its sensitivity is 0.96 and specificity is 0.83

(330).
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O f note, both studies used an interview process to compete the questionnaire, 

however, due to practical difficulties the questionnaire was completed by the patient 

and, where positive, the patient was followed up by telephone interview with a stroke- 

trained fellow.

5.2.4.6. The Framingham calculator

Most cardiovascular risk assessments include cholesterol levels, however, participants 

did not undergo routine fasting cholesterol assessments. A Framingham-derived risk 

assessment exists that offers the option to include either cholesterol or BMI in the 

model, and so the BMI-included model was utilised for the study (297). The model 

was derived from patients aged 30 to 74 years and computes age, sex, systolic BP, 

treatment o f hypertension, smoking status and diabetes to generate 10-year risk. It 

yields a cardiovascular risk that can be collapsed into tertiles o f 0-15%, 15-30% ten 

year risk or >30% 10 year risk.

5.2.4.7. Past medical history

Finally, from the TILDA questionnaires, patients were asked “Has a doctor ever told 

you that you have the following conditions: depression, migraine, epilepsy, ischaemic 

heart disease, heart failure, hypertension, an irregular heart beat or atrial fibrillation?”. 

Patients were also asked the TILDA validated question; “are you currently taking 

tablets or pills for high blood pressure?”
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5.2.5. Case identification

The presence o f stroke symptoms was determined through the Questionnaire for 

Verifying Stroke-Free Status (QVSFS) (329, 331). The presence o f co-extant focal 

neurology was determined by a question placed directly after the stroke questionnaire 

that stated “Have any o f the feelings described in Q.9 to Q.13 occurred before, during 

or after a faint/near faint?” This was subsequently reiterated in the questionnaire and 

finally patients were asked whether focal neurological events ever occurred 

independently o f their hypotensive symptoms.

Co-extant hypotensive behaviour at the onset o f focal neurological symptoms was 

confirmed by syncope-trained nursing staff who reviewed all questionnaires as the 

patients presented to the syncope unit for review.

5.2.6. Follow-up to determine prevalence of progression to stroke

All potential cases o f co-extant focal neurology and syncope/presyncope underwent a 

telephone interview by a stroke and syncope trained physician. The interviewer 

confirmed the presence o f a discrete focal neurological event and a temporal 

correlation with hypotensive symptoms (see figure 1). The QVSFS was performed 

again, as was the 3-point migraine questionnaire. A detailed description o f the event 

was recorded and the patient was also questioned about their reporting o f their 

symptoms to a doctor and action taken by the doctor.
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Cases were excluded when focal neurological events also occurred independently of 

hypotensive symptoms. A seizure diagnosis was established through interview and 

through the Sheldon seizure score (332). A migraine diagnosis was established when 

migraine symptoms occurred on the day o f the episode(s). Finally, all included cases 

were discussed with a stroke consultant to confirm the validity o f the patients’ focal 

neurological symptoms and a syncope consultant to confirm the presence o f 

hypotensive symptoms.

5.2,7. Case control comparison

Three syncope-unit-attendee controls were recruited for each case. Controls were 

randomly selected by a stroke physician, who had no prior knowledge o f the patients. 

Controls were matched for gender, for age within 4 years o f the case, and for their 

underlying hypotensive disorder according to 3 primary diagnoses; vasovagal 

syncope, orthostatic hypotension, cardiogenic syncope. Controls were subject to the 

same exclusion criteria as cases; those with PHQ-15 somatoform scores within the 

93'̂ ‘* percentile were excluded.
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5.2.8. Neuroimaging

Confirmed cases underwent a 1.5 Tesla MRI brain or CT brain if MRI was 

contraindicated. The MRI protocol included a set o f three-dimensional magnetization- 

prepared rapid gradient echo (MPRAGE) (i) T2-weighted turbo spin echo (repetition 

time (TR): 4369 ms; echo time (TE): 96 ms; field o f view:200mm; (ii) a fluid 

attenuated inversion recovery (FLAIR) sequence (TR: 1100 ms; TE: 140 ms; 

inversion time (TI): 2800 ms; and field o f view 200mm), and (iii) an axial Diffusion 

Weighted Imaging sequence (TR 2243ms, TE 100ms, b-values 0 and 1000). Total 

acquisition time was lOmins 30 seconds.

MRI scans were independently reviewed by a radiologist and by a stroke fellow for 

evidence o f infarction and white matter disease. To differentiate infarcts from white 

matter disease, infarcts were defined as lesions with increased signal intensity on T2- 

weighted images and decreased signal intensity on Tl-w eighted and FLAIR images 

with a diameter o f greater than 5mm, which were not located in areas with high 

prevalence o f  widened perivascular spaces (333, 334). Their centres are isointense to 

cerebrospinal fluid (CSF), and thus they should not be mistaken for white matter 

lesions, which exhibit increased signal intensity on FLAIR and T2-weighted images. 

Location and severity o f WMLs were estimated on T2 and FLAIR scans by a trained 

stroke fellow using the Fazekas scale (66, 335). The Fazekas scale provides two 

different scores. Firstly a score is derived from 0 to 3 for increasing severity, based on 

the extent o f periventricular hyperintensities (PVH) then based on the extent o f deep 

white matter hyperintensities (DWMH).
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The sum of the PVH and the DWMH scores provides a total score. Patients were 

classified as having no lesion, or mild, moderate, or severe lesions (0, 1, 2, or 3 

points, respectively) in each o f 10 locations (336). Patients were also dichotomized 

into a mild WMD group (score 0-7) and a severe WMD group (score >7) as described 

previously (337).

5.2.9. Statistical Analysis

A pilot study was conducted on 84 patients in advance o f study commencement. The 

estimated prevalence o f focal neurological symptoms was 7.5%, based on the pilot 

study. Accordingly, it was estimated that the recruitment o f 410 patients would lead to 

identification o f 30 patients. As the projected prevalence o f focal neurology was low, 

it was decided not to carry out a rare events multivariate analysis on the data. Rather a 

3-to-l case control design was constructed that would yield a 90% power to detect a 

30% difference in migraine prevalence (ID-migraine), somatoform symptoms scores 

(PHQ15) and cardiovascular risk profile (Framingham-derived calculator). Variables 

were assessed to determine whether they exhibited a normal distribution using the 

Shapiro-Wilk normality test. As syncope burden profile was positively skewed, and 

this remained after log transformation, patients were categorised into quartiles for 

syncope burden (0, 1, 2 or 3 or more syncope events in the previous year). The data 

was entered into Excel and analysed in Stata 12 with the use o f a chi-squared test, 

Fishers exact test and student’s t test. It was decided that less than 5% chance o f a 

type 1 error was an acceptable level for statistical significance.
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5.3.Results 

5.3.1. Screening process

540 patients completed the questionnaire between January 2012 and September 2012. 

Seventy-two patients self-reported stroke symptoms, which occurred at the time o f 

syncope or presyncope. However, 39 patients were excluded following a telephone 

interview with a stroke fellow and also a consensus discussion with a stroke physician 

and syncope physician; 24 reported focal neurological episodes that occurred 

independent o f hypotensive symptoms, 8 reported focal neurological symptoms that 

correlated with hypotensive symptoms but also occurred independent o f hypotensive 

symptoms, 7 patients more likely had another condition explaining their symptoms; 

epilepsy in 5 and migraine in 2. A further two cases exhibited somatoform scores that 

were within the 93'̂ ‘* centile for all somatoform scores and thus were excluded; see 

Figure 5-1.

5.3.2. Prevalence

In total 31 cases were identified from 540 patients screened. Thus the estimated 

prevalence o f focal neurological episodes with syncope or presyncope was 5.7%.

Baseline Demographics

The baseline characteristics o f the cases are described in table 1. The mean age was 

49 years (range 19, 84 years) and 22 (71%) cases were female. Twenty-seven cases 

(87%) reported at least one syncope event, 96% (n=26) o f whom described an event 

in the previous year. The median number o f  syncope episodes in the preceding year
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was 4 (IQR 6). Twenty-nine (93.5%) reported presyncope, most often occurring 4-7 

times per month. Twenty cases (64.5%) reported frequent syncope in childhood. 

Twelve (38.7%) had hypertension, 11 (35.5%) had a self-report history o f stroke or 

TIA, 9 (29.3%) had migraine and 3 (9.7%) had epilepsy.

5.3.3. Attributed hypotensive disorder

Most cases were diagnosed with vasovagal syncope, n=22 (63.6%). This diagnosis 

was established through symptom reproduction in 14 cases and through expert 

opinion in 8 cases. Eight (25.8%) patients had orthostatic hypotension and 1 (3.2%) 

had cardiac syncope (bradyarrythmia).

5.3.4. Presenting focal neurological episode

The description o f their focal neurological events is outlined in table 2. Cases 

presented in a diverse manner. Most (n=17, 54.8%) described single limb/isolated 

facial droop involvement and a motor deficit, while the remaining patients (n=14, 

45.2%) described a hemiplegia. Symptoms lasted a mean o f 10 minutes (IQR 27) and 

in only one case did symptoms persist beyond 24 hours. Seventeen (54.8%») cases 

reported more than one event. The associated hypotensive symptom was presyncope 

in 18 (58.1%) cases and syncope in 13 (41.9%) cases.
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540 p a tie n ts  screen ed  
for focal neurology 
th ro u g h  se lf-rep o rt 

qu estio n n aires

41 excluded a t  te le p h o ne 
in terv iew  by s tro k e  fellow  

(Lack o f d e a r  tem pora l 
co rre la tion , m igraine, 

ep ilepsy , high  som atoform  
d iso rd e rs)

31 p a tie n ts  Identified 
f6cal neurological 
e v en t a t  tim e of 

p re sy n co p e /sy n co p e  
(S.7%b)

F igure  5-1: A descrip tion  of  the screening process for  identification of  patients  th a t  experienced 
focal neurological events a t  the tim e of  syncope o r  presyncope
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Table. The Baseline Characteristics
I I

Demographics
Age, yrs

Mean (SD) 49 (6-8)
Range 19-84

Sex, n (%)
Female 22 (71)
Male 9 (29)

Syncope, lifetime prevalence, n % 27 (87-1)
Median syncope quantity in the previous year (SD) 4 (18)
Freqeunt syncope in childhood, n (%) 20 (65-5)

Presyncope, lifetime prevalence, n (%) 31 (100)
Median quantity/m onth 1-3

Primary Hypotensive Disorder (confirmed in Syncope unit *

Vasovagal Syncope prevalence, n (%) 22 (71)
Mean age, yrs (SD) 49 (19-2)

Orthostatic Hypotension prevalence, n (%) 8 (25-8)
Mean age, yrs (SD) 55 (17-1)

Cardiac Syncope prevalence, n (%) 1(3-2)
Mean age, yrs (SD) 63 (NA)

Co-morbid conditions
Self-report history Stroke/TIA, n (%) 11 (35-5)
ID-migraine questionnaire prevalence, n (%) 9 (29)
Hypertension, n (%) 12 (38-7)
Epilepsy, n (%) 3(9-7)
Diabetes, n (%) 2 (6-5)
Atrial Fibrillation, n (%) 1(3-2)
Framingham lOyr cardiovascular risk

0-15% 10 yr risk 20 (64-5)
15-30% 10 yr risk 4 (12-9)
>30% 10 yr risk 7 (22-5)

Table 5.1: The baseline characteristics of the 31 identified cases that exhibited focal neurology 
with syncope or presyncope. *A  diagnosis of V VS  was established through head-up tilt in 14 
cases and through expert opinion in 8 cases.
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w w
Region affected, n (%)

One limb involved 14 (45-2)
One side involved (2 limbs) 13 (41-9)
Facial droop 3(9-7)
Unilateral visual loss 1(3-2)

Predominant function affected, n (%)
Motor 24 (77-4)
Sensory 6(19-3)
Vision 1(3-2)

Associated hypotensive event, n (%)
Syncope 13 (41-9)
Presyncope 18 (58-1)

Side affected, n (%)
Left 18 (58.1)
Right 10 (32-3)
Alternating sides 3(9-7)

Categorisation, n (%)
Stroke 1(3-2)
TIA 30 (96-8)

Duration of deficit, mins (SD) 17-2 (80-1)
Events

Patients with >1 such event, n (%) 17 (54-8)
Mean number of focal neurological events (SD) 27(30-9)
Duration of focal neurological events, yrs (SD) 2-5(2)

Table 5.2: The nature o f the focal neurological deficit that patients described and the associated 
hypotensive event



5.3.5. Medical management of focal neurological episode

Cases often failed to report their symptoms to a physician (n=l 1, 35.5%). When they 

did, physicians rarely gave a clear diagnosis o f syncope. O f those that did report their 

symptoms, 9 (45.0%) received no clear diagnosis, and instead were referred on for 

expert opinion, while 8 (40.0%) were diagnosed with a TIA or stroke. All were 

admitted and underwent acute neuroimaging but no infarct was detected in any of 

these.

Table 3: Event reporting by patients and medical management

Pati en t  report ing ,  n (%)

Patient reported event s  to  a physician 20 (64.5)

Physic ian ac t ion  w h e r e  r e p o r ted ,  n (%) n=20

Stroke diagnosed 8 (40)
Diagnosis uncertain 9 ( 4 5 )
Faint diagnosed 2 ( 1 0 )
Seizure diagnosed 1(5 )

Table 5.3: Event reporting by patients and medical management

5.3.6. Neuroimaging

Neuroimaging was conducted on all cases; MRI in 29 cases and CT in 2 in whom 

MRI was contraindicated; see Table 5.4. No patient exhibited an acute infarct. 

Furthermore, 28 (90.3%) cases had no detected abnormality, with no old infarct or 

intracranial lesion observed. In 2 cases an old infarct was detected in the hemisphere 

that corresponded to their focal neurology; one was in the temporal lobe and one was 

in the occipital lobe. In one case, the old infarct was in the hemisphere that did not 

corresponded to their focal neurology; the right occipital borderzone region.
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5.3.7. White matter scoring

The Fazekas WMD score was zero in 12 (38.7%) cases, 1-7 in 11 (35.5%) cases (mild 

WMD) and greater than 7 in 8 (25.8%) cases (severe WMD). The greatest 

determinant for increased WMD was age; the mean age in those with severe WMD 

was 64.4 years (95% Cl, 57.6-71.3) and the mean age in those with mild WMD was 

44.8 years (95% Cl, 36.3- 53.3), p=0.026; see Figure 5-2. There was no difference in 

the mean WMD score between the hemisphere corresponding to the focal neurology 

(1.83, SD 2.21) and the hemisphere not corresponding to the focal neurology (1.90, 

SD2.33), p=0.81.

Findings

No d e f e c t  s e e n 28 (90-3)

D efec t  s e e n 3(9-7)

Defec t  in c o rresp o n d in g  h e m is p h e r e 2

Gliosis temporal region 1
Left occiptlal infarct 1

D efec t  n o n -c o rr e sp o n d in g  h e m is p h e r e 1

Right PGA infarct with right sided weakness  1

W hite  m a t ter  d i s e a s e  sco re  (Fazekas)

WMD 0-7, n (%) 23 (74-2)
W M D>7,  n (%) 8 (25-8)
WMD score In the corresponding hemisphere (SD) 1-83 (2-21)
WMD score In the non-corresponding hemisphere (SD) 1-9 (2-23)

Table 5.4: Neuroim aging characteristics o f the patients. MRI brain was carried out on 29 
patients and CT brain on 2 patients, in whom MRI was contraindicated.
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Figure 5-2: Age range  for  categorisation  of  W M D  scores accord ing  to severe W M D  (Fazekas 
score >7) and  mild W M D  (Fazekas score 0-7).

5.3.8. Case-control comparison, univariate analysis

Each case o f focal neurology was individually matched to three controls matched for 

age, gender and category o f  hypotensive disorder and the results are described in 

Table 5.5. Cases were more likely to report syncope in childhood (64.5% versus 

18.3%, p<0.005) and cases reported a higher syncope frequency in the preceding year, 

p=0.008. Cases did not report a greater presyncope frequency than controls, p=0.52.

Somatoform scores from the PHQ15 were similar for both groups, 11.2 (SD 4.4) in 

cases, and 10.7 (SD 5.4) in controls, p=0.47. The prevalence o f migraine was similar 

for both groups, 29.0% (n=9) among cases and 17.2% (n=16) among controls, p=0.16. 

Similarly the prevalence o f hypertension, depression and epilepsy was not 

significantly different between both groups. Also, both groups exhibited a similar 10- 

risk cardiovascular risk, p=0.93; see Table 5.5.
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Table: The characteristics of the cases compared with controls 
matched for age, gender and hypotensive disorder B H I

IM P
Case-control m atching

Age, yrs (SD) 49.2 (19-29) 49.2 (19-25) 0-99

Gender, fem ale  (SD) 22 (7 1 ) 67 (75-3) 0-91

BMI, Kg/m2 (SD) 2 5 1 7  (5-5) 26 (5-8) 0-55

VVS (%) 2 2 (71 ) 62 (66-6) 0-74

OH (%) 8 (25-8) 30 (32-2) 0-82

Cardiogenic (%) 1(3-2) 1(1-1) 0-87

Syncope burden (%)

Life tim e syncope prevelance 26 (83-8) 78 (83-8%) 1-00

Syncope frequency in previous 12 m onths

1 event S (19-2) 18 (23-1)

2-4 events 11 (42-3) 30 (38-5)

5-10 events 3(11-5) 6 (7 -7 )

>10 events 6 (23-1) 2(2-6) 0-008

Syncope in ch ildhood 20 (64-5%) 17 (18-3%) < 00005

Presyncope burden (%)

Presyncope yes 29 (93-5) 74 (79-6) 0 0 6

Presyncope frequency

0 -3 /m on th 19 (65-5) 39 (52-7)

4 -7 /m on th 4 (13-8) 15 (20-3)

> 7 /m on th 6 (20-7) 20 (27-0) 0-52

S om atoform  sym ptom s (SD)

PHQ15 som ato fo rm  score (0-30) 10-5 (4-8) 11-2 (4-4) 0-47

Subsections o f PHQIS

Fainting spells (0-2) (SD) 0-55 (0-68) 0-4 (0-58) 0-23

Dizziness (0-2) (SD) 1-29 (0-73) 0-93(0-69) 0 0 2

PHQ13 (excl fa in ts score+dizzy spells score) 9-38 (3 96) 9 09 (4-51) 0-75

C o-m orb id iites (%)

ID-m igraine positive 9 (2 9 ) 20 (21-5) 0-51

Hypertension 12 (38-71) 37 (39-8) 0-85

Epilepsy 3 (9-7) 9 (9 -7 ) 0-97

Depression 8 (25-8) 28 (30-1) 0-55

Fram ingham 10 y r cardiovasc risl<

0-15% 10 yr risk 15 (48-4) 40 (43)

15-30% 10 yr risk 3 (9-7) 10 (10-7)

>30% 10 yr risk 5 (16-1) 12 (12-9) 0-93

M edication

Hypertensive agent (m idod rine /flud roco rtisone ) 3 (9 -7 ) 5 (5-4) 0-67

A nti-hypertensive agent 11(35-5) 23 (24-7) 0-29

Beta blocker 7 (22-6) 11 (11-8)

Alpha b locker 1(3-2) 5 (5-4)

Calcium channell blocker 2 (6 -5) 6 (6-4)

Ace inh ib ito r/A R B 4 (12-9) 14 (15-9)

D iuretic 3 (9-7 ) 5 (5 -4 ) 0-53

Table 5.5: A case control comparison of syncope burden and co-morbid conditions. Controls 
were matched for age, gender and for hypotensive disorder.
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Clinic recording o f lying and standing BP’s were compared for cases and for controls. 

Cases exhibited a significant blunting in the recovery o f diastolic blood pressure at 30 

seconds, 73mmHg in cases compared with SO.lmmHg in controls, p=0.02, and at 60 

seconds, 74mmHg in cases compared with 79.4mmHg in controls, p=0.04; see Figure 

5-3. Cases and controls exhibited similar systolic blood pressure and heart rate 

responses to active stand, Figure 5-4 and Figure 5-5.
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Figure 5-3: Systolic BP response to active stand  from 0 to 180 seconds of  standing. Baseline BP is 
defined as m ean  systolic BP between 60 and  30 seconds before s tand ing  and  n a d i r  BP is defined 
as the lowest recorded systolic BP
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Figure 5-4: Diastolic BP response to active stand from 0 to 180 seconds of standing. Baseline BP 
is deflned as mean diastolic BP between 60 and 30 seconds before standing and nadir BP is 
deflned as the lowest recorded diastolic BP
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Figure 5-5: Heart rate response to active stand from 0 to 180 seconds of standing. Baseline HR is 
deflned as mean heart rate between 60 and 30 seconds before standing and nadir  BP is deflned as 
the lowest recorded systolic BP
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5.3.9. Case-control comparison; multivariate analysis

A multivariate logistic regression was carried out using childhood syncope and recent 

syncope burden as the dependant variable and controlling for the use o f anti

hypertensive medication. The odds ratio for cases versus controls reporting a history 

o f childhood syncope was 7.7 (95% Cl; 2.9, 20.2), p<0.0005 and the odds ratio for 

cases versus controls reporting frequent syncope events in the previous year was 1.51 

(95% Cl; 1.1,2.16), p=0.02.

A multivariate linear regression analysis was carried out on active stand data, using 

time points 30 seconds and 60 seconds post-stand as the dependant variables. After 

controlling for baseline diastolic blood pressure and for the use o f anti-hypertensive 

medication, cases still exhibited a significant delay in recovery o f diastolic blood 

pressure at 30 seconds (p=0.02), however, the difference at 60 seconds was no longer 

significant (p=0.07).
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5.4.Discussion

In 5.7% o f syncope unit-attendees focal neurological events occur with syncope or 

presyncope. These findings appear to contradict the cardiology and neurology 

guidelines, which have absolutely dichotomised syncope and stroke (129, 293). The 

European Syncope Guidelines state, “For all practical purposes a TIA concerns a 

focal deficit without LOC, and syncope the opposite” (129). The American Academy 

o f Neurologists state that a TIA is “a transient episode o f neurological dysfunction 

caused by focal brain, spinal cord, or retinal ischaemia. without acute infarction” 

(189). “Focal brain” involvement potentially precludes global hypoperfusion as a 

mechanism for stroke, unless global hypoperfusion potentiates stroke. It is generally 

considered that this scenario is unlikely to occur, apart from patients with severe large 

artery stenosis. For example the derivation o f the ROSIER stroke identification scale 

found that the presence o f syncope at presentation to the Emergency Department was 

associated with a lower chance that the subject had suffered a stroke (190).

In contrast to guidelines, population-based studies have identified overlap between 

syncope and stroke. This overlapping syndrome is defined as “mixed neurological 

attacks” (focal and non-focal), and in another as “atypical TIA's” (weakness or visual 

disturbance associated with reduced consciousness or jerking) (192, 193). These 

definitions are unclear and we cannot be sure that they describe an overlapping 

syndrome with features o f  both syncope and stroke. Regardless, the estimated 

prevalence o f these events ranged from 0.2% to 0.6%. It is conceivable that in a 

syncope population, this prevalence figure would be significantly higher.
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Our data confirms the existence o f an overlapping syndrome that exhibits both 

features o f syncope and o f stroke. In addition, we have found that overlapping 

features are surprisingly common in the syncope population, occurring in at least 1 in 

20 syncope patients when other potential causes o f focal neurology are eliminated.

Importantly, when patients with syncope but also with focal neurology present to a 

GP or an emergency department, if syncope guidelines are strictly applied, the 

physician should attribute a diagnosis o f TIA or stroke. This occurred in 40% (n=8) o f 

the 20 patients in this sample that presented to the Emergency Department. 

Diagnosing this condition as a stroke may subject the patient to inappropriate blood 

pressure regimes, valid in the context o f stroke or TIA but liable to worsen syncopal 

tendencies.

Cases can be distinguished from routine stroke patients in that they are younger (mean 

age 49 years, SD 6.8), predominantly female (71%, n=22), they present with brief 

focal neurological deficits lasting a median 10 minutes (IQR 27). Further, their 

neurological deficits are often localized deficits as 54.8% (n=17) present with a 

monoparesis or isolated facial droop.

They also describe a long history o f frequent hypotensive symptoms, in that 64.5% 

(n=20) describe syncope since childhood and 83.8% (n=26) describe a history o f 

syncope in the previous year, median 4 events (IQR 6). In fact, when compared with 

controls, matched for age, gender and hypotensive disorder they report a significantly 

greater prevalence o f childhood syncope (64.5% versus 18.3%, p=0.005).
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Furthermore, when syncope events in the preceding year is categorized into quartiles 

they report significantly more events, p=0.008.

Therefore these patients are potentially identifiable in the clinical setting. Importantly 

no patient exhibited an acute infarct on MRI and, in fact, 90.3% (n=28) exhibited an 

MRI brain with no focal lesions. Infarcts were detected in the corresponding 

hemisphere in 2 cases, which is not unusual for a population mean age 47 (range 19 to 

84). Therefore, no ischaemic insult was observed and no intracranial cause could be 

identified. On 6-month follow-up, no patient developed a persistent neurological 

deficit lasting longer than 24 hours. Therefore these patients do not appear to be at 

high risk o f stroke and can be discharged from hospital, with syncope unit follow up, 

as it would appear that they are unlikely to develop serious adverse consequences.

The underlying mechanisms for this condition are uncertain. Case-control comparison 

demonstrates that somatoform disorder scores (PHQ15) were equal in both groups so 

it is unlikely to relate to somatoform disorder. Also o f note, 6% o f the cases and 

controls that exhibited the highest PHQ15 scores were excluded in an attempt to 

eliminate those most likely to be somatising. From ID-migraine scores, the prevalence 

o f migraine was equal in both groups so acephalic migraine or complex migraine with 

aura is an unlikely cause. Equally, Framingham-derived 10 year cardiovascular scores 

were equal in both groups so a vascular cause is perhaps unlikely.
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Cases presented with both syncope (41.9%, n=13) and presyncope (58.1%, n=18) in 

similar frequencies so the magnitude o f hypotension was unimportant. Cases tended 

to have vasovagal syncope (71%, n=22) and described a prolonged syncope course 

(childhood syncope more prevalent than controls) and a recent high syncope burden 

(events in the previous year more frequent than controls). Accordingly, this condition 

may occur in patients with a severe form o f neurocardiovascular instability and it may 

relate to syncope burden.

As mentioned, the severity o f focal neurology did not relate to the severity o f 

hypotension, which suggests individual cerebral autoregulatory capacity may play a 

role. Such a hypothesis is supported by the observation that cases exhibited a 

significant delay in the recovery o f their systolic blood pressure compared with 

controls at 30 seconds (p=0.02) and 60 seconds (p=0.04). Moreover, this effect was 

independent o f anti-hypertensive medication at 30 seconds (p=0.02). Studies have 

observed that patients with neurocardiovascular instability have impaired cerebral 

autoregulation compared with normal controls (170, 286, 288). Furthermore, they are 

more likely than normal controls to exhibit cortical deoxygenation in the perisyncopal 

period (173, 175). Finally, in patients with neurocardiovascular instability peripheral 

hypotension possibly translates to reduced cerebral blood flow, in contrast to normal 

controls where peripheral hypotension does not necessarily translate to reduced 

cerebral blood flow (286). Accordingly it possible that cases with prolonged 

peripheral hypotension on active stand possibly also exhibit a prolonged reduction in 

cerebral blood flow. However, no transcranial doppler ultrasound imaging was 

conducted on cases and controls to confirm this interpretation o f the active stand 

behaviour.
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If this were the case, patients with prolonged peripheral hypotension and consequent 

prolonged central perfusion may suffer from a low-flow related neuronal hibernation 

or ischaemia in vulnerable regions o f the brain. Accordingly patients may experience 

focal rather than diffuse neurology. Fundamental in this hypothesis is that cerebral 

autoregulation is heterogeneous with respect to location. In older people posterior 

circulation autoregulation is weaker than anterior circulation autoregulation. 

Furthermore, data from simultaneous EEG and TILT studies suggests autoregulation 

is not homogenous or that certain regions are more vulnerable to hypoperfusion than 

others (143). Simultaneous EEG and TILT studies show an increase in slow wave 

activity in the perisyncopal period, signifying loss o f consciousness. Importantly 

however, these data suggest that the left hemisphere may transit to beta wave activity 

before the right hemisphere, suggesting heterogeneity and the potential for unilateral 

neurology (143).

Cardiac arrest patients experience global hypoperfusion, however, they sometimes 

exhibit unilateral infarction, suggesting heterogeneity in autoregulatory capacity 

(252). Global hypoglycaemia exerts a global insult on the brain, however, patients 

may sometimes present with unilateral hemiparesis.

Neuronal hibernation is more likely than ischaemia as neuroimaging findings were 

normal in 90.3% o f patients (n=28). In two patients, an old infarct was found in the 

corresponding hemisphere but this is consistent with the prevalence o f incidental 

stroke disease among a normal population with a mean age 49 years, range 19 years 

to 84 years. It is also possible, however, that patients experienced a subacute 

ischaemia, undetectable by 1.5T DWI sequences.

245



Several other possibilities exist. Firstly it is possible that ischaemia o f an autonomic 

centre may have occurred, explaining the focal neurology and this ischaemia may 

have precipitated the hypotensive event. Infarction to autonomic centres, such as the 

posterior insular cortex or the premotor complex, correlates with arrhythmia and 

parasympathetic-sympathetic imbalance. However, all patients described hypotensive 

symptoms in advance o f the neurological event so a hypotensive disorder preceded 

the focal neurology. Also, no acute infarction was detected in any case.

It is possible that acute infarction occurred in some patients but was missed, as 

neuroimaging was acute in only 14 o f 31 patients. However, no acute infarct was 

detected in any o f the 14 patients that were imaged acutely. Moreover, lacunar 

infarcts cavitate in 96% o f cases and so a cavitation would be detected on follow up 

MRI. In only 2 o f the 31 patients was an old infarct detected in the corresponding 

hemisphere. Alternatively old infarcts form white matter lesions and the 

corresponding hemisphere did not exhibit more white matter disease than the non

corresponding hemisphere.

It is possible that the presence o f unilateral large artery stenosis might explain 

unilateral symptoms with hypotensive symptoms. Intracranial imaging was not 

carried out on all patients, and this was a limitation o f the study. However, 

intracranial stenosis occurs in less than 1% o f post-stroke Caucasians. In addition, 12 

cases did have intracranial imaging and this was normal in all cases.
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Extracranial imaging was not performed on all patients. However, those that were 

aged less than 40 years are highly unlikely to have severe carotid stenosis. O f those 

21 patients aged over 40 years, 13 underwent carotid imaging. Median carotid 

stenosis was 0-20%. All questionnaires are susceptible to self-report bias and every 

effort was made to minimise this through the use o f the well-validated somatoform 

questionnaire, (PHQ15) and the exclusion o f the patients above 93rd centile for 

scores.
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5.5.Conclusion

Focal neurology occurs with hypotension in 5.7% of syncope patients. Recognition o f 

this condition is vital because misdiagnosis as a stroke will lead to inappropriate 

lowering o f blood pressure and future events may ensue. Patients describe brief, mild 

neurological events and a past history o f frequent syncope. No infarction was detected 

on neuroimaging. Furthermore, 6-month follow-up revealed that no patient developed 

a persistent neurological deficit. Compared with syncope controls, cases exhibit a 

greater syncope burden and an impaired recovery on active stand suggesting an 

association between focal neurology, lifetime syncope burden and cerebral 

autoregulatory capacity.
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6.Discussion
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6.1.Summary of results

This thesis explored the dynamic relationship between episodic hypotension and

borderzone infarction. To explore this relationship three separate studies were 

constructed.

The first study prospectively investigated the presence o f presyncope or syncope at 

stroke onset among patients presenting to an acute hospital and excluded those with 

severe large artery disease. In 38 cases (4.9% o f all stroke patients), presyncope or 

s>'ncope occurred at stroke onset and symptom reproduction was elicited in the 

s>'ncope unit. Fifty percent (n=19) o f cases exhibited an acute infarct, and 73.7% 

(n=14) did so in the borderzone regions. As mentioned, all cases experience 

hypotension but those that developed a borderzone infarct were significantly older 

(79.2 years (SD 9.3)) than those that did not (63.3 years, (SD 15.8)), p=0.002. All 

cases described longstanding, episodic hypotensive symptoms prior to their stroke. In 

all 63.2%) (n=24) o f cases reported syncope events prior to the stroke, median 2.5 

events (IQR 8) while those that reported orthostatic lightheadedness experienced 

symptoms median twice a month (IQR 7.6) for 5.5 years (IQR 13.5). At stroke onset, 

57.9%o (n=22) o f patients were prescribed anti-hypertensive agents. Post-stroke, BP 

targets would probably be lower in order to prevent recurrent stroke.

The second study prospectively recruited borderzone lacunar infarct patients and 

co'mpared their blood pressure and autonomic behaviour to that o f non-borderzone 

lacunar infarct patients. Based on 24-hour BP recordings, patients with borderzone 

lacunar infarcts exhibited greater daytime standard deviation o f blood pressure 

variability (p=0.05) and exhibited lower hypotensive episodes (p=0.02) than patients
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with non-borderzone lacunar infarcts. This effect was independent o f  age and the use 

o f anti-hypertensive medication. Based on active stand assessment, patients with 

borderzone lacunar infarcts exhibited a delayed recovery o f systolic and diastolic 

blood pressure after the initial orthostatic drop. Systolic blood pressure recovery was 

delayed at 35, 40 and 45 seconds (p=0.02, p=0.04, p=0.04 respectively) and this effect 

was independent o f age and the use o f anti-hypertensive medication. Lastly, based on 

heart rate variability response to deep respiration, patients with borderzone lacunar 

infarcts exhibited significantly impaired autonomic function, when compared to 

patients with non-borderzone lacunar infarcts (p=0.05). Again this effect was 

independent o f age and the use o f  anti-hypertensive medication.

The third study focused on syncope-unit attendees. This study looked for the presence 

o f focal neurology at syncope onset, as focal neurology was deemed an indicator o f 

hypotension-induced cerebral infarction. All syncope attendees underwent 

comprehensive syncope evaluation and identified cases underwent neuroimaging. O f 

all syncope-unit attendees, 5.7% (n=31) described focal neurology at the onset o f 

syncope or presyncope, a finding that directly contradicts the European Syncope 

Guidelines (129). Despite definite focal neurological events and episodic 

hypotension, this group o f patients did not experience any tissue infarction. Moreover, 

on 6-month follow-up no participant developed a persistent neurological deficit. 

Compared with syncope controls, the presence o f focal neurology was more likely in 

those with high lifetime syncope burden (more frequent syncope events in the prior 

year, p=0.008 and greater prevalence o f childhood syncope, p<0.0005).
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6.2.Plausible explanations for the findings of the thesis

It would appear that episodic hypotension and borderzone infarction do indeed

interact. Due to the cross-sectional nature o f the study designs, it is beyond the scope 

o f this thesis to delineate the nature o f this interaction. Nonetheless, four hypotheses 

are proposed to explain the dynamic interplay between episodic hypotension and 

borderzone infarction and evidence is cited from the three studies to support each 

hypothesis.

The first hypothesis is that episodic hypotension and blood pressure variability 

preferentially damage borderzone regions, which are vulnerable to low-flow related 

insult. Over time, ischaemia-related disease causes vessel remodelling. This process 

results in arteriolosclerosis and fibrinoid necrosis, which in turn causes vessel 

occlusion and infarction o f the supply region (259). Certainly, in study 2 patients with 

borderzone lacunar infarction described significantly more syncope and presyncope 

prior to their stroke. Furthermore, 24-hour blood pressure readings indicated 

significantly lower hypotensive episodes than patients with non-borderzone lacunar 

infarction. However, this theory explains the onset o f lacunar borderzone infarction, 

as the white matter is supplied by small vessels, which are susceptible to 

arteriolosclerosis and fibrinoid necrosis. Nonetheless, it does not explain cortical 

borderzone infarction as the cortex is not supplied by vessels that are susceptible to 

such changes. In this study, cortical borderzone infarction accounted for 35.7% (n=5) 

o f infarcts (18, 338). Thus plausible theories for a hypotension-induced stroke 

mechanism must also include cortical borderzone infarction.
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The second hypothesis is that borderzone infarction results from a complex 

interaction between embolic and haemodynamic mechanisms. This hypothesis has 

been proposed previously by Caplan et al among others and is known as “the 

impaired washout theory”. It suggests that emboli routinely pass through everyone’s 

cerebral circulation (103, 104). Emboli are dissolved, by a) systole-driven pressure 

gradients, and by b) mechanical-induced shear forces at the walls o f small arteries and 

at arterial bifurcations. Episodic hypotension will cause temporary cessation o f 

systole-driven pressure gradients. Consequently, emboli do not dissolve, lodge in “cul 

de sac” or borderzone regions o f the brain and infarct the supply region for that artery. 

Elements o f study 1 that support the impaired washout theory are now outlined. 

Firstly, in all patients reported episodic hypotensive symptoms, which occurred prior 

to their stroke. In some this was syncope, occurring a median o f 2.5 (IQR 8) in their 

life and in some this was presyncope, occurring 2/month (IQR 7.6) for 5.5 years (IQR 

13.5). Using the Sheldon presyncope scale the average orthostatic symptoms were of 

moderate severity. This suggests that the average lightheaded event was abated only 

on sitting down or on stopping activity and that it sometimes associated with visual 

blurring. This may be normal in an older population and no comparison was made 

with territorial strokes. However if  we compare the findings o f study 1 to that o f the 

TILDA (The Irish LongituDinal Study o f Ageing) population, we find that 63.2% 

(n=24) o f patients reported a history o f syncope, mean age 77.9 (range 44-88) while 

16.9% of participants in TILDA reported a history o f fainting, mean age 62 (range 50- 

105) (339). An American study, conducted on 1925 community-dwellers, median age 

62 years, estimated the lifetime prevalence o f syncope at 19%, which again is 

considerably less than that observed in study 1. Importantly 21% (n=8) o f  patients in 

study 1 had atrial fibrillation, which suggests that high embolic load may indeed
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contribute to borderzone infarction in conjunction with haemodynamic mechanisms. 

In study 2 patients with borderzone infarction reported significantly more frequent 

syncope and more frequent presyncope prior to their stroke than patients with non- 

borderzone infarction (p=0.01 and p=0.03 respectively). Again the lifetime syncope 

prevalence, at 61.1% (n=l 1/18), was greater than that observed in population studies 

though their age was similar. This analysis was not blinded, however, and the stroke 

fellow interviewing the patients was aware o f their infarct location, which may 

confound results. As patients with atrial fibrillation were excluded from this study, 

this does not inform the embolic hypothesis. In study 3, no borderzone infarction was 

detected so, again no inference can be made, however, interestingly, focal neurology 

occurred as frequently with presyncope as with syncope, suggesting relative 

independence from the severity o f their hypotension. Overall the findings o f this study 

suggest that patients who develop borderzone infarction exhibit signs o f episodic 

hypotension and o f embolic tendency and thus fmdings support the “ impaired 

washout” hypothesis.

A third hypothesis is that the interplay between borderzone infarction, episodic 

hypotension and blood pressure variability can be attributed to ischaemic infarction in 

autonomic centres. Infarction o f such centres may potentiate arrhythmias and or blood 

pressure variability. This hypothesis, therefore, suggests that cerebral infarction 

caused BP variability, rather than the converse. All blood pressure and autonomic 

assessments was conducted in the post-stroke period. Therefore, it cannot 

conclusively be stated that variable blood pressure existed prior to stroke. Thus it is 

possible ischaemic insult altered BP behaviour. Autonomic research to date suggests 

that autonomic centres are located in the prefrontal cortex and the posterior insular
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cortex, and possibly the amygdala (156-158, 160, 162). Therefore infarction in the 

ACA-MCA superior borderzone may affect the prefrontal cortex, and alter autonomic 

behaviour. However, in study 1, only 3% o f all borderzone infarcts occurred in the 

ACA-MCA borderzone region. The other borderzone regions are not reputed to 

contain autonomic centres and thus infarction in these regions would not alter 

autonomic behaviour. Aside from the cortex, it is possible that descending fibres from 

a cortical autonomic centre might pass through a borderzone region o f the white 

matter. Figure 2-5. If so, lacunar infarction in the region may disrupt autonomic 

signals from the prefrontal cortex. However, such signals would be equally disrupted 

by infarction in the internal capsule, which accounted for 52.6% (n=10) o f all non- 

borderzone lacunar infarcts in study 2. Thus it is likely that if infarction affected 

autonomic centres, it did so equally in both borderzone and non-borderzone groups. 

Consequently, it can be surmised that post-stroke cerebral autoregulation dysfunction 

affected both groups equally, especially given that post-stroke cerebral autoregulation 

dysfunction correlates most closely with infarct size, which in turn correlates with 

NIHSS severity (340, 341). In study 2, NIHSS severity was equal in both groups; 2.68 

(SD 1.66) in the non-borderzone lacunar stroke group and 2.7 (SD 1.3) in the 

borderzone lacunar stroke group, p=0.97. Finally, as mentioned above, in study 2 

borderzone infarct patients exhibited significantly more presyncope and syncope prior 

to the onset o f their stroke and thus hypotensive behaviour more likely preceded 

infarction, rather than the converse occurring. As mentioned above these questioned 

may be confounded by knowledge o f the infarct location.
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Lastly, it is possible that patients with borderzone infarction have more severe small 

vessel disease and small vessel disease is responsible rather than blood pressure 

variability. Certainly small vessel disease is the predominant cause for lacunar 

infarction. Patients with more severe small vessel disease would also have greater 

endothelial dysfunction and this in turn may lead to greater blood pressure variability, 

as the endothelium contributes to haemostasis (280). It is plausible that severe small 

vessel disease may preferentially affect longer vessels, and consequently 

preferentially affects the borderzone region, though to our knowledge, no research to 

date has investigated such a concept. If this was the case, small vessel disease could 

causes blood pressure variability and cause borderzone infarction. Thus, the 

relationship between blood pressure variability and borderzone infarction would 

merely be an association. In this thesis, endothelial dysfunction was not evaluated. 

Instead focus was on blood pressure behaviour and neuroimaging characteristics. 

However, assessing endothelial function would still not have supported or refuted this 

theory, as it is equally plausible that blood pressure variability causes endothelial 

dysfunction through end-organ damage. In a cross sectional study such as this, if 

association was detected between BP variability endothelial function and borderzone 

infarction, it would be impossible to separate cause from effect. O f note, this theory, 

if  correct, explains the findings o f study 2 as all patients had lacunar disease. In study 

1, however, 35.7% (n=5) had cortical borderzone infarction, which is not caused by 

small vessel disease. Therefore, either two mechanisms are involved: small vessel 

disease for white matter borderzone infarction and hypotension for cortical 

borderzone infarction. Against this, several studies have demonstrated that borderzone 

lacunar infarction is more likely to occur in haemodynamic circumstances and cortical 

borderzone infarction, more likely to occur in embolic circumstances.
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6.3.The role of age

Unexpectedly, age emerged as a crucial part o f the interplay between BP variability,

hypotension and borderzone infarction. In study 1, younger patients experienced 

episodic hypotension with focal neurology yet did not infarct their borderzone regions 

(79.2 years (SD 9.3)). In contrast, older patients experienced episodic hypotension 

and did infarct their borderzone regions (63.3 years (SD 15.8)). Age was the sole 

predictor for developing a borderzone infarct, even after controlling for the use of 

anti-hypertensive medication, mean systolic BP, atrial fibrillation and category of 

ipsilateral carotid stenosis (p=0.04). Study 2 describes a consecutive sample of 

lacunar stroke patients and older patients exhibit a tendency for borderzone infarction: 

BZI group, 73.9 years (SD 9.5) while in the non-BZI group, 66.5 years (SD 12.6), 

p=0.05. In study 2, the borderzone infarct group exhibited more hypotensive 

behaviour and more BP variability than the non-borderzone infarct group. 

Accordingly, it may be that older people, who experience episodic hypotension are 

more at risk o f borderzone infarction than younger people who experience episodic 

hypotension. Study 3 further emphasises this point as the mean patient age in study 3 

was 49 years (SD 6.8), which was 30.2 years younger than the borderzone infarct 

group in study 1 and 24.9 years younger than the borderzone infarct group in study 2. 

Indeed the patients in study 3 more closely align with the group in study 1 that 

experienced hypotension and focal neurology but did not have a borderzone infarct, as 

the mean age in this group was 63.3 years (SD 15.8). No patient in this study 

experienced a borderzone infarction despite reporting episodic hypotension and focal 

neurology, just as occurred among the younger patients in study 1. Thus age appears 

to be a significant risk for hypotension-induced tissue infarction. However, age is also 

a risk for all cerebral infarction, and no comparison can be made to determine whether
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the correlation with age is stronger in hypotension-induced borderzone infarction than 

it is with non-hypotension induced stroke. Regardless, hypotensive behaviour in older 

people probably exerts more insult to the brain than it does in younger people.

This finding aligns with existing research, which suggests that older patients exhibit a 

different cerebral autoregulatory capacity to that o f younger patients. Furthermore, 

hypotensive older patients experience excess cardiovascular events and stroke 

compared with normotensive older patients (7, 41). This phenomenon exists in all age 

groups but is more marked among older people. It is hypothesized that older people 

develop a rightward shift in the autoregulatory curve, such that they become less 

tolerant o f episodic hypotension (148). As described previously, older patients with 

hypotension (<120mmHg) exhibit greater risk for recurrent stroke than older people 

with normal blood pressures (130-140mmHg) (41). This increased risk was not as 

apparent in younger people (<65 years). Odden et al demonstrated that frail older 

people had the same mortality outcome whether they were normotensive or 

hypertensive (51). HYVET certainly demonstrated the benefit o f lowering blood 

pressure below 160mmHg in patients over 80 years (42). However, this is still 

significantly higher than targets for younger patients and these patients were 

significantly healthier than the average over 80 year old attending a geriatrics 

outpatient department and thus it is inappropriate to extrapolate the findings o f 

HYVET to all older people (43).

To date the cause for the association between hypotension and excess cardiovascular 

events (including stroke) remains uncertain. Some believe that hypotension is part o f 

the process, while others believe it is an indicator o f frailty and does not in itself
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contribute to cardiovascular events (7, 50). The location of the infarcts incurred 

among hypotensive people would inform the association-versus-causality debate, 

however, there has been insufficient exploration o f the infarct topography so both 

theories must be entertained. However, our data demonstrates that borderzone 

infarcts, i.e. low-flow related infarcts, associate with episodic low blood pressure. 

Many hypotheses may explain our observed association, however, one plausible 

theory is that our findings highlight the causal role episodic hypotension plays in 

cerebral infarction, particularly in the elderly.

In support o f our findings, the recently published guidelines by the 8"’ Joint National 

Committee (INC) for Evidence-Based Management o f Blood Pressure in Adults have 

raised their target BP in those over 60 years old from less than MOmmHg systolic 

(7”’ JNC report) to less than 150mmHg systolic (8*'’ JNC report). The 8*'’ JNC report 

states that “setting a goal SBP o f lower than 140 mm Hg in this age group provides no 

additional benefit compared with a higher goal SBP o f 140 to 160mmHg” (46). This 

contrasts with the position o f the preceding 7'*’ JNC report, which stated “Although no 

randomized prospective clinical trial has conclusively proven the benefits of 

treatment...hypertension therapy should not be w ithheld...on the basis o f age. There is 

no definitive evidence o f an increase in risk o f aggressive treatment (a J-curve)” (80). 

The reversal in the direction o f international BP guidelines refiects a growing body o f 

evidence, which highlights the possible harm caused by hypotension in older people, 

all o f which supports the findings o f  this thesis.
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6.4.Proposed interventions

This thesis did not address potential treatment strategies. While one can only

hypothesise, three treatment strategies could be proposed. The first strategy is to 

aggressively treat o f mid-life hypertension and this may prevent small vessel disease 

and BP variability, which in-turn will prevent borderzone infarction. This strategy 

recognizes BP variability as the end o f the spectrum of a lifetime o f hypertension. The 

second strategy is to aim for higher blood pressure targets in older patients that report 

hypotensive symptoms and have borderzone infarction. As these patients will have 

BP variability, this strategy suggests that we permit elevated spikes in blood pressure 

and higher mean values in order to prevent episodic hypotension. The third strategy is 

to target the BP variability. In older patients with episodic hypotension, we should be 

mindful o f the way we treat hypertension rather than just treating hypertension. This 

strategy involves selecting anti-hypertensive agents that reduce variability, such as 

calcium channel blockers. In study 1, 24% of the patients were on beta-blocker 

therapy. Possibly focusing on variability, while lowering mean blood pressure, will 

ameliorate the frequency o f episodic hypotension, and thus permit dose titration with 

greater mean BP control. Further work is needed to investigate these potential 

benefits.
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6.5.Limitations

Several limitations exist in this thesis. Firstly, we chose to the clinical based definition 

o f a TIA rather than a tissue-based definition, which has been proposed by the AHA 

and some European advocates. The use o f a tissue-based definition would have 

affected prevalence in study 1, the hypotensive stroke study.

Secondly, study 1 and study 2 consisted o f 38 and 37 patients respectively. While 

significant findings were achieved in each case a greater sample size would have 

confirmed the robustness o f this significance and enhanced the representative nature 

o f the studies.

Secondly, study 1 relied on a subjective description o f hypotension for recruitment. 

Every attempt was made to limit the subjective nature o f the approach by reproducing 

symptoms in the syncope unit and concomitantly confirming the existence o f a 

hypotensive disorder. However, to allay fears o f post-stroke cerebral autoregulation 

dysfunction, the mean delay from stroke onset to the diagnostic procedure was 95.5 

days (IQR 186). It is possible that such a delay introduced recall bias in some patients. 

O f note all patients had an MMSE of greater than 22/30 and importantly all patients 

experienced hypotensive episodes before the stroke so were familiar with the feeling 

o f hypotension, making them more reliable historians.

In study 3, 54.8% (n=17) o f identified cases did undergo neuroimaging in the acute 

period post-event. Consequently, infarction may well have occurred in some patients, 

yet by the infarction may have resolved or evolved into a white matter lesion at the 

time o f scanning. Fazekas white matter scoring was conducted to minimize the impact
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o f this confounder (334). There was no statistically significant difference in the white 

matter score between the corresponding hemisphere and the non-corresponding 

hemisphere, however, the numbers recruited and the variation in the standard 

deviation, means that it is only possible to say, with 80% power, that the 

corresponding hemisphere did not have 75% more white matter disease than the non

corresponding hemisphere, at the 5% significance level. However, 54.8% (n=17) of 

cases described a median o f 15 events (IQR 22), and so if infarction had occurred, one 

would expect to have detected more than 3 old infarcts in 31 patients. Intracranial 

stenosis may also have accounted for their description o f focal neurology with 

hypotension. MRA was not routinely conducted in these patients. However, this was a 

Caucasian population, which will have less than 1% prevalence o f MCA stenosis 

(116). Also, in study 1 MRA was conducted on all patients with hypotension and 

focal neurology, yet none exhibited intracranial stenosis.

Finally, we did not assess endothelial function. As mentioned previously, endothelial 

dysfunction may cause BP variability (280). Indeed, in conjunction with small vessel 

disease, it could be argued that endothelial dysfunction may even precipitate 

borderzone infarction. It is the opinion o f the authors, however, that while endothelial 

dysfunction undoubtedly contributes to eventual infarction, it is unlikely to do so in 

isolation, and possibly episodic hypotension is also necessary to infarct borderzone 

regions o f the brain. Furthermore, endothelial dysfunction probably does not explain 

cortical borderzone infarction.
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7. Conclusion
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Syncope and presyncope commonly occur at stroke onset, even outwith severe large 

artery disease. Conversely, focal neurology commonly occurs at syncope and 

presyncope onset. In older people episodic hypotension may potentiate infarction. 

Infarction tends to occur in flow-vulnerable, borderzone regions o f the brain. 

Conversely, patients with lacunar borderzone infarction exhibit more episodic 

hypotension and more dysfunctional BP autoregulation than patients with non- 

borderzone lacunar infarction. Again, the lacunar borderzone infarct group tend to be 

older than the non-borderzone group. The findings o f this thesis suggest that there is 

indeed a close relationship between episodic hypotension and borderzone infarction, 

particularly in the older person. Our findings also suggest that episodic hypotension 

and borderzone infarction commonly occur in the absence o f  severe large artery 

disease.
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9.1. The Sheldon presyncope scale (1)

Date: ___________

D No spells

Severe lighthcadcdncsa (6-9):
• Humpuij,' intti stumiundings
• Inttbilily l« n.‘!)j)t»nd luolheni
•  Utfiniti' ntM -'d s  I d  sit l i u n ’n  or b t  dciwji
• Luss of psslun:, Mich lu Ikiling ta kne«»
'  or DViir tolul Iu m s  arvisitin
• Vanailing ur dianiiuta

Moderate lighthcadcdncss (3-6):
• Tht need ta pause (> 3 *!■ ur sit d w n
'  T h t n m i  to takf u break in the affairs of In t day
• Other symptoGis luch u  Datum, or the nred to 

lue the WBshroam urgently
• Moderate visual blurrinj,'. griming or luimtl vision
• Uifliculty with hearing

Mild liglitlicadednesA (0-3):
•  N d  uthtT symptums 
'  No visual blujritij;
• .^ i l i ly  to carry un with thu affairs of the day 
'  No nLi:d t« Aop activities or tu sdt dau'n

Spells: number; ___
severity; ___

Time started: _____
Time ended; _____

p 10 Fainted 

1*̂  Severe

6
~N

j> Moderate

3

j -  Mild

0
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9.2. Estimation of borderzone regions using M R-perfusion

scanning

9.2.1. Basic properties of protons utilised by MRI

Magnetic resonance imaging works by imparting high energy states to protons and 

then measuring the manner in which protons are altered by that energy state and the 

manner in which they dissipate the excess energy to surrounding molecules. MRI 

measures tissue through augmenting the behaviour o f protons. At a baseline state 

protons spin within a molecule and also have a positive electric charge. Consequently 

they exert a magnetic field about themselves, as do all entities that have an electric 

charge. When an MRI machine initiates a magnetic field around protons, in the form 

o f a radiofrequency pulse, they align along their own magnetic field, parallel to the 

direction o f the magnetic current (or in some cases anti-parallel to the direction); see 

Figure 9-1. They do so because o f a high-energy state induced by the radiofrequency 

pulse. Consequently all protons in the magnetic field now align along the same 

longitudinal axis. However, their high-energy state means that a similar number o f 

protons face anti-parallel as face parallel. As a result the overall magnetic force 

parallel or longitudinal to the field decreases. This change in longitudinal magnetic 

field strength can be detected by a receiver and this property is known as T1 

(l=longitudinal) or T1 (2).
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Figure 9-1: Applying a magnetic Held to pro tons raises p ro tons  to a h igher  energy s tate and 
causes them to align parallel and  anti-parallel  to the magnetic  field

Once the radiofrequency magnetic pulse is turned off protons no longer exhibit a high 

energy state and go back to their original relaxed uncoordinated state. The rate o f 

relaxation depends on the strength o f the magnetic field and their ability to shed the 

imparted energy to the surrounding tissues. Their ability to shed energy is individual 

to the tissue. Water, for example is slow to shed excess energy to surrounding tissue 

as water molecules are small and rapidly moving. Fat. on the other hand, sheds energy 

quickly. Consequently water will have a long T1 value and fat will have a short T1 

value. T1-weighted imaging sequences make use o f this property; see Figure 9-2.
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Figure 9-2: As the magnetic  field is turned off, the a lignm ent o f  these protons reduces and with  
time they relax to their low energy  state, and so the value o f  the longitudinal magnetic  strength  
increases. Each tissue exhibits an ind ividual curve.

Protons, however, are not static. While in this high energy, magnetised state they both 

spin on their own axis and rotate horizontally around on their own axis in a movement 

known as “precessing”. This is best explained through the analogy o f a spinning top. 

The protons, like a spinning top, remain in the longitudinal axis as a spinning top 

remains upright. They spin on their axis as a spinning top does. Precessing is like a 

spinning top that begins to wobble. There is now a horizontal force to the movement 

and this results in an increase in transverse magnetisation. Magnetisation in the 

transverse plane is known as Tr for short or as T2. In homogenous tissue with smaller 

molecules, such as water, precessing is minimal with subsequent low values for T2. If 

however, heterogeneous tissue is magnetised, such as fat, the heterogenous tissue in 

fat accentuates the “wobble” or transverse and thus T2 values are greater. T2- 

weighted imaging sequences make use o f this property; see Figure 9-3 (2).
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Figure 9-3: As the m agnetic  field is turned o ff  the transverse  relaxation time reduces. Each tissue  
type will exhibit an individual curve.

Contrast enhanced perfusion MRI works by altering the characteristics o f tissue being 

examined. Contrast enhanced agents such as Gadolinium have their own magnetic 

field. Accordingly they alter the magnetic properties o f adjacent tissue. They shorten 

both the T1 and the T2 values i.e. they reduce the relaxation time o f the tissue. This 

observed characteristic is referred to as dynamic susceptibility contrast (DSC), 

meaning the susceptibility o f protons to have their relaxation time altered. In the case 

o f T l, the curve shifts to the left. Accordingly, at a given time, the signal is stronger 

in the tissue with the contrast agent. This helps differentiate contrast-enhanced tissue 

from tissue that has not been enhanced by contrast. Under normal physiological 

conditions. Gadolinium does not cross the blood brain barrier so mostly remains in the 

vascular system (2).



A unit o f tissue, in radiology terms is called a voxel, which is a three dimensional 

structure o f defined size, depending on the strength o f the magnet and the time taken 

to acquire data. Tissue is altered in proportion to the amount o f  contrast in the voxel. 

The degree to which a voxel changes its relaxation time depends on the volume and 

speed o f contrast uptake. Thus relaxation time change reflects the haemodynamic 

properties o f that specific voxel and is known as the negative signal integer. The time 

to recover to normal relaxation times, for example, is equivalent to the rate o f flow o f 

the contrast across that specific voxel, as recovery occurs once it has left the voxel. 

The depth change in signal (signal integer) multiplied by the time to flow through a 

voxel (transit time) reflects the volume o f contrast that has passed through the voxel, 

which in turn represents the volume o f blood present in the voxel. Dividing the transit 

time by the volume (area o f the change) yields the flow rate.

Figure 9-4 demonstrates the change in signal intensity multiplied by time for three 

regions o f interest; the left frontal, left occipital and the parieto-occipital region. At 

approximately 18 seconds the contrast arrives at the three regions o f interest, selected 

by green, red and yellow dots. Consequently, looking at the left occipital region o f  

interest (ROI), marked by a yellow dot, T2 relaxation times dramatically reduce as the 

contrast enters the tissue and then recover as contrast leaves. Again the time taken to 

leave the tissue is the transit time, the rate o f drop reflects the haemodynamic 

properties, and the area o f change in the curve reflects the volume o f blood in the 

voxel measured. The signal never fully recovers to normal (during first pass 

observations) due to blood brain barrier (BBB) leakage and recirculation o f blood.
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Looking at the two other regions o f interest, the frontal (green dot) and parietal (red 

dot) one can appreciate that contrast does not enter the tissue as it is not receiving 

perfusion.

Figure 9-4: M R  perfusion and  diffusion weighted imaging ca r r ied  out on a pat ien t  with a left 
f ronta l and  left occipital infarct. T he  first figure ( fa r  left) dem onstra tes  the signal tim e curve 
(described above) for the th ree  regions of interest outlined image. The second figure (middle) is 
an axial IMR perfusion slice. The th ird  figure is an  axial diffusion slice and  dem ons tra te s  acute 
infarction in the left fronta l and  left parieto-occipital region.

9.2.2. Measurement values generated from contrast mediated signal

To generate a map o f the mean transit time or o f cerebral blood flow (which will be 

reduced in the occipital and frontal regions) the signal intensity curve must be altered. 

An inverse map o f that in Figure 9-4 is created and called the tissue concentration 

time curve. This displays the concentration o f the bolus entering the tissue (Figure 

9-5) and is the reverse o f the signal time curve seen in Figure 9-4. From this signal 

concentration curve values can be derived such as; time o f the first moment at which

Time Course Data in mismatch 
rMTT=1.9, rCBF=0.25

L Fn^ntal 
L O ccpital. 00

,60 Initial MTT Fbllow-up DWI 
(5 d ay s  later)
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the bolus arrives in the tissue (first moment) and the time to peak concentration (time 

to peak).

AUC

•  ccntroid 
I o f AUC

0
I T P  FM0 b a t I

Figure 9-5: The concentra t ion- t im e curve for the bolus of  co n tra s t  as it a r r ives  in the voxel (unit 
o f  tissue). The x-axis denotes time and  the y-axis concentra t ion  of  the con tras t .  Also included are  
p a ra m e te rs  th a t  a re  derived d irectly  from this curve (described later); BAT: bolus a r r iva l  time, 
T T P: tim e-to-peak, FM: first m om ent,  AUC: area  u n d e r  the  curve (3).

Time to peak and first moment values are widely used in MR perfusion radiology, 

particularly in the earlier years at which MR perfusion was first introduced to clinical 

practice. Recently, however, more complex equations have been used to derive more 

meaningful values such as the time at which the maximum contrast has entered the 

voxel (Tmax) and cerebral blood flow (CBF) and mean transit time (MTT). Such 

measurements offer improved insight into the nature o f the tissue observed and have 

been used recently in multicentre endovascular treatment for acute stroke, DIFFUSE- 

2 (4). In order to generate these values we must simplify or “deconvolve” the 

concentration time curve so that the behaviour o f  a single molecule o f contrast 

entering the voxel can be measured. To do this we make several assumptions 

regarding the haemodynamic properties o f the contrast and o f the arteries. We identify 

the properties o f  the arteries by taking the proximal MCA as a reference point, and an 

algorithm computes another curve called the arterial input function curve. This

317



equation is divided into the tissue concentration curve to produce a deconvolved 

tissue curve (5). The deconvolved curve represents the behaviour o f a single 

instantaneous bolus o f contrast arriving into the voxel, having removed the effect o f 

all subsequent contrast material that arrives milliseconds after. It is a more precise 

curve o f contrast behaviour in the voxel, independent o f the influence o f subsequent 

bolus arrival. From this curve we can derive cerebral blood flow, mean transit time, 

and Tmax, which is the time for the arrival o f the maximum concentration o f the 

contrast in the voxel; see Figure 9-6.

T im e-S ignal C urve T issue C o n c en tra tio n -  
T im e C urve

EPI Tim e Series C ereb ra l Blood 
A rea  Volunne

H eight

A rte ria l Input Function Tissue R esponse Function

Deconvolve

C ereb ra l Blood 
Flow

M ean Transit

Figure 9-6: This f igure dem onstra tes  the process by which the signal-time curve  is reversed to 
produce  the tissue concentra t ion- t im e curve. This generates the CB V  m ap. T he  a r te r ia l  input 
function is genera ted  from m e asu rem en ts  using reference points in the  proxim al IVICA. This 
function is used to deconvolve the concentra tion-tim e curve and  p roduce  the p a ra m ete rs  
requ ired  to es tim ate cerebra l  blood flow and  mean trans i t  time (5).
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Unfortunately, the derivation o f the “arterial input function” (AIF) requires several 

assumptions. Firstly the signal strength observed in the voxel is an arbitrary unit o f 

relative change in magnetic property o f the voxel. Accordingly no quantitative values 

can reliably be derived from this. Despite this, cerebral blood flow measurement does 

claim to generate quantitative values (ml/lOOg/min). Secondly the arterial input 

function is derived from observed values in the proximal middle cerebral artery. 

These values are assumed to be the same in the small vessels, which is not the case 

and thus the arterial input function does not represent true flow behaviour in the distal 

small arteries (6). Also, there is considerable variability in the values and curve 

appearance o f the AIF depending on the exact site o f reference point chosen in the 

MCA (7, 8). Such variability has hampered multi-centre studies and highlights the 

unsuitability o f this parameter in certain circumstances

In circumstances such as acute ischaemia, the difference in perfusion behaviour is so 

great that the errors in assumptions do not overly influence results. Furthermore, 

unilateral infarction causes asymmetry. Accordingly relative units, rather than 

quantitative units are sufficient; as comparing one hemisphere to the other is an 

effective method o f identifying delay in contrast arrival (Tmax) or reduced cerebral 

blood flow.

In circumstances o f subtle changes in flow, however, such as the difference in flow in 

a borderzone region compared with a non-borderzone region, the assumptions made 

above render this measurement method unsuitable. Moreover, the relative values 

derived are dependent on corresponding voxels in the contralateral hemisphere, so 

bilateral changes will not be detected.
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For this reason, it was decided that simpler measurements such as first moment, 

derived from the concentration time curve would be a more suitable measurement to 

identify voxels that exhibited a delay in receiving the contrast i.e. the borderzone 

regions. As first moment is derived directly from the concentration time curve it does 

not require a deconvolution or an arterial input function to measure it. The first 

moment is a projection from the centroid o f the area under the curve (AUC) in the 

concentration-time curve onto the time axis; see Figure 9-5 (3).

9.2.3. Change to the standard MRI perfusion protocol

To date, MR perfusion studies that have investigated borderzone infarcts have 

generated an MRI image every 2 seconds, as is the standard protocol. MRI images 

every 2 seconds will record the arrival o f contrast into the brain and the spreads o f the 

contrast through the brain as well as the passing o f the contrast out o f the brain (9). 

Scanning a patient every two seconds during MR perfusion reduces the possibility 

that the images will record the contrast as it spreads through the brain and thus 

reduces the possibility that the borderzone regions will be distinguished from the non- 

borderzone regions, which are perfused earlier. Because o f the availability o f 3T 

imaging, an 8-channell head coil, and a reduced field o f view, we were able to 

abbreviate the time between MR images to 0.9 seconds. It was felt that this would 

increase the likelihood that we could be able to identify contrast arriving in non- 

borderzone regions, and then contrast arriving in borderzone regions.
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Acquired MR perfusion data was subsequently sent electronically to the Advanced 

Brain Imaging Laboratory, Melbourne. To identify borderzone regions first moment 

measurements were used, in conjunction with a Matlab-derived software programme. 

The details o f this technique are described more extensively in section 3.2.5.4.

First moment values for the brain are visualised; see Figure 9-7. The time thresholds 

are changed to visualise the appearance o f the bolus as it first arrives in the brain. At 

this point there are three regions in which contrast has arrived, the left proximal 

MCA, the right proximal MCA, the ACA and the PCA. Each are assigned a label 

(MCA, ACA, PCA). The time thresholds are increased and more contrast arrives in 

the brain. As the labelled regions expand superiorly and laterally they are also labelled 

with the same artery supply. As the iteration process continues a map o f  the vascular 

supply regions o f the brain is generated, and hence the borderzone regions o f the 

brain.

Figure 9-7: Axial images of  one p a r t ic ip a n t’s b ra in .  Image (a) shows the con tra s t  as it has ju s t  
ar r ived  in the brain .  T here  a re  four regions, labelled proxim al IVICA (left and  right), ACA and  
PCA. As tim e increases, seen in image (b) and  vascu la r  supply  m ap  can be genera ted  for  each 
a r te ry ,  image (c).
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9.3. Syncope questionnaire

Name:

Date of Birth:

Is this your first tim e attending the clinic? Yes □ No □  

Left handed □ Right handed □

Section 1: (faints)

1) Have you ever had a blackout or fainted?

Yes □  No □

2) Approximately how many times have you had a blackout or faint in 

the last year?

3) Were you a frequent fainter when you were younger?

Yes □  No □

Section 2: (near faints)

4) Do you get episodes where you feel you might pass out but you don't 

or feel light headed? YesD NoD

5) Aproximately how many times in a month do you get this feeling?

<1 time 1-3 times 4-7 times 7-12 times 12-20 times >20 times
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Section 3: (one-sided weakness/speech or vision problems)

7) Were you ever told by a physician that you had a stroke?

YesD NoD unknown □

8) Were you ever told by a physician that you had a TIA, ministroke or 

Transient Ischaemic Attack?

YesD NoD unknown □

9) Have you ever had sudden painless weakness on one side of your 

body?

YesD NoD unknown □

10) Have you ever had numbness or a dead feeling on one side of your 

body?

YesD NoD unknown □

11) Have you ever had sudden painless loss of vision in one or both eyes 

YesD NoD unknown □

12) Have you ever suddenly lost one have o f your vision 

YesD NoD unknown □
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13) Have you ever lost the ability to express yourself verbally or in 

writing

YesD NoD unknown □

Question 14 is very important so please answer the fo llowing question 

thanks:

Q.14) HAVE ANY OF THE FEELINGS THAT YOU MENTIONED IN 

Q.9 TO Q.13 EVER OCCURRED BEFORE, DURING OR AFTER A 

FAINT/NEAR FAINT

YesD NoD

If the answer is no, then please skip to section 4 on the next page, 

thanks

15) Does the weakness/numbness/speech problem or vision problem 

occur at the same time as the near faint or faint?

YesD NoD

16) Please briefly describe the speech/numbness/weakness episode that 

you feel during the near fa int or faint:
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Section 4: Other Physical Symptoms

During the past 4 weeks, how much have you been bothered by any of the following problems?

Not Bothered Bothered
bothered a a

at all little lot
(0) (1) (2)

a. Stomach pain □ □ □

b. Back pain □ □ □

c. Pain in your arms, legs, or joints (knees, hips, etc.) □ □ n
d. Menstrual cramps or other problems with your periodsm m m □ □ □

e. Headaches □ □ □

f. Chest pain □ □ □

g. Dizziness □ □ □

h. Fainting spells □ □ □

i. Feeling your heart pound or race □ □ □

j. Shortness of breath □ □ □

k. Pain or problems during sexual intercourse □ □ □

1. Constipation, loose bowels, or diarrhea □ □ □

m. Nausea, gas, or indigestion □ □ □

n. Feeling tired or having low energy □ □ □

0. Trouble sleeping □ □ □

(For office coding: Total Score T = ____ +  )
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Section 5; (headaches)

Q.16) D o you ever get headaches? YesD NoD

If the answer if  no, please skip to section 6, thank you

During th e  last 3 months,  did you have the  following with your 

headaches :

Q.17) You felt nausea ted  or sick to your s tomach 

YesD NoD

Q.18)  Light bo the red  you (a lot more  th a t  w h en  you d o n ' t  have 

headaches)

YesD NoD

Q.19) Your headaches  limited your ability to work, s tudy or  do w ha t  you 

needed  to  do for at least one  day

YesD NoD

Q.20) You see spots, stars, lines, zig-zags or grey areas for several 
minutes or more before or during your headaches

YesD NoD

Section 6: (Medical conditions th a t  you may have)

LAST SECTION. THANK YOU

12) Has a doc to r  ever  told you tha t  your have any of the  conditions listed 
below?

High blood pressure YesD NoD

Diabetes YesD NoD

Intermittant Claudication YesD No D
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(In other w ords: narrow ing in the leg arteries or peripheral vascular 
disease )

H eart A ttack YesD No □

An abnormal heart rhythm YesD No □

A trial F ibrillation YesD No □

H eart Failure YesD No □

A ngina YesD No □

13) Are you currently  taking any tablets or pills for high blood pressure? 
YesD Non

14) Has a doctor ever told you that your have any of the conditions listed 
below?

Epilepsy YesD NoD

Depression YesD No □

Migraine YesD NoD

15) Do you sm oke cigarettes? YesD NoD

Thank you again for taking the time to fill out this 

questionnaire. If you answered yes to question 14 please 

inform the nursing or medical staff during your
assessment
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9.4. Literature review on available migraine and somatoform  

questionnaires and justification for the chosen questionnaires

9.4.1. Migraine questionnaires

Migraine is a complex headache disorder with an estimated prevalence 6% in men 

and 18% in women and may be associated with both syncope/presyncope and with 

focal neurology (10). Fifty-two percent o f patients with migraine have never received 

a formal GP or hospital physician diagnosis (11). Migraine questionnaires have 

developed in an effort i) to correctly estimate the prevalence o f migraine in the 

population and ii) to increase the detection o f migraine among general physicians. 

Questionnaires vary in their length, specificity, sensitivity and applicability to 

generalist conditions.

Commonly used migraine questionnaires include:

The International Headache Classification Questionnaire (12)

3 -Question headache screen (13)

ID-migraine (14)

The Migraine Screening Questionnaire (MSQ) (15, 16)

Michel developed a comprehensive migraine questionnaire designed for general 

practice or general outpatients and compared his screening tool to a consultation with 

a headache specialist. His 5-point questionnaire yielded an 82% sensitivity and 96% 

specificity in the detection o f migraine among French Employees o f the National
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Railway service (12, 17). However, the questionnaire was derived from the first 

edition o f the international headache society questionnaire (IHS) classification, which 

has since been updated (18). Moreover, on external validation it’s sensitivity in the 

detection o f migraine was 38%, specificity o f 99% (19).

Lainez 2010 developed a 5-point migraine questionnaire, tested on in a general 

practice setting, however, the gold standard evaluation was with a GP, trained in IHS 

classification (15, 16). Further, there has been no English language validation study. 

Cady et al developed a 3-point migraine questionnaire, however, this was validated in 

a migraine clinic, on the basis that 75% of patients with answered yes to the first two 

questions and no to the third (13). Its sensitivity in the differentiation o f  tension 

headache from migraine is poor and its applicability to a general population has been 

not yet validated.

Lipton developed a questionnaire known as ID-migraine in a general practice setting 

and compared with a diagnosis by a headache specialist. A 9-point questionnaire was 

abbreviated to contain the 3 most discriminatory questions. These questions assessed 

the effect headaches had on their quality o f life (sensitivity 0.87, specificity 0.52), the 

presence o f photophobia (sensitive 0.7 specificity 0.74) and nausea (sensitivity 0.6 

specificity 0.82) (14). Also o f note, a question relating to aura carried a specificity of 

0.72. This 3-point questionnaire has been well validated in an English speaking 

population (20-22). The ID-migraine has been converted into Portuguese and Italian 

(23-25). Due to its sensitivity and specificity and the broad spectrum o f populations in 

which it has been validated, coupled with its self-report nature, it was chosen as the 

most suitable questionnaire for this study.
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9.4.2. Somatoform questionnaires

The prevalence o f somatoform disorders in primary and secondary care ranges from 3 

to 12% depending on the assessment method used and the medical setting. For the 

purpose o f this study we assumed a prevalence figure o f 6%. (26-31) (32). A 

somatoform questionnaire was included in the self-report questionnaire to detect and 

exclude such patients. The distinction between measuring symptoms and somatisation 

is somewhat arbitrary. Again, symptoms are a manifestation o f many defined 

diseases, whereas somatization defines that subset o f patients who experience and 

report medically unexplained symptoms. Several abbreviated somatoform 

questionnaires exist to enable its evaluation.

These include:

The Health Anxiety Questionnaire (33)

The Whitely Index (34)

The Somatic Symptoms Inventory (SSI) (35)

The Hopkins Symptom Checklist Somatization scale (SCL12) (36, 37)

World Health Organization Schedule for Somatoform Disorders screener (WHO 

SSD)

The Somatoform Dissociation Questionnaire (SDQ5)

The Patient Health Questionnaire 15 (PHQ15) (38, 39).

The Health Anxiety Questionnaire (HAQ) is a 21-item measure developed to identify 

individuals with high levels o f hypochondriacal concern. Responses are obtained on 

four-point Leichardt scales. The HAQ has good short-term test-retest reliability and 

appropriate specificity(33). The Whiteley Index measures 14 items covering
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hypochondriacal attitudes and concerns, obtained on five-point linear scales (40). The 

items belonging to this scale form a single factor that has shown good internal 

consistency though it was generated in the 1960s and thus does not correlate with up- 

to-date DSM and ICD definitions o f somatoform disorder (34). The Somatic 

Symptom Inventory consists o f 26 items that make up the Minnesota Multiphasic 

Personality Inventory hypochondriasis scale and the Hopkins Symptom Checklist 

somatization scale (35). Responses are obtained on five-point scales, however, it was 

felt inappropriately long to be used in combination with other scales (35). The 

Hopkins Symptom Checklist Somatization scale (SCL-12) is a commonly used 12- 

point scale that correlates closely with high repeat attendances at primary care clinics 

in the elderly (36, 37). However, focal neurological symptoms are included in the 

questionnaire, rendering it unsuitable for this study. The SDQ-5 is an abbreviated 

version o f the 20-point scale (SDQ-20) however it has only been validated in a 

psychiatric outpatient population and, requires an introductory page, explaining the 

nature o f the test, which renders it unsuitable for this study.

The Patient Health Questionnaire (PHQ-15) is a well-validated, recently developed 

15-point somatoform questionnaire that was developed from the PRIME-MD 

(Primary Care Evaluation o f Mental Disorders). The PRIME-MD has been validated 

in 3000 primary care patients and 3000 secondary care patients (41, 42). The PHQ-15 

is an abbreviated form, containing the most discriminatory questions (39). It contains 

fifteen questions which assess the extent to which a patient is “bothered” over the last 

4 weeks by back pain, joint pain, dyspareunia, altered bowel habit, fatigue, insomnia, 

dizziness etc. Patients rate the extent o f their “bother” as 0 meaning not bothered at 

all, 1 meaning mildly bothered or 2 meaning very bothered.
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It has been extensively validated in the English language, as well as Chinese and 

Korean, and is increasingly considered one o f the better measures for somatization 

(43-45). Scores on the PHQ-I5 are independent o f co-morbid illness and correlate 

with days o f sick leave (39, 46). It has been validated in a general practice setting and 

has been validated in a self-report context (47). Finally, the somatoform questionnaire 

is suitable to be used as a secondary measure in studies where a validated generic 

instrument to assess somatic symptom burden is desired (48).
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9.5.Fazekas white matter disease scale

White matter lesions are defined as areas o f high signal intensity greater than 5mm 

maximum diameter on T2 or flair. The severity o f white matter disease is conducted 

through a scoring system that grades both the left and the right hemispheres 

separately, while the final score is added together. Scoring is also conducted 

separately in the periventricular region and in the deep white matter region and the 

score is added together. The method o f grading the intensity or severity o f white 

matter disease in these two areas is outlined below.

1. P eriven tricu lar hyperin tensities  (PVH) w ere  ra ted  as:
a. 0 = absen t PVH
b. 1 = "caps” or pencil-thin lining around  the  ventricles
c. 2 = sm ooth  "halo,"
d. 3 = irregu lar PVH extending into the  deep w/hite m atter.

2. Deep w^hite m a tte r hyperin tensities  (DWMH) w ere  ra ted  as:
a. 0 = ab sen t w hite m a tte r d isease (WMD)
b. 1 = puncta te  foci of WMD
c. 2 = beginning confluence of foci of WMD
d. 3 = large confluent areas of WMD

The DWMH signals are rated in several areas o f the brain and a score o f 0-3 is 

assigned for each o f these areas and the final score is the summation o f all these areas 

(both left and right):

a. Parieto-occipital region: The parie tal and occipital lobes to g e th er
b. F rontal region: The frontal lobe ab te rio r to the  central sulcus
c. Tem poral region: The b o rd e r betw een  the  parieto-occiptal and

tem poral lobes is a b o rd e r d raw n  betw een  the  posterio r p a r t of the
Sylvian fissure to  the  trigone a rea  of th e  la teral ventricles

d. Basal Ganglia region: The stria tum , globus pallidus, thalam us, in ternal
and ex ternal capsules, and insula.

e. In fra ten to ria l region: The b rainstem  and th e  cerebellum

Therefore the maximum attainable score for PVH is 6 (left and right) while the 

maximum attainable score for DWMH is 30. (49, 50).
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9.6. White matter disease and an incomplete circle of Willis. Ryan

D.J (1,2), Byrne S. (1), Dunne R. (3), Harmon M. (3), Harbison 

J. (L2). Int J Stroke. 2013 Mar 22. (Epub ahead of print)

1. Stroke Department. St. James Hospital, Dublin, Ireland

2. Department o f Medical Gerontology, Trinity College Dublin, Dublin, Ireland

3. Radiology Department, St. James Hospital, Dublin, Ireland

9.6.1. Abstract:

White matter disease (WMD) occurs as a consequence o f small vessel disease, 

however, hypoperfusion may also play a role. We investigated whether patients with 

less cerebral vessel anastomosis may develop more WMD. 1.5T MRI with 

intracranial MRA data was collected on a convenience sample between July 2008 and 

January 2009. All patients were independently assessed for circle o f Willis (CoW) 

variants by two researchers and categorised into two groups; those with a complete 

CoW and those with an incomplete CoW (absent vessels). The complete group was 

subdivided into a classical group (entirely normal CoW) and a hypoplastic group 

(hypoplasia but no absent vessels). WMD assessment was conducted for these groups, 

by two researchers blind to MRA findings, on all patients over 50 years old.

The CoW was characterised in 163 patients, while 90 (>50 years) underwent WMD 

assessment. The Kappa inter-rater reliability between both CoW assessors, and 

between both WMD assessors, was 0.57 and 0.63 respectively. The prevalence o f 

CoW variants strongly correlated with the seminal paper by Riggs et al. Independent
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of age and gender, those with an incomplete CoW (n=68) exhibited 58% more WMD 

than those with a complete CoW (n=22) (WMD score 6.52 Vs 4.11 respectively, 

p=0.03). Patients with absent anterior vessels exhibited more frontal WMD than those 

with intact anterior vessels (3.7 Vs 1.72 P<0.001). Patients with absent posterior 

vessels exhibited more occipital WMD than those with intact posterior vessels (2.52 

Vs 1.34p=0.014).

These data suggest that congenital absence o f anastomotic capacity correlates with 

incident WMD, thus alluding to a hypoperfusion mechanism in the development of 

WMD.

9,6.2. Introduction:

The Cicle o f Willis was first described in 1664 (51) and varies considerably from 

person to person. For example, an entirely intact, patent circle o f Willis (CoW) exists 

in 20-45% of the population (52) (53) (54) and is referred to as a classical CoW, while 

the remaining 60-70% exhibit, either an absent vessel and thus have an incomplete 

CoW or exhibit a hypoplastic vessel, and thus have a complete, yet abnormal CoW 

(figure 1). Riggs et al reported on 806 CoW pathological specimens, the largest 

sample in a Western population to date. This paper reported a 9% prevalence o f a 

hypoplastic or absent anterior communicating artery and a 21% prevalence o f an 

absent or hypoplastic posterior communicating artery (52). It has been hypothesised 

that absent communicating arteries may diminish cerebral autoregulation by 

weakening anastomosic capacity. The absence o f these arteries increases the
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likelihood o f lacunar disease (55) (56), carotid stroke (57), intra-operative ischaemia 

(58) and stroke post carotidendarterectomy; probably through decompensated 

haemodynamic insult.

Mathematical models o f the CoW demonstrate that, in the context o f an incomplete 

CoW, hypotension is more likely to reduce flow in middle cerebral artery (59, 60). 

While the cortex is supplied by a rich anastomotic network o f pial vessels the white 

matter is supplied by long, non-anastomosing arterioles which renders the white 

matter particularly vulnerable to hypotension-induced low flow effects. Penetrating 

arterioles exhibit minimal collateral supply, respond poorly to hypoxia and behave 

quite independent o f autonomic control (61). (62). With advancing age, vessel 

tortuosity increases, as does the propensity for atheroma development, thus 

culminating in the necessity for greater perfusion pressures (63). Concomitantly 

autoregulation declines, so the older brain brain becomes ill-equipped to compensate 

for hypotensive events (64) (65). In older people, white matter disease correlates with 

nocturnal hypotension (66) (67) (68), orthostatic dysregulation (69) and postprandial 

hypotension (70).

Therefore the vessels that supply the white matter exhibit blunted autoregulation, and 

thus depend on steady perfusion from proximal vessels. Possibly, impaired 

anastomosis at the level o f the CoW will compromise steady flow, limit perfusion and 

cause white matter disease. Accordingly we sought to determine whether a propensity 

for white matter disease may arise as a consequence o f an incomplete CoW.
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9.6.3. Methods:

Data was collected on all patients that underwent 1.5T Philips MRI brain and 

intracranial MRA at St. James Hospital, Dublin, a university teaching hospital, 

between June 2008 and Jan 2009.

9.6.3.I. Cerebral MRI

Cerebral imaging was performed on a 1.5 Tesla MRI machine. All cases included 

axial T2 and FLAIR-weighted sequences. MR Angiography was performed using a 

3-dimensional (3D) time-of- flight (TOP) sequence. A MOTSA (Multiple 

Overlapping Thin Slice Angiography) protocol was used. Scan parameters for 

angiography were a Repetition Time (TR) o f 39ms, an Echo Time (TE) o f 7.2ms and 

a Flip Angle o f 25 degrees. The field o f view was 200mm and a 512 matrix was 

employed. Slice thickness was interpolated down to 1mm. Two investigators blinded 

to clinical data reviewed the TOF source data and maximum intensity projection 

(MIP) images to assess for the presence or absence o f CoW segments on MRA. In all 

patients, the intracranial vasculature was independently assessed by both a stroke 

physician and by a radiologist, blinded to both the radiology report and to each other’s 

assessment. Both doctors rating the scans were unfamiliar with the findings by Riggs 

and Rupp (52) at the time o f  CoW rating.
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9.6.3.2. Definitions of circle of Willis morphology

All CoW  vessels were considered present if  visualized on individual axial 3D TOF 

slices as continuous hyperintense segm ents. Any vessel with a diam eter <1 mm was 

classified as hypoplastic (71) (72, 73). The anterior CoW  was graded as com plete 

when both A1 segm ents o f  the anterior cerebral arteries and the anterior 

com m unicating artery were present. The posterior CoW  w as graded as com plete when 

both posterior com m unicating arteries and the PI segm ents o f  the PC A were present. 

Conversely, when one o f  these com ponent vessels was m issing entirely, the CoW  was 

graded as incom plete. The CoW  was graded as fetal-type PCA when the PCA was 

supplied by the ipsilateral internal carotid artery, via the posterior com m unicating 

artery, instead o f  the basilar artery. In this case, the CoW  was also categorized as 

incomplete. W here vessels were hypoplastic but not absent, the CoW  was graded as 

hypoplastic but not classical. W here all vessels in the CoW  were present and entirely 

patent, the CoW  was graded as classical. For the purpose o f  W M D analysis all 

variants were divided into two groups as seen in figure one. G roup 1, called the 

com plete group, consisted o f  those with a com plete CoW ; this included those with an 

entirely intact CoW  and those with hypoplastic vessels but no absent vessels. Group 

2, called the incom plete group, consisted o f  those that did have absent vessels. In 

order to facilitate more detailed W M D analysis these two groups w ere further divided 

into three subgroups; the classical group, the hypoplastic group and the incom plete 

group (figure 1).

338



9.6.3.3. White matter disease

Patients greater than 50 years were subsequently selected for WMD assessment. It 

was felt that these patients would have the greatest white matter burden and thus the 

most suitable group for WMD asessement. WMD was compared for the 2 groups 

mentioned above; the complete and incomplete CoW groups. WMD was also 

compared for the three subgroups; the classical CoW group, the hypolastic CoW 

group and the incomplete CoW group. Their WMD was rated according to the 

Fazekas WMD score (49). White matter changes on MRl were defined as ill-defined 

hyper-intensities greater than 5 mm on both T2 and PD/FLAIR images. Five different 

regions were rated in the right and left hemispheres separately: (1) the frontal area (2) 

the parieto-occipital area (3) the temporal area and the infratentorial area, which 

included the brain stem and cerebellum and (5) the basal ganglia (49). WMD scoring 

was conducted by a two independant raters (a stroke physician and a radiologist) that 

were blinded the MRA images, the MRA reports, and to each others findings.

9.6.3.4. Statistical analysis:

Based on WMD values cited in the seminal paper by Wahlund et al, we estimated that 

a sample size o f 90 patients would yield a 96% power to detect a 10% difference in 

WMD score between those with a complete CoW and those with an incomplete CoW, 

at the 5% significance level (49). The data was analysed using Chi-squared 

assessment, Cohens Kappa Statistic (74) and a two-sample student’s t test using the 

two-tailed approach by a researcher that neither took part in the CoW assesment nor 

the WMD assessment..
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9.6.4. Results:

Analysis was conducted on the MRI/MRA brains o f 163 consecutive patients that 

presented over a 6-month period. Fifty six percent of patients were male and the mean 

age was 53.5 years (95% Cl; 51, 56 years). The Kohen kappa statistic for Inter-rater 

agreement between both assessor o f CoW variants was 0.63 (good). The identified 

CoW anomalies are presented in Table 1. The posterior communicating artery was 

either absent or hypoplastic in 22% of cases (37/163) and was hyperplastic in 14.7% 

o f cases (24/163). The anterior communicating artery was either absent or hypoplastic 

in 9.2% o f cases (15/163). The anterior cerebral artery was either absent or 

hypoplastic in 4.3% o f cases (7/163). The prevalence o f CoW variants in this study 

correspond with that observed by Riggs et al (Table 2). The 163 patients were 

categorized into 2 groups, according to CoW findings: a complete CoW and an 

incomplete CoW (figure 1). Seventy eight percent o f patients had a complete CoW 

(n=127) and 22% had an incomplete CoW (n=36). Patients with a complete CoW 

were further categorized into 2 subgroups; those with fully patent vessels (classical 

CoW) and those with one or more hypoplastic arteries (hypoplastic group) (figure I). 

Forty four percent o f patients had a classical CoW (n=73), 33% of patients had a 

hypoplastic CoW (n=54) and 22% had an incomplete CoW (n=36)|.

White matter disease assessment was performed on all patients over 50 yrs (n=90). 

The mean age was 65.5 years (95% Cl: 63.4, 67.6 years). Cohen’s Kappa Statistic for 

inter-rater agreement between both experts assessing white matter disease was 0.57 

(moderate). Where disagreement existed on initial assessment the raters then met and 

agreed a score. The mean age for the 90 patients was 65.5 years (95% Cl: 63.4, 67.6 

years) and the mean Fazekas score was 4.68 (95% Cl; 3.75, 5.61). Seventeen patients
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had no WMD while 73 did have WMD. WMD was compared among those with a 

complete CoW and those with an incomplete CoW. The mean age in these groups 

was 66 years and 65 years respectively, p value= 0.86. There was no observed 

between-group gender differences, p==0.7. Similarly age and gender were equal for the 

classical group, hypoplastic group and incomplete group (table 3, 4).

The mean Fazekas WMD score for patients that exhibited a complete CoW 

(hypoplastic or classical CoW) was 4.11 (95% Cl: 4.04, 5.18) while the mean score 

for those that exhibited an incomplete CoW was 6.52 (95% CI:4.72, 8.32), p=0.03. 

Patients that exhibited a hypoplastic CoW did not demonstrate any increased tendancy 

for WMD than those that exhibited classical CoW (4.4 and 3.94 respectively, p=0.66) 

(table 3).

The data was analysed to ascertain whether absent vessels in the anterior circulation 

predisposed the patient to greater WMD in the frontal lobes. The mean bilateral 

frontal WMD score in those with absent anterior CoW vessels was 3.7 (95% Cl; 3.11, 

4.29) while the mean bilateral frontal WMD score in those with intact anterior CoW 

vessels was 1.72 (95% Cl; 1.33,2.11), p<0.001.

A similar analysis was conducted in the posterior circulation. Absent posterior vessels 

were defined as absent an posterior communicating artery or an absent PI o f the 

posterior cerebral artery. Parieto-occipital WMD score in those with an incomplete 

posterior circulation was 2.52 (95% Cl; 1.73, 3.31) while parieto-occipital WMD 

score in those with an intact circulation was 1.34 (95% Cl; 0.96, 1.74), p=0.014 

(Table 5).
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The data was analysed to ascertain whether those with unilateral absent vessels had a 

predilection for greater WMD on the ipsilateral side. Those with incomplete right 

sided vessels exhibited a right hemisphere WMD score o f 3.38 (95% Cl; 2.04, 4.72) 

(n=13) while those with a complete right sided CoW exhibited a right hemisphere 

WMD score o f 1.89 (95% Cl: 1.28, 2.5) (n=57), p=0.06. Those with an incomplete left 

side CoW exhibited a left hemisphere WMD score o f 2.83 (95% Cl: 1.67, 4) while 

those with a complete left CoW exhibited a left hemisphere WMD score o f 2.11 (95% 

Cl: 1.3, 3.92) p=0.305. Finally, in those with bilateral absent vessels the total WMD 

score was higher than in all other groups at 7.25, however, only 6 patients 

demonstrated this variant and thus no statistical inference could be made.
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9.6.5. Discussion:

This retrospective study highlights an association between a congenital variant, that 

diminishes cerebral anastomotic capacity, and incident white matter disease. In this 

convenience sample, absent communicating vessels in the CoW result in a 58% 

increase in WMD burden, an effect that is independent o f age and gender. 

Furthermore, absent anterior circulatory vessels result in an increase in frontal lobe 

WMD while a similar correlation was observed within the occipital lobes.

Interestingly, when we compare patients with a classical CoW versus those with a 

hypolastic CoW, it appears that sufficient anastomosis is provided by hypoplastic 

communicating arteries such that white matter disease burden does not increase. 

These data suggest that a hypoperfusion mechanism may play a role in the formation 

o f white matter disease. The notion that hypoperfusion plays a role in the 

pathogenesis o f white matter abnormalities is a well established one. \

Previous work with xenon contrast CT (75) and MRI (69) (76) have shown that 

cerebal blood flow is reduced in regions with high WMD concentrations. Using a 

quantitative MRI perfusion technique, O ’Sullivan et al demonstrated that cerebral 

blood flow, in older adults with white matter abnormalities, is reduced in the white 

matter but not in the gray matter (77). This study also demosntrated a reduction o f 

CBF in the normal appearing periventricular white matter among patients with WMD 

when compared with controls, thus providing evidence that hypoperfusion may 

precede the appearance o f new lesions on T2-weighted images.
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Parenchymal arterioles perfuse the white matter and behave quite differently to that of 

pial arterioles, which perfuse the cortex. Firstly parenchymal arterioles are not 

extrinsically controlled, as evidenced by a lack o f constrictor response to 

noreadrenalin (78). Secondly, parenchymal arterioles are a “bottle neck” where vessel 

occlusion leads to a tubular infarct. In contrast, occlusion o f a pial artery does not lead 

to an infarct, due to the presence o f a rich anastomotic network (79). The tubular 

structure o f the infarct supports the hypothesis that parychymal arterioles exist in 

isolation (80). Furthermore occlusion o f the vessel does not cause a compensatory 

dilation in neighbouring vessels. Parenchymal arterioles do not respond to hypoxia- 

related ischaemia in the way that pial vessels do and also do not respond to 

reperfusion (61). These findings highlight the deficient autoregulatory capacity o f the 

vessels that supply the white matter vessels and stress the relative importance o f 

upstream autoregulation o f blood flow at the level o f the CoW.

With advancing age autoregulatory capacity diminishes, in part due to age related 

vascular changes, in part due to dysfunctional afferent baroreceptor input from the 

carotid sinus and atria (81) (82). Clinically, hypotensive disorders become more 

prevalent (83).

Physiologically, the sigmoind cerebral autoregulation curve alters. Where previously 

a constant cerebral blood flow could be maintained at blood pressure changes between 

80mmg and 200mmhg, now a progressive reshape o f this curve, from sigmoid to 

straight line, or possibly right shift, limits the capacity for autoregulation (63). 

Consequently, an abrupt change in blood pressure results in rapid and significant 

change in cerebral blood flow (64) (65).
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Infra-red spectroscopy in older adults demonstrates that this group frequently develop 

decreased oxygenation levels in the frontal lobes when assuming an upright posture, 

independent o f whether they experience orthostatic dizziness (84). White matter 

lesions correlate with nocturnal, (66) (67) (68), orthostatic (69), and postprandial 

hypotension (70). It may be that these merely represent an association, however, in 

this study, there is a clear temporal seqeunce between a congenital variant that 

compromises autoregulation and subsequent formation o f age-related white matter 

disease.

This study has several limitations. Firstly this was a retrospective analysis. No data 

was available on the patients past medical history. While every attempt was made to 

confound for age and gender it was not possible to confound for co-morbidity. Thus it 

is conceivable that inconsistencies within the data set could have biased the outcome. 

Also it would have been useful to correlate clinical data with CoW variants and WMD 

burden. Only 90 patients underwent WMD assessment. This dataset is relatively 

small, however, it was adequately powered to demonstrate statistical significance, 

both for global assessment o f WMD, and for local assessment o f WMD within brain 

regions. In an Irish population that is 90% caucasian this dataset is not easily 

extrapolated to an international context. In order to overcome this limitation we 

compared our data to a large pathological study; that o f Riggs et al. (2). The 

prevalence o f anomalies in both samples was highly similar (table 2). O f note 

however, the Riggs and Rupp sample did not distinguish between absent and 

hypoplastic vessels, which diminished the sensitivity o f this comparison.
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The inter-rater agreement for CoW variants was 0.57 which is regarded as moderately 

good. Assessors underwent a two-hour formalised intstruction regarding the 

interpretation o f CoW variants by a consultant radiologist. Future studies, wishing to 

achieve greater agreement might consider a more comprehensive training regime or 

possibly CoW assessment could be conducted two radiologists rather than a 

radiologist and a neurologist. The inter-rater agreement between both WMD assessors 

was 0.63 which is regarded as good. Both assessors received a two-hour formalised 

training session by a consultant with expertise in this area. Future studies wishing to 

achieve greater agreement might consider utilising a formalised WMD assessment 

course.

In conclusion, this retrospective sample o f 163 patients, o f which 90 underwent WMD 

assessment, demonstrates that an incomplete CoW correlates with a greater WMD 

burden. Furthermore, a greater WMD burden in the frontal lobes correlates with 

absent anterior vessels and similarly, WMD burden in the occipital lobes correlates 

with absent posterior vessels. The vasculature that supplies the white matter is 

relatively insensitive to fluctuations in blood flow, and probably upstream 

anastomosis plays an important role in maintaining constant perfusion pressures. 

Impaired anastomotic capacity increases white matter disease burden, which suggests 

a hypoperfusion mechanism.
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Circle o f Willis Variants Number
N=163

Percentage

Com plete  C oW  (hypoplastic  b u t  no absen t vessels) 127 77.9

Incomplete C oW  (absent vessels) 36 22.1

Classical C oW  (no absen t  o r  hypoplastic  vessels) 73 44.8

Hypoplastic C oW  (no absen t vessels bu t  not 

classical)
54 33.1

Absent PC om m 37 22.7

Hypoplastic PCom m 35 21.5

Hypolastic PI 10 6.13

Absent PI 4 2.4

Fetal PCA 10 6.13

Hypoplastic AComm 11 6.7

Absent A Com m 4 2.5

Aneurysm 8 4.9

Table 1: The most common circle of Willis variants found on MR Angiography in 163 patients. 
Pcomm= posterior communicating artery, P l= the first segment of the posterior cerebral artery, 
PCA= posterior cerebral artery, Acomm=anterior communicating artery
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CoW
Anomalies

Riggs/Rupp
prevalence
anomalies

St. Jam es Cohort 
prev anomalies

P-value

Unilateral PComm 19.3% 22.7% 0.32

absent/hypoplastic (192/994) (37/163)

Unilateral PComm 16.1% 14.7% 0.67

hyperplastic (160/994) (24/163)

AComm absent or 9.2% 9.2% 0.96

hypoplastic (91/994) (15/163)

ACA absent or 3.8% 4.3% 0.75

hypoplastic (38/994) (7/163)

Table 2: The prevalence o f  C o W  variants  observed in our sam ple  com p ared  with that observed  
in the sem inal paper by Riggs et al. P C om m =p oster ior  com m u n icat in g  artery, A C om m = an ter ior  
com m u n icatin g  artery, A C A =anter ior  cerebral artery
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N=90 Complete 
circle o f  Willis 
(95% Cl)

Incomplete 
circle o f  Willis 
(95% Cl)

P-value

Number 68 22

Age 66 (+/- 2.29) 65 (+ /-5 .18) 0.86

Male 57% 50% 0.69
gender (39/68) (11/22)

White matter 
disease score

4.11 (+/- 1.07) 6.52 (+/- 1.8) 0.03

Table  3: A com parison  of  white m a tte r  disease (as per  Fazekas score) am ong  patients with a 
complete C oW  (in tact o r  hypoplastic vessels) versus those with an incomplete CoW  (absent 
vessels)
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Hypoplastic 
circle o f Willis 
(95% Cl)

Classical 
circle o f Willis 
(95% Cl)

p-value

N 32 36

Age 65.4 (+Z-3.2) 65.8 (+/- 3.3) 0.76
Male 59% 53% 0.6
gender (19/32) (19/36)

White matter 4.4 (+/-2.01) 
disease score

3.94 (+/- 0.94) 0.66

Table 4; A com parison  of  white m a t te r  disease am ong  patients with a hypoplastic CoW  
(hypoplastic vessels but none absent)  versus those with a classical circle o f  Willis (entirely in tact 
CoW )
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A Absent
vessels

anterior Intact
vessels

anterior Relative
WMD
increase

p-value
t-test

N=5 N=61

WMD frontal 
region Fazekas 
score (95% C l)

3.7 (+/- 0.59) 1.72 (+/- 0.39) 115% <0.001

B Absent posterior 
Vessels

Intact posterior
Vessels

Relative
WMD
increase

p-value
t-test

N=17 N=54

WMD
pareitoocipital 
region Fazekas 
score (95% Cl)

2.52 (+/-0.79) 1.34 (+/-0.4) 88% P=0.014

Table 5: a) A com parison  of  white m a t te r  disease load in the f ron ta l region am ong  those with 
absen t an te r io r  circulation vessels versus those with in tact an te r io r  vessels, b) A com parison  of 
white m a t te r  disease load in the parie to-occipita l region am ong  those with absen t posterio r  
vessels verus those with in tact posterio r  vessels
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